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Abstract 18 

Significant soil pH decrease has been reported in Chinese croplands in response to 19 

enhanced chemical fertilizer application and crop yields. However, the temporal and 20 

spatial variation of soil acidification rates across Chinese croplands is still unclear. We 21 

therefore assessed trends in soil acidification rates across provincial China for the period 22 

1980-2010 by calculating inputs-outputs of major cations and anions in cropland systems. 23 

Nitrogen (N) induced proton production increased from 4.7 keq H+/ha/yr in 1980 to a peak 24 

of 11.0 keq H+/ha/yr in 1996 and remained nearly constant after 2000 at a rate of 25 

approximately 8.6 keq H+/ha/yr. The proton production induced by crop removal increased 26 

from 1.2 to 2.3 keq H+/ha/yr. The total proton production thus increased from 5.9 to 10.9 27 

keq H+/ha/yr in the 30 years. As a result, the actual acidification rate, reflected by (base) 28 

cation losses, accelerated from 2.3 to 6.2 keq H+/ha/yr and the potential acidification rate, 29 

reflected by phosphorus accumulation, accelerated from 0.2 to 1.3 keq H+/ha/yr. The 30 

national averaged total acidification rates were thus estimated to increase from 2.6 to 7.6 31 

keq H+/ha/yr in the past 30 years.The highest soil acidification rate occurred in the Jiangsu 32 

Province with a rate of 17.9keq H+/ha/yr, which was due to both high N application rates 33 

and high base cation removals by crops and crop residues. The combination of elevated N 34 

inputs and decreased N use efficiency (NUE) in response to those N inputs, thus enhancing 35 

the nitrate discharge, were the main reasons for the accelerated acidification in Chinese 36 

croplands. Considering the expected growth of food demand in the future, and the linkage 37 

between grain production and fertilizer N consumption, a further acceleration of soil 38 
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acidification can thus be expected, unless the N inputs is reduced and/or the NUE is 39 

increased substantially. 40 

 41 
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1. Introduction 44 

To feed the expanding population of China from 0.99 billion in 1980 up to 1.34 billion 45 

in 2010, cereal crop production was raised from 321 to 546 Tg/yr. Meanwhile, the nitrogen 46 

(N) chemical fertilizer (further denoted as fertilizer) consumption increased by a factor of 47 

3.1 while phosphorus (P) fertilizer application increased by a factor of 5.0 from 1980 to 48 

2010 (National Bureau of Statistics of China, NBSC, http://data.stats.gov.cn/). Inputs of N 49 

and P are essential to attain high crop yields, but excessive inputs lead to a waste of 50 

fertilizer, which is reflected by a decline in nutrient use efficiency. For example, the partial 51 

nitrogen fertilizer productivity (PNFP, being the ratio of crop yield per unit of applied N 52 

fertilizer) has decreased from 34 kg/kg N in 1980 to 16 kg/kg N in 2008 in China (Zhang et 53 

al., 2011). Increased N and P surpluses (total input minus crop removal (harvest removal 54 

and crop residue removal) lead to potential risks of losses of those nutrients to air and 55 

water, and subsequent degrading air and water quality (Chen et al., 2014). Environmental 56 

impacts of enhanced N deposition on biodiversity in terrestrial ecosystems have increased 57 

due to increased ammonia (NH3) emissions from agricultural activities and N oxides (NOx) 58 

from fossil fuel combustion (Basto et al., 2015, De Vries et al., 2015). Due to an overload 59 

of N and P in the last 30 years, widespread eutrophication and pollution of surface and 60 

ground water, negatively affecting both biodiversity of aquatic ecosystems and drinking 61 

water quality, are now serious challenges for China (Zhang et al., 2011). 62 

In addition, there is also a problem of N induced soil acidification in major Chinese 63 

croplands (Guo et al., 2010). Accompanying the discharge of nitrate (NO3
-), an equivalent 64 

amount of cations also leaches from soil, causing a decrease of the acid neutralization 65 

capacity (ANC, defined as the sum of (base) cations minus (acid) anions), which is defined 66 

as soil acidification (De Vries & Breeuwsma, 1986, Van Breemen et al., 1984). Complete 67 

budgets of major elements (cations and anions) in agricultural system should thus be 68 

http://data.stats.gov.cn/
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assessed to calculate the acid (proton) production rates by fertilization and the related 69 

buffering by (base) cation release and possible anion adsorption. This ANC decrease is in 70 

turn the driver for changes in soil pH, which is determined by the sensitivity of a soil to 71 

acidification, i.e. the unit change in pH per unit change in ANC.  72 

Until now, soil N, P and K budgets and their historic changes have been evaluated in 73 

Chinese cropland at regional scale. This includes soil annual N budgets for the period 74 

1980-2004 by Sun et al. (2008) and for 1985 and 2007 by Ti et al. (2012) for all provinces 75 

in China. In addition, N, P and K budgets for 2009 for six sub-regions in China were given 76 

by Li and Jin (2011). However, apart from Ti et al. (2012), those studies were only limited 77 

to input, crop removal and surplus, with no information on the fate of the surplus in terms 78 

of losses to air, water and soil accumulation or release. Furthermore, a full assessment of 79 

the budgets of all major cations,i.e. ammonium and base cations (calcium, magnesium, 80 

potassium and sodium) and anions (nitrate, sulphate, phosphate, chloride and bicarbonates) 81 

are essentially required to assess the acidification rate in Chinese croplands, which is 82 

lacking for China. 83 

The objective of this study was therefore to assess the major element inputs and outputs 84 

in croplands and the related acid load at provincial and national level in China over the 85 

period 1980-2010. This period was chosen since large historical changes in agricultural 86 

management in China took place in that period, especially in terms of fertilizer input (Liu 87 

et al., 2016). In this study, both inputs by field management (fertilization, manure 88 

application, irrigation and seeding) and by other sources (deposition and biological N 89 

fixation) were considered. Apart from the output by crop harvest, the fate of surpluses in 90 
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terms of losses to air and water were also assessed to gain insight in the acidification 91 

potential of agricultural management. Budgets of each element were involved to evaluate 92 

their relative contribution to the total acidification of arable soils in China.  93 

 94 

2. Materials and methods 95 

2.1 Acidification assessment 96 

Acidification is primarily manifested by leaching of cations from the soil, which is 97 

driven by anion leaching, either by bicarbonate or organic anions due to a leaking natural 98 

carbon (C)cycle or by nitrate or sulphate due to a disturbed N or sulphur (S) cycle, mostly 99 

caused by human interference (De Vries & Breeuwsma, 1986, De Vries et al., 2015).The 100 

quantification of input-output budgets of major element (cations and anions) has widely 101 

been used to assess the acidification of forest ecosystem since 1980s (e.g. Van Breemen et 102 

al. (1984) and De Vries and Breeuwsma (1987)). Based on the same fundamental 103 

principles of mass balance and charge balance, we applied this method to agricultural 104 

ecosystems. The annual total acidification (Htot) in cropland was quantified by the sum of 105 

(base) cation losses and acidic anion accumulation in the soil (De Vries & Breeuwsma, 106 

1987), which was derived by assessing the inputs and outputs of all major cations and 107 

anions (NH4
+, K+, Ca2+, Mg2+, Na+, H+, NO3

-, SO4
2-, H2PO4

-, Cl-, HCO3
-) in the system.  108 

The H+ production rate due to N was calculated on the basis of the NH4
+ input plus net 109 

NO3
- output (acidification induced by a disturbed N cycle), according to (Van Breemen et 110 

al. (1984); De Vries and Breeuwsma (1987)):  111 
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H+ production by N transformation: 𝐻𝐻𝑁𝑁 = 𝑁𝑁𝑁𝑁4,𝑖𝑖𝑖𝑖
+ − 𝑁𝑁𝑁𝑁3,𝑖𝑖𝑖𝑖

− + 𝑁𝑁𝑁𝑁3,𝑑𝑑𝑑𝑑𝑑𝑑
− − 𝑁𝑁𝑁𝑁4,𝑑𝑑𝑑𝑑𝑑𝑑

+  (1) 112 

Where in and dis denote the total input and discharge losses from the root zone.  113 

In this study, we assumed that nitrification is complete in all agricultural soils. This 114 

implies that all N leaches as NO3
-, implying the production of two protons when N enters 115 

the soil as NH4
+ (see also Eq. 1). Note that this coincides with the production of two 116 

protons during nitrification of NH4
+to NO3

-. When N enters as organic N, only one proton 117 

is produced, in line with the occurrence of mineralization, consuming one proton, followed 118 

by nitrification, producing two protons. Finally, when N enters as NO3
-there is no proton 119 

production since nitrification did not occur (see further De Vries and Breeuwsma(1987), 120 

for the relation between N cycling and acid production).  121 

The H+ production due to the elements removal by harvesting crops and crop residue 122 

was calculated as: 123 

H+ production by vegetation: 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟   (2) 124 

Where rem denotes the net removal by crop harvest and crop residue, BC stands for the base 125 

cations (Ca2+, Mg2+, K+, Na+) and An for Anions (SO4
2-, H2PO4

-). Note that cations can 126 

potentially also include aluminum, but this hardly occurs above pH 4.5, and crop lands 127 

hardly ever have pH values below 4.5 and the cations are denoted as base cations (BC).  128 

According to De Vries and Breeuwsma (1987), one of the most important processes of 129 

H+ consumption is release of BC in exchange to H+ in solution followed by discharge, 130 

which calculated as the net losses of base cations from the soil, HBCloss, called actual 131 
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acidification (Hact). Inversely, the accumulation of the anions in the soil, HAnacc, called 132 

potential acidification (Hpot), as the accumulated anions can release and leaching in the 133 

future causes an acidification risk. The sum of the two process was defined as the total 134 

acidification (Htot) in the assessment: 135 

𝐻𝐻𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐻𝐻𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎             (3) 136 

With 137 

H+ consumption by soil base cation release: 𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐵𝐵𝐵𝐵𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖 + 𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟𝑟𝑟   (4) 138 

H+ consumption by soil anion accumulation: 𝐻𝐻𝐻𝐻𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 − 𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟   (5) 139 

. Note that anions were limited to elements available in soil, i.e. P and S, whose 140 

accumulation leads to ANC decline (see e.g. Van Breemen et al. (1984) and De Vries and 141 

Breeuwsma (1987)).  142 

Apart from soil processes, neutralizing the acid input, some fertilizers also contain 143 

bicarbonate, which may buffer the incoming acidity unless the bicarbonate is leached out at 144 

the same rate as the input. Finally, there is a net OH- input associated with all element 145 

inputs, which can be calculated by a charge balance, and this also buffers the incoming 146 

acidity unless the OH- output equals the input. These H+ consumption processes were 147 

calculated as: 148 

H+ consumption by net HCO3
- inputs:𝐻𝐻𝐶𝐶 = 𝐻𝐻𝐻𝐻𝐻𝐻3,𝑖𝑖𝑖𝑖

− − 𝐻𝐻𝐻𝐻𝐻𝐻3,𝑑𝑑𝑑𝑑𝑑𝑑
−     (6) 149 

H+ consumption by net OH- input: 𝐻𝐻𝐻𝐻 = 𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖− − 𝑂𝑂𝑂𝑂𝑑𝑑𝑑𝑑𝑑𝑑−       (7) 150 
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Note that the H+ consumption processes calculated by adding Eq. (4) – (7) equal the sum 151 

of proton production processes by N transformations and vegetation uptake (Eq.(1) and 152 

(2)).  153 

The unit used in all the above-mentioned equations was keq/ha/yr. The calculations that 154 

were used to transfer kg/ha/yr to keq/ha/yr are given in Table A.1 of the Supplementary 155 

material. 156 

2.2 Input-output budget calculations  157 

Annual inputs of each element over the period 1980-2010 in cropland were assessed 158 

according to:  159 

𝑋𝑋𝑖𝑖𝑖𝑖 = 𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑋𝑋𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑋𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑋𝑋𝑑𝑑𝑑𝑑𝑑𝑑                      (8) 160 

Where X denotes the anions and cations, e.g. NH4
+, NO3

-, H2PO4
-, K+, Ca2+, Mg2+, Na+, 161 

SO4
2-, Cl-, H+ and HCO3

- and the subscripts denote the element inputs (Xin) by chemical 162 

fertilizer (Xfert), manure (Xmanu), biological fixation (Xfix), irrigation (Xirri), seed (Xseeds) and 163 

atmospheric deposition (Xdep). Note that biological N fixation (Xfix) is only relevant for 164 

nitrogen. H+ was calculated as the difference between anion and cations. 165 

Annual outputs of each element over the period 1980-2010 in cropland were assessed 166 

according to:  167 

𝑋𝑋𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑋𝑋𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑋𝑋𝑎𝑎𝑎𝑎𝑎𝑎   (9) 168 

Where Xrem is the output of elements by removal of harvested parts, which include the 169 

grains, fruits, tubers, etc. and crop residues, Xair are emissions of ammonia and nitric oxide 170 
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(NO), nitrous oxide (N2O) and dinitrogen (N2) due to denitrification, Xdis are discharge 171 

losses including runoff and leaching losses and Xacc is the accumulation in soil. Note that 172 

gaseous emissions are only relevant for nitrogen. Also note that the sum of the element 173 

losses to air and water and the accumulation in soil is equal to the element surplus, Xsur, 174 

being the difference between total element inputs and removal by harvest and crop 175 

residues. 176 

All fluxes of inputs and outputs were derived from total flows at provincial level and 177 

divided by the arable land area in each province (Taiwan, Hong Kong and Macao are not 178 

included due to the data limitation). An overview of the data sources that were used to 179 

assess the budgets at province level are given in Table A.2 .The details with respect to the 180 

assessment of inputs and outputs are given in the supplementary material.  181 

 182 

3. Results 183 

3.1 National average element budgets in the period 1980-2010 in Chinese croplands 184 

Calculated average inputs and outputs of all major elements in Chinese croplands for the 185 

years 1980 and 2010 are shown in Table A.4 and annual changes during the period 186 

1980-2010 are shown in Fig. 1 and Fig. A.4. The nitrogen (N) and phosphorus (P) inputs 187 

increased from 120 kg N/ha/yr and 14.4 kg P/ha/yr in 1980 to 311 kg N/ha/yr and 57.5 kg 188 

P/ha/yr in 2010, respectively (Fig. 1a, b). These enormous changes were mainly caused by 189 

the rapid increase of N and P chemical fertilizer application, whose percentage of total 190 

input increased from 60.3% and 65.9% in 1980 to 73.1% and 82.0% in 2010, respectively. 191 

Similarly, inputs of base cations (BC) increased from 113 kg/ha/yr in 1980 to 295 kg/ha/yr 192 

in 2010, mainly by elevated fertilizer (39.9%) and manure application (48.5%). Chloride 193 
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(Cl) inputs showed also a sharp rise from 19.3 to 120 kg Cl/ha/yr in the period 1980-2010 194 

(Fig. A.4). However, the other accompanying anions with N and P fertilizer, sulphate 195 

(SO4
2-) and bicarbonate (HCO3

-), decreased from 1.2 to 0 kg S/ha/yr and from 32.0 to 21.7 196 

kg HCO3-C/ha/yr during the period 1980-2010, respectively (Fig. 1d and Fig. A.4). These 197 

significant declines were mainly due to the transformation of N fertilizer types from 198 

ammonium bicarbonate and ammonium sulphate to urea (Fig. A.1). Nevertheless, total S 199 

inputs in 2010 (27.9 kg S/ha/yr) almost doubled compared with those in 1980 (15.1 kg 200 

S/ha/yr) due to elevated atmospheric S deposition.  201 
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 202 

 203 

Fig. 1 Annual input-output budgets for N, P, BC and S in China during 1980-2010. The 204 

inputs of N, P, BC and S are given in the graphs (a), (b), (c) and (d) on the left and the 205 

output of N, P, BC and S in the graphs (e), (f), (g) and (h) on the right. 206 

 207 

Element outputs from land occurred by crop removal, discharge to ground and surface 208 

water and (or) gaseous emissions, with the remained part accumulating in the soil. With 209 
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increased crop yields, net element removal by harvest increased continuously during the 210 

period 1980-2010. This increase was mainly due to increased removal of harvested parts, 211 

while the crop residue removal stayed relatively constant due to an increasing fraction of 212 

crop residue return to the soil (Fig. A.3). The N net removal increased from 51.2 kg 213 

N/ha/yr in 1980 to 108 kg N/ha/yr in 2010, while the ratio of N removal to total N input 214 

decreased from 42.6% to 34.6%. This decrease is associated with an increased N surplus 215 

(Table A.3). As with N surplus, NH3 emission increased from 21.7 to 55.8 kg N/ha/yr, 216 

while N2O and NO emission increased from 1.9 and 0.9 kg N/ha/yr to 4.0 and 2.0 kg 217 

N/ha/yr, respectively. Eventually, the strongly increased N fertilizer application elevated 218 

the N discharge losses from 23.7 to 73.7 kg N/ha/yr in the period 1980-2010. Similar to N, 219 

increased surpluses also occurred for S and Cl, lead to increasing discharge losses from the 220 

soil (Table A. 6). Accompanying with these anions, discharge losses of BC increased from 221 

117 to 387 kg/ha/yr during the period 1980-2010, even though the BC surplus increased 222 

from 47.8 to 164 kg/ha/yr (Table A.4). The difference between BC outputs (Fig. 1g) and 223 

BC inputs (Fig. 1c) denotes the BC loss from the soil, being the actual soil acidification. 224 

 225 

3.2 National average acidification rates between 1980 and 2010 in Chinese croplands 226 

Fig. 2a shows the proton production in Chinese croplands by N transformations and and 227 

crop removal between 1980 and 2010. With a continuously increasing N input, proton 228 

production increased from 4.7 keq H+/ha/yr in 1980 to a peak of 11.0 keq H+/ha/yr in 229 

1996(Fig. 2a). Thereafter, a slight decline occurred due to a decrease of ammonium based 230 

N fertilizer use and an increase in urea input (Fig. A.1 and Fig. 1a). Proton production was 231 
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nearly constant since 2000, at an acidification rate of approximately 8.6 keq H+/ha/yr (Fig. 232 

2a). In combination with the proton release induced by crop removal, that increased from 233 

1.2 to 2.3 keq H+/ha/yr, the total proton production thus increased from 5.9 to 10.9 keq 234 

H+/ha/yr in 30 years, being an increase by a factor 1.8. 235 

 236 

Fig. 2 The proton production by N transformations (HN) and crop removal (Hcrop) (a) and 237 

the proton consumption by base cation loss (HBC), anion accumulation (HAn), HCO3
-(HC) 238 

and OH- input (HOH) (b) and the related soil acidification (c), being the sum of base cation 239 

loss (actual acidification, Hact) and anion retention (potential acidification, Hpot). 240 
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 241 

Besides the protons neutralized by net OH- and HCO3
- inputs, the rest was neutralized 242 

by loss of base cations and accumulation of anions (Fig. 2b). The neutralization by BC 243 

losses increased from 2.3 to 6.2 keq H+/ha/yr during the period 1980-2010, which reflected 244 

the enhanced actual acidification rate (Hact). The neutralization by P accumulation 245 

increased from 0.2 to 1.3 keq H+/ha/yr during the period, implying an elevated risk of 246 

potential acidification (Hpot) when released again. The total acidification (Htot) thus 247 

accelerated from 2.6 keq H+/ha/yr in 1980 to 7.6 keq H+/ha/yr in 2010, as shown in Fig. 2b. 248 

 249 

3.3 Spatial variation in elements and acidification budgets  250 

The element application at provincial level showed big variations across China, with 251 

relative differences between provinces staying rather constant during the period 1980-2010 252 

(Fig. A.5-A.8). N, BC and P inputs in the northeast and northwest of China were generally 253 

lower than the inputs in the central and south of China. These enhanced inputs have 254 

improved the crop yield and element removal by harvest, simultaneously, even under an 255 

increasing crop residues return fraction (Fig. A.3). However, the surpluses in 2010 were 256 

much higher compared to 1980 (Fig.A.5-A.8), being either emitted to water and air or 257 

accumulated in soil (especially P). 258 

The largest potential acidification by P accumulation occurred in the Fujian, Henan and 259 

Hubei Provinces, with rates greater than 2.4 keq H+/ha/yr (Fig. 3). The most severe actual 260 

acidification by base cation loss occurred in the central and southern part of China, where 261 
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actual acidification rates were greater than 12 keq H+/ha/yr in 2010 in the Jiangsu, 262 

Henan and Hubei Provinces. 263 

 264 

 265 

Fig. 3 Provincial potential acidification by anion accumulation (top), actual acidification 266 

by base cation loss (middle) and total acidification (bottom) in 1980 (left) and 2010 (right). 267 

Unit is keq H+/ha/yr. 268 
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 269 

In 1980, there were only two provinces whose total acidification rates were greater than 270 

9 keq H+/ha/yr (Shanghai and Jiangsu), while this increased to 13 provinces in 2010 (Fig. 271 

3). Among the 13 provinces, there were four provinces (Fujian, Henan, Hubei and Jiangsu) 272 

with total acidification rates greater than 12 keq H+/ha/yr, with one province (Jiangsu) 273 

being even higher than 15 keq H+/ha/yr. In short, soil acidification in Chinese croplands 274 

has increased significantly over the last 30 year at both national and provincial levels. 275 

 276 

4. Discussion 277 

4.1 Uncertainties in the element budgets and acidification assessment 278 

Due to the variability in the various sources of inputs and outputs, there are also 279 

uncertainties in the calculated element budgets and acidification. Regarding the inputs, the 280 

main driver for acidification is the N input for which reasonable estimates are available at 281 

least at national and also at provincial level. Considering a total cropland area of 130 282 

million hectare, we estimated an N input by fertilizer and manure of 29.5 TgN/yr and 5.6 283 

TgN/yr in 2010, which is quite comparable to estimates of 28.9 TgN/yr and 5.9 TgN/yr, 284 

respectively by Gu et al. (2015). Crop removal estimates are quite certain at national scale 285 

considering the national statistics on crop yields. However, the largest uncertainties are in 286 

the assessed denitrification and discharge losses of nitrate, as the latter drives the N 287 

induced acidification rate. 288 

In our study,we assumed that half of the Nrest (which is the N surplus corrected for NH3 289 

emission as: Nrest=Nsur- NH3) discharged from the root zone, and that the remainder was 290 
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denitrified. As a result, the contributions of N output fluxes to the total N output were 291 

37.7% for crop removal, 19.1% for NH3 emission, 21.6% for denitrification, and 21.6% for 292 

discharge from the root zone. The assumption was made on the basis of previous research 293 

by Ma et al. (2010) and Liu (unpublished), who estimated that on average about 25% and 294 

17% of Nrest was leached at 100 cm soil depth, respectively. This result was combined with 295 

information on the changes in N leaching fraction with soil depth (Li & Li, 2000), since we 296 

focused our study on the root zone, being the top 30 cm of the soil. By using those data, we 297 

assumed that half of the N surplus leached from the root zone, and that the remainder was 298 

denitrified and subsequently emitted to the air. The actual acidification rates thus increased 299 

from 2.3 to 6.2 keqH+/ha/yr during the period 1980-2010. The discharge fraction has, 300 

however, quite a large uncertainty and this mainly affects the calculated acidification rates. 301 

We thus evaluated the uncertainties in the acidification rates by assuming a range in the N 302 

discharge fraction of 35-65% of the Nrest. Results showed that the actual acidification 303 

shows always an increasing trend but the increase was from 1.8 to 4.7keqH+/ha/yr 304 

assuming that 35% of Nrest is leached and from 2.8 to 7.8keqH+/ha/yr when 65% of Nrest is 305 

leached, respectively (Fig. 4). 306 
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 307 

Fig. 4 Sensitive analysis of total acidification assuming that 35% (35%le), 50% (50%le, 308 

reference run) and 65% (65%le) of the Nrest(total N input minus NH3-N emission minus 309 

and crop N removal) being leached. Hact and Hpot denote the actual acidification rate and 310 

potential acidification rate, respectively. 311 

 312 

There are also uncertainties in the assumptions with respect to the behaviour of the 313 

various other ions, especially that of the anions Cl-, SO4
2-, H2PO4

- , HCO3
- and RCOO-. We 314 

assumed that both Cl-, SO4
2- behave like a tracer, with no adsorption taking place in soil. 315 

Unlike Cl-, SO4
2- can be adsorbed to the soil, but in most ecosystems SO4

2- adsorption is 316 

very limited. For example, De Vries et al (2007) found that on average SO4
2- output was 317 

nearly equal to SO4
2- input at 121 intensively monitored forest plots, implying that SO4

2- 318 

was hardly adsorbed. Kopáčeket al., (2014) even reported that agricultural land was a 319 

small net source of sulphate and forest soils changed from a sink to a source of sulphate in 320 

the late 1980s during the period 1960-2010 in a large central European catchment (Upper 321 

Vltava river, Czech Republic). Therefore, we made the assumption that SO4
2- adsorption 322 
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was negligible. Most likely, the uncertainty in soil acidification related to this assumption 323 

is negligible compared to the uncertainty induced by the fate of N behaviour and the 324 

related nitrate loss. This also holds for the leaching of RCOO-. We made an estimate of this 325 

term by multiplying water fluxes, ranging from 100 to 400mm/yr, with estimated 326 

concentrations of RCOO- using the method of Oliver et al. (1983). Calculations were made 327 

for a DOC concentration of 5 mg C/L,  being representative for the root zone (Walmsley 328 

et al., 2011) and a pH ranging from 4.5-7.0. The RCOO- fluxes thus calculated varied 329 

between 0.033 to 0.20 keq/ha, being very small compared to leaching of NO3
-. 330 

 331 

4.2 Spatial variation of element budgets and acidification rates across China 332 

More than 70% of the arable land is distributed in the eastern part of China, where about 333 

80% of China’s cereal production takes place (National Bureau of Statistics of China, 334 

NBSC). Acidification rates in the eastern part were greater than in the western part of 335 

China in both of 1980 and 2010 (Fig. 3). The averaged total acidification rates in the east 336 

(5.1 keq H+/ha/yr in 1980 and 9.8 keq H+/ha/yr in 2010) were about 2.7 times to that in the 337 

west (1.5 keq H+/ha/yr in 1980 and 5.3 keq H+/ha/yr in 2010). The disparate acidification 338 

rates in the two regions can be ascribed to inconsonant elements input-output budgets. For 339 

example, in 2010, the average N inputs were 369 and 232 kg N/ha/yr and the average N 340 

removals by harvest were 114 and 64 kg N/ha/yr in the east and in the west, respectively 341 

(Fig. A.5). As a consequence, greater N surpluses were estimated for the east (255 kg 342 

N/ha/yr) than for the west (169 kg N/ha/yr), which can lead to more BC losses to ground 343 

and surface water, accompanied by nitrate losses (De Vries and Breeuwsma, 1987). 344 
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Moreover, higher yield levels in the east than in the west lead caused more BC losses by 345 

harvest removal. For example, in 2010, the cereal yields in the east and west were 4450 346 

and 2836 kg/ha (NBSC), and BC removal in the east was thus 1.5 times higher than in the 347 

west (Fig. A.6). As a consequence, actual acidification rates, reflected by net soil BC 348 

losses (the difference between inputs and outputs by harvest removal and discharge) in the 349 

east (8.34 keq H+/ha/yr) were 1.9 times higher than in the west (4.34 keq H+/ha/yr) in 2010 350 

(Fig. 3).  351 

Similarly, variations in potential acidification (Fig. 3), reflected by anion accumulation 352 

in soil, can be explained by the variations in the P budget (Fig. A.7). Higher P surpluses 353 

imply a potential risk of P discharge and related BC loss. For example, in 2010, P inputs 354 

were 65.1 and 40.7 kg P/ha/yr, and P removals were 18.4 and 11.1 kg P/ha/yr in the eastern 355 

and western part of China, respectively (Fig. A.7). As a result, P surpluses of 46.8 and 29.6 356 

kg P/ha/yr in the east and west led to a potential acidification of 1.51 and 0.95 keq H+/ha/yr 357 

in 2010, respectively. 358 

The largest acidification in China was found in the Jiangsu Province with a total average 359 

rate of 17.9 keq H+/ha/yr in 2010, followed by the Henan (14.8 keq H+/ha/yr), Hubei (14.7 360 

keq H+/ha/yr) and Fujian (14.1 keq H+/ha/yr) Provinces (Fig. 3). In Jiangsu, proton 361 

production by N inputs (515 kg N/ha/yr) was up to 16.2 keq H+/ha/yr, which was 1.9 times 362 

higher than the national average (8.6keqH+/ha/yr) in 2010. Moreover, the BC losses by 363 

crop removal (4.2 keq H+/ha/yr) were also slightly higher than the national average (3.3 364 

keq H+/ha/yr). However, the BC inputs in Jiangsu (7.5 keq H+/ha/yr) were comparable to 365 

the national average (7.6 keq H+/ha/yr). As a consequence, the estimated actual 366 
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acidification rate in the Jiangsu Province in 2010 was 2.6 higher than the national average. 367 

In conclusion, unbalanced inputs, i.e. enormous N but few BC, led to the high acidification 368 

rates in the Jiangsu Province, as well as the eastern part of China. 369 

 370 

4. 3 Decreased nutrients use efficiency and its impacts on environment  371 

Even though increased fertilizer application improved crop yields significantly, there 372 

was still a decreased nutrient use efficiency and enhanced nutrient waste (Fig.5), associated 373 

with an N surplus and P surplus that increased on average from 69 to 203 kg N/ha/yr and 374 

8.2 to 41 kg P/ha/yr, respectively in the period 1980-2010. The surplus N is either emitted 375 

to air as NH3 or NO and N2O after (de)nitrification, or discharged by leaching to 376 

groundwater and runoff to surface water (Galloway et al., 2008), while the P surplus 377 

accumulates in soil, increasing soil fertility, but ultimately leaches to ground and surface 378 

water (Li et al., 2015). In our assessment, nationwide N2O emissions from agroecosystems 379 

more than doubled from 249 to 522 Gg N/yr and NO emissions increased from 122 to 264 380 

Gg N/yr, from 1980 to 2010. What’s even worse, besides the greenhouse gas (GHG) 381 

emission, the discharge losses increased from 3.1 to 9.6 Tg N /yr during the period. 382 

Increased eutrophication occurrences were reported in this period (Wang et al., 2016), 383 

attributed to the fertilizer and manure use in agroecosystems (Strokal et al., 2014). On the 384 

other hand, N surpluses can also leach to groundwater which supplies 20% of the drinking 385 

water in China and this causes enlarged risks of gastric and oesophageal cancers(Gao et al., 386 

2016). A recent research showed that the nitrate concentration in more than 25% of 387 

samples of groundwater taken under croplands during 2000-2009 exceeded the World 388 
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Health Organization (WHO) recommended maximum value of 11.3 mg NO3-N/L(Gu et al., 389 

2013). 390 

 391 

Fig. 5 Decreased nutrient use efficiencies and increased nutrients surplus ofN (a) and P (b). 392 

Where, NUE and PUE denote the element N, P use efficiency, which calculated as sum 393 

crop uptake divided to total input; Similar for FNUE and FPUEdenote fertilizer N and P 394 

use efficiency respectively, calculated as sum crop uptake divided to chemical fertilizer N 395 

and P input, respectively. 396 

 397 

Similarly, P surpluses increased from 8.2 to 40.8 kg P/ha/yr during the period, which 398 

result in an increased soil P content, in line with a reported increase in national averaged 399 

soil Olsen P contents from 7.4 mg/kg in 1980 to 20.7 mg/kg in 2006(Li et al., 2011). In 400 

summary, excessive nutrients application in agricultural system led to increased waste of 401 

nutrients and decreased nutrients use efficiency, and enlarged threats to air quality and 402 

water security. 403 
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 404 

4. 4 Future acidification risks in China’s croplands 405 

To feed the increased Chinese population from 0.99 billion in 1980 to 1.34 billion in 406 

2010, cereal production increased from 321 to 546 Tg, and N fertilizer consumption 407 

increased from 9.4 to 29.5 Tg N/yr during that period (NBSC). Our data shown a 408 

significant positive relationship between acidification rates and the increase in both grain 409 

production and N fertilizer consumption (Fig. 6a). This result is driven by the fact that such 410 

a raised N application improves crop yield, but also causes elevated nitrate discharge losses, 411 

accompanied by accelerated base cation losses from the soil (De Vries et al., 2015). Thus, 412 

the acidification rate showed a negative relationship with the FNUE fertilizer N use 413 

efficiency) and PNFP (partial nitrogen fertilizer productivity), as shown in Fig.6b. 414 

 415 

Fig. 6 Regression analysis between the soil acidification rate and (a) the N fertilizer 416 

consumption and grain production and (b) the PNFP and fertilizer N use efficiency 417 

(FNUE). Where, gain production includes cereal, tuber and legumes; PNFP, (Partial N 418 

fertilizer productivity, calculated as grain production divided to N consumption); and T 419 

denotes 1012. 420 
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 421 

The future food demand is expected to increase in China, promoted by diet shifts to 422 

more meat consumption by an increasingly rich urban population and a continuous 423 

increase of the total population(Bai et al., 2016, Ma et al., 2013). At the current N fertilizer 424 

use efficiency (FNUE), applying more N to gain high yields would further aggravate the 425 

nitrate discharge losses and acidification rates of croplands. Considering the potential 426 

effects on crop yield below a threshold soil pH (Baquy et al., 2017), this may even lead to 427 

a crop yield decline with a further decrease in NUE and thus a declining trend in food 428 

production in the future. In other words, crop yield improvement should not come at the 429 

expense of more N application but by increasing the FNUE to reduce the N application and 430 

mitigate the nitrate discharge losses and acidification of cropland. This is crucial to 431 

achieving food security and mitigate soil acidification rates in Chinese croplands.  432 

A comprehensive assessment on N management practices to increase the FNUE was 433 

carried out by Xia et al.,(2017). Measures that were evaluated were all related to the 434 

so-called 4 R strategy, i.e. adding the right fertilizer type (nitrification inhibitor, urease 435 

inhibitor), at the right place (deep placement), the right time (higher splitting frequency) 436 

and the right amount (lower basal N fertilizer and optimal N rate based on soil N test). 437 

Results showed that these measures can improve yields by 1.3-10.0%, increase the FNUE 438 

by 8.0-48.2% and reduce the N leaching by 13.6-37.3%. The application of integrated 439 

soil-crop system management (ISSM, which designs the system on the basis of local 440 

environment, crop varieties selection, sowing dates, densities and advanced nutrient 441 

management) can even reduce the N surplus around zero (varying from -9 to 16 kg N/ha) 442 
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in China’s cereal cultivation (Chen et al., 2014). Recent meta-analysis of results in China 443 

also showed that the PNFP (Partial nitrogen fertilizer productivity) in the highest yield 444 

group was almost twice as high as the all farmers averaged group, which implies that a 445 

reduction of about 40% in N application and an increase of approximately 30% in grain 446 

production are possible (Cui et al., 2014). 447 

Another way to reduce the soil acidification is a change from NH4
+ to NO3

- based 448 

fertilizers. This change in N fertilizer types (Fig. A.1) was the reason for the relative 449 

constant acidification rate that was found after 2000 (Fig. 2b), as it counteracted the effect 450 

of an increased N fertilizer rate (Fig. 1a) during the period 2000-2010.The proportion of 451 

ammonia nitrogen and urea in Chemical N fertilizer was 46% and 53% in 1997, 452 

respectively, while it changed to 19% and 79%in 2010. This reduced the acidification 453 

potential of the added fertilizers since transformation of one mole ammonia to nitrate, that 454 

is subsequently leached from the soil, produces two equivalent H+, whereas this is only one 455 

equivalent H+ when urea-nitrogen is transformed to nitrate (De Vries and Breeuwsma, 456 

1987; Zeng et al., 2017).  457 

Besides measures to reduce N application and enhance NUE, another option to decrease 458 

cropland soil acidification is an increase in the application of alkaline materials, such as 459 

manure and limestone, to neutralize the produced protons. Liming has been widely 460 

recommended to manage soil acidification (Goulding, 2016; Zhu et al., 2016). However, 461 

this management approach is impractical in some areas due to supply shortages and high 462 

costs (Shi et al., 2017; Xu and Coventry, 2003).However, replacing part of the chemical N 463 

fertilizer by manure can significantly alleviate soil acidification as shown in both 464 
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modelling research (Zhu et al., accepted) and long-term observations (Cai et al., 2015). 465 

Straw return, which is expected to increase on the future, also reduces soil acidification by 466 

returning BC to the soil (Zeng et al., 2017), but the effect is weaker than manure 467 

application (Sun et al., 2015). In general, the fundamental approach to alleviate soil 468 

acidification in cropland is to reduce the N inputs and/or increase the net BC inputs to the 469 

soil. 470 

 471 

5. Conclusions 472 

This paper provides a comprehensive assessment and evaluation of soil acidification 473 

rates n Chinese croplands at provincial and national levels by an assessment of all major 474 

element budgets. Significant yield production was driven by elevated element inputs from 475 

chemical fertilizer, manure and deposition, especially of N, P and K. However, negative 476 

effects induced by a decreasing fertilizer use efficiency and increasing soil acidification 477 

occurring simultaneously. We estimated a China averaged total acidification rate that 478 

increased from 2.6 to 7.6keq H+/ha/yr in the period 1980-2010, with rates higher than 9 479 

keq H+/ha/yr in thirteen provinces in 2010, while such rates only occurred in two provinces 480 

in 1980. The combination of elevated N inputs and decreased N use efficiency was the 481 

main reason for the accelerated acidification in Chinese croplands. Considering the 482 

expected growth of food demand in the future, and the linkage between grain production 483 

and fertilizer N consumption, a further acceleration of soil acidification can thus be 484 

expected, unless the N fertilizer application is reduced and/or the N use efficiency is 485 

increased. 486 
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Abbreviations: 496 

An: Anions (NO3
-, SO4

2-, H2PO4
-, Cl- and HCO3

-) 497 

BC: base cations, i.e. K+, Ca2+, Mg2+and Na+ 498 

Hact: actual acidification rates, being the net base cations losses from soil 499 

Hpot: potential acidification rates, being the anions accumulate in the soil 500 

Htot: total acidification rates, being the sum of actual acidification and potential 501 

acidification 502 

ISSM: integrated soil-crop system management 503 

NBSC: National Bureau of Statistics of China 504 

Nrest: N rest, being the difference between total inputs, crop removal and NH3 emission 505 

NUE: nitrogen use efficiency 506 

FNUE: nitrogen fertilizer use efficiency 507 

PNFP: partial nitrogen fertilizer productivity 508 

X: element of N, P, K, Na, Ca, Mg, C, S, Cl, H 509 

Xacc:element Xaccumulation in soil 510 
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Xair: gaseous emissions losses from the soil  511 

Xdep:element X input to the soil by atmospheric deposition 512 

Xdis: element X discharge from the root zone 513 

Xfert:element X input to the soil by chemical fertilizer 514 

Xfix:element X input to the soil by biological fixation 515 

Xin: element X input to the soil 516 

Xirri:element X input to the soil by irrigation 517 

Xseeds:element X input to the soil by seed 518 

Xsur:element X surplus, being the difference between total inputs and crop removal 519 

Xmanu:element X input to the soilby manure 520 

Xrem: element X removal from the soil by crop harvest and crop residue removal  521 

 522 

Supplementary material  523 

The supplementary material describes in detail the assessment of element inputs and 524 

outputs, including four Tables and eight Figures with data and results.  525 
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