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

− in acid rain increases with the
rapidly growing of nitrogen deposition. In this study, we investigated the impact of simulated acid rain with dif-
ferent SO4

2−/NO3
− (S/N) ratios, whichwere 5:1 (S), 1:1 (SN) and 1:5 (N), on fine-root growth fromMarch 2015 to

February 2016. Results showed that fine roots were more sensitive to the effects of acid rain than soils in the
short-term. Both soil pH and fine root biomass (FRB) significantly decreased as acid rain pH decreased, and
also decreased with the percentage of NO3

− increased in acid rain. Acid rain pH significantly influenced soil
total carbon and available potassium in summer. Higher acidity level (pH= 2.5), especially of the N treatments,
had the strongest inhibitory impact on soil microbial activity after summer. The structural equationmodelling re-
sults showed that acid rain S/N ratio and pH had stronger direct effects on FRB than indirect effects via changed
soil and fine root properties. Fine-root element contents and antioxidant enzymes activities were significantly af-
fected by acid rain S/N ratio and pHduringmost seasons. Fine-root Al ion content, Ca/Al,Mg/Al ratios and catalase
activity were used as better indicators than soil parameters for evaluating the effects of different acid rain S/N ra-
tios and pH on forests. Our results suggest that the ratio of SO4

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

could affect fine-root growth in subtropical forests of China.
© 2017 Published by Elsevier B.V.
Keywords:
Acid rain
Fine root biomass
Fine root element
SO4

2−/NO3
−

Soil acidification

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2017.11.073&domain=pdf
https://doi.org/10.1016/j.scitotenv.2017.11.073
mailto:zhang8811@njfu.edu.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2017.11.073
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


337X. Liu et al. / Science of the Total Environment 618 (2018) 336–346
1. Introduction

Fine root, which is usually defined as roots ≤2mm in diameter, is an
ephemeral part of the root system and has fast turnover (Lai et al.,
2016). Fine roots play a crucial role as the primary path for water and
nutrient uptake by plants (Miyamoto et al., 2016; Ohashi et al., 2016)
and for movement of carbon and energy from plant canopy to soil
(Matamala et al., 2003; Santos et al., 2016). Thus, to understand forest
ecosystem processes, it is essential to assess the fine root dynamics
(Xu et al., 2013). Fine roots are sensitive to the change of environment,
such as by fertilization (Majdi, 1994; Mo et al., 2008; Wurzburger and
Wright, 2015; Fahey et al., 2016), air pollution (Nadelhoffer, 2000)
and changes in climatic conditions (Majdi, 2005; Yuan and Chen,
2010). Bakker (1999) used the fine root parameters as indicators of sus-
tainability of forest ecosystems, such as fine-root Ca, Al, Mg and Ca/Al.
Freschet et al. (2017) and Matamala and Schlesinger (2000) found
that fine-root growth was sensitive to the changes of atmospheric
condition.

Acid rain, which is one of the most important global environmental
problems, caused soil acidification in forest soil and indirectly affected
fine roots (Esher et al., 1992; Persson et al., 1995; Fan and Wang,
2000). Following Northeast America and Central Europe, China has be-
come the third region in theworld seriously affected by acid rain during
the past decades (Solberg et al., 2006; Singh and Agrawal, 2007; Liang
et al., 2016). In southern China, the fine root biomass (FRB) in the
mixed conifer and broadleaf forest and the broadleaved forest revealed
a negative response to the increasing level of acid rain (Liang et al.,
2013). In a secondary forest in subtropical China, acid rain treatments
resulted in a decrease in topsoil root density in comparisonwith control
treatments (Chen et al., 2012). Moreover, acid rain has occurred in
about 40% of the entire territory of China (Tu et al., 2005; Wang et al.,
2007). However, few researches conducted a comprehensive study on
the effects of acid rain on FRB, the activities of fine-root antioxidant en-
zymes, the changes of fine-root elements, and the indirect effect of soil
acidification on fine roots.

The sulfate ions (SO4
2−) in precipitation have decreased significantly

(Lv et al., 2014) due to the implementation of a series of SO2 control
measures in China (Chan and Yao, 2008). Meanwhile, however, the
amount of motor vehicles has increased rapidly in China, and NOx is
emitted into atmosphere through tailpipe (Zhao et al., 2009). Therefore,
the relative content of nitrate ions (NO3−) in acid rain has increased sig-
nificantly as well. The ratio of SO4

2− to NO3− in precipitation has de-
creased from 6 in 2003 to 5 in 2014 in Nanjing, China (Tu et al., 2005;
Lv et al., 2014). So, the ratio of SO4

2−/NO3− in acid rain may continue
to gradually decrease in the future, and the fine-root growth then
would face a different profound challenge.

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

NO3
− on fine roots in forest ecosystem, we have established a series of

mesocosm experiments in a subtropical plantation of China. Our prima-
ry objective was to discuss the impacts of increasing acid rain NO3

− con-
centration and decreasing acid rain pH relative to control in terms of
their effects on soil andfine root parameters that are sensitive indicators
of forest productivity, focusing mainly on the potential use of fine-root
parameters as indicators of acid rain. Based on the previous studies
and reports (Vanguelova et al., 2007; Lv et al., 2014; Liu et al., 2017),
we hypothesized that: (1) acid rainwould depress thefine-root growth,
and the inhibitory effects would increase as acid rain S/N ratio de-
creases; (2) fine root parameters such as fine-root Al, Ca, Mg, Ca/Al
and Mg/Al would be more sensitive to acid rain than soil parameters.

2. Materials and methods

2.1. Study site

The study area was located in the Tong Shan forestry farm (31°37′N,
118°51′E), Nanjing, China. The altitude of the Tong Shan forestry farm
ranges from 38 m to 388 m above mean sea level. It is currently domi-
nated bymaturemonoculture plantations consisting of threemajor spe-
cies: Quercus acutissima, Cunninghamia lanceolata and Phyllostachys
edulis. It has a subtropical monsoon climate with an annual mean tem-
perature of 15.1 °C, annual cumulative hours of sunshine of 2199.5 h,
and annual precipitation of 1117.29mm(2002–2013). The rainy season
is mostly from June to August. The annual average pH value of rainfall is
approximately 5.15 (Tu et al., 2005), with an annual acid rain frequency
(pH b 5.6, total events of acid rain/total events of rainfall) of approxi-
mately 55.8% (Lv et al., 2014). The experimental plots were located in
a Q. acutissima plantation. At the time of the study (2015–2016), the
trees were about 48 years old; the average tree height of Q. acutissima
was 13.8 m; the stand density was 425 trees·ha−1; the average diame-
ter at breast height (DBH) was 25.8 cm; and the leaf area indices (LAI),
estimated by a LAI-2200 canopy analysis system (LI-COR, Lincoln, USA),
ranged over 0.1–3.87, and the existing density of litter was
18.04 t·hm−2. The soil type of Q. acutissima plantation was yellow
brown soil. The soil properties of pH, total carbon (TC), total
nitrogen(TN), total sulfur (TS), available phosphorus (AP), available po-
tassium (AK) were 4.11 ± 0.06, 33.51 ± 6.04 mg·g−1, 3.21 ±
0.50 mg·g−1, 0.86 ± 0.21 mg·g−1, 2.50 ± 0.43 mg·kg−1 and 38.10
± 9.59 mg·kg−1, respectively.

2.2. Experimental design

One hundred and twenty discrete plots (0.6 m × 2.0 m), separated
from each other by approximately 5 m, were chosen in Q. acutissima
plantation (Fig. S1). In November 2015, we dug a ditch in the middle
of each plot, 2.0 m long × 20 cm wide × 20 cm deep, and cleaned the
roots from the ditch. The ditches were filled with 15 cm deep mixture
of river sand and soil (2:1, v/v) in order to identify and collect fine
roots of Q. acutissima quickly. Then we covered the sand with 5 cm
soil and covered the soil surface with fallen leaves. The stock solution
of sulfate acid rain (S) was prepared by mixing 0.5 mol·L−1 H2SO4

and 0.5 mol·L−1 HNO3 at molar ratio of 5:1 that corresponded to the
general anion composition of rainfall in Nanjing city (Wang et al.,
2007; Lv et al., 2014). The stock solution of two other acid rainmixtures
(SN and N) was prepared by mixing 0.5 mol·L−1 H2SO4 and
0.5mol·L−1 HNO3 atmolar ratio (S/N ratio) of 1:1 and 1:5, respectively.
A completely randomized design with 12 replicates (three replicates
per season) was used with ten simulated acid rain (SAR) treatments
(Fig. S1): CK (pH 6.6, the local stream water as the control), S1 (S/N
5:1, pH 4.5), SN1 (S/N 1:1, pH 4.5), N1 (S/N 1:5, pH 4.5), S2 (S/N 5:1,
pH 3.5), SN2 (S/N 1:1, pH 3.5), N2 (S/N 1:5, pH 3.5), S3 (S/N 5:1,
pH 2.5), SN3 (S/N 1:1, pH 2.5) and N3 (S/N 1:5, pH 2.5). The S3, SN3
and N3 treatments respectively supplied 0.25 g·m−2, 0.92 g·m−2 and
2.29 g·m−2 nitrogen to plots compared to CK treatments. The nitrogen
contents added to soil by pH 2.5 treatments were 10 times that by
pH 3.5 SAR treatments and 100 times that by pH 4.5 SAR treatments.
The acid rain solution was applied to each plot twice a month using a
sprinkler from March 2015 to February 2016. The total amount of sim-
ulated acid rain was 62.07 mm based the monthly precipitation from
2002 to 2013. This total amount was 5.55% of the mean annual precipi-
tation of the study area. The amount of simulated acid rain during peri-
od (spring, summer, autumn and winter) was 12.79 mm (20.62% of
total amounts), 32.35 mm (52.11%), 9.35 mm (15.08%) and 7.57 mm
(12.19%).

Fine root samples from each ditch were collected after spring (May
30–31, 2015), summer (August 30–31, 2015), autumn (November 29–
30, 2015) and winter (February 28–29, 2016) acid rain applied
(Fig. S1). Fine root samples were kept in sealed bags in a small refriger-
ator with 4 °C and taken back to the laboratory for further study. Fine
root biomass was determined by collecting the fine roots from the
ditches. Soil adhering to fine root samples was carefully removed, and
the roots were then manually rinsed with distilled water. Then we
weighed the biomass of fresh fine roots and measured the water
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content of fine root and antioxidant enzymes activities as soon as possi-
ble. Meanwhile, soil samples were collected from the top layers
(0–5 cm) of each ditch. All soil samples were also kept in sealed bags
in small refrigerator with 4 °C. Soil samples were passed through a 2-
mm sieve to remove leaves, plant roots, gravel, and stones. Half of
these soil samples were air-dried for subsequent chemical analysis.
The other half of these soil samples were then kept in a refrigerator at
−20 °C for further phospholipid fatty acid (PLFA) analysis.
2.3. Soil properties

The collected soil samples were air-dried and the ants and other in-
vertebrates, stones, roots, seeds, coarse organicmatter, and other impu-
rities removed by sieving through a 2-mmmesh. The assay methods of
soil pH, total carbon (TC), total nitrogen (TN), available phosphorus
(AP) and available potassium (AK) were described by Liu et al. (2017).
Soil pH was determined at a 1:2.5 soil: solution ratio (in deionized
water) by using a PB-10 pH meter (Sartorius GmbH, Göttingen,
Germany) after shaking for 1 h. Soil total carbon (TC) and total nitrogen
(TN) were determined using an elemental analyzer (Vario EL III,
ELementar, Germany) after the soil samples were further ground. Avail-
able phosphorus (AP) of soil samples was extracted with ammonium
fluoride (NH4F, 0.03 mol·L−1) and hydrochloric acid (HCl,
0.025mol·L−1), andmeasured byUV–Vis spectrophotometer. Available
potassium (AK) of soil samples was determined by the extraction with
CH3COONH4 (1 mol·L−1), and measured by flame photometer.

The soil microbial biomass was estimated by phospholipid fatty
acid (PLFA) analysis using the procedure described by Guo et al.
(2016). The PLFAs were extracted from 3 g fresh soils by adding
15.2 mL Bligh-Dyer solvent [chloroform, methanol, and citrate buffer
(0.15 M, pH 4.0); 1:2:0.8, v/v/v]. Following the process of soil lipid
extraction, silicic acid chromatography and the methylation of
polar lipids with methyl nondecanoate (19:0), the lipids were evap-
orated using a nitrogen evaporator. The separated fatty acids were
identified using a gas chromatography (Agilent 6890 N, USA) fitted
with a MIDI peak identification system. Total PLFAs (tPLFAs)
concentration (nanomole PLFA per gram soil) was used as an index
of the total microbial biomass.
2.4. Fine-root element content analysis

Fine root samples, oven-dried at 60 °C until constant weight was
reached, were finely ground using a 0.5-mm sieving mill. A 0.25 g sam-
ple was extracted with concentrated nitric acid and concentrated
perchloric acid (5:1). The digestion solution, including K, Ca, Mg, Al
ions, was quantitatively analyzed by atomic absorption spectrometer
(AA900T, Perkin Elmer, MA, USA). The fine-root total nitrogen (TN-r)
was determined using an elemental analyzer (Vario EL III, ELementar,
Germany).
2.5. Fine-root antioxidant enzymes activities analysis

Prior to determination of antioxidant enzyme activities, a crude en-
zyme extract was prepared by homogenizing 2–3 g fine root tissues
with 5mL of an ice-cold phosphate buffer (50mM, pH 7.8). The homog-
enatewas centrifuged at 15,000g 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 activities of the
enzymes were expressed as unit mg ∙protein−1 ∙min−1 (Khan et al.,
2017). Protein content (Pro) was determined according to Bradford
(1976) and Teisseire and Guy (2000) using bovine albumin for
calibration.
2.6. Statistical analyses

The Duncan test was used when one-way ANOVA (SPSS Inc., Chica-
go, Ill., USA) showed that acid rain treatment effects on soil properties
and fine root properties were significant. Two-way ANOVA was used
to test the main effects and interactions of acid rain pH, S/N ratios and
season on soil and fine roots properties by SPSS 19.0. Redundancy dis-
criminant analysis (RDA) was performed to reveal the relationships be-
tween the acid rain pH, S/N ratios, fine root traits and soil properties 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 fine root and soil properties in the short-term
(one year). The model was used to test whether acid rain S/N ratio
and pH influenced the fine root biomass directly or indirectly through
modifying soil characteristics and/or fine root elements and antioxidant
enzymes activities. SEM analyses were performed using AMOS 24.0
(SPSS Inc., Chicago, Ill., USA).
3. Results

3.1. Soil properties

In acid rain treatment groups, we found a clear declining trendof soil
pH with higher acidity input, and acid rain pH significantly influenced
the soil pH (Fig. 1). However, there was no significant difference of
acid rain S/N ratios (p N 0.05). Soil pH was significantly higher without
acid rain input than with stronger acid rain (pH = 3.5, 2.5) (p b 0.05)
over four experimental seasons (Fig. 1). In spring, summer and autumn,
soil pHwith pH2.5 treatmentswas significantly higher thanwith pH4.5
treatments (p b 0.05).

Soil nutrients (TC, TN and AP) showed significant differences among
seasons (p b 0.001). After spring, there were significant differences for
soil TC, TN and AP among acid rain S/N ratios (p b 0.05) (Table 1). TC
with both S1 and S2 was significantly lower than that with N2, and TN
with S1was significantly lower than that with N3 (p b 0.05). After sum-
mer, TN and AK with acid rain treatments were lower than those with
CK treatments, but stronger acid rain led to higher TN and AK than
weaker acid rain (pH= 4.5). After winter, there were significant differ-
ences for AK among acid rain S/N ratios (p b 0.01). In addition, statisti-
cally significant interaction of acid rain S/N ratio and pH influencing
soil AK was found in our study after winter (Table 1).

The microbial biomass values (tPLFAs) obtained from the 0–5 cm
soil layer at the end of each season with different experimental treat-
ments were shown in Fig. 2, and there were significant differences
among four seasons. After spring, there was strongly significant differ-
ence among acid rain S/N ratios (p b 0.001), and the soil microbial bio-
mass increased as the acid rain S/N ratio decreased. In addition, the soil
microbial biomass in spring and autumn displayed significant differ-
ences among acid rain pH values (p b 0.05), which contrasted. Acid
rain pH increased microbial biomass after spring and decreased micro-
bial biomass after autumn, respectively. After summer and winter, S,
SN and N had negative impacts on soil microbial biomass, but they
were not significant (p N 0.05).
3.2. Fine root biomass

FRB significantly decreased with acid rain pH decreased over four
seasons and had significant differences among acid rain S/N ratios (p b

0.001) (Fig. 3). All of the stronger acid rain treatments (pH = 2.5)
significantly decreased FRB (p b 0.05). However, weaker acid rain
treatments (pH = 4.5) significantly accelerated FRB (p b 0.05),
except for SN1 and N1 in winter. Statistically significant interactions
of acid rain S/N ratios and pH influences on FRB were not found over
four seasons (p N 0.05).



Fig. 1.Changes of the soil pH value at 0–10 cmsoil layer under different simulated acid rain treatments. S/N, the ratio of SO4
2− toNO3

−; H, acid rain pH. The experimental treatments are: CK
=control check; S1=pH4.5, S/N5:1; S2=pH3.5, S/N 5:1; S3=pH2.5, S/N 5:1; SN1=pH4.5, S/N 1:1; SN2=pH3.5, S/N 1:1; SN3=pH2.5, S/N 1:1; N1=pH4.5, S/N 1:5;N2=pH3.5,
S/N 1:5; N3= pH 2.5, S/N 1:5. Different letters indicate significant difference (p b 0.05) among different treatments in same season based on one-way ANOVA, followed by a Duncan test.
Two-way ANOVAwas applied to indicate significant difference among variances (no CK treatments). *** indicates significant difference at p b 0.001; ** indicates significant difference at p b

0.01; * indicates significant difference at p b 0.05.

Table 1
Effects of acid rain with different S/N ratios (S/N) and pH (H) addition on abiotic soil variables (mean ± SD) over four seasons.

Spring Summer Autumn Winter Spring Summer Autumn Winter

TC (g ∙kg−1) TN (g ∙kg−1)

CK 30.39 ± 1.85ab 41.74 ± 5.02a 28.01 ± 2.81a 32.75 ± 5.74ab 3.07 ± 0.45ab 3.80 ± 0.29c 2.66 ± 0.22a 3.30 ± 0.33a
S1 23.49 ± 5.06a 34.19 ± 2.08a 34.07 ± 1.27a 27.18 ± 10.15a 2.36 ± 0.35a 3.11 ± 0.09ab 3.00 ± 0.12a 2.81 ± 0.66a
S2 25.40 ± 5.03a 33.78 ± 9.22a 31.11 ± 7.42a 33.15 ± 3.88a 2.62 ± 0.39ab 3.03 ± 0.46a 3.14 ± 0.39a 3.23 ± 0.30a
S3 27.85 ± 7.92ab 38.87 ± 7.17a 35.76 ± 4.97a 31.50 ± 2.71a 2.77 ± 0.53ab 3.51 ± 0.15abc 3.35 ± 0.39a 2.89 ± 0.50a
SN1 27.79 ± 5.24ab 38.04 ± 2.89a 34.50 ± 3.95a 26.90 ± 4.00a 2.77 ± 0.23ab 3.36 ± 0.06abc 3.05 ± 0.29a 2.70 ± 0.23a
SN2 29.17 ± 1.58ab 34.83 ± 1.88a 33.85 ± 4.99a 31.23 ± 3.09a 2.84 ± 0.37ab 3.33 ± 0.39abc 3.27 ± 0.42a 3.13 ± 0.55a
SN3 31.59 ± 1.60ab 33.84 ± 0.98a 31.66 ± 3.34a 30.16 ± 3.21a 3.02 ± 0.44ab 3.61 ± 0.36abc 3.32 ± 0.26a 3.19 ± 0.31a
N1 30.05 ± 6.01ab 41.36 ± 8.93a 28.71 ± 3.39a 27.56 ± 4.67a 3.08 ± 0.16ab 3.72 ± 0.27bc 2.84 ± 0.46a 2.63 ± 0.21a
N2 34.87 ± 2.25b 33.49 ± 2.98a 34.95 ± 4.13a 30.44 ± 7.18a 2.96 ± 0.13ab 3.12 ± 0.42ab 3.15 ± 0.16a 2.90 ± 0.62a
N3 29.61 ± 2.33ab 37.10 ± 4.65a 27.54 ± 2.74a 31.83 ± 2.61a 3.28 ± 0.60b 3.71 ± 0.48bc 3.11 ± 0.64a 3.07 ± 0.18a
Analysis of variance (p values)
S/N 0.041* 0.729 0.242 0.890 0.032* 0.172 0.587 0.758
H 0.396 0.316 0.726 0.169 0.287 0.033* 0.246 0.159
S/N × H 0.601 0.479 0.189 0.981 0.942 0.562 0.984 0.843
Season 0.000*** 0.000***
S/N × H × Season 0.696 0.983

AP (mg ∙kg−1) AK (mg ∙kg−1)
CK 2.50 ± 0.37c 3.11 ± 0.66c 2.19 ± 0.56ab 2.22 ± 0.61ab 35.63 ± 8.53a 52.24 ± 16.01c 33.18 ± 4.88abc 31.36 ± 10.38abc
S1 1.90 ± 0.50abc 2.58 ± 0.74abc 2.39 ± 0.33ab 1.47 ± 0.51a 26.41 ± 5.39a 24.94 ± 12.02a 30.08 ± 4.82abc 24.24 ± 3.12a
S2 2.48 ± 0.39c 2.89 ± 0.79bc 2.95 ± 1.00b 2.18 ± 0.67ab 34.41 ± 9.16a 44.51 ± 8.20bc 35.34 ± 5.47bc 37.39 ± 6.57bc
S3 2.07 ± 0.40abc 1.90 ± 0.54a 2.41 ± 0.66ab 2.41 ± 0.33b 31.92 ± 12.49a 34.56 ± 8.10ab 25.41 ± 2.25a 32.22 ± 2.22abc
SN1 2.11 ± 0.09bc 2.57 ± 0.28abc 2.30 ± 0.10ab 1.58 ± 0.35a 29.36 ± 4.53a 25.70 ± 6.97a 30.56 ± 3.88abc 28.67 ± 1.51ab
SN2 2.18 ± 0.25bc 2.60 ± 0.37abc 2.73 ± 0.58b 2.12 ± 0.27ab 36.67 ± 4.01a 39.08 ± 1.06abc 34.75 ± 4.12abc 31.67 ± 4.12abc
SN3 1.74 ± 0.33ab 2.27 ± 0.21abc 2.08 ± 0.19ab 1.67 ± 0.18ab 34.40 ± 4.05a 33.51 ± 5.57ab 27.36 ± 2.59ab 27.36 ± 2.59ab
N1 2.05 ± 0.28abc 1.85 ± 0.31a 2.13 ± 0.27ab 1.65 ± 0.25ab 31.89 ± 6.74a 25.66 ± 5.87a 30.89 ± 4.60abc 39.30 ± 5.68c
N2 1.72 ± 0.29ab 2.05 ± 0.14ab 2.09 ± 0.23ab 1.86 ± 0.12ab 38.40 ± 4.16a 36.17 ± 6.11abc 34.32 ± 7.84abc 33.87 ± 5.20abc
N3 1.49 ± 0.14a 2.62 ± 0.39abc 1.73 ± 0.28a 1.48 ± 0.50a 32.92 ± 7.14a 47.95 ± 12.45bc 37.10 ± 6.34c 36.64 ± 5.21bc
Analysis of variance (p values)
S/N 0.048* 0.325 0.050 0.170 0.556 0.612 0.237 0.006**
H 0.075 0.513 0.105 0.052 0.113 0.002** 0.103 0.239
S/N × H 0.179 0.064 0.840 0.180 0.980 0.206 0.204 0.024*
Season 0.000*** 0.362
S/N × H × Season 0.109 0.388

Note: The values in bracket are standard deviation (n= 3). Capital letters for a given variable indicate significant difference (p b 0.05) among different treatments of one season based on
one-way ANOVA, followed by a Duncan test. Two-way ANOVAwas applied to indicate significant difference among variances (no CK treatments). *** indicates significant difference at p b

0.001; ** indicates significant difference at p b 0.01; * indicates significant difference at p b 0.05. S/N, the ratio of SO4
2− to NO3

−; TC, total carbon; TN, total nitrogen;AP, available phosphorus;
AK, available potassium. The experimental treatments are: CK= control check; S1=pH4.5, S/N 5:1; S2=pH3.5, S/N 5:1; S3=pH2.5, S/N 5:1; SN1=pH4.5, S/N 1:1; SN2=pH3.5, S/N
1:1; SN3 = pH 2.5, S/N 1:1; N1 = pH 4.5, S/N 1:5; N2 = pH 3.5, S/N 1:5; N3 = pH 2.5, S/N 1:5.
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Fig. 2. Changes of the soil microbial biomass (tPLFAs) at 0-10 cm soil layer under different simulated acid rain treatments. S/N, the ratio of SO4
2− to NO3

− in acid rain; H, acid rain pH. The
experimental treatments are: CK= control check; S1= pH4.5, S/N 5:1; S2= pH3.5, S/N 5:1; S3= pH2.5, S/N 5:1; SN1=pH4.5, S/N 1:1; SN2=pH3.5, S/N 1:1; SN3=pH2.5, S/N 1:1;
N1= pH 4.5, S/N 1:5; N2= pH 3.5, S/N 1:5; N3= pH 2.5, S/N 1:5. Different letters indicate significant difference (p b 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 (no CK treatments). ***
indicates significant difference at p b 0.001; ** indicates significant difference at p b 0.01; * indicates significant difference at p b 0.05.

Fig. 3. Changes of the fine root biomass under different simulated acid rain treatments. S/N, the ratio of SO4
2− to NO3

− in acid rain; H, acid rain pH. The experimental treatments are: CK=
control check; S1=pH4.5, S/N 5:1; S2=pH3.5, S/N 5:1; S3=pH2.5, S/N 5:1; SN1=pH4.5, S/N 1:1; SN2=pH3.5, S/N1:1; SN3=pH2.5, S/N 1:1;N1=pH4.5, S/N 1:5;N2=pH3.5, S/
N 1:5;N3=pH2.5, S/N1:5. Different letters indicate significant difference (p b 0.05) among different acid rain aciditywith 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 (no CK treatments). *** indicates significant difference at p b 0.001.
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Table 2
Analysis of variance (p values) of effects of acid rain with different S/N ratios (S/N) and pH (H) addition on fine root antioxidant enzymes activities.

Spring Summer Autumn Winter Spring Summer Autumn Winter

S/N SOD 0.022* 0.101 0.382 0.001** POD 0.813 0.471 0.042* 0.000***
H 0.000*** 0.706 0.003** 0.002** 0.001** 0.382 0.017* 0.000***
S/N × H 0.474 0.129 0.254 0.452 0.795 0.996 0.226 0.000***
Season 0.000*** 0.000***
S/N × H × season 0.070 0.000***
S/N CAT 0.543 0.046* 0.194 0.005**
H 0.000*** 0.000*** 0.000*** 0.541
S/N × H 0.792 0.000*** 0.088 0.849
Season 0.000***
S/N × H × season 0.019*

Note: Two-wayANOVAwas applied to indicate significant difference amongvariances (no CK treatments). *** indicates significant difference at p b 0.001; ** indicates significant difference
at p b 0.01; * indicates significant difference at p b 0.05. S/N, the ratio of SO4

2− to NO3
−; SOD, superoxide dismutase activity; POD, peroxidase activity; CAT, catalase activity.
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3.3. Fine-root antioxidant enzymes activities

Significant seasonal differences of fine-root antioxidant enzymes ac-
tivities were found in our study (Table 2, p b 0.001). After spring, N3
treatment significantly increased fine-root SOD activity compared to
CK, N1 and N2 treatments (p b 0.05) (Fig. 4 A1). Under SN treatment,
SOD activity with high acid rain acidity (pH = 2.5) was significantly
higher than that with weaker acidity treatments (pH = 4.5, 3.5) (p b

0.05). In summer and autumn, there were no significant differences be-
tween CK and acid rain treatments, and we only found that the SN3
Fig. 4. Changes of the fine-root enzymatic antioxidants under different simulated acid rain tr
treatments are: CK = control check; S1 = pH 4.5, S/N 5:1; S2 = pH 3.5, S/N 5:1; S3 = pH 2.
pH 4.5, S/N 1:5; N2 = pH 3.5, S/N 1:5; N3 = pH 2.5, S/N 1:5. S/N, the ratio of SO4

2− to NO3
− in

rain acidity with the same acid rain S/N ratio and same season based on one-way ANOVA, follo
significantly increased SOD compared to SN2 in summer (p b 0.05).
SODactivity inwinterwas lower than that in other seasons. POD activity
first increased (pH=3.5) and then decreased (pH=2.5)with acid rain
pH decreased in spring (Fig. 4 A2). In autumn, we only found N3 treat-
ment significantly increased POD activity (p b 0.05). In spring and au-
tumn, we found significant differences among acid rain pH for SOD
and POD activity (Table 2). In winter, fine-root POD activities were the
highest among the four seasons, and significant differences were
found among both acid rain S/N ratios and pH (p b 0.001). Meanwhile,
statistically significant interaction of acid rain S/N ratio and pH
eatments. SOD, superoxide dismutase; POD, peroxidase; CAT, catalase. The experimental
5, S/N 5:1; SN1 = pH 4.5, S/N 1:1; SN2 = pH 3.5, S/N 1:1; SN3 = pH 2.5, S/N 1:1; N1 =
acid rain. Different letters indicate significant difference (p b 0.05) among different acid
wed by a Duncan test.



Fig. 5. Changes of thefine-root element contents under different simulated acid rain treatments. TN-r, total nitrogen infine roots; Ca/Al, the ratio of Ca ion to Al ion infine roots;Mg/Al, the
ratio ofMg ion to Al ion infine roots. The experimental treatments are: CK=control check; S1=pH4.5, S/N 5:1; S2=pH3.5, S/N 5:1; S3=pH2.5, S/N 5:1; SN1=pH4.5, S/N 1:1; SN2=
pH 3.5, S/N 1:1; SN3= pH 2.5, S/N 1:1; N1= pH 4.5, S/N 1:5; N2= pH 3.5, S/N 1:5; N3 = pH 2.5, S/N 1:5. S/N, the ratio of SO4

2− to NO3
− in acid rain. Different letters indicate significant

difference (p b 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.
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influencing POD activity was found in winter (Table 2). CAT activities
decreased with acid rain pH decreased in spring, summer and autumn
(Fig. 4 A3, B3, C3), and there were significant differences among acid
rain pH (Table 2). In spring and summer, S1 and N1 significantly in-
creased CAT activity compared to CK (p b 0.05). SN3 and N3 led to sig-
nificantly lower CAT activity compared to CK (p b 0.05) in spring and
autumn. In winter, we found significant differences among acid rain S/
N ratios (p b 0.01) (Table 2). In addition, statistically significant interac-
tions of acid rain S/N ratio, pH and season influencing POD (p b 0.001)
and CAT (p b 0.05) activity were found in our study (Table 2).

3.4. Fine-root elements

Acid rain caused changes in the concentration of fine-root ions and
TN examined (Fig. 5). Fine-root elements concentrations showed signif-
icant differences among four seasons (Table 3, p b 0.001). The concen-
tration of fine-root K decreased and Al and Ca increased with the
effect of acid rain (Fig. 5B, C, E). However, acid rain had weak effects
on TN andMg (Fig. 5A, D), especially in summer and autumn. The signif-
icant differences for K among acid rain S/N ratios were found in spring
and summer. In spring, summer and autumn, we also found that the K
content significantly decreased with acid rain pH decreased (Fig. 5C,
Table 3). The concentrations of Al showed significant differences
among acid rain S/N ratios in spring, summer and autumn, and signifi-
cantly increased with acid rain pH decreased in summer, autumn and
winter (Fig. 5E, Table 3). Statistically significant interactions of acid
rain S/N ratios and pH influencing Ca were found in summer, autumn
and winter in our study (p b 0.05) (Table 3). The fine-root Ca/Al ratios
and Mg/Al ratios significantly increased with acid rain pH decreased
after summer, except for Ca/Al ratio in winter (Table 3). In addition,
Ca/Al ratios and Mg/Al ratios decreased with the acid rain S/N ratio de-
creased (Fig. 5F, G), and there were significant differences for Ca/Al ra-
tios and Mg/Al ratios among acid rain S/N ratios both in summer and
autumn (Table 3). In addition, statistically significant interactions of
acid rain S/N ratio, pH and season influencing fine-root TN, K, Ca/Al
and Mg/Al were found in our study.



Table 3
Analysis of variance (p values) of effects of acid rain with different S/N ratios (S/N) and pH (A) addition on the contents of fine root elements.

Season Spring Summer Autumn Winter Spring Summer Autumn Winter

S/N 0.403 0.415 0.539 0.002** 0.000*** 0.001** 0.368 0.057
H TN-r 0.504 0.941 0.101 0.337 K 0.000*** 0.000*** 0.018* 0.722
S/N × H 0.046* 0.108 0.004** 0.056 0.351 0.017 0.412 0.043*
Season 0.000*** 0.000***
S/N × H × season 0.000*** 0.001**
S/N 0.140 0.001** 0.620 0.156 0.015* 0.990 0.246 0.000***
H Ca 0.000*** 0.464 0.133 0.395 Mg 0.126 0.051 0.218 0.090
S/N × H 0.792 0.018* 0.036* 0.040* 0.033* 0.820 0.887 0.229
Season 0.000*** 0.000***
S/N × H × season 0.146 0.204
S/N 0.000*** 0.000*** 0.002** 0.813 0.146 0.000*** 0.018* 0.313
H Al 0.700 0.000*** 0.000*** 0.006** Ca/Al 0.000*** 0.001** 0.000*** 0.078
S/N × H 0.000*** 0.539 0.775 0.311 0.007** 0.717 0.405 0.508
Season 0.000*** 0.000***
S/N × H × season 0.060 0.013*
S/N 0.000*** 0.000*** 0.003** 0.003**
H Mg/Al 0.002** 0.000*** 0.002** 0.002**
S/N × H 0.000*** 0.186 0.943 0.062
Season 0.000***
S/N × H × season 0.002**

Note: Two-wayANOVAwas applied to indicate significant difference amongvariances (no CK treatments). *** indicates significant difference at p b 0.001; ** indicates significant difference
at p b 0.01; * indicates significant difference at p b 0.05. S/N, the ratio of SO4

2− to NO3
−; TN-r, total nitrogen infine roots; Ca/Al, the ratio of Ca ion to Al ion infine roots;Mg/Al, the ratio ofMg

ion to Al ion in fine roots.
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3.5. Linking fine root traits and soil properties under acid rain treatments

The effects of acid rain onfine root traits and soil propertieswere ob-
vious in summer and autumn due to the large amount of simulated acid
rain was applied in summer. In the RDA of acid rain and soil properties
with fine root traits as the explanatory variables Axis 1 accounted for
43.40% of the variation in the dataset during summer and autumn,
Fig. 6. Redundancy analysis (RDA) analysis of fine root traits and soil properties during
summer and autumn. The angle and length of the arrows indicate the direction and
strength of the relationship of each fine root and soil index. A, acid rain pH; S/N, acid
rain S/N ratio (the ratio of SO4

2− to NO3
−); FRB, fine root biomass; SOD, superoxide

dismutase; POD, peroxidase; CAT, catalase; TN-r, total nitrogen in fine roots; K, Ca, Mg,
Al, the fine-root ions contents; Ca/Al, the ratio of Ca ion to Al ion in fine roots; Mg/Al,
the ratio of Mg ion to Al ion in fine roots. pH, soil pH; TC, total carbon; TN, total
nitrogen, AP, available phosphorus; AK, available potassium; tPLFAs, soil microbial
biomass.
with 22.37% of the variation accounted for by Axis 2 (Fig. 6). High FRB
with high acid rain pH, soil pH, fine-root Ca/Al,Mg/Al ratios, CAT activity
and acid rain S/N ratio were found at the right-hand end of the ordina-
tion plots and were associated with lower fine-root Al content, soil AK,
TN and fine-root POD activity. Fine-root TN, Ca ion content and SOD ac-
tivity increased along the y-axis, whereas the fine-root K ion content
and soil TC decreased.

3.6. SEM results

Fig. 7 showed the structural equation modelling (SEM) as estimated
by AMOS. Each of the observed variables was displayed in a rectangle,
and each of the latent constructs was displayed in an oval (Xiong
et al., 2016). The χ2 test showed that the model generated χ2 =
35.035, df = 29, and p = 0.203 (N0.050). The goodness-of-fit index
(GFI) was 0.901 (N0.900), the root mean square error of approximation
(RMSEA)was 0.063 (b0.080). There was an inhibitory effect of acid rain
S/N ratio on FRB. However, the significant direct effects of acid rain S/N
ratio (0.31, p b 0.001) on FRB were less obvious than those of acid rain
pH (0.89, p b 0.001). FRB was less influenced by acid rain S/N ratio
(−0.032) and pH (0.011) indirectly through changes in soil properties
(pH, TN and AK) and fine root elements (Al, Ca/Al and Mg/Al) than di-
rectly. Therefore, the total effects of acid rain S/N ratio and pH on FRB
were 0.280 and 0.906, respectively.

We found an inhibitory effect of acid rain S/N ratio on FRB from RDA
and SEM analyses. Hence, we used the stepwise multiple regression
analysis to investigated the relations between FRB and fine root traits
and soil variables under different acid rain S/N ratios (Table 4). Both
fine-root CAT activities were selected to model and calculate the FRB
under S and N treatments. However, fine-root K ion content and Mg/
Al ratio were, respectively, selected in the models of S and SN treat-
ments. In addition, soil pH and fine-root K ion content were sufficient
to describe the changes of FRB under SN treatments (Fig. 7).

4. Discussion

Fine roots play important roles in carbon and nitrogen cycling by ab-
sorbing nutrients and water from soil and releasing exudates to soil (Li
et al., 2015). This study focused on the effects of simulated acid rain on
fine root traits, especially when the differences of impacts on fine root
among different acid rain S/N ratios were compared. After one-year of
simulated acid rain, soil pH significantly decreased with acid rain pH



Fig. 7. Structural equationmodels of acid rain S/N ratio (the ratio of SO4
2− to NO3

−) and pHeffects onfine root biomass. (χ2=35.035; df= 29, p=0.203 N 0.05; GFI=0.901 N 0.900; CFI=
0.986 N 0.900; RMSEA=0.063). Numbers on arrows are standardizedpath coefficients. Thewidth of arrows indicates the strength of the causal influence. Solid arrowsmean a direct effect
on the fine root biomass; dashes represent an indirect path to fine root biomass. Soil, soil properties; Root, fine root properties; pH, Soil pH; TN, soil total nitrogen, AK, soil available
potassium; AP, soil available phosphorus; Al, fine-root aluminium ion content; Ca/Al, the ratio of Ca ion to Al ion in fine roots; Mg/Al, the ratio of Mg ion to Al ion in fine roots.
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decreased, and decreased with increasing percentage of NO3
− in acid

rain. This may be because the ability of exchange with hydroxyl groups
(OH−) of NO3

− was weaker than with those of SO4
2−, which was more

easily absorbed by soil particles (Lv et al., 2014; Liu et al., 2017). In
this study, fine roots mainly grew in ditches with mixture of river
sand and soil (2:1, v/v). It is well known that cutting the roots during
the process of digging ditches stimulates them to grow several new
ones. In order to identify the effects of ditching on FRB although we
had set aside four months for plots to restore stability, we also collected
the fine roots from undisturbed soil close to ditch using 5 cm-diameter
soil-drillingmethod (Fig. S2).We found that fine root biomasses collect-
ed fromundisturbed soil were higher than those collected fromditches,
and the rates of fine root decomposition in undisturbed soil were higher
than those in ditches in autumn. It perhaps the case thatmicrobial activ-
ity or biomass accelerating fine root decomposition in undisturbed soil
was stronger than that in ditches. What's more, the same trends of
FRB with acid rain S/N ratio and pH were found from Figs. 3 and S2, re-
spectively. So, in this study, we used the fine roots from ditches to ana-
lyze the effects of acid rain on biomass.

Prior studies had not found a clear relationship between soil acidity
and FRB, as influenced by soil properties, tree species and climates
(Miyatani et al., 2016). In our study, FRB significantly decreased with
acid rain pH decreased (Persson et al., 1995; Chen et al., 2012; Liang
et al., 2013; Hirano et al., 2017). In addition, some studies found that ex-
cess nitrogen from atmospheric deposition had a significant impact on
fine roots by changing plant carbon allocation patterns, storage of car-
bohydrates and production of secondary defenses chemicals (Vogt
et al., 1993; Li et al., 2015). N fertilizers could increase microbial activity
and stimulate plant growth (Li et al., 2016). However, the growth and
quality of roots would be inhibited by increasing atmospheric nitrogen
deposition (5–30 g·m−2 year−1) (Chen et al., 2017). In our study, we
Table 4
Multiple stepwise linear regression models between FRB and fine root traits and soil
variables.

Treatments Multiple linear stepwise regression equation p R2

S FRB = −10.890 + 4.978CAT + 17.677K 0.000 0.725
SN FRB = −300.037 + 88.499pH + 10.538K 0.000 0.903
N FRB = −1.759 + 2.501CAT + 46.778Mg/Al 0.000 0.848

Note: S, SO4
2−/NO3

−, 5:1; SN, SO4
2−/NO3

−, 1:1; N, SO4
2−/NO3

−, 1:5; FRB, fine root biomass;
CAT, fine-root catalase activity; K, fine-root K ion content; pH, soil pH; Mg/Al, the ratio
of Mg ion to Al ion in fine roots.
found that there were significant differences of FRB among acid rain S/
N ratios (p b 0.001). The FRB with S1 (0.003 g·m−2·year−1 N addition)
and SN1 (0.009 g·m−2·year−1 N addition) treatmentswere significant-
ly higher than those with CK (p b 0.05). This may be because fine roots
had adapted to the acidic soil in our study area. Theywould concentrate
in the surface soils to compensate for nutrient deficiencies under weak-
er acidity treatments (Leuschner et al., 2004), and the nitrogen and sul-
fur in acid rain would act as a fertilizer, increasing soil fertility (Liu et al.,
2017). In addition, N2 and N3 treatments respectively supplied
0.23 g·m−2·year−1 and 2.3 g·m−2·year−1 nitrogen to soil compared
to CK. However, FRB decreasedwith the ratio of SO4

2− toNO3
−decreased,

and FRBwith N2 andN3 treatments were significantly lower than those
with CK treatments. It suggested that the promoting effect of N fertil-
izers in nitric acid rain on fine-root growthwas lower than the inhibito-
ry impacts of acid rain.

Fine roots would input a substantial nutrient into soil after death
(Joslin et al., 1988), but acid rain would inhibit microbial activity
influencing fine root decomposition, and then decrease soil fertility
(Liu et al., 2017). In this study, the PLFA method was effective in esti-
mating soilmicrobial biomass (Liu et al., 2017). Soilmicrobial biomasses
were significant negatively impacted by the increased acidity level (pH
= 2.5) since summer. In addition, Lv et al. (2014) found that soil micro-
bial biomass exhibited a decreased trend with a decrease in the SO4

2−/
NO3

− ratio in acid rain. Consistent with this trend, we found that higher
acidity level of S3 (pH=2.5) had the strongest inhibitory impact on soil
microbial activity in summer. However, in our study, no significant dif-
ferences under mostly SAR treatments were seen in soil TC, TN, AP and
AK (Tanikawa et al., 2014;Miyatani et al., 2016).We found only that soil
TN andAKwith SAR treatmentswere lower than thosewith CK, and sig-
nificantly increased with acid rain acidity increased after rainy season.
This suggested that soil TC, TN, AP and AK cannot be used as good indi-
cators to evaluate the stress on plantations under acid rain. Elemental
concentrations in fine roots may be regarded as good indicators of the
nutritional conditions in the forest soil (Persson et al., 1995). Bakker
(1999), discussed the potential of fine roots as indicators of forest sus-
tainability, and found that fine-root Ca, Mg, Al, Ca/Al and Mg/Al gave a
good insight into forests. Vanguelova et al. (2007) concluded that the
ratio Ca/Al in roots was widely used as bioindicator in acid soils. In our
study, the concentrations of K and Al cation in fine roots were signifi-
cantly affected by acid rain pH. Nitrogen was the most important
macro-nutrient affecting plant growth (Iversen et al., 2017). Fine-root
nitrogen content for S3 treatments was lower than that for CK
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treatment in each season. On the contrary, SN3 treatment increased the
fine-root nitrogen concentration in summer and autumn. However,
with the NO3− increased in N3 treatments, the fine-root nitrogen con-
tent decreased compared to that with SN3 treatments in summer, au-
tumn and winter. This may be because SN3 treatments provided more
nitrogen fertilizers to fine roots compared to S3 treatments. However,
N3 treatments provided the maximum nitrogen fertilizers, but at the
same time N3 treatments had the greatest negative influence on fine-
root growth that inhibited the ability of fine root absorb nitrogen from
soil. This was consistent with the above results of the effect of acid
rain on fine root biomass.

Acid rain demonstrably caused soil acidification, nutrient imbal-
ances, and increased concentration of Al in soil solution (Vanguelova
et al., 2007). Meanwhile, fine roots strongly adsorbed Al ions either by
exchange processes or formation of insoluble organo-Al complexes
that would result in toxicity to fine roots. Consistently, in our study,
fine-root Al ion contents with SAR treatments were higher than those
with CK, and significantly increased with acid rain acidity increased
after summer. Acid rain S/N ratios significantly influenced Al ion con-
tents in fine roots. However, Al toxicity could be alleviated by Ca.
Thus, Ca/Al molar ratios in plant tissues had been proposed as good in-
dicators than Al ion concentration itself for evaluating the Al toxicity
stress to trees (Cronan and Grigal, 1995; Mao et al., 2017). Šrámek
et al. (2014) showed that fine-root Ca/Al b 0.1 strongly indicated Al
stress and fine-root Ca/Al b 0.2 demonstrated the adverse effects of Al.
The critical thresholds for the fine-root Ca/Al ratio of 0.2 was estimated
to represent 90% risk of adverse impact on root growth (Cronan and
Grigal, 1995). However, fine-root Ca/Al ratios of mature trees have
only rarely been determined below the critical 0.2 (Vanguelova et al.,
2007). In our study, Ca/Al ratios decreased significantly with increased
acid rain acidity in summer and autumn, and decreasedwith the S/N ra-
tios decreased in acid rain. That wasmostly because the amount of sim-
ulated acid rain in summer obviously increased the input of a mass of
H+ into soil. In addition, fine-root Ca/Al ratios were 0.58–1.27 with
stronger acid rain (pH = 2.5) in this study, which was higher than 0.2.
It may be because of the differences of experiment site and tree
species and because the amount of our simulated acid rain was
only about 5.55% of the annual precipitation. Mg cations could also
alleviate Al stress (Bakker, 1999). In this study, significant differ-
ences of fine-root Mg/Al ratio among both acid rain pH and S/N ratios
were found in four seasons. It suggested that fine-root Ca/Al ratio
and Mg/Al ratio could be useful indicators of the stresses of acid
rain acidity and S/N ratio.

Plants would suffer oxidative damage with environmental stress
(Agarwal and Pandey, 2004). For protection against oxidative damage,
plant cells would produce enzymatic antioxidants such as SOD, POD
and CAT (Sofo et al., 2005; Kazemi et al., 2010). Acid rain would signif-
icantly increase the activity of SOD and guaiacol peroxidase, but de-
crease the activity of CAT in leaves (Yu et al., 2002). Velikova et al.
(2000) found that POD and CAT activities in leaves were enhanced in
order to scavenge and detoxicate the active oxygen species. In our
study, we found that SOD activity in fine roots significantly increased
with acid rain acidity increased in spring, and stronger acid rain (pH
=2.5) increased SOD activity compared to CK treatments, which is con-
sistent with Koricheva et al. (1997). However, with the amount of sim-
ulated acid rain increased in summer, the fine-root SOD activities with
stronger SAR treatments decreased compared to other treatments. It
may be because the stronger acid rain profoundly influenced the fine-
root growth, and then inhibited the process of SOD production. In addi-
tion, weaker acid rain (pH = 4.5) increased the fine-root CAT activities
compared to CK treatment in spring, summer and autumn, but acid rain
acidity significantly decreased the fine-root CAT activities. This
suggested that fine roots of Q. acutissima could resist the stress of
weaker acid rain by scavenging and detoxification of active oxygen
species, whereas, stronger acid rain would destroy the enzymatic
antioxidants system.
Fine roots were mainly distributed in the top layer of soil that was
the main provider of soil nutrients, water, and heat for plant roots
(Verma et al., 2014). Chen et al. (2016) found that FRB displayed a sig-
nificant positive correlation with soil C and N, and that soil nutrients
were important to stimulate fine-root growth. However, we only
found soil properties such as pH, AP and microbial biomass had a posi-
tive correlation with FRB under acid rain. It was because soil nutrients
such as TC and TN showed less change with the one-year stress of acid
rain. In addition, with the effect of acid rain in our study, FRB also
displayed obvious positive correlations with acid rain pH, S/N ratio,
fine-root Ca/Al, Mg/Al ratio and CAT activity, while fine-root Al ion con-
tent had a significant negative correlation with FRB. Hence, fine-root
growth, based on the nutrient supply from soil, was primarily influ-
enced by acid rain pH, S/N ratio and fine root elements during the
short-term stress of acid rain.

It should be noted thatwe only simulated acid rain over four seasons
of one year. Meanwhile, the minirhizotron technique is a nondestruc-
tive in situmethod for studying the dynamics of fine root, which allows
the simultaneous measurement of fine-root growth and mortality
(Johnson et al., 2016). Our future mesocosm experiment work should
use minirhizotron technique for long-term studying the effect of acid
rain S/N ratio on fine-root growth.

5. Conclusion

Using a one-year mesocosm experiment, S, SN and N treatments
changed fine root traits and soil properties of a plantation ecosystem.
In the period of simulated acid rain, soil pH and fine root biomass signif-
icantly decreased as acid rain S/N ratio and pH decreased. Acid rain pH
significantly influenced soil TC and AK in summer, and S/N ratios signif-
icantly affected soil AK in winter. Soil microbial biomasses were nega-
tively impacted by the increased acidity level resulting from all acid
rain treatments. Fine root parameters were more sensitive to short-
term acid rain stress than soil properties. Fine-root antioxidant enzyme
activities with weak acid rain were higher than those with CK treat-
ments, whereas, stronger acid rain inhibited the process of antioxidant
enzymes production. In addition, fine-root Al ion content, Ca/Al and
Mg/Al ratios were significantly influenced by acid rain S/N ratio and
pH. In summary, while SO4

2− concentration is decreasing, NO3
− concen-

tration is increasing in the future acid rain as a result of rapid economic
growth (Lv et al., 2014; Liu et al., 2017). Acid rain with high NO3

− con-
centration would change soil nutrients and inhibit fine-root growth.
This inhibitory effect may seriously alter the balance of ecosystem C
flux, nutrient cycling, and humus formation, which may, in turn, have
multiple effects on plantation ecosystem.
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