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Sulfur deposition still contributes to forest soil acidification
in the Pearl River Delta, South China, despite the control of sulfur
dioxide emission since 2001
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Abstract
Sulfur dioxide emissions have been regulated at a global scale; sulfur (S) deposition no longer contributes to soil acidification
instead of an alleviation effect in temperate regions; however, it remains unclear whether S deposition still contributes to soil
acidification in the tropics. The Pearl River Delta (PRD), South China, has been suffering serious soil acidification, but the
contribution of S deposition was ignored because of the regulation of S emission since 2001. Here, we chose the evergreen
broadleaf forests, which are the typical forest type at the regional scale in PRD to examine the contribution of S deposition and its
characteristics in this acidification, based on an established urban–rural gradient in the range of 260 km. A substantial acidifi-
cation was evidenced by the significant decline of soil pH from rural to urban sites, with mean pH values decreased by more than
0.60 U through the whole 40-cm depths. However, there was no significant difference in soil pH from 0–10 cm, 10–20 cm, and to
20–40 cm at each site (P > 0.05). Acid-neutralizing capacity (ANC) showed a similar trend to soil pH, with a significant decline
along the urbanization gradient and no significant effect of soil depths. Soil sulfate (SO4

2−), as the most abundant species in ANC,
contributed greatly to soil acidification for the whole 40-cm depth, as shown by the significant positive relationships between it
with soil pH and base cations. Soils also exhibited the depletion of base cations with low base saturation (< 20%) and the release
of Al and Fe. Our research demonstrated that the severe soil acidification in the PRD region has extended to the subsoil level (40-
cm depth), and S deposition is still an important driver to this acidification. Therefore, both recovering the acidified soils and
controlling the acidifying pollutants, especially S, are particularly difficult in southern China.
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Introduction

Sulfur (S) deposition, as an important component of acid depo-
sition, contributes greatly to soil acidification. Sulfate (SO4

2−)
enters soils accompanied by hydrogen ions (H+), and it can be
retained in the soil by adsorption, particularly in tropical soils
with low pH values (Sokolova and Alekseeva 2008). Thus, the
SO4

2− adsorption capacity of the soil has a great impact on
its acidity, and SO4

2− concentrations always increase with
decreasing pH values (McBride 1994). However, the contribu-
tion of S deposition to soil acidification has been ignored be-
cause S emission has been controlled in most regions, e.g., in
Europe (Vestreng et al. 2007), North America (Driscoll et al.
2001), and China (Fang et al. 2013).

Many researches have focused on the changes of acidified
soil after the reduction of S emission. The results showed that
the acidified soil has experienced a change from negligible
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alleviation (Gimeno et al. 2001) or continuing acidification
(Alewell et al. 2000; Warby et al. 2009) during the early peri-
od, to a truly recovered state in recent years (Kirk et al. 2010;
Lawrence et al. 2015). The early response of acidified soils
was attributed to decreasing atmospheric calcium (Ca2+) and
magnesium (Mg2+) inputs accompanied by decreases in sulfur
dioxide (SO2) emission (Hedin et al. 1994). Their long-term
recovery was explained that decades of atmospheric S depo-
sition can lead to the accumulation of S in forest soils (Driscoll
et al. 2001) in the form of SO4

2− for 30–50 years until being
desorbed (Alewell et al. 2000). Consequently, it has taken a
long time (more than 30 years) to recover forest soils after the
reduction of S emission (Lawrence et al. 2015). This soil acid-
ification was characterized by decreases in pH and ANC, de-
pletion of the nutrient cations (e.g., Ca2+, Mg2+) necessary for
plants, and increase in aluminum (Al) mobilization (Driscoll
et al. 2001), and so on. However, these researches were per-
formed in temperate regions, not in the tropics.

Compared with the temperate region, the soil in many areas
of the tropics is strongly acidic, and nitrogen (N) is not a
limiting factor for high N deposition (Galloway et al. 2004;
Gu et al. 2015). Thus, SO4

2− retention and base cation deple-
tion might be more intense in the tropics than in the temperate
region, favored by the high temperature and rain conditions of
the tropics (Adhikari et al. 2014; Sokolova and Alekseeva
2008). Eventually, the effects of S deposition in this region
could be prolonged (for more than 30–50 years) and extended
to deeper soil layers than in the temperate region.
Furthermore, high N deposition in tropical forests could cause
N saturation (Gurmesa et al. 2016), which might strengthen
the effects of S deposition on soil acidification (Huang et al.
2015a). Thus, the contribution of S deposition to soil acidifi-
cation could remain even though S emission reduces, and its
drives might be more complex in the tropics than in the tem-
perate region. However, little attention has been paid to the
contribution of S deposition to acidified soil in the tropics.

China has controlled S emission since 2001 (Fang et al.
2013), reaching a 75% reduce in S emission after 6 years (Li
et al. 2017), but it still has had a rapid increase in N deposition,
and becomes the largest producer of reactive N in the world
(Gu et al. 2015). Consequently, it has been documented that
soil acidification in China’s forests (Tian and Niu 2015),
grasslands (Yang et al. 2012), and croplands (Guo et al.
2010) are strongly affected by N deposition but not by S
deposition. The Pearl River Delta (PRD) region, South
China, is located in the tropics and has had a rapid decrease
in SO2 emission since 2005 (EPDGP 2001–2015). But, S
deposition was still high with 43 kg S ha−1 year−1 in
Guangzhou city in 2010 (Fang et al. 2013). And, S deposition
also greatly contributed to the formation of urban Bacid
islands^ via acid deposition in Guangzhou city (Du et al.
2015). In our previous study, substantial soil acidification
was observed along an urban–rural gradient in the PRD

region, and the contribution of N deposit ion (>
30 kg N ha−1 year−1, Huang et al. 2015b) to this acidification
was confirmed based on the results obtained for pine planta-
tions (Huang et al. 2015c). However, the contribution of S
deposition has not been considered. Combing the features of
soil and climate in the tropics with the results published in
2015, in which the recovery of acidified forest soils after the
reduction of S emission needed a long period in the temperate
region (Lawrence et al. 2015), and N-saturated ecosystems
could facilitate the positive effects of S deposition on soil
acidification in the subtropical region (Huang et al. 2015a),
we hypothesize that S deposition still contributes to forest soil
acidification in the PRD region, despite the reduction of SO2

emission since 2001.
In order to verify the hypothesis, here, we further carried

out the research in the evergreen broadleaf forests in the PRD
region. These forests were selected because they are the typ-
ical forest types at the regional scale and located at the late
stage of forest succession, and the changes in their soil acidi-
fication status might be more representative than in other for-
est types. Moreover, the responses of soil acidity in broadleaf
forests to urbanization might be very different from that in
pine plantations for there are divergent soil properties (e.g.,
pH) between in broadleaf forests and in coniferous plantation
at the same region especially under high temperature (Hizal
et al. 2013).

Methods and materials

Study region and experimental design

The study area is located in Guangdong Province, South
China. The climate is warm and humid with annual precipita-
tion ranging from 1566 to 2133 mm and mean annual air
temperature from 19.65 to 22.22 °C (Table S1). This region
has experienced rapid urbanization since 1978 and showed
notable urbanization effects, including the formation of heat
islands (Ding et al. 2015) and higher N deposition
(34 kg N ha−1 year−1 in urban sites, Huang et al. 2015b) and
increased CO2 concentrations in the urbanized than in the non-
urbanized areas (Mao et al. 2014). On the contrary, the emis-
sion of SO2 has reduced especially after 2007; its emission has
nearly cut in half (0.68 million tons) by 2015 compared with
1.29 million tons in 2005, according to annual bulletin of
environmental statistics of Guangdong Province (EPDGP
2001–2015). But, S deposition was still high with
43 kg S ha−1 year−1 in Guangzhou city (Fang et al.
2013).This study were carried out on an established urban–
rural gradient (Chen et al. 2013; Huang et al. 2015b, c). Four
types of locations, namely urban, urban/suburban, suburban/
rural, and rural sites, were included in this urban–rural gradi-
ent. Fourteen evergreen broadleaf forests were selected, in the
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range of E111° 54′ 19.78″, N22° 46′ 0.60″ to E115′ 21′
54.52″ , N24° 46 ′ 40.25″ (Table S1). Huolushan,
Maofengshan, and Shunfengshan forests were representative
of urban sites; Heshan, Dinghushan (DHS), Guanyinshan, and
Xiangtoushan were representative of urban/suburban sites;
Heishiding, Shimentai, Yunjishan, and Dachouding were rep-
resentative of suburban/rural sites; and Huaiji, Dadongshan,
andWuzhishan were representative of rural sites (Fig. 1; Chen
et al. 2013).

Evergreen broadleaf forests are predominant in tropi-
cal regions, and provide crucial ecosystem services and
functions to natural systems and humans, such as bio-
diversity conservation, carbon sequestration, and climat-
ic regulation. They are very sensitive to acidic inputs
from urbanization owing to their properties (e.g., high
productivity and highly weathered soils). In the study
region, N saturation has been identified in the DHS
(urban/suburban) ecosystem (Gurmesa et al. 2016); thus,
the responses of evergreen broadleaf forests to urbani-
zation seem to indicate the real states of local forest
ecosystems and are helpful to explore the true mecha-
nisms of soil acidification. The evergreen broadleaf for-
ests dominated by Schima superba, a native tree species
that is widely distributed in Guangdong Province, were
chosen for this study. Their stand ages were between 40

and 60 years, and their stand densities between 600 and
800 trees ha−1 (Table S1). All plots selected for this
study were distant from forest edges and had similar
slopes and orientations. All sites belonged to the core
area of nature reserves, which are unaffected by forest
fires, insect infestations, or logging, based on the re-
cords of the nature reserves. All forest soils were later-
itic red earth (ultisols, according to USDA soil
taxonomy).

Sampling collecting and measurement

A diagram was provided to illustrate the experiment work in
this study (Fig. 2).

Each forest plot comprised three random subplots
(10 × 10 m). Soil was sampled from January to
May 2011 using a 10-cm (inside diameter) corer, and
three mineral soil layers (0–10, 10–20, and 20–40 cm)
were included in each soil sample. Soil samples were
mixed thoroughly by hand, passed through a 2-mm
sieve after removing roots and stones, and then air-
dried for analysis. Soil pH was measured with a glass
electrode using a 1:2.5 soil-deionized CO2-free water
suspensions (Liu et al. 1996). Soil exchangeable cations,
including potassium (K+), sodium (Na+), Ca2+, Mg2+,

Fig. 1 Location of our study sites in Guangdong Province of southern China. A total of 14 open-field sites were selected along the transect (Cited from
Chen et al. 2013)
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H+, Al3+, and iron (Fe3+) were determined for calculat-
ing soil cation exchange capacity (CEC). K+, Na+, Ca2+,
and Mg2+, classified as exchangeable base cations,
which were extracted with 1 mol L−1 NH4Ac, and
Fe3+ was extracted with 0.1 mol L−1 HCl (Liu et al.
1996), then the concentrations of these cations were
all determined using an inductively coupled plasma op-
tical emission spectrometer (Perkin Elmer, USA). Soil
samples were extracted with 1 mol L−1 KCl using a
5-g soil: 500 mL KCl solution to determine the total
exchangeable acidity (sum of exchangeable H+ and ex-
changeable Al3+ contents), as well as the exchangeable
H+ content. Half of the extract was titrated with
0.02 mol L−1 NaOH solution to determine total ex-
changeable acidity, and the other half was titrated with
0.02 mol L−1 NaOH after adding 1 mol L−1 NaF to
obtain the exchangeable H+ content (Liu et al. 1996).
Exchangeable Al3+ content was calculated as the differ-
ence between the total exchangeable acidity and the
exchangeable H+ content. Soil CEC was calculated as
the sum of exchangeable cations (i.e., K+, Na+, Ca2+,

Mg2+, H+, Al3+, and Fe3+) on an equivalent basis. Soil
base saturation (BS) was calculated as the fraction of
the base cations (i.e., K+, Na+, Ca2+, and Mg2+) in the
CEC (Mulder and Stein 1994).

Water-soluble ions present in soil samples, i.e., SO4
2−, ni-

trate (NO3
−), fluoride (F−), chloride (Cl−), K+, Ca2+, Na+,

Mg2+, and ammonium (NH4
+) were extracted with deionized

water (water:soil, 5:1) and then determined by ion chromatog-
raphy (Metrohm, Switzerland) for calculating soil ANC. Soil
ANC was calculated as the difference between the sum of
water-soluble acid anions and the sum of water-soluble cat-
ions by charge balance (Vogt et al. 2006), that is,
ANC = [2(Ca2+) + 2(Mg2+) + (K+) + (Na+) + (NH4

+)]
− [2(SO4

2−) + (NO3
−) + (Cl−) + (F−)].

Data on atmospheric inorganic N deposition (includ-
ing NH4

+-N and NO3
−-N deposition) were obtained

from Huang et al. (2015b). Data on soil pH in pine
plantation were cited from Huang et al. (2015c). Data
on mean annual temperature and mean annual precipita-
tion at each site were collected from the records of local
meteorology bureaus, and data on stand densities and

Fig. 2 A diagram illustrating the experimental process
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tree ages of the 14 forests were obtained from the re-
cords of the natural reserve offices at each site.
Elevation, longitude, and latitude of each site were re-
corded by a GPS device (Table S1).

Statistical analysis

One-way analysis of variance (ANOVA) was used to compare
the differences among the four types of urbanization sites
(urban, urban/suburban, suburban/rural, and rural) and three
soil depths (0–10, 10–20, and 20–40 cm) with respect to soil
pH, ANC, BS, CEC, exchangeable cations, and soil water-
soluble anions (NO3

−, SO4
2−, Cl−, and F−). Univariate analy-

sis was used to determine the interaction effects of urbaniza-
tion and soil depth on soil pH, ANC, BS, and CEC. Pearson
correlation analysis was also performed to examine the rela-
tionships among soil pH, ANC, and the concentrations of soil
NO3

− and SO4
2−, and between soil NO3

− and SO4
2− concen-

trations with soil exchangeable K+, Na+, Ca2+, and Mg2+ con-
centrations. All analyses were conducted using SPSS 13.0 for
Windows (SPSS Inc., USA), with statistical significance set at
P< 0.05 unless otherwise stated. Displayed values are mean ±
standard error of the mean.

Results

Soil pH and ANC

Most soil pH values ranged between 3.6 and 4.5, with few
above 5.0, indicating a strongly acidic environment. A signif-
icant increase in soil pHwas observed from urban to rural sites

at 0–10, 10–20, and 20–40 cm depth (P < 0.01; Fig. 3).
However, soil pH did not show significant differences across
the three soil depths at each site (P > 0.05), and there was no
interactive effect of soil depth and urbanization gradient on
soil pH (P > 0.05). Soil pH was lower in the urban sites than
the rural sites by approximately 0.60 U at each depth (0.64 U
at 0–10 cm, 0.68 U at 10–20 cm, and 0.61 U at 20–40 cm,
respectively).

Acid-neutralizing capacity showed a significant increase
along the urban–rural gradient across the three soil layers
(P < 0.05; Fig. 4), which was consistent with the variation in
soil pH. Negative ANC was observed in urban and urban/
suburban sites at 40-cm depths, and at suburban/rural sites at
10 to 40-cm depths, which was attributed to the high concen-
trations of soil anions, especially SO4

2− and NO3
−. However,

there was no effect of soil depth and no interaction effect of
urbanization gradient and soil depth on ANC. SO4

2− was the
most abundant anion at depth of 40 cm, with significantly
higher concentrations in urban sites than in the other three
types of sites (P < 0.01); NO3

−, the next most abundant anion,
showed a significant decline in concentration from urban to
rural sites (P < 0.05; Fig. 5).

Soil BS and exchangeable cations

Soil BS was very low (< 20%) and was even below 10%
except in urban sites. It exhibited a significant decline from
urban to urban/suburban and then to suburban/rural sites, but
showed no further decline in rural sites (P < 0.05; Fig. 6). No
effect of soil depth and no interaction effects of the urbaniza-
tion gradient with soil depth were observed on BS. CEC
showed significant responses to the urbanization gradient

Fig. 3 Soil pH variation in
tropical forests along urban–rural
gradient at 40-cm soil depth in the
evergreen broadleaved forests of
south China. Error bars indicate
± 1 S.E. (N = 3 for urban and
rural, N = 4 for urban/suburban
and suburban/rural). Different
letters indicate significant
differences (P < 0.05) between
urbanized zones, and same letters
indicate no significant differences
(P > 0.05) between different
urbanization gradients,
respectively
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(P < 0.01), but was not greatly impacted by soil depth. No
interaction effects of the urbanization gradient or soil depth
were observed on either soil BS or CEC.

The concentrations of soil base cations (i.e., Ca2+, Mg2+,
K+, and Na+) at 40-cm depths showed a decreasing trend from
urban to urban/suburban and then to suburban/rural sites, but
did not decline further in rural sites. The ions Al3+ and H+

accounted for about 72–90% of the total exchangeable cat-
ions, while Fe3+ only accounted for 2–6% of total cations.
At 40-cm depth, the mean concentrations of Fe3+ were higher
in urban sites than in urban/suburban sites, and accompanied
by lower mean concentrations of Al3+ in urban sites than in
urban/suburban sites (Fig. 7).

Relationships of soil pH with soil properties
and atmospheric factors

Soil pH was negatively correlated with the concentrations of
soil SO4

2− and NO3
− (at 40-cm soil depths, P < 0.01), while

concentrations of soil NO3
− and SO4

2− were positively corre-
lated (at 0–10 cm, P = 0.08; at 10–20 and 20–40 cm,
P < 0.001). The ANC had a positive correlation with soil pH
at 40-cm depths (P < 0.01), and had a negative correlation
with the concentrations of soil SO4

2− (P < 0.01) at 40-cm
depths and NO3

− at 20-cm depths (P < 0.01) (Table 1).
Atmospheric inorganic N deposition was negatively correlat-
ed with soil pH values at 40-cm depths (at 0–10 cm and 10–
20 cm, P = 0.07; at 20–40 cm, P < 0.05).

The concentrations of soil SO4
2−were positively correlated

with the concentrations of soil Mg2+ (at 0–10 cm and 20–
40 cm, P < 0.05; at 10–20 cm, P < 0.001) and Ca2+

(P < 0.001), and with the concentrations of soil K+ at 10–
20 cm (P < 0.05) and 20–40 cm (P < 0.01). Soil NO3

− con-
centrations also had positive correlations with soil Mg2+

concentrations at 0–10 cm (P < 0.001) and 20–40 cm
(P < 0.05), and with soil K+ concentrations at 10–20 cm
(P < 0.05). However, no significant correlations were ob-
served between soil SO4

2− or NO3
− concentrations and soil

Na+ concentrations (Table 2).

Discussion

Subsoil acidification in evergreen broadleaf forests

Urbanization in the PRD region was reported to drive
soil acidification in pine plantations (Huang et al.
2015c). Significant decline in soil pH from rural to ur-
ban sites found here (Fig. 3) also evidenced that urban-
ization in the PRD led to soil acidification in evergreen
broadleaf forests, and to a more serious extent than in
pine plantations. Firstly, pH values were generally 3.5–
4.5, which is a narrower range than that registered in
pine plantations (3.5–5.3). Secondly, the pH along the
rural–urban gradient declined more than 0.60 U on av-
erage at 40-cm depths, which was larger than that ob-
served in pine plantations (0.44 U). Thirdly, no signifi-
cant differences in soil pH and ANC were found among
different soil depths (40-cm) in evergreen broadleaf for-
ests, while a significant difference in pH according to
depth was observed in pine plantations. Hence, subsoil
acidification (40-cm depths) occurs in the evergreen
broadleaf forests of the PRD region in South China.

Subsoil acidification is a more severe environmental
issue than topsoil acidification, because subsoil acidifi-
cation further decreases root elongation via restraining
the absorption of nutrient and water, which results in
poorer root systems and restricted plant growth, worse,

Fig. 4 Patterns of acid
neutralizing capacity (ANC) from
urban to rural at 40-cm soil depth
in the evergreen broadleaved
forests of south China. Error bars
indicate ± 1 S.E. (N = 3 for urban
and rural, N = 4 for urban/
suburban and suburban/rural).
Different letters indicate
significant differences (P < 0.05)
between urbanized zones, and
same letters indicate no
significant differences (P > 0.05)
between different urbanization
gradients, respectively
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reduces even loses the ability of plants to resist to dis-
ease and insect pests because of nutrient deficiency.
Furthermore, limited use of nutrients and water due to
poor root systems may accelerate nutrient loss and
groundwater eutrophication and contamination, which
can be intensified by heavy rainfall in this region. Soil
microorganisms also change their community composi-
tion and diversity to adapt the acidic environment
(Cruz-Paredes et al. 2017), which is also detrimental
to plant growth and development. Consequently, the
whole ecosystem structure and function are rapidly
destroyed. To make it worse, subsoil acidification is
considered irreversible, owing to the difficulty of its
amelioration (Tang et al. 2011). Therefore, soil acidifi-
cation in the PRD region is very serious and should
receive special attention.

Characteristics of forest soil acidification in the PRD
region

As a crucial indicator of ecological vulnerability to acidifica-
tion (Lu et al. 2015; Vogt et al. 2006), ANC is calculated based
on the concentrations of soil water-soluble cations and anions.
Overall, ANC had a consistent positive relationship with soil
pH, significantly decreasing from rural to urban sites (Fig. 4;
r > 0.60, P < 0.001), agreeing with that reported for the tem-
perate region (Driscoll et al. 2001). Negative ANCwas always
observed in urban and urban/suburban sites at the whole 40-
cm depths, indicating that evergreen broadleaf forest ecosys-
tems have poor soil buffering capacity (Lu et al. 2014) and
cannot neutralize and hold excess acid input (Lu et al. 2015).
This finding was consistent with the values of ANC observed
at 40-cm depths in DHS (Lu et al. 2015). Moreover, ANCwas

Fig. 5 Patterns of soil water-soluble anions to urbanization gradients in
the evergreen broadleaved forests of south China. Error bars indicate ± 1
S.E. (N = 3 for urban and rural, N = 4 for urban/suburban and suburban/

rural). Different letters indicate significant differences (P < 0.05) between
urbanized zones, and same letters indicate no significant differences
(P > 0.05) between different urbanization gradients, respectively
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dominated by soil SO4
2− and NO3

−; it was greatly affected by
the concentrations of soil SO4

2− and NO3
−, not by base cations

(Figs. 4 and 5), suggesting that N and S deposition strongly
contribute to soil acidification, which supported our
hypothesis.

The BS obtained here was all lower than 20% and even
below 10% in urban/suburban, suburban/rural, and rural sites
(Fig. 6). Because 20% is the BS threshold for predicting dam-
age caused by acidification (Hicks et al. 2008), the values
found on the present study indicate that base cations were very
depleted for the four types sites (Fig. 7), which was consistent
with that reported for the temperate region (Driscoll et al.
2001). The low BS found in strongly acidic soils in the humid
tropics is attributable to the rapid dissolution and leaching of
weatherable minerals driven by high precipitation (Lu et al.
2014). Despite depletion, the concentrations of base cations
showed a significant decline from urban to urban/suburban
and to suburban/rural sites, in this order (Fig. 7), suggesting
the presence of important urban sources of these cations
(Huang et al. 2015b). For example, Ca2+, which mainly orig-
inates from dust transported from local and anthropogenic
sources such as industrial and construction activities
(Larssen and Carmichael 2006). Urban sources of base cations
could effectively reduce the production of H+ and the accu-
mulation of Al3+ in urban sites with lower concentrations than
suburban sites (Fig. 7). The concentrations of soil SO4

2− and
NO3

− also positively affected base cations concentrations, es-
pecially for Mg2+ and Ca2+, based on their significant positive
correlations (Table 2), also indicating their common urban
sources. Moreover, Mg2+ and Ca2+ leaching and mobilization
were also correlated with NO3

− (Lu et al. 2014) and SO4
2−

(Sokolova and Alekseeva 2008).

Soil exchangeable Al3+, as the dominant component of soil
cation pools, was present at much higher levels than any other
cation, exceeding the sum of base cations in base equivalents
(Fig. 7), thereby indicating Al3+ release, which is an important
acid buffering process in acidic soils (Mulder et al. 1989)
experiencing S control (Driscoll et al. 2001) and N deposition
(Huang et al. 2015a; Lu et al. 2015). However, Al3+ concen-
trations in the urban sites were always lower than that in the
urban/suburban sites, especially at 10-20-cm and 20-40 cm
soil depths, while Fe3+ concentrations were always higher in
the urban sites than in the urban/suburban sites (Fig. 7), sug-
gesting Fe3+ release. A significant negative correlation was
also observed between soil pH and Fe3+ concentrations
(Table 1; at 0–10 cm, P < 0.05; at 10–20 cm, P < 0.01), indi-
cating a potential Fe buffer. Both Al buffer and potential Fe
releases were also observed in the pine plantations (Huang
et al. 2015c).

The absence of any effect of soil depth on soil pH and ANC
up to 40 cm was recognized as an important feature of subsoil
acidification in this region, as evidenced by the non-
significant differences for these two parameters across the
three soil depths (i.e., 0–10, 10–20, and 20–40 cm) in all sites.
CEC was not greatly impacted by soil depth, which also sup-
ported the loss of soil depth effects. Depth effects are an im-
portant feature of soil that is reflected in all soil properties,
including soil pH, organic carbon content, and soil metal con-
centration (Minasny et al. 2016). Strong leaching is frequent
in the tropics due to heavy precipitation (Table S1) (Adhikari
et al. 2014), and it strongly affects soil pH at various depths
(Adhikari et al. 2014). Eventually, soil depth effects on pH and
ANC at 40-cm diminish and even disappear, and the impact of
acidification reaches the subsoil (below 40-cm depths).

Fig. 6 Patterns of soil base
saturation (BS) to urbanization
gradient in the evergreen
broadleaved forests of south
China. Error bars indicate ± 1
S.E. (N = 3 for urban and rural,
N = 4 for urban/suburban and
suburban/rural). Different letters
indicate significant differences
(P < 0.05) between urbanized
zones, and same letters indicate
no significant differences
(P > 0.05) between different ur-
banization gradients, respectively
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Sulfur deposition is still contributing to soil
acidification

Urbanization induces subsoil acidification in the PRD region,
as evidenced by the significant effects (P < 0.01) of urbaniza-
tion on soil pH and by the significant correlations of soil pH
and ANC with soil NO3

− and SO4
2− concentrations

(P < 0.001; Table 1) at 40-cm depths. Soil SO4
2− and NO3

−

concentrations have common urban sources, namely the SO2

and NOx produced in highly urbanized areas, which are the
precursors of S and N deposition, respectively, as shown by
the significant positive correlations between their concentra-
tions (Table 1). Hence, besides N deposition, S deposition also
contributes to soil acidification in this region.

In China, S emission has been controlled since 2001 (Fang
et al. 2013), and has declined by 75% since 2007 (Li et al.
2017), but S deposition was still high (Fang et al. 2013). S
deposition is an important source of SO4

2−, which can be

retained and accumulated in soils via adsorption (Sokolova
and Alekseeva 2008), negatively affecting soil pH (McBride
1994). Sulfur deposition has been reported to continuously
contribute to soil acidification in croplands (Guo et al. 2010)
and subtropical forests (Huang et al. 2015a) in China. In this
study, S deposition contributed to high soil SO4

2− concentra-
tions up to 40-cm depths and to its dominance in ANC, espe-
cially in urban sites (Figs. 3 and 4), suggesting its continuing
contribution to soil acidification. Significant positive correla-
tions (Table 2) between the concentrations of soil SO4

2− and
Mg2+ (P < 0.05) or Ca2+ (P < 0.01) also suggested that the
deposition is their common source and affects their
concentrations. The result was supported by Du et al. (2015)
that S deposition still greatly contributes to the formation of
urban acid islands in the cities of southern China.

The contribution of S deposition to soil acidification is
enhanced by the tropical climate and soil properties of the
PRD region. In this region, high precipitation and

Fig. 7 Patterns of soil exchangeable cations to urbanization gradients in
the evergreen broadleaved forests of south China. Error bars indicate ± 1
S.E. (N = 3 for urban and rural, N = 4 for urban/suburban and suburban/

rural). Different letters indicate significant differences (P < 0.05) between
urbanized zones, and same letters indicate no significant differences
(P > 0.05) between different urbanization gradients, respectively
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temperature, the annual averages of which ranged from 1566
to 2133 mm and 19.65 to 22.22 °C, respectively (Table S1),
can positively influence the amount of SO4

2− adsorbed
(Sokolova and Alekseeva 2008). As all forest soils were lat-
eritic red soil, which is highly weathered and with low pH
(mostly in the range 3.6–4.5), their SO4

2− adsorption capacity
is high (Gobran et al. 1998). Previous studies have shown that
when soil pH is 4, SO4

2− adsorption can reach a maximum
(Nodvin et al. 1986;) via an irreversible process (Gobran et al.
1998). In the urban sites, soil pH values up to 40-cm depths
were around 4.0, and the highest soil SO4

2− concentration was
observed in these sites (Fig. 5), suggesting that their SO4

2−

adsorption capacity is higher than that of the other three types
of sites. Moreover, SO4

2−might be retained for longer periods
(> 30–50 years) in the tropics than in the temperate region, as
strong leaching via rainfall helps the effect of S deposition to
reach the subsoil.

High N deposition also strengthens the effects of S deposi-
tion on soil acidification. In the PRD region, N deposition was
more than 30 kg N ha−1 year−1 and was dominated by NO3

−

(Huang et al. 2015b), which results in N-rich and even N-
saturated conditions, as that observed in DHS (Gurmesa
et al. 2016), enhancing SO4

2− adsorption (Huang et al.
2015a), and NO3

− leaching (Gurmesa et al. 2016).
Consequently, ANC is more influenced by SO4

2− and NO3
−

than by base cations (Dentener et al. 2006), although they
have important urban sources. Therefore, there might be an
interaction involving N deposition and S deposition on soil
acidification, but it needs further investigation to be validated.
Because of China, among the countries with highest N depo-
sition (Gu et al. 2015), the effect of N deposition on S depo-
sition driving soil acidification cannot be ignored, and S de-
position’s contribution to soil acidification should receive
much and continued attention in the future.

Conclusions

Significant subsoil acidification (at 40-cm depths) was ob-
served in the evergreen broadleaf forests of the PRD region,
South China, indicating reduced soil pH values (about 0.60 U
lower in urban sites than in rural sites), depletion of base
cations, Al and Fe release, negative ANC dominated by
SO4

2− and NO3
−, and no depth effects on pH and ANC at

40-cm depths. The contribution of S deposition to this acidi-
fication was identified based on high soil SO4

2− concentra-
tions and significant positive correlations between soil SO4

2−

and ANC, pH, and base cations. Our findings indicated that
soil acidification in the PRD region is very serious, and S
deposition is still an important driver of this acidification,
albeit the control of S emission for more than a decade.
Therefore, recovering acidified soils is very difficult, and abat-
ing both S and N emission, instead of controlling only S or N
emission, seems to be a more effective measure for the sus-
tainable management of these tropical forest ecosystems.
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