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Abstract

Elevated anthropogenic nitrogen (N) deposition has greatly altered terrestrial ecosystem functioning, threatening eco-

system health via acidification and eutrophication in temperate and boreal forests across the northern hemisphere.

However, response of forest soil acidification to N deposition has been less studied in humid tropics compared to

other forest types. This study was designed to explore impacts of long-term N deposition on soil acidification pro-

cesses in tropical forests. We have established a long-term N-deposition experiment in an N-rich lowland tropical for-

est of Southern China since 2002 with N addition as NH4NO3 of 0, 50, 100 and 150 kg N ha�1 yr�1. We measured soil

acidification status and element leaching in soil drainage solution after 6-year N addition. Results showed that our

study site has been experiencing serious soil acidification and was quite acid-sensitive showing high acidification

(pH(H2O)<4.0), negative water-extracted acid neutralizing capacity (ANC) and low base saturation (BS,< 8%) through-

out soil profiles. Long-term N addition significantly accelerated soil acidification, leading to depleted base cations

and decreased BS, and further lowered ANC. However, N addition did not alter exchangeable Al3+, but increased cat-

ion exchange capacity (CEC). Nitrogen addition-induced increase in SOC is suggested to contribute to both higher

CEC and lower pH. We further found that increased N addition greatly decreased soil solution pH at 20 cm depth,

but not at 40 cm. Furthermore, there was no evidence that Al3+ was leaching out from the deeper soils. These unique

responses in tropical climate likely resulted from: exchangeable H+ dominating changes of soil cation pool, an

exhausted base cation pool, N-addition stimulating SOC production, and N saturation. Our results suggest that long-

term N addition can contribute measurably to soil acidification, and that shortage of Ca and Mg should receive more

attention than soil exchangeable Al in tropical forests with elevated N deposition in the future.
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Introduction

Anthropogenic acid deposition, resulting from

increased emissions of SO2 from fossil-fuel combustion

and NOx from high-energy combustion and agricul-

tural fertilization has greatly modified global biogeo-

chemical cycles of nitrogen (N) and sulfur (S) (Vitousek

et al., 1997) and has resulted in acidification of the bio-

sphere (Galloway, 2001; Bouwman et al., 2002; Hicks

et al., 2008). Soil acidification has been recognized as a

major environmental issue in many temperate and bor-

eal regions (Likens et al., 1996; Yang et al., 2012), caus-

ing declines in terrestrial biodiversity (Bobbink et al.,

2010; Lu et al., 2010; Chen et al., 2013)and forest pro-

ductivity (H€ogberg et al., 2006), and threatening ecosys-

tem health (Bouwman et al., 2002; Krupa, 2003; Burns

et al., 2008).

Although SO2 emissions have declined across Europe

and eastern North America since the 1990s (Oulehle

et al., 2011) and in China since 2005 (Fang et al., 2013),

the contribution of anthropogenic N to acid deposition

has been an increasing concern, with human activities

accelerating the globalization of N deposition, which

increases at a mean global rate of 105 Tg N yr�1 (Gallo-

way et al., 2004; Dentener et al., 2006). Currently, 11%

of the world’s natural vegetation receives N deposition

in excess of 10 kg N ha�1 yr�1 (Dentener et al., 2006;

Pardo et al., 2011). Continuous atmospheric N deposi-

tion to terrestrial ecosystems can lead to pronounced

soil acidification (Van Breemen et al., 1984), resulting in

a net decrease in soil pH and acid neutralization capac-

ity (ANC) of the soils (Larssen & Carmichael, 2000;

H�edl et al., 2011). Soils typically go through a transition

of different buffering ranges during acidification
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accompanied by weathering and release of different

elements (Ulrich, 1986; Bowman et al., 2008). Although

soils are buffered by bicarbonate in the pH range above

6.5, cation exchange between H+ and base cations

(Ca2+, Mg2+, K+, and Na+) is the main buffering mecha-

nism for acid soils in the pH range 4.2–5.0. Once base

cations have been exhausted, aluminum (Al) is mobi-

lized from soils, with soil pH buffered by Al com-

pounds at low pH (<4.2). These processes are well

demonstrated in temperate regions, especially in Eur-

ope and North America (Krug & Frink, 1983; Boxman

et al., 2008; Gruba et al., 2013), where atmospheric N

deposition commonly exceeds the critical loads of eco-

systems, leading to N saturation (Aber et al., 1998; Fenn

et al., 2006; Thimonier et al., 2010; Pardo et al., 2011).

Accordingly, acid deposition generally causes persis-

tent declines in soil base cation pool (or base saturation,

BS), leaching of sulfate and nitrate ions and Al, and

acidification of soils and surface waters; meanwhile,

elevated Al mobilization with its toxicity to soil biota is

a common characteristic in acidified soil (Dise et al.,

2001; Edwards et al., 2002; Driscoll et al., 2003; H€ogberg

et al., 2006; Warby et al., 2009).

Our understanding of how N deposition affects soil

acidification is based largely on work in temperate eco-

systems of the North Hemisphere (Aber et al., 1998;

Krusche et al., 2003; Boxman et al., 2008; Lu et al., 2009).

Comparable data are generally lacking for tropical

regions, where soil acidification is typically recognized

as a major pedogenetic process that occurs when pre-

cipitation exceeds evapotranspiration (von Uexkull &

Mutert, 1995; Larssen et al., 1999). Nitrogen cycling in

tropical systems is different from those of temperate,

because tropical forest ecosystems are often N-rich (or

N-saturated), with high soil N availability, rapid rates

of N cycling, and the lack of N limitation to NPP (Mat-

son et al., 1999; Wright et al., 2011; Brookshire et al.,

2012). Thus, N deposition is less likely to increase pri-

mary productivity of tropical ecosystems, but may alter

other aspects of the N cycle (Townsend et al., 1996).

Meanwhile, many tropical soils are poorly buffered

against acid deposition because they are highly weath-

ered with low base cation pools (Sollins et al., 1988;

Matson et al., 1999). As a result, conclusions based on

studies conducted in temperate regions are of little rele-

vance for the tropics under elevated N deposition.

The purpose of this study was to experimentally test

how long-term N deposition affects soil acidification

process in a tropical forest. In 2002, we established

long-term N deposition research plots in a typical N-

rich lowland tropical mature forest at Dinghushan Bio-

sphere Reserve of Southern China, where atmospheric

N deposition rates are commonly above 19 kg N

ha�1 yr�1 (Mo et al., 2006; L€u & Tian, 2007; Lu et al.,

2010, 2013). In fact, long-term records have shown a sig-

nificant decrease in soil pH at this reserve over the past

three decades (Fig. 1), but reasons remain unclear.

Here, we hypothesize that: (i) tropical forests are vul-

nerable to excess inputs of N, with N additions decreas-

ing soil buffering capacity and accelerating soil

acidification; and (ii) because of their highly weathered

nature, tropical forest soils will be more sensitive to N

additions than those from temperate forests, as seen in

changes in acidity of soil and soil solution, soil

exchangeable cations, BS, CEC. and cation leaching

dynamics.

Materials and methods

Study Site

We carried out our study at Dinghushan Biosphere Reserve

(DBR), an UNESCO/MAB site located in the middle of

Guangdong Province in southern China (112°100 E, 23°100 N).

The reserve covers an area of 1155 ha within the subtropical/

tropical moist forest life zone. The monsoon climate of this site

averages 1927 mm precipitation per years with approximately

75% occurring between March and August, and 6% between

December and February. Relative humidity averages 80%

throughout the year. Mean annual temperature is 21.0 °C,
ranging from mean coldest in January (12.6 °C) and hottest in

July (28.0 °C). Dinghushan Biosphere Reserve has experienced

high rates of atmospheric N deposition (21–38 kg N ha�1 yr�1

as inorganic N in bulk precipitation) since 1990’s (Huang et al.,

1994; Lu et al., 2013 and references there). In 2009–2010, total

Fig. 1 Soil pH(water) changing trend at upper 20 cm soils during

the last three decades in the lowland tropical forest (monsoon

evergreen broadleaf forest) of Dinghushan Biosphere Reserve in

Southern China. Note: The data set used here was compiled

from the published papers, which focused on the same forest to

this study. The upper 20 cm of the mineral soil (below the forest

floor) was sampled. Method for determination of soil pH is the

same as this study, using the national standard of China

(GB7859-87). These published papers are listed in Data S2.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665

2 X. LU et al.



wet N deposition was 34.4 kg N ha�1 yr�1, with 18.2 kg ha�1

dissolved inorganic N (7.7 kg ha�1 NO3
�-N and 10.5 kg ha�1

NH4
+-N, respectively) and 16.2 kg ha�1 dissolved organic N

(calculated as differences between total dissolved N and dis-

solved inorganic N), respectively (Lu et al., 2013); total wet S

deposition was 32.6 kg S ha�1 yr�1(2009 July–2010 June; Xian-

kai Lu, unpublished data).

We established the research site in the monsoon evergreen

broadleaf forest in 2002 between 250 and 300 m above sea

level. According to 14C measurement, forest stands have been

protected from direct human disturbance for >400 years (Shen

et al., 1999). These support a rich assemblage of plant species,

most of which are evergreen tree species native to the tropics

and subtropics. These include Castanopsis chinensis Hance,

Schima superba Chardn. & Champ., Cryptocarya chinensis

(Hance) Hemsl., Cryptocarya concinna Hance, Machilus chinensis

(Champ. Ex Benth.) Hemsl., and Syzygium rehderianum Merr.

& Perry. Canopy closure is typically above 95% (Lu et al.,

2010). Soils are oxisols (lateritic red earths) formed from sand-

stone approximately 30 to 70 cm in depth.

Experimental treatments

Nitrogen addition experiments were initiated in July 2003,

with four N addition rates used: Control (0 N added), Low-

N (50 kg N ha�1 yr�1), Medium-N (100 kg N ha�1 yr�1) and

High-N (150 kg N ha�1 yr�1). A buffer strip of at least 10-m

width surrounded each of 12 10-m 9 20-m plots, with plots

and treatments replicated in triplicate and randomly located

within the study area. Monthly applications of NH4NO3

solution were added by hand to the forest floor of these

plots as 12 equal applications over the whole year. Fertilizer

was weighed and mixed with 20 l of water, with solution

added via backpack sprayer below the canopy. Two passes

were made across each plot to ensure an even distribution

of fertilizer. Control plots received an equivalent volume of

deionized water.

Field soil sampling and laboratory analysis

Soil samples were collected in August 2009 with a 5-cm-diam-

eter corer at 10 cm depth intervals down to 40 cm depths,

where bedrocks exist widely. For the 0–10 cm soils, the cores

were taken beneath the loose litter layer (Oi) and were com-

prised of Oe and Oa horizon plus mineral soil to a total depth

of 10 cm. The corer was then driven to a depth of 20 cm to col-

lect the sample from the 10–20 cm depth. By using this

method, the 20–30 cm and 30–40 cm soils were collected,

respectively. Three randomly selected locations were sampled

in each plot. Altogether, there were three subsamples for each

layer per plot. In the laboratory, soils from each subsample

were sieved (2 mm) to remove roots and stones, and mixed

thoroughly by hand for subsequent chemical analysis. We

analyzed each subsample separately. We got an average value

from the data of three subsamples, and then had a further sta-

tistical analysis.

Soil pH was measured with a glass electrode using a 1 : 2.5

soil–water suspension. Exchangeable cations (H+, K+, Na+,

Ca2+, Mg2+, Al3+, Fe3+) and water-soluble ions (K+, Na+, Ca2+,

Mg2+, NH4
+, NO3

�, SO4
2�, F�, Cl�) were extracted with

0.1 mol l�1 BaCl2 (50 : 1, solution : soil) and deionized water

(5 : 1, water : soil), respectively. After centrifugation and fil-

tration through 0.45 lm cellulose–acetate filters, the filtrates

were analyzed for cations and anions. Exchangeable H+ and

Al3+ were determined by NaOH neutralization titration after

BaCl2 extraction. Cations of K
+, Na+, Ca2+, Mg2+ and Fe3+ were

determined using an inductively coupled plasma optical emis-

sion spectrometer (ICP-OES, Perkin Elmer, Waltham, MA,

USA.). Water-soluble inorganic nitrogen (NH4
+-N and NO3

�-
N) was measured using a Lachat QC8000 Flow Injection Ana-

lyzer. Anions of SO4
2�, F� and Cl� were determined using

Dionex DX-120 Ion-Chromatography. Total soil organic car-

bon (SOC) was measured by dichromate oxidation before

titration with Fe2+ solution. Subsamples of soil were oven-

dried at 105 °C to a constant weight (at least 24 h) to allow

reporting soil results on an oven-dry basis.

Field water sampling and laboratory analysis

We collected soil solution from all plots at 20 and 40 cm soil

depth in the studied forest. At 20 cm soil depth, two replicate

zero-tension tray lysimeters (755 cm2 per tray) per plot were

installed in April/May 2003 3–4 months before the experi-

ment. Each lysimeter was connected to a 10 l bottle using site

slope to facilitate water flow and sampling. At 40 cm soil

depth, two acid-washed ceramic suction cup lysimeters

(except in one of the medium-N plots due to its shallow soil

and rocky substrate) were installed per plot to sample perco-

lating water. The applied suction was �50 kPa, and water

sample was collected about 24 h later.

Water samples were taken from May 2009 to July 2010. We

took soil solution samples after each rain event (especially for

heavy rainstorm events). Altogether, there were thirty-six

samplings: three samplings/month in May–July, October and

December, 2009, and May and July, 2010; two samplings/

month in August and September, 2009, and January–April,

and June, 2010; and one sampling in November, 2009. For all

soil solution samples, water volume was recorded and com-

bined into one for the same soil layer within a plot on the date

of collection. Water collectors were washed with distilled

water immediately after each collection. All water samples

were filtered through 0.45 mm micron filters within 24–48 h

of collection in the laboratory, and later stored in plastic bot-

tles at 4 °C until later chemical analysis. Concentrations of

NH4
+-N, NO3

�-N, K+, Na+, Ca2+, Mg2+, Al3+ and Fe3+ and

water pH (before filtration) were determined for each sample

date as described above.

Data analyses

Acid neutralizing capacity was calculated as the difference

between sum of water-soluble base cations and sum of water-

soluble acid anions on an equivalent basis (Vogt et al., 2006);

that is, water-extracted ANC = [2(Ca2+) + 2(Mg2+) + (K+)

+ (Na+) + (NH4
+)]– [2(SO4

2�) + (NO3
�) + (Cl�) + (F�)]. ANC

was used in this study because ion-exchange occurs at the

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665
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interface between mineral and solution and ANC of waters is

commonly used to quantify the sensitivity of drainage water

to acidification (Sullivan et al., 1989; Hemond, 1990; Neal et al.,

1999). Soil cation exchange capacity (CEC) was calculated as

sum of exchangeable cations (i.e., K+, Na+, Ca2+, Mg2+, H+,

Al3+, Fe3+) on an equivalent basis. Fraction of Al and base

cations (i.e., K+, Na+, Ca2+, Mg2+) in CEC were calculated as

soil Al saturation and soil base saturation (BS), respectively

(Mulder & Stein, 1994). We also calculated the relative compo-

sition of soil exchangeable cations, expressed as percentage

charge of total CEC. To investigate how solubility of Al

responded to elevated N addition in the acid forest soils, we

estimated the activities of Al in soil solutions, using the meth-

ods developed in acid forest soils (Mulder & Stein, 1994;

Gruba & Mulder, 2008). The activities of free Al were calcu-

lated from the concentrations of Al and DOC (published data

in Lu et al., 2013) and solution pH, after ionic strength (fixed

at 0.001 mol l�1) and temperature (at 25 °C) correction using

Visual MINTEQ (http://vminteq.lwr.kth.se/download/; veri-

fied on 13 June, 2014).

Repeated measures analysis of variance (ANOVA) was per-

formed to examine the effects of N treatments on the leaching

dynamics (monthly average) of soil solution chemistry (i.e.,

concentrations of NH4
+-N, NO3

�-N, Al3+, Ca2+, Mg2+, and

pH) during the study period. One-way ANOVA with Fisher LSD

(Least-significant difference) multiple range test was

employed to identify N-treatment effects on soil exchangeable

cations, BS, CEC, soil pH, SOC, and ANC. A paired t-test was

applied to the differences of these parameters between soil

depths. We used Pearson correlation analysis to address the

relationships between soil solution cations (Ca, Mg and Al)

and inorganic N, pH, and N-treatment levels at 20 cm and

40 cm soil depth. We conducted the planned contrast analysis

to test differences between Control plots and N-treatment

plots. Linear regression analysis was also used to examine the

relationships between CEC and SOC in soils, and relationships

between the solubility of Al and solution pH in soil solutions.

Because concentrations of Al3+ were below detection in most

solution samples at 40 cm soil depth, we only focused on the

activities of Al3+ at 20 cm soil depth. All analyses were con-

ducted using SPSS 14.0 for Windows� (SPSS, Chicago, IL,

USA), with significant differences set with P < 0.05, unless

otherwise stated.

Results

Soil pH and water-extracted acid neutralizing capacity
(ANC)

Soil pH was commonly less than 4.0 in all plots, and

increased significantly with increased soil depth

(Fig. 2a). Nitrogen additions decreased soil pH, and the

decreases were significant under the Medium-N and

High-N treatments in the upper 0–30 cm depth. ANC

was typically negative (<�0.3 m molc kg�1) across all

plots for any soil layer (Fig. 2b). Nitrogen additions fur-

ther decreased ANC in all soil layers; these decreases

were significant under High-N treatments at 0–10 cm

soil, and under the Medium-N and High-N treatments

at 10–30 cm soil depth.

Soil exchangeable cations

In control plots, concentrations of soil exchangeable

cations decreased significantly with depth (Fig. 3). For

the given soil layer, elevated N additions significantly

increased soil exchangeable H+, especially for the upper

three layers (Fig. 3a), but decreased soil exchangeable

Ca2+ and Mg2+ in all layers (Fig. 3c and d). However, N

treatments generally had no significant effects on soil

exchangeable Al3+, K+ and Na+ at any soil layer

(Fig. 3b, e and f).

Al3+ and H+ accounted for more than 90% of total

exchangeable cations, with the dominant component

being Al3+, comprising about 60–90% of the total

(Fig. 4). Base cations (K+, Na+, Ca2+, and Mg2+)

accounted for less than 10% of total exchangeable

cations, and Fe3+ accounted for less than 1% of the total

along the soil profiles. However, elevated N additions

significantly increased the relative proportion of H+,

which had become the second-most important

exchangeable cation, while relative proportion of Al3+

decreased greatly, especially in the upper layers

(Fig. 4). Meanwhile, relative proportion of base cations

(a)

(b)

Fig. 2 Responses of soil pH and water-extracted acid neutraliz-

ing capacity (ANC) to long-term N addition in the lowland

tropical forest of Southern China. Note : Error bar means stan-

dard error; Asterisks (*), (**) and (***) indicate that there are sig-

nificant differences at P < 0.1, P < 0.05 and P < 0.01 levels

between N treatments and the Controls, respectively.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665
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decreased significantly in N-treatment plots at any soil

layer.

Soil BS was typically less than 8% at all soil layers.

The decreases in base cations (Ca2+ and Mg2+) signifi-

cantly lowered soil BS with N additions at any soil

layer (Fig. 5a). At 0–10 cm layer, for example, BS was

7%, 6%, 5% and 5% in the Control, Low-N, and Med-

ium-N and High-N treatments, respectively. However,

soil CEC increased greatly at 0-10 cm layer in response

to Medium-N and High-N treatments (Fig. 5b). For the

deeper soil layers, the increase in CEC was generally

not significant. Linear regression analysis revealed

Fig. 3 Responses of soil exchangeable cations to long-term N addition in the lowland tropical forest of Southern China. Asterisks (*),

(**) and (***) indicate that there are significant differences at P < 0.1, P < 0.05 and P < 0.01 levels between N treatments and the Con-

trols, respectively.

(a) (b)

(c) (d)

Fig. 4 Effects of long-term N additions on relative composition of soil exchangeable cations (percentage charge of total CEC) in 0–

10 cm (a), 10–20 cm (b), 20–30 cm (c) and 30–40 cm (d) soils. Note: BC, the total base cations of K+, Na+, Ca2+ and Mg2+.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665

N DEPOSITION ACCELERATES SOIL ACIDIFICATION 5



significant relationships between CEC and SOC across

all plots along whole soil profiles (Fig. 6).

Leaching dynamics of ions and pH in soil solutions

In all plots, concentrations of NO3
�-N generally

showed increasing trends from 20 cm soil depth to

40 cm soil depth during the study period (Fig. 7a, b).

At 20 cm solutions, repeated measures ANOVA revealed

that N additions significantly increased concentrations

of NO3
�-N at P = 0.09 level. At 40 cm solutions, con-

centrations of NO3
�-N in N-treatment plots were gen-

erally higher than that of the Controls, and there were

significant interactions between treatment and time

(months) on NO3
�-N (P = 0.01).

Concentrations of NH4
+-N (commonly less than

1 mg N/L as mean values for the whole period) were

much lower than those of NO3
�-N at both 20 and

40 cm soil depth (Fig. 7c, d). In contrast to the response

of concentrations of NO3
�-N, no significant response

was found for NH4
+-N concentrations to N addition

across all plots and sampling times. This is further con-

firmed by the result of repeated measures ANOVA

(P = 0.31 and 0.38 at 20 and 40 cm depth, respectively).

Soil solution pH showed significant difference

between 20 and 40 cm soil depth at all plots (Fig. 7e, f).

Solution pH at 20 cm was near to that of the upper 0–

20 cm soils, but solution pH at 40 cm increased greatly

and was significantly higher than soil pH at any layer.

Repeated measures ANOVA showed that N addition sig-

nificantly (P < 0.001) decreased soil solution pH at

20 cm soil depth, whereas soil solution pH at 40 cm

depth showed a slight but no significant increasing

trend with elevated N addition.

Concentrations of Al3+ differed greatly depending on

soil depth, with significant higher values at 20 cm

depth (Fig. 7g, h). Repeated measures ANOVA showed

that N addition significantly increased the concentra-

tions of Al3+ at 20 cm soil solutions (P = 0.001), while

there were no significant N-treatment effects at 40 cm.

There was significant negative relationship between Al

activity and solution pH (Fig. 8).

In contrast to Al3+, concentrations of Ca2+ increased

significantly along the soil depth (Fig. 7i, j). For exam-

ple, concentrations of Ca2+ ranged from

20–350 lmol l�1 at 20 cm soil solutions, but ranged

from 500–1500 lmol l�1 at 40 cm. There were decreas-

ing trends at 20 cm soil solutions, but increasing trends

in 40 cm soil solutions with elevated N addition.

Repeated measures ANOVA showed there were signifi-

cant interactions between treatment and time at both 20

and 40 cm soil solutions (P < 0.001 and P = 0.04,

respectively).

With the increase of soil depth, concentrations of

Mg2+ also increased greatly (Fig. 7k, l). Contrary to

Ca2+, N additions increased Mg2+ at 20 cm soil solu-

tion, and repeated measures ANOVA revealed there were

significant interactions between treatment and time

(P < 0.001). At 40 cm solution, N additions significantly

increased concentrations of Mg2+, especially in High-N

plots. Repeated measures ANOVA confirmed the great

(a)

(b)

Fig. 5 Responses of soil base saturation (BS, (a) and cation

exchange capacity (CEC, (b) to elevated N addition in the low-

land tropical forest of Southern China. Asterisks (*), (**) and

(***) indicate that there are significant differences at P < 0.1,

P < 0.05 and P < 0.01 levels between N treatments and the Con-

trols, respectively.

Fig. 6 Relationships between soil cation exchange capacity

(CEC) and soil organic carbon (SOC) across all plots along the

whole soil profiles from 0–40 cm depth.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665
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N-treatment effects and interactions between treatment

and time (P = 0.078 and P < 0.001, respectively).

Pearson correlation analysis (Table 1) showed that

Ca2+ concentrations were significantly and negatively

(P < 0.05) related to N treatment, but positively

(P < 0.001) correlated with solution pH at 20 cm soil

depth; at 40 cm depth, concentrations of Ca2+ were

positively (P < 0.001) related with N treatment,

NO3
�, and pH, but not for NH4

+. Mg2+ concentra-

tions were significantly and positively related to N

treatments and inorganic N and pH at both 20 and

40 cm, except for pH at 40 cm depth. There were

significantly positive relationships between Al and N

treatments and NO3
�, but negatively with pH at

20 cm soil solution.

Discussion

Acidification characteristics of tropical forest soil

Results indicate that these tropical forest soils are

highly acidified (Fig. 2) with related low base cation

(a)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

(b)

Fig. 7 Responses of NO3
�-N (a, b), NH4

+ -N (c, d), pH(e, f), Al3+(g, h), Ca2+ (i, j) and Mg2+ (k, l) dynamics to long-term N addition in

soil solutions at 20 cm (left panel) and 40 cm (right panel) soil depth. Water samples were taken from May 2009 to July 2010. Asterisks

(*) indicates that there are significant differences at P < 0.05 levels between N treatments and the Controls using planned contrast

analysis.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665
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content and exchangeable Al3+ predominating soil cat-

ion exchange sites throughout the profile (Figs 3 and 4).

These conditions are common in tropical forest ecosys-

tems (Krusche et al., 2003; Vogt et al., 2006; Quesada

et al., 2010), and contrast sharply with most temperate

ecosystems, wherein exchangeable base cations gener-

ally dominate soil cation pools (Fernandez et al., 2003;

Watmough & Dillon, 2003; H€ogberg et al., 2006). It is

further notable that H+, rather than base cations, co-

dominated soil cation pool with Al3+. The reaction of

soil minerals with H+ may release base cations to soil

solution, which are leachable from soil as a result of

charge balance with acid anions, as soil solution drains

from the watershed (Tomlinson, 2003). Considering

that H+ concentration in soil water is buffered by Al3+

dissolution, the concentration of Al3+ increases expo-

nentially with decreasing pH. Consequently, dissolved

Al3+ competes more effectively with exchangeable base

cations, because of higher adsorption affinities of Al3+

to colloidal particles than base cations. Hence, a high

leaching potential for base cations can occur, when

strong acids derived from acid deposition enter the soil

solution (Tomlinson, 2003).

There are two main geographical regions of acid soils

(defined as soils with pH <5.5 in their surface layers) in

the world: the northern belt, with cold, humid temper-

ate climate, and the southern tropical belt, with war-

mer, humid conditions (von Uexkull & Mutert, 1995).

Acid soils from northern belt also show comparable soil

acidification characteristics with our study (Skyllberg

et al., 2001; Johnson, 2002; Gruba et al., 2013). The

sharpest contrast, however, between these belts is that

the southern tropical belt is dominated by Ultisols and

Oxisols and highly weathered, and supplies less base

cations than many younger, glaciated temperate soils

(von Uexkull & Mutert, 1995; Soil Survey Staff, 1999).

Furthermore, the humid tropical climate with high rain-

fall and temperature favors rapid dissolution and

leaching of weatherable minerals. As such, resultant

soils are poor in base cations and rich in kaolinitic clays

and sesquioxides, which possess pH-dependent

charges.

We further found the dominance of K+ among

exchangeable soil base cations at this site (Fig. 3), indi-

cating the leaching of Ca2+ and Mg2+ by selective

weathering (Ca>Na>Mg>K; after Likens & Bormann,

1994). Base cation budgets show that all cations except

K+ tend toward entire depletion (see Data S1 and Table

S1). High weathering rates and strong leaching of base

cations should reduce the pool of base cations and

consequently soil ANC. However, because of greater

output of base cations via stream flow, the atmospheric

input of base cations (plus weathering supply) did not

neutralize soil acidity, suggesting eventual exhaustion

of soil base cations. The negative ANC (Fig. 2b) and

low BS (Fig. 5a) at our site indicates low soil buffering

capacity to external acid inputs. Hence, the humid tro-

pics deserve greater attention.

Effects of N addition on soil acidification

Our results show that long-term N addition signifi-

cantly accelerated soil acidification and depleted soil

base cations, similar to large areas of Europe and North

Fig. 8 Relationships between the activities of Al and pH in the

solutions at 20 cm soil depth across all plots during the study

period.

Table 1 Pearson correlation coefficients between concentrations of cations (Ca, Mg and Al) and inorganic N, pH and N treatment

(N addition rates) in soil solutions at 20 and 40 cm soil depth in the lowland tropical forest of Southern China

Parameters

20 cm soil solution 40 cm soil solution

Ca Mg Al Ca Mg Al

N treatment �0.15* 0.21** 0.34*** 0.28*** 0.68*** 0.04

NH4
+ 0.04 0.15* 0.05 0.03 0.20** �0.05

NO3
� �0.02 0.25*** 0.38*** 0.24*** 0.26*** 0.25***

pH 0.51*** 0.18* �0.183* 0.51*** 0.10 �0.60***

*Correlation is significant at the 0.05 level (2-tailed); **Correlation is significant at the 0.01 level (2-tailed); ***Correlation is signifi-

cant at the 0.001 level (2-tailed).

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665
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America, where high atmospheric N deposition has

been experienced during the last decades (Likens et al.,

1996; Fenn et al., 2006; H€ogberg et al., 2006; Bowman

et al., 2008; Lucas et al., 2011). Driscoll et al. (2003) sug-

gested that depletion may occur when nutrient cations

were displaced from soils by acidic deposition at a rate

faster than they can be replenished by slow mineral

weathering or deposition of nutrient cations from atmo-

sphere.

Our study site is highly acid-sensitive, so that the

depletion of base cations may be attributed to a limited

adsorption capacity for N and consequent leaching of

NO3
�, confirmed by decreasing ANC. Earlier studies

have shown that our study site is N-saturated, with ele-

vated N addition leading to large loss of NO3
� (Mo

et al.,2006; Fang et al., 2009). Indeed, in this study, sig-

nificant increases of soil solution NO3
� fluxes at both

20-cm and 40-cm resulted from N additions (Fig. 7a, b).

Ca2+ and Mg2+ leaching and mobilization with NO3
�

(see Fig 7i–l, Table 1), as the solution drains from the

soil, further support this suggestion.

We further found that H+ concentration and its pro-

portion among soil extractable cations increased signifi-

cantly for all soil layers under N treatments, which

arises from increasing competitiveness of protons rela-

tive to base cations for cation exchange sites (Van Bre-

emen et al., 1984). With H+ remaining in the system,

soil acidification continues, and many more base

cations will be replaced by H+ and thus leach out

(Schulze, 1989; Edwards et al., 2002; Tomlinson, 2003).

However, we found that long-term N addition did

not change soil exchangeable Al3+ (Fig. 3b), which is in

sharp contrast to results from other studies (Warby

et al., 2009; Perry & Amacher, 2012). Chronic acid depo-

sition typically leaches base cations out of soil profile,

simultaneously increasing exchangeable Al3+ concen-

trations. Release of Al3+ is an important acid buffering

process in acid soils (Mulder et al., 1989; Berggren &

Mulder, 1995; Larssen et al., 1999). Considering the

depletion of base cations from the soil complex under

N treatments (Fig. 5a), a consequence of elevated H+

production (low pH) is the dissolution of Al from soil

(Van Breemen et al., 1983; Schulze, 1989; Krusche et al.,

2003). To balance the leaching of mobile NO3
�, more

free Al3+ was leached out (Fig. 7g, and Fig. 8), whereas

N addition had no effects on soil exchangeable Al3+.

These findings suggest that soil buffering may be

accompanied by a progressive shift in exchangeable

cation composition from Al3+ to H+ (Fig. 3a) and Fe3+

(Lu et al., 2013), with Al3+ being desorbed and progres-

sively mobilized from the exchange surface as the pH

falls below 3.8 (Ulrich, 1986).

With the depletion of base cations and increases of

acid cation H+, soil BS decreased sharply in N-treat-

ment plots of this study. Our results showed that BS

was typically less than 8% along all soil profiles, which

was greatly lower than other sites in tropical zones with

low atmospheric N deposition (Krusche et al., 2003; Xu

et al., 2012). Research on soil acidification in southern

China and SE Asia suggested that 20% of BS could be

used as a threshold for estimating acidification damage

(Hicks et al., 2008).

Meanwhile, we found that N addition greatly

increased soil CEC while decreasing pH. This finding

contradicts the positive correlation between pH and

CEC typically found in variable-charge soils (Foth &

Ellis, 1997; Johnson, 2002). Generally, soil CEC

decreases in response to excess N input in temperate

ecosystems, considering that protons induced by N

addition can occupy cation exchange sites (Ludwig

et al., 2001; Tomlinson, 2003). At a long-term N fertility

trial in South-Central Wisconsin, USA, Barak et al.

(1997) found decreases in CEC were accompanied by

decreases in BS (mainly caused by decreases in

exchangeable Ca2+ and Mg2+). Considering that SOC

can be the main cation exchanger and the predominant

source of soil surface charge (Johnson, 2002; Gruba &

Mulder, 2008; Gruba et al., 2013), we suspect that CEC

may increase simultaneously with the increase in SOC.

Our further finding supports this, showing that there

are positive relationships between CEC and SOC across

all plots (Fig. 6). Another parallel study from this site

also showed the significantly larger contents of SOC in

N-treatment plots, and N addition was suggested to

contribute to the increased SOC (Lu et al., 2013). Hence,

N addition-induced increase in SOC may be an impor-

tant reason for the increase in CEC. In this study, how-

ever, we found the significant increases in acid cation

H+ in N-treatment plots. In most soils, carboxyl groups

provide CEC of organic matter by dissociation of H+,

which may decrease soil pH (Foth & Ellis, 1997). There-

fore, a greater organic content could contribute to both

higher CEC and lower pH in this study.

Responses of soil solution pH and free Al to elevated N
additions

Interestingly, soil solution pH showed significantly

vertical patterns between 20 and 40 cm soil depth at

all plots (Fig. 7e and f). Nitrogen addition only signifi-

cantly decreased soil solution pH at 20 cm depth, but

had no effects at 40 cm depth. At 20 cm, the lower

pH could be related more to significantly higher con-

centrations of Al3+ than to Ca2+ and Mg2+. Increasing

neutralization of H+ by Al solubility caused Al3+ con-

centrations to increase under elevated N addition,

which suggests that Al dissolution is the major

acid neutralizing process in upper soils. At 40 cm,

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665
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however, increased cation concentrations were domi-

nated by Ca2+ and Mg2+ (especially for Ca2+) rather

than Al3+. Higher leaching losses of NO3
� were likely

responsible for the greater amounts of Ca2+ and Mg2+,

as accompanying ions, especially under N-treatments

plots. These data indicate pronounced acid neutraliza-

tion through mobility of Ca2+ (and some Mg2+), asso-

ciated with significant immobilization of Al3+,

reinforcing the importance of alkaline ion inputs for

the acid neutralization of drainage waters in much of

south China (e.g., Larssen et al., 2006). In addition,

our soils are acidic and noncalcareous soils, such that

CaO is commonly less than 0.3% in the whole mineral

soils, with the highest at surface soils (Zhang, 2011).

Hence, both great mobilization of base cations (Ca2+

and Mg2+) to deeper soils and immobilization of Al3+

therein may contribute to high soil solution pH at

40 cm. These response patterns in vertical profiles

contrast with acid temperate forests in the Nether-

lands, wherein soil solutions were extremely acidic

even at 60 cm depth soil (e.g., soil solution pH values

were as low as 4.0), and Al3+ was the dominant cation

in solution at a charge basis and increased with

depth, while concentration of Ca2+ was fairly constant

with depth (Mulder & Stein, 1994). In addition, we

should have a caution that a contamination in lysime-

ters may be possible in similar studies, so that small

amounts of easy-soluble carbonates or silicates seem

to increase the solution pH.

We further found a negative relationship between

the solubility of Al and solution pH (Fig. 8) at 20 cm

equilibrium solution, suggesting that the activities of Al

are pH-dependent, consistent with conclusions from

studies of highly acid soils in temperate and boreal for-

ests (Gruba & Mulder, 2008; Gruba et al., 2013). Hence,

if Al in solutions leached from 0–20 soil layers, it will

threaten the health of downstream aquatic ecosystems

under high acidic deposition. However, there is rela-

tively little Al mobility at 40 cm soil depth (Fig. 7 g and

h) because of potential co-sorption of Al3+ and SO4
2� in

deeper soil layers (Vogt et al., 2007), and probably the

leaching to stream water is limited.

Implications

Although soil acidification has been observed in tem-

perate/boreal regions, studies such as ours in tropical

forest soils represent sharp contrasts to these regions,

because high weathering rates and associated leaching

predisposes such soils to chronic low soil buffering

capacity toward extrinsic acid inputs in tropical

ecosystems. Soils at our study site were highly acid-

sensitive, and long-term N addition significantly

accelerated soil acidification, leading to depleting base

cations and decreasing BS, which is similar to findings

in temperate and boreal ecosystems. However, long-

term N addition did not change soil exchangeable

Al3+, but significantly increased exchangeable H+ pro-

portion in soil cation pools and soil CEC. Nitrogen

addition-induced increase in SOC is suggested to con-

tribute to both higher CEC and lower pH. We further

found that elevated N addition greatly decreased soil

solution pH at 20 cm soil depth, but not at 40 cm,

where soil solution pH was significantly higher than

that at 20 cm. These response patterns are distinctly

different from other studies. All these findings sug-

gest that external N additions decrease soil buffering

capacity and contribute to soil acidification, and that

high-N deposition may play an important role in

declining soil pH during the past three decades at

Dinghushan Biosphere (Fig. 1). However, considering

the background of high S deposition at this site,

whether sulfate is one of the main driving forces of

soil acidification under elevated N addition deserve

our further study in the future.

This is the first study on how long-term N addition

affects soil buffering capacity in typical N-rich forest

ecosystems not experiencing glaciation. Our results

suggest that, even though S emissions and deposition

has decreased in response to policy, excess N can con-

tribute measurably to soil acidification. We further

suggest that the observed lack of base cations (espe-

cially for Ca2+ and Mg2+) should receive more atten-

tion rather than soil exchangeable Al3+ and thus its

possible phytotoxicity in tropical forest ecosystems.

Our findings also raise questions about current projec-

tions of ecosystem productivity and floral and faunal

diversity based on large-scale vegetation censuses

without considering long-term high-N input into for-

ests. This is especially important considering that

tropical forests contain about half of vegetation C

stock among terrestrial biomes and have the highest

biodiversity of all terrestrial ecosystems in the bio-

sphere. Therefore, N deposition-induced soil acidifi-

cation and its ecological effects on biota are worthy of

further study and validation in other tropical ecosys-

tems experiencing elevated N deposition.

Acknowledgements

This study was founded by National Natural Science Founda-
tion of China (No. 31370498, 41273143, 30900202), and the
National Basic Research Program of China (2014CB954400). We
wish to thank Dinghushan Forest Ecosystem Research Station
for the support in the field work, and Dr. Guoyi Zhou, Deqiang
Zhang, Muneoki Yoh, Sandra Brown, Weixing Zhu, Wei Zhang
and Juan Huang for invaluable suggestions in this paper, and
Ms. Isogai Yurika and Shaowei Chen, and Mr. Jingbin Liang for
their skilful assistance in laboratory and field work.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665

10 X. LU et al.



References

Aber J, McDowell W, Nadelhoffer K et al. (1998) Nitrogen saturation in temperate

forest ecosystems. BioScience, 48, 921–934.

Barak P, Jobe BO, Krueger AR, Peterson LA, Laird DA (1997) Effects of long-term soil

acidification due to nitrogen fertilizer inputs in Wisconsin. Plant and Soil, 197,

61–69.

Berggren D, Mulder J (1995) The role of organic matter in controlling aluminum

solubility in acidic mineral soil horizons. Geochimica et Cosmochimica Acta, 59,

4167–4180.

Bobbink RK, Hicks TK, Galloway JN et al. (2010) Global assessment of nitrogen depo-

sition effects on terrestrial plant diversity, a synthesis. Ecological Applications, 20,

30–59.

Bouwman AF, Van Vuuren DP, Derwent RG, Posch M (2002) A global analysis of

acidification and eutrophication of terrestrial ecosystems. Water, Air, and Soil Pollu-

tion, 141, 349–382.

Bowman WD, Cleveland CC, Halada L, Hresko J, Baron JS (2008) Negative impact of

nitrogen deposition on soil buffering capacity. Nature Geoscience, 1 , 767–770.

Boxman AW, Peters RC, Roelofs JG (2008) Long term changes in atmospheric N and

S throughfall deposition and effects on soil solution chemistry in a Scots pine for-

est in the Netherlands. Environmental Pollution, 156, 1252–1259.

Brookshire ENJ, Hedin LO, Newbold JD, Sigman DM, Jackson JK (2012) Sustained

losses of bioavailable nitrogen from montane tropical forests. Nature Geoscience, 5,

123–126.

Burns DA, Blett T, Haeuber R, Pardo LH (2008) Critical loads as a policy tool for pro-

tecting ecosystems from the effects of air pollutants. Frontiers in Ecology and the

Environment, 6, 156–159.

Chen D, Lan Z, Bai X et al. (2013) Evidence that acidification-induced declines in

plant diversity and productivity are mediated by changes in below-ground com-

munities and soil properties in a semi-arid steppe. Journal of Ecology, 101 , 1322–

1334.

Dentener F, Drevet J, Lamarque JF et al. (2006) Nitrogen and sulfur deposition on

regional and global scales: a multimodel evaluation. Global Biogeochemical Cycles,

20, GB4003.

Dise NB, Matzner E, Armbruster M, MacDonald JA (2001) Aluminium output fluxes

from forest ecosystems in Europe: a regional assessment. Journal of Environmental

Quality, 30, 1747–1756.

Driscoll C, Driscoll K, Mitchell M, Raynal DJ (2003) Effects of acidic deposition on for-

est and aquatic ecosystems in New York State. Environmental Pollution, 123, 327–

336.

Edwards PJ, Kochenderfer JN, Coble DW, Adams MB (2002) Soil leachate responses

during 10 years of induced whole-watershed acidification. Water, Air, and Soil Pol-

lution, 140, 99–118.

Fang Y, Zhu W, Gundersen P et al. (2009) Large loss of dissolved organic nitrogen in

nitrogen-saturated forests in subtropical China. Ecosystems, 12, 33–45.

Fang Y, Wang X, Zhu F et al. (2013) Three-decade changes in chemical composition of

precipitation in Guangzhou city, southern China: has precipitation recovered from

acidification following sulphur dioxide emission control? Tellus B, 65, 20213.

Fenn ME, Huntington TG, McLaughlin SB, Eagar C, Gomez A, Cook RB (2006) Status

of soil acidification in North America. Journal of Forest Science, 52 (Special Issue), 3–

13.

Fernandez IJ, Rustad LE, Norton SA, Kahl JS, Cosby BJ (2003) Experimental acidificat-

ion causes soil base-cation depletion at the Bear Brook Watershed in Maine. Soil

Science Society of America Journal, 67, 1909–1919.

Foth HD, Ellis BG (1997) Soil Fertility, 2nd edn. CRC Press, Boca Raton, Florida, USA.

Galloway JN (2001) Acidification of the world: natural and anthropogenic. Water Air

Soil Pollution, 130, 17–24.

Galloway JN, Dentener FJ, Capone DG et al. (2004) Nitrogen cycles: past, present, and

future. Biogeochemistry, 70, 153–226.

Gruba P, Mulder J (2008) Relationship between aluminum in soils and soil water in

mineral horizons of a range of acid forest soils. Soil Science Society of America, 72,

1150–1157.

Gruba P, Mulder J, Bro _zek S (2013) Modelling the pH dependency of dissolved cal-

cium and aluminium in O, A and B horizons of acid forest soils. Geoderma, 206, 85–

91.

H�edl R, Pet�r�ık P, Boubl�ık K (2011) Long-term patterns in soil acidification due to pol-

lution in forests of the Eastern Sudetes Mountains. Environmental Pollution, 159,

2586–2593.

Hemond HF (1990) Acid neutralizing capacity, alkalinity, and acid-base status of nat-

ural waters containing organic acids. Environmental Science & Technology, 24, 1486–

1489.

Hicks WK, Kuylenstierna JC, Owen A, Dentener F, Seip HM, Rodhe H (2008) Soil sen-

sitivity to acidification in Asia: status and prospects. Ambio, 37 , 295–303.

H€ogberg P, Fan H, Quist M, Binkley D, Tamm CO (2006) Tree growth and soil acidifi-

cation in response to 30 years of experimental nitrogen loading on boreal forest.

Global Change Biology, 12, 489–499.

Huang ZL, Ding MM, Zhang ZP, Yi WM (1994) The hydrological processes and nitro-

gen dynamics in a monsoon evergreen broad-leafed forest of Dinghushan. Acta

Phytoecologica Sinica, 18, 194–199. (in Chinese with English abstract).

Johnson CE (2002) Cation exchange properties of acid forest soils of the northeastern

USA. European Journal of Soil Science, 53 , 271–282.

Krug EC, Frink CR (1983) Acid rain on acid soil: a new perspective. Science, 221, 520–

525.

Krupa SV (2003) Effects of atmospheric ammonia (NH3) on terrestrial vegetation: a

review. Environmental Pollution, 124, 179–221.

Krusche AV, de Camargo PB, Cerri CE, Ballester MV, Lara LB, Victoria RL, Martinelli

LA (2003) Acid rain and nitrogen deposition in a sub-tropical watershed (Piraci-

caba):ecosystem consequences. Environmental Pollution, 121 , 389–399.

Larssen T, Carmichael GR (2000) Acid rain and acidification in China: the importance

of base cation deposition. Environment Pollution, 110, 89–102.

Larssen T, Vogt RD, Seip HM et al. (1999) Mechanisms for aluminum release in Chi-

nese acid forest soils. Geoderma, 91, 65–86.

Larssen T, Lydersen E, Tang D et al. (2006) Acid rain in China. Environmental Science

& Technology, 40, 418–425.

Likens GE, Bormann FH (1994) Biogeochemistry of a Forested Ecosystem. Springer-Ver-

lag, New York, NY, USA.

Likens GE, Driscoll CT, Buso DC (1996) Long-term effects of acid rain: response and

recovery of a forest ecosystem. Science, 272, 244–246.

L€u C, Tian H (2007) Spatial and temporal patterns of nitrogen deposition in China:

synthesis of observational data. Journal of Geophysical Research, 112, D22S05.

Lu XK, Mo JM, Gundersern P, Zhu WX, Zhou GY, Li DJ, Zhang X (2009) Effect of sim-

ulated N deposition on soil exchangeable cations in three forest types of subtropi-

cal China. Pedosphere, 19 , 189–198.

Lu XK, Mo JM, Gilliam FS, Zhou GY, Fang YT (2010) Effects of experimental nitrogen

additions on plant diversity in an old-growth tropical forest. Global Change Biology,

16, 2688–2700.

Lu X, Gilliam FS, Yu G, Li L, Mao Q, Chen H, Mo J (2013) Long-term nitrogen addi-

tion decreases carbon leaching in a nitrogen-rich forest ecosystem. Biogeosciences,

10, 3931–3941.

Lucas RW, Klaminder J, Futter MN, Bishop KH, Egnell G, Laudon H, H€ogberg P

(2011) A meta-analysis of the effects of nitrogen additions on base cations:

implications for plants, soils, and streams. Forest Ecology and Management, 262,

95–104.

Ludwig B, Khanna PK, Anurugsa B, F€olster H (2001) Assessment of cation and

anion exchange and pH buffering in an Amazonian Ultisol. Geoderma, 102, 27–

41.

Matson PA, McDowell WH, Townsend AR et al. (1999) The globalization of N deposi-

tion; ecosystem consequences in tropical environments. Biogeochemistry, 46, 67–83.

Mo JM, Brown S, Xue JH, Fang Y (2006) Response of litter decomposition to simulated

N deposition in disturbed, rehabilitated and mature forests in subtropical China.

Plant and Soil, 282, 135–151.

Mulder J, Stein A (1994) The solubility of aluminum in acidic forest soils: long-term

changes due to acid deposition. Geochimica et Cosmochimica Acta, 58 , 85–94.

Mulder J, Van Breemen N, Eijck HC (1989) Depletion of soil aluminium by acid depo-

sition and implications for acid neutralization. Nature, 337, 247–249.

Neal C, Reynolds B, Robson AJ (1999) Acid neutralisation capacity measurements

within natural waters: towards a standardised approach. Science of the Total Envir-

onment, 243, 233–241.

Oulehle F, Evas CD, Hofmeister JK, Krejci R, Tahovska K, Persson T, Cudlin P (2011)

Major changes in forest carbon and nitrogen cycling caused by declining sulphur

deposition. Global Change Biology, 17, 3115–3129.

Pardo LH, Fenn ME, Goodale CL et al. (2011) Effects of nitrogen deposition and

empirical nitrogen critical loads for ecoregions of the United States. Ecological

Applications, 21 , 3049–3082.

Perry CH, Amacher MC(2012) Patterns of soil calcium and aluminum across the con-

terminous United States (Chapter 9). In: Forest Health Monitoring: 2008 (eds Potter

KM, Conkling BL), pp. 119–130. National Technical Report. GTR-SRS-158. US

Department of Agriculture, Forest Service, Southern Research Station, Asheville,

NC, USA.

Quesada CA, Lloyd J, Schwarz M et al. (2010) Variations in chemical and physical

properties of Amazon forest soils in relation to their genesis. Biogeosciences, 7 ,

1515–1541.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665

N DEPOSITION ACCELERATES SOIL ACIDIFICATION 11



Schulze ED (1989) Air pollution and forest decline in a spruce (Picea abies) forest. Sci-

ence, 244, 776–783.

Shen CD, Liu TS, Peng SL et al. (1999) 14C measurement of forest soils in Dinghushan

Biosphere Reserve. Chinese Science Bulletin, 44 , 251–256.

Skyllberg U, Raulund-Rasmussen K, Borggaard OK (2001) pH buffering in acidic

soils developed under Picea abies and Quercus robur–effects of soil organic matter,

adsorbed cations and soil solution ionic strength. Biogeochemistry, 56 , 51–74.

Soil Survey Staff(1999) Soil Taxonomy: A Basic System of Soil Classification for Making

and Interpreting Soil Surveys. 2nd edn. Agricultural Handbook 436, Natural

Resources Conservation Service, USDA, Washington DC, USA.

Sollins P, Robertson GP, Uehara G (1988) Nutrient mobility in variable-charge and

permanent-charge soils. Biogeochemistry, 6, 181–199.

Sullivan TJ, Driscoll CT, Gherini SA et al. (1989) Influence of aqueous aluminium and

organic acids on measurement of acid neutralizing capacity in surface waters. Nat-

ure, 338, 408–410.

Thimonier A, Graf Pannatier E, Schmitt M et al. (2010) Does exceeding the critical

loads for nitrogen alter nitrate leaching, the nutrient status of trees and their crown

condition at Swiss long-term forest ecosystem research (LWF) sites? European Jour-

nal of Forest Research, 129, 443–461.

Tomlinson GH (2003) Acidic deposition, nutrient leaching and forest growth. Biogeo-

chemistry, 65, 51–81.

Townsend AR, Braswell BH, Holland EA, Penner JE (1996) Spatial and temporal pat-

terns in terrestrial carbon storage due to deposition of fossil fuel nitrogen. Ecologi-

cal Application, 6, 806–814.

von Uexkull HR, Mutert E (1995) Global extent, development and economic impact

of acid soils. Plant and Soil, 171, 1–15.

Ulrich B (1986) Natural and anthropogenic components of soil acidification. Zeitschrift

f€ur Pflanzenernahrung und Bodenkunde, 149, 702–717.

Van Breemen N, Mulder J, Driscoll CT (1983) Acidification and alkalization of soils.

Plant and Soil, 75, 283–308.

Van Breemen N, Driscoll CT, Mulder J (1984) Acidic deposition and internal proton

in acidification of soils and waters. Nature, 307, 599–604.

Vitousek PM, Aber JD, Howarth RW et al. (1997) Human alteration of the global

nitrogen cycle: sources and consequences. Ecological Application, 7 , 737–750.

Vogt RD, Seip HM, Larssen T et al. (2006) Potential acidifying capacity of deposition

experiences from regions with high NH4 + and dry deposition in China. Science

of the Total Environment, 367, 394–404.

Vogt RD, Guo J, Luo J et al. (2007) Water chemistry in forested acid sensitive sites in

sub-tropical Asia receiving acid rain and alkaline dust. Applied Geochemistry, 22 ,

1140–1148.

Warby RAF, Johnson CE, Driscoll CT (2009) Continuing acidification of organic soils

across the Northeastern USA: 1984–2001. Soil Science Society of America Journal, 73,

274–284.

Watmough SA, Dillon PJ (2003) Base cation and nitrogen budgets for a mixed hard-

wood catchment in south-central Ontario. Ecosystems, 6, 675–693.

Wright SJ, Yavitt JB, Wurzburger N et al. (2011) Potassium, phosphorus, or nitrogen

limit root allocation, tree growth, or litter production in a lowland tropical forest.

Ecology, 92, 1616–1625.

Xu RK, Zhao AZ, Yuan JH, Jiang J (2012) pH buffering capacity of acid soils from

tropical and subtropical regions of China as influenced by incorporation of crop

straw biochars. Journal of Soils Sediments, 12, 494–502.

Yang YH, Ji CJ, Ma WH et al. (2012) Significant soil acidification across northern Chi-

na’s grasslands during 1980s–2000s. Global Change Biology, 18, 2292–2300.

Zhang QM. (2011) Chinese Ecosystem Research Network Dataset-Forest Ecosystems: Ding-

hushan National Field Research Station of Forest Ecosystem (1998-2008). China Agricul-

ture Press, Beijing, China. ISBN: 9787109163089.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Data S1. Supplementary methods.
Data S2. Supplementary references.
Table S1. Respective pool and budget of each base cation in
the lowland tropical forest of Southern China.

© 2014 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12665

12 X. LU et al.


