Environmental
Science

Processes & Impacts

Accepted Manuscript

This is an Accepted Manuscript, which has been through the

Environmental Royal Society of Chemistry peer review process and has been
SCience accepted for publication.

P &l t . . .

mrocez?eose _— Accepted Manuscripts are published online shortly after

acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

l(’msm apply. In no event shall the Royal Society of Chemistry be held

9 responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it

contains.

' RO‘YAL SOCIETY . .
OF CHEMISTRY rsc.li/process-impacts


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 24

©CoO~NOUTA,WNPE

10

11

12

13

14

15

16

17

18

19

20

21

Environmental Science: Processes & Impacts

Effects of atmospheric deposition nitrogen flux and its composition on soil solution

chemistry from a red soil farmland, southeast China

Jian Cui,”™ Jing Zhou, * Ying Peng,® Andrew Chan, and Jingdong Mao®

Abstract

A detailed study on the solution chemistry of red soil in South China is presented. Data are
collected from two simulated column-leaching experiments with an improved setup to evaluate the
effects of atmospheric N deposition (ADN) composition and ADN flux on agricultural soil
acidification using a 5N tracer technique and an in-situ soil solution sampler. Results show that
solution pH values decline regardless of the increase of NH, /NO;™ ratio in ADN composition or
ADN flux, while exchangeable A, Ca*, Mg2+, and K" concentrations increase at different soil
depths (20, 40, and 60 cm). Compared with the control, ADN (60 kg ha™ yr'' N, NH,/NOs  ratio of
2:1) decreases solution pH values, increases solution concentrations of NO5™-N, A", Ca®" and Mg**
at the middle and lower soil depths, and promotes their removal. NH;"-N was not detected in red
soil solutions of all the three soil layers, which might be attribute to effects of nitrification,
absorption and fixation in farmland red soil. Some of the NO3;-N concentrations at 40-60 c¢cm soil
depth exceed the safe drinking level of 10 mg L', especially when ADN flux is beyond 60 kg ha™ N.
These features are critical for understanding the ADN agro-ecological effects, and for future
assessment of ecological critical loads of ADN in red soil farmlands.
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red soil, column-leaching experiment

1 Introduction

Human activity has significantly altered the global nitrogen (N) cycling in the last several
decades, resulting in increased atmospheric N deposition (ADN) worldwide.'” China is the third
highest ADN flux region in the world.* However, related ADN research concerning the substantial
use of fertilizer N in farmlands, especially in agricultural ecosystems, is still in its infancy. >

Existing research mainly focuses on the quantification of ADN flux in agroecosystems, and the
negative effects of ADN on soil acidification and ecological degeneration, especially in forest
ecosystems.” In fact, due to several control programs including the adjustment of energy structure
and current agricultural fertilizer N,*'' ADN composition has changed, for example the NH,;/NO;”
ratio in wet ADN has declined since 1980.'%'* As there is a lack of continuity in previous research
on ADN, with study periods limited to one to two years, the ecological effects of ADN composition
changes have not been comprehensively investigated. ®”"

Soil acidification (decrease in soil pH) is one of the most important consequences of dramatic
increases in anthropogenic acid deposition, including ADN.*'* When acid deposition was a major
concern, ADN was often ignored as a contributing factor.'>'® In fact, the effects of ADN in Chinese

2

agro-ecosystems are quite significant,>'> and preliminary studies report that more ADN is

associated with higher acidification of farmland soils.'”'®

Usually, researchers equate the effect of ADN with that of fertilizer N on agricultural soil
acidifications. It was deduced that the overuse of fertilizer N contributed substantially to regional
soil acidification, but ADN made a small contribution to the acidification of agricultural soils across
China, based on nationwide survey data and related theories and processes of N cycling.'” Although
the different sources concern the same element, there are significant differences between fertilizer N
and ADN.

Firstly, the different applications mean that fertilizer N is usually applied at seeding times or is

added at critical moments for crops, while ADN affects field soils at all times. Secondly, the

different N components mean that usually one type of N fertilizer is applied and its N component is
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fixed, while the composition of ADN is unfixed and its NH,/NO;  ratio exceeds unity. Hence, it is
interesting to investigate whether ADN and fertilizer N produce the same effect on farmland
acidification. However, it is difficult to evaluate the contribution of different N sources from soil,
fertilizer and atmospheric deposition using traditional methods, such as the control experiment of no
N addition.'**

In China, soil acidification is a major problem in agricultural soils, especially in (sub-) tropical
regions.'” Red soils are widely distributed, accounting for over 20% of the country’s total land
area.”’ The red soils of China are highly weathered, inherently infertile, generally acidic, and
deficient in most essential nutrients.** Large amounts of organic matter and nutrients are lost from
the cultivated land,” making the agro-ecosystems fragile. It has also been observed that ADN is
higher and ADN composition also changing in the red soil regions,*** indicating the necessity to
evaluate the effects of ADN on soil acidification in red soil fields.

A dynamic content of soil solution chemistry could typify the key progress of soil chemical
changes. Usually, a soil column leaching stimulation is used to discuss progresses of soil
acidification, nitrification and so on. > The key factors are the method of adding the solution, and
the operability of the leaching setup. Most researchers add their solutions with the same quantity

26,28

and the same speed during the whole experimental process, meaning that real environmental

information, such as precipitation, cannot be simulated. As for the leaching setup, soil chemistry is
often studied in different soil depths while soil solution chemistry focuses on the leachate.”2%**
However, a multistage soil solution and its chemistry are rare for the limit of the leaching setup. An

29,30
d,

in-situ soil solution sampler is feasible in fiel which helps to overcome the limit.

N isotope-labeling is the best way to explore N source and distribution.'*”'!

This technique can
be applied to soil columns and plots for a short-time scale for research into ADN on the soil
acidification of farmland.'® The advantage of '°N isotope-labeling is that it can be used to calculate
the amounts of acid produced by marked N to work out the proportion of the acidification attributed
to ADN. In order to identify the major processes driving the solution chemical responses of a red

soil field in under pressure from ADN and its composition, a soil column leaching experiment has

been done with an improved leaching setup and the application of the "N isotope-labeling
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technology in this study. This information is important for future modelling and assessment of

ecological critical loads of ADN and its effects in red soil farmlands.

2 Materials and methods

2.1 Materials

2.1.1 Experimental soil

Representative soil samples from the Yingtan station, developed from the quaternary red earth,
were collected sequentially from the upper 0-20 cm, middle 20-40 cm and lower 40-60 cm soil
layers in farmland for the experiments. The soils were collected using a plat shovel by a
cross-section method in three fields. The samples were air dried under shade, ground, mixed
thoroughly, and sieved through a 2-mm mesh. The soil samples were analyzed for basic soil
properties including soil pH value, soil bulk density (SBD), water holding capacity (SWC), organic
matter (SOM), available nutrients including N, phosphorous (P) and potassium (K), base cations
(BCs) including K, sodium (Na), calcium (Ca) and magnesium (Mg), total exchangeable bases
(TEB, sum of BCs), cation exchange capacity (CEC) and base saturation (BS).** The details are
shown in Table 1.

2.1.2 Simulated ADN solution

Based on regional long-term monitored data by our group,'®**

the average values of annual
rainfall, pH in precipitation, ADN and its NH; /NO;  ratio were 1785 mm, 4.5, 31 kg ha™! yr'1 N and
2.5, respectively for the 2004-2012 period. Considering atmospheric dry inorganic nitrogen
deposition, the bulk inorganic deposition flux reached 92 kg ha” yr' N.** Thus, two group
experiments were conducted: 1) simulated ADN composition change with a stable flux (90 kg ha™
yr'' N): with NH;"/NO;™ ratio 1:2, 1:1, 2:1 and 4:1 (four treatments in total); and 2) simulated ADN
flux increase with stable composition (NH;'/NO5 ratio 2:1): 30, 60, 90 and 120 kg ha™ yr' N (four
treatments in total). Every treatment above was carried out in triplicate. All simulated ADN
solutions were set at pH 4.5 and made from SNH4CI, "NH,*NO;, Na'°>NOs;, NaCl, HCI and

deionized water. The '°N enrichment is 10% in all three of the "*N-labelled chemicals. In addition, a

control treatment (0 kg ha™ yr'' N) was also set at pH 4.5 and made from NaCl, HCI and deionized
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water.

2.1.3 Soil column setup

The improved column setup is shown in Fig.1. The detailed setup was as follow: a total of 27
PVC pipes (15 cm inner diameter, 65 cm length) were used to contain three-layer prepared
agricultural red soil samples. A porous plate was fixed at the bottom end of each pipe. Five layers of
filtering materials (silica sand in the middle and two pieces of paper filters both on top and bottom)
were placed on a porous plate to filter the effluents and to prevent soil leakage. The prepared
three-layer soil samples were poured into the pipe in the order of the same layer in the farmland. At
the same time, two in-situ soil solution samplers were placed between two soil layers (between 0-20
cm and 20-40 cm, and between 20-40 cm and 40-60 cm).

2.2Methods

2.2.1 Simulated ADN Progress

Before the ADN progress, the prepared soil columns were placed into a pool with deionized
water for ten days to ensure adequate soil condensation. The total ADN solution of 29.14 L in a year,
converted into 1665 mm annual rainfall, was added with a sprayer at the end of each month for each
soil column. The detailed simulated ADN contents are shown in Table 2. The monthly simulated
ADN solution lasted 24 h each time. A protective film with small punctures was applied to the top
of the PVC pipes to prevent the rapid evaporation of water from the soil columns. Both sets of
experiments began on January 30™ 2013 and lasted for 12 months.

2.2.2 Sampling and analysis

Soil solutions at depths of 20 and 40 cm in the soil columns were collected using the in-situ soil
solution samplers, and soil solutions at depths of 60 cm were collected by Erlenmeyer flasks once
the simulated N deposition solution was finished every month. The soil solution pH value was
measured using an IQ 150 pH meter (Spectrum Technologies, INC., USA) immediately.
Exchangeable aluminum (Al) and BCs were analyzed using an inductively-coupled plasma
spectrometer (Optima 8000, PerkinElmer Inc., USA). NH;'-N and NO;3-N were determined using a
continuous flow analyzer, AutoAnalyzer 3 (Bran-Luebbe Inc., Germany). The samples with BN

isotopic were from these soil solutions in the depth of 60cm. The "N atom enrichments (%) of soil
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solutions were detected using a stable isotope mass spectrometer (Elementar Isoprime 100,
Isoprime Ltd., UK) at the State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil
Science, Chinese Academy of Sciences. Before that, solution NO3;-N was converted into gaseous
N,O by Cadmium particles which were coated with copper under the condition of solution
pH=4.77*
2.2.3 Calculation
The values of main irons in the depth of 60cm were defined as their removals, which were
calculated by the formula (1):
Ri=CitVii-CioVio (D
Where R; is the removal of the i iron of the t treatment (mg column N), Ci; and Cjy were the
i concentrations of the t and the control treatments (mg L™ N), Vi and ¥}, was the solution volumes
of the t and the control treatments (L column'l), respectively.
The loss of "NO5™-N (ISRJ») was calculated by the formula (2):
CREECY] &)
where "°R; was the '"NO;y™-N loss (mg column™ N), E; ,C; and ¥; were the '°N atom enrichments
(%), NO5™-N concentrations (mg L' N) and the solution volumes (L column’l) of the j treatments,
respectively.
2.2.4 Statistical analysis
The statistical program SAS 9.0 was performed for all data analyses. A one-way analysis of
variance (ANOVA) was used to test for differences (p<0.05) in soil solution pH, NO;™-N, A*Y, BCs,

TEB and molar ratios of AI*"/TEB across different ADN fluxes and compositions.
3 Results
3.1 pH value

With the increase of ADN flux (0-120 kg ha™ yr' N) when the NH,"/NO;™ ratio was kept
stable (2:1) and NH,"/NO;" ratio when its flux was 90 kg ha™! yr'1 N, solution pH values declined at
every soil depth (Figs.2a, 2c). Fig.2a also shows that in all three soil depths, pH values declined

significantly (p<0.05) when ADN flux was beyond 60 kg ha™ yr'1 N. When NH,4 /NO5’ ratio ranged

6
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from 1:2 to 4:1, pH values also declined significantly (p<0.05) at the upper soil depths (20 and
40cm) while the same variation was found at the 60cm depth when NH,/NO; ratio ranged from
2:1 to 4:1 (Fig.2c). As for different soil depths of the two experiments, there were no differences for
solution pH values between the two shallower depths (20 and 40 cm), which were obviously lower

than those at the 60 cm depth.

3.2 Inorganic N

NH,4"-N was not detected in all of soil solution samples throughout the whole experiment.
With the increase of ADN flux (0-120 kg ha™ yr' N) when the NH,"/NO;" ratio was kept stable
(2:1), solution NO5™-N values increased in all soil depths (Figs.2b). Moreover, when ADN fluxes
were beyond 60 kg ha™ yr' N, there had significant differences (p<0.05) between the ADN flux
treatment and the control. Though the similar difference was found between the NH; /NOs™ ratio
treatment and the control, there had no significant differences among the four treatments of
NH,'/NO;™ ratio (Fig. 2d). Additionally, NO3-N concentration at the 60 cm depth ranged from
2.14-14.47 mg L™ N (Figs. 2b and 2d), so some of the samples exceed the drinking level of 10 mg
LN, especially when ADN flux is beyond 60 kg ha™ yr N. This indicates that ADN might create
a risk to human health.

As for NO3-N removals and "NO5™-N loss, they increased linearly (p<0.05) with the increase
of ADN flux (Figs. 3a and 3b; Table 3) while the increase of NH, /NO;" ratio increased them a little
(Figs. 3c and 3d; Table 3). During the whole ADN flux experiment, NO3-N removals were in the
range of 33.54-157.27 mg column™ N, accounting for 63.28%-74.85% of total N additions from the
simulated ADN solution (53.01-157.27 mg column™ N). ’NO;3-N loss ranged from 3.25-14.92 mg
column™ N, accounting for 9.48%-10.40% of total "N addition from the simulated ADN solution.
During the whole experiment of NH,/NO;™ ratio, NO;-N removals and 15NO3'—N loss were in
ranges of 116.28-125.76 and 11.35-12.27 mg column™ N, accounting for 73.11%-79.09% and

9.71%-10.31% of total N and "N addition from the simulated ADN solution, respectively.

3.3 A" and BCs

3.3.1 Concentrations
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With the increase of simulated ADN flux when the NH, /NO5™ ratio was kept stable (2:1), there
were increased trends for solution A", BCs and TEB concentrations at the three soil depths (20, 40
and 60 cm, Table 4). AI*" concentrations under the ADN flux treatment (60 kg ha™ yr'' N) averaged
18.58 and 29.67 mg L at the two depths of 20cm and 40cm, respectively, which significantly
higher (p<0.05) than those under the control. Similarly, at both 20cm and 40cm depths, Ca™, Mg%,
K" and TEB concentrations under the ADN flux treatment (60 kg ha” yr' N) were significantly
higher (p<0.05) than those under the control. At the 60cm depth, there had significant differences
for AI*", Mg2+ and K" concentrations between treatments of the ADN flux (90 kg ha™! yr'1 N) and
the control and those for Ca*" and TEB concentrations between treatments of the ADN flux (60 kg
ha™ yr' N). At all three depths, Na™ concentrations under the ADN flux (120 kg ha™ yr'' N) were
significantly larger (p<0.05) than other four treatments and there had no difference among the four

treatments.

In the experiment of ADN composition (NH,;'/NO;  ratio ranged from 1:2 to 4:1, ADN kept 90
kg ha' yr'1 N), the increase of NH,"/NO;  ratio raised solution concentrations of AP * BCs and TEB
at all the three soil depths (Table 5). A" concentrations under the NH;/NO; ratio (2:1) averaged
23.95, 3433 and 19.09 mg L' at the 20cm, 40cm and 60cm depths, respectively, which
significantly higher (p<0.05) than those under the NH,'/NO3™ ratio (1:2). At the 20cm and 60cm
depths, Ca*", Mg®", K" and TEB concentrations under the NH;"/NO5 ratio (2:1) were significantly
larger (p<0.05) than those under the NH; /NOs™ ratio (1:2) while significantly lower (p<0.05) than
those under the NH,'/NOj3 ratio (4:1), which was similar to concentrations of K™ and TEB at the

40cm depth.

AP’"/TEB ratio was a comprehensive and important index for red soil solution chemistry. In the
control, the ratios were 2.3%, 4.3% and 1.8% at the 20cm, 40cm and 60cm depths, respectively.
Whatever the increase of ADN flux and NH;'/NO5™ ratio, the AI’"/TEB ratios increased (Tables 4
and 5). Moreover, AI*"/TEB ratios were higher significantly (p<0.05) than that under the control at
the three depths when ADN flux was beyond 60 kg ha™ yr' N. When NH;/NOs ratio ranged from

2:1 and 4:1, AI’*/TEB ratios were larger significantly (p<0.05) than that under the control at the

Page 8 of 24
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three depths.
3.3.2 Removals

AP’ removal was significant (Fig. 4 and Table 3). When ADN flux ranged from 30 to120 kg
ha' yr! with the stable NH,/NO;™ ratio (2:1), AI’* removals were in the range of 0.9-11.0
mg/column. There had significant differences (p<0.05) among the three treatments (30, 60 and 120
kg ha™ yr'! N) while the treatment (90 kg ha™ yr N) had no differences with the two treatments (60
and 120 kg ha™ yr'' N), respectively (Fig.4a and Table 3). When ADN kept 90 kg ha™ yr' N, high
NH,"/NO5 ratio treatments (2:1 and 4:1) significantly (p<0.05) mobilized AI’* in the soil, but AI**
removal was similar between the two treatments (Fig.4b and Table 3). In the whole process, their
A’ removals are 8.9 and 9.6 mg column™, respectively, higher than (p<0.05) those under the other

two NH4 /NO;  ratio treatments.

Extractable BCs removal was dominated by Ca** (Figs. 5 and Table 3). In the ADN flux
experiment, Ca’" removals were in the range of 27.5-146.8 mg column”, accounting for
68.9%-75.6% of the corresponding TEB, while K removal is the lowest (from 1.0 to 9.0 mg
column™, only accounting for 2.6%-5.6% of the corresponding TEB). Compared with the control,
Ca*" removals increased by 17.11%, 38.51%, 52.96% and 91.17% in the 30, 60, 90 and 120 kg ha™!
yr'' N treatments, respectively. When the flux was beyond 60 kg ha™ yr' N, both Mg*" and K
removals increased significantly, and showed obvious differences (p<0.05) to the other two
treatments (30 and 60 kg ha™ yr' N, Table 3). Na” removal in the 120 kg ha™ yr' N treatment was
higher (p<0.05) than those in the other three treatments, which showed little variation amongst

themselves (Figs. 5a-5d; Table 3).

Similar to the ADN flux experiment, extractable BCs removal was dominated by Ca®" in the
ADN composition experiment (Figs. 5e-5h; Table 3). Over the whole process, Ca>" removals were
in range of 49.6-124.3 mg, accounting for 68.9%-80.8% of the corresponding TEB, while K"
removals were the lowest (1.3-10.8 mg, accounting for 2.1%-6.2% of the corresponding TEB).

Difference analysis showed that all the Mg”", Na” and TEB removals in the treatment (NH,/NO;”
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ratio 1:2) were significantly lower (p<0.05) than those in the other three treatments, while both Ca**
and K" removals in the treatment (NH4 /NOs™ ratio 1:2) were also significantly lower (p<0.05) than

those in the 2:1 and 4:1 NH4 /NO;  ratio treatments.

4 Discussion

The "N isotope-labeling technique was used to distinguish the N elements from the ADN and
soil N. From the '°N abundances, NOy-N concentrations, and solution volumes at the 60 cm soil
depth, "NO3-N loss account 9.76%-10.31% for the corresponding NO3-N removals. In the
simulated ADN composition experiment it accounts for 9.49%-10.40% of the corresponding
NO;™-N leaching (Figs. 3b and 3d), which is similar to the >N abundance (10%) of the ADN
solutions. This result indicates that '°N isotope-labeling is a feasible tool in the column-leaching
experiments. However, the "°N price, including the sampling and analysis fee, is ~20-30 times than
that of unlabeled N, which may be the main reason that '°N isotope-labeling is not widely used.
Another important reason for underuse of the technique is that most researches focus on forest and
grass soils.”>** For these soils, ADN is the exogenous N, so it is easy to distinguish the two N
sources from ADN and soil N using a conventional experiment. However, in farmland soils,
exogenous N includes ADN, fertilizer N and irrigation N, so is difficult to identify the exogenous N
using a conventional experiment. Thus, it is necessary to apply the '°N isotope-labeling technology
into studies of agricultural soils.

Soil NH4 -N absorption and leaching depend on cation exchange, the fixing capacity of soil,
the concentration of other cations in solution and so on.?”***¢ In our study, solution NH,-N
concentrations were not detected in the two experiments, which was in agreement with other
findings in red soil, China.”®* The possible reasons were as follows:

1) Soil adsorption. Generally, red soil is clay and a variable charge soil. The surface of the clay
minerals is negatively charged, which absorbs NH;-N to the surface and further to make it
immobilized from soil solution. Chang et al.*’ found it was remarkable that red soil absorbed
NH, -N and the rate of absorption was quick (only 30min).

2) Other cations. BCs especially for Na" and Ca** leaching benefited to NH, -N fixation in
10
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$0il.** In the study, Na" was one of balance cations in simulated ADN solution. Moreover, Ca*"
concentrations under treatments of ADN flux and its NH,/NO;  ratio were higher than those under
the control (Tables 4 and 5). Both Na* and Ca®" trended to increase distances of crystal layers, ****
which benefited to NH, -N fixation and reduce concentrations of red soil solution NH4 -N.

3) Nitrification. Ammonium and soil pH are the most important environmental factors that
influence soil nitrification.*** Some studies showed that nitrification was rather weak in acidic soil
with lower pH.40’41 However, recent studies found that nitrification still affected in acidic farmlands
with pH values of 4.4-4.9°*** 1t indicated that there were still ammonia-oxidizing archaea
communities or higher pH values in parts of soils though the averaged pH values (the measured
values) were low in the soils.”® In the present study, NO5;™-N removal under the conditions of ADN
flux (90 kg ha yr' N) and the NH,"/NO;™ ratio (1:1) was 118.6 mg column™ N (Table 3),
accounting for 74.57% of total N addition (NH4;NO3, 159.04 mg column™ N) . In theory, NO3;-N
removal was 79.52 mg column™ N, which was lower than the measured value (118.6 mg column™
N). This indicates that the nitrification might affect ~ 29.52 mg column™ N, accounting for 18.56%

of total N addition (NH4NO3, 159.04 mg column™ N) in the progress. The detailed and real

mechanism still need to discuss for the red soil nitrification in the further.

4346 Wwhile effects of

At present, related ADN critical load has mostly focused on ADN flux
ADN composition have been ignored. It was evaluated that the ADN critical load was 40 kg ha™
yr'' N for soil acidification in south China.*>*” In this paper, the key NH,"/NO5 ratio was found to
be 2:1 and the key ADN flux was 60 kg ha™ yr' N for the red soil solution chemistry. This suggests
that these two key indices could be the ADN thresholds for farmland acidification. The NH;/NOs”

ratio also declined in China,'? hence ADN composition should be an important index for ecological

critical load models in future research.

Though soil solution chemistry is a significant index for evaluating soil acidification, there is
still a need for more information from soil chemistry including pH value, AI**, BCs, CEC, soil
buffering capacity, N status and plant growth. Some research in forest and grass soils has shown

that ADN, especially for NH,'-N addition, appears to promote the speed of nitrification, increase

11
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soil net N mineralization, and consequently decrease soil pH value, and increase BCs removal and
AI’" concentration to further accelerate the process of soil acidification.'® ** Related research in

farmland red soil will be published in due course.
5 Conclusion

Leaching experiments with an improved setup were done for discussing effects of ADN on
agricultural red soil solution chemistry. In the experiment, different precipitation intensities were
simulated, which is more representative of the real situation. Moreover, the "°N isotope-labeling
technique was used to distinguish the N elements from the ADN and soil N. The results showed that
there are decreased trends for solution pH values, and increased trends for solution NOs™-N, Al
BCs and TEB concentrations at the three soil depths (20, 40 and 60 cm) when ADN fluxes or

NH,'/NO5™ ratios in ADN composition increased. ’NO3-N loss account 9.76%-10.31% for the

corresponding NO3™-N removals, which is similar to the "N abundance (10%) of the ADN solutions.

As for iron removals, AI’" removal was significant. Extractable BCs removal was dominated by
Ca®*, which accounting for 68.9%-80.8% of the corresponding TEB. In general, the key points
were 60 kg ha™ yr' N for ADN flux with the stable NH,"/NO;™ ratio (2:1) and 2:1 for NH;"/NO5
ratio in ADN composition with the kept flux (90 kg ha™ yr' N), respectively. That’s to say, the
possible ADN critical load for red soil acidification were 60 kg ha™ yr'' N for ADN flux and 2:1 for

NH,/NO5’ ratio in ADN composition in the farmland, separately.
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1

2

; 385 TABLES

g 386 Table 1 Red soil chemical properties

; Soil layer SBD SWC SOM AN (mg kg'l) BCs (cmol (+) kg'l) CEC TEB BS
pH

20 (cm) (gem™) (%) (g kg’) N P K K" Na" Mg Ca®" (cmolkg") (%)

g 0-20 4.56 1.34 23.05 9.32 46.8714.27195.0 0.350.16 2.21 0.52 18.82 3.24 17.2

ﬁ 20-40 4.67 1.41 26.28 3.76 18.03 0.80 82.5 0.220.16 2.14 0.36 18.41 2.88 15.6

ig 40-60 4.75 1.45 3130 3.66 21.63 1.32 57.5 0.180.13 2.17 0.35 19.69 2.83 14.4

17 387

18

19 388 Table 2 Addition of ADN every month in 2013 (unit: kg ha™ month™ N)

g; Treatment® Jan® Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
gi 0 0 0 0 0 0 o 0 0 0 0 0 0

gg 30 145 236 336 427 509 509 1.64 218 1.09 0.82 1.45 1.18
% 60 291 473 6.73 855 10.18 10.18 3.27 436 2.18 1.64 291 2.36
ég 90 © 436 7.09 10.09 12.82 1527 1527 491 6.55 3.27 2.45 436 3.55
g; 120 582 945 13.45 17.09 2036 2036 6.55 8.73 436 3.27 5.82 4.73
gi 389 Note: a) The unit of every treatment was kg ha™ yr'' N. The N rates of these five treatments were
gg 390  converted into 53.01, 106.03, 159.04, 212.05 mg/column, respectively.

g; 391 b) Jan—Dec were the abbreviations for 12 months in one year. The corresponding volumes of the

39 392  monthly solutions were 1.4, 2.3, 3.3, 4.2, 5.0, 5.0, 1.6, 2.1, 1.1, 0.8, 1.4 and 1.2 L, respectively,
41 393  converted into 79, 130, 187, 238, 283, 283, 91, 119, 62, 45, 79 and 68 mm rainfall every month.

43 394 ¢) The monthly ADN additions were performed for the group experiment of simulated ADN
45 395  composition change with NH.,/NOs ratios of 1:2, 1:1, 2:1 and 4:1.

47 396

59 15
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397 Table 3 NO;-N, P’NO;-N, AI**, and BCs removals under different atmospheric deposition N
398 fluxes and its NH4"/NOj; ratios (Units: mg column'l)
399
Treatments NO;-N  PNO;-N AP’ Ca®®  Mg™ K Na' TEB
30 33.54c 3.25¢ 093¢ 27.54c 503b 098c 4.72c¢c 38.26¢c
ADN flux 60 73.86Db 7.43b 235b 61.99b 7.92b 293bc 11.75b 84.59b
(kgha'yr'N) 90 119.05ab 12.38a 8.95ab 8525b 2l.14a 6.94b 1027b 123.60ab
120 157.27a 1492a 11.00a 146.76a 23.37a 9.05a 43.18a 22235a
1:22 116.27a 11.35a -0.73c¢ 49.58c 550c 127c¢c 5.04c 61.39¢c
1:1 118.64a 12.16a 4.81b 6528bc 11.87b 3.67bc 9.18b 90.01b
NH,/NOj" ratio
2:1 119.05a 1227a 895a 8552b 21.14a 694b 1034b 123.94ab
4:1 125776 a 1221a 9.56a 12434a 26.00a 10.84a 11.97a 173.16a

400

401

402

403

Note: CK indicates the control. Data followed by the same letter(s) in the same columns are not

significantly different at p<<0.05. This also applies to Tables 4 and 5. The leachate amounts were 1.4,

2.3,33,42,5.0,5.0,1.6,2.1,1.1,0.8,1.4and 1.2 L columns’ during Jan—Dec, respectively.

16
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Table 4 Effects of ADN flux on AI*", BCs and AI’"/TEB of red soil solutions at different depths

Soil Al BCs (umol L™)
ADN flux TEB  AI’/TEB
layer (umol
(kg ha™ yr' N) Ca*" Mg** K" Na"  (umol L™ (%)
(cm) LY
0 569c 79.72d 20.98d 48.67c 95.66b 245.04d 23c
30 11.17¢ 12230c 35.68c 69.04b 99.74b 326.75¢ 3.4b
20 60 18.58 b 149.52bc 50.93b 92.08a 108.53b 401.06b 4.6a
90 23.95ab 176.48ab 59.99ab 96.85a 110.93b 444.25b 54a
120 28.14a 197.90a 68.67a 101.73a 159.13a 527.43a 53a
0 15.04¢c 151.02c 46.69c 32.81d 11832b 348.84c 43b
30 20.43 be 200.38 bc 63.93bc 4227 cd 129.55b 436.13bc 4.7b
40 60 29.67b 247.62b 75.14b 46.62bc 131.96b 501.33b 59a
90 35.15ab 257.45b  83.32ab 57.05b 125.63b 523.46b 6.7a
120 45.00a 338.83a 104.43a 74.12a 191.08a 70847a 6.4a
0 7.20b 202.10d 52.14b 21.73b 119.57b 395.55d 1.8b
30 9.05b 244.04cd 61.94b 2324b 125.04b 45427cd 2.0b
60 60 10.19b 275.48bc 65.51b 24.53b 128.33b 493.85bc 2.1b
90 19.092a 306.80b 87.14a 28.49a 124.09b 546.52b 3.5a
120 20.32a 371.62a 97.0la 30.16a 173.58a 672.37a 3.0a

17
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407  Table 5 Effects of ADN composition (NH4+/NO3' ratio) on Al3+, BCs and AI’"/TEB of red soil
408  solutions at different depths

©CoO~NOUTA,WNPE

NH, /NO;  AI¥ BCs (umol L) TEB AI’/TEB
Soil layer

ratio (umol L™ Ca*" Mg K" Na“  (umolL™") (%)

CK 5.69d 79.72d 20.98d 48.67c 95.66b 245.04d 2.3d

1:2 16.56 ¢ 147.74c 42.16¢c 7831c 113.33a 381.54c 43¢

20 cm 1:1 16.84 ¢ 146.80 ¢ 50.27bc 81.22¢ 103.75a 382.04c 4.4c

2:1 23950 176.48b 59.99b 96.85b 110.93a 444.25b 54D

4:1 34.30a 237.78a 80.22a 106.78a 114.08a 538.86a  6.4a

CK 15.04d 151.02¢c 46.69c 32.81d 118.32b 348.84c 43¢

1:2 26.94 c 235.65b 72.78b 45.39c 130.71a 484.52b  5.6b

40 cm 1:1 28.70 ¢ 239.55b 77.17b 49.13c 122.50a 488.36b  59b

2:1 3433 b 259.55b 83.32b 57.05b 125.11a 525.04b 6.5a

4:1 41.46 a 329.79a 99.79a 63.93a 12595a 619.45a 6.7a
CK 7.20 ¢ 202.10d 52.14c¢ 21.73c 119.57b 39555d 1.8bc

1:2 6.43 ¢ 26596¢c 62.27c 23.52c 117.60b 469.34c l4c

60 cm 1:1 11.95b 288.77bc 72.06 ¢ 2534 c 121.30ab 507.47bc  2.4b

2:1 19.09 a 307.51b 87.14b 28.49b 124.32ab 547.46b  3.5a

4:1 20.29 a 361.74a 96.96a 32.17a 127.58a 618.45a 33a

409
410

18



Page 19 of 24 Environmental Science: Processes & Impacts

<4 Sprinkling of simulated
ADN solutions

©CoO~NOUTA,WNPE

<«—— Top layer of red soil

20
15 cm (0-20cm)

The in-situ soil
19 .
solution sampler

21
22

24 65cm 20cm
25 <«——— / Middle layer of red soil
26 (20-40cm)

30
31
32
20cm| .
35 <« Lower layer of red soil

36 (40-60cm)

39 X Layers of silica sand
2¢ and paper filters

&

42 L Porous acrvlic nlate

A

Glass funnel

30 ¢« Erlenmeyer flask

411
57 412 Fig. 1 Schematic sketch of the experimental setup.
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Red soil depth (cm)

"N (mg L' N)
60 &= 90 [T 120

ADN fluxes (kghayr'N) [_]0 NN 30

Fig. 2 Atmospheric nitrogen deposition (ADN) on solution pH value and NOj;™ concentration at
different red soil depths. a-b in the up-left were effects of ADN flux with a stable composition
(NH4 /NO; ratio was 2:1) and c-d were effects of ADN composition (NH,; /NO;™ ratio) with a
stable ADN flux (90 kg ha™ yr' N), respectively. The vertical bars denote standard errors. These

letters of a, b, ¢, d and ¢ in the right of the vertical bars indicate the difference with 5% level (n=36).

_

J
\\\\\\\

NN

N
o

Red soil depth (cm)
'S
o

NO, -N (mg L' N)
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Continuted Fig. 2
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A** removals (mg column™)

a)

ADN fluxes (
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x i

*

12

b)

NH,"/NO,’ ratios
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—A— 21
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Fig.4 Cumulative dynamics of AI’" removals.

NH,4'/NO;  ratio, respectively.
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Human activity has significantly altered the global nitrogen (N) cycling in the last
several decades, resulting in increased atmospheric deposition N (ADN) worldwide.
Existing research focuses on the quantification of ADN flux in agroecosystems, and
the negative effects of ADN on soil acidification and ecological degeneration in forest
ecosystems. However, related ADN composition research, especially in agricultural
ecosystems, is still in its infancy. This study manages to provide an improved
experiment setup to study effects of effects of ADN and its composition on red soil
solution chemistry of a farmland, which is useful for future modelling and assessment

of ecological critical loads of ADN and its effects in red soil farmlands.

Page 24 of 24



