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Abstract

Excess of water irrigation and fertilizer consuroptby crops has resulted in high soil

nitrogen (N) losses and underground water contammaot only in China but

worldwide. This study explored the effects of $oiinput, soil N output, as well as

the effect of different irrigation and N- fertilizenanagements on residual N. For this,

two consecutive years of winter whed@itificum aestivuni.) —summer maizeZea

maysL.) rotation was conducted with: N applied at ONga* yr %, 420 kg N ha

yrtand 600 kg N ha yr*under fertigation (DNO, DN420, DN600), and N apgla

0 kg N ha' yr'* and 600 kg N hd yr* under flood irrigation (FNO, FN600). The

results demonstrated that low irrigation water comgtion resulted in a 57.2% lower

of irrigation-N input £<0.05) in DN600 when compared to FN600, especially

rainy year like 2015-2016. For N output, no sigrafit difference was found with all

N treatments. Soil gaseous N losses were highhelated with fertilization§<0.001)

and were reduced by 23.6%—-41.7% when fertilizerds decreased by 30%. Soil N

leaching was highly affected by irrigation and ght@r reduction was observed under

saving irrigation (reduced by 33.9%—-57.3%) thananraptimized fertilization
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(reduced by 23.6%—-50.7%). The net N surplus wasfgigntly increased with N

application rate but was not affected by irrigaticmatments. Under the same N level

(600 kg N ha' yr'h), fertigation increased the Total Nitrogen (TNjct by 17.5%

(0—100 cm) as compared to flood irrigation. Thessilts highlighted the importance

to further reduction of soil N losses under optiedifertilization and irrigation

combined with N stabilizers or balanced- N ferétibn for future agriculture

development.

Keywords: fertigation; nitrogen cycling; soil N losses; wen wheat—summer maize

rotation; northern China

Main findings:

Soil gaseous N (NEI N;O, NO, etc.) emissions were highly simulated by N

fertilization while nitrate leaching was mainly efted by irrigation measurement.
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1 Introduction

Globally, fertilized croplands have been provethéahe major source of nitrogen

pollutants, such as ammonia (BHnitrous oxide (MO), nitric oxide (NO) and nitrate

in water (Cuiet al, 2014a; Faret al, 2018). There is little doubt that fertilized

croplands are substantial cause of driving thes@®e in soil nitrogen (N) losses (Yan

et al, 2015). Ammonia loss is highly correlated to N laggtion rates and was

reported to be around 3.2 Mg per year in China (idwe al, 2012). The overuse of

N fertilizer in agriculture results in high soil 8irplus (i.e., 200-400 kg N Ha

which is closely linked to pO and NO emissions (&t al, 2006; Cheret al, 2014).

Nitrate is very mobile in soil and can be lost bgdhing through water movement

(Gioacchiniet al, 2002), resulting in heavy groundwater contamoratAccordingly,

prevention of N losses through optimized farminggtices especially in high

intensity cropping systems is of great significance

Northern China, the most important and intensitieceal crop production regions

in China, is an area of annual winter whédatt{cum aestivuni.)-summer maize

(Zea mayd..) rotation cycle (Yaret al, 2015). Unfortunately, intensive agricultural
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systems are still inefficient in N fertilizer ussr¢und 50%—70% of fertilizer N is lost

to the environment) (Jet al, 2009). Moreover, reactive-N losses\N NO, NH;,

NOs; —N leaching) possess potential pressures on uralerdiwater environment, air

quality and regional or global GHG—driven climatenge (Zhangt al, 2020). In a

semiarid area like northern China, crop yield, eggly winter wheat is very

dependent on irrigation pumped from deep groundwdteanget al, 2017). Heavy

irrigation with low water use efficiency also casa$¢O; to enter into deeper soils

and groundwater or sometimes it is permanently([Ostrell et al, 2012). Therefore,

various farming measures have been taken sincest69@duce irrigation water and

N fertilizer consumption, and maintain high croplgis, especially in northern China

(Zhanget al, 2019).

Drip irrigation, as an efficient irrigation and féization measure, contributes to

high crop water- and N- use efficiency (Farnesslial, 2015). Nitrate leaching and

N2>O/NO losses under fertigation were found to be loivan with furrow/flood

treatments (Koochelgat al, 2014; Mariset al, 2015). The reasons might be 1) only a

circular area wetted by the drippers has increasgdities of nitrifying and
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denitrifying bacteria which stimulates;® and NO production (Trogt al, 2014),

and 2) highly efficient water and fertilizer utiéizon within root zone (Kennedst al,

2013). Despite the identified relationships betwmeproved irrigation management

and reduced nitrate leaching angONemissions, knowledge about the soil N cycling,

ammonia losses and NO losses under fertigatiomtdogy is still limited, especially

in semiarid area like northern China. Althougheduction of 11.0% in soil §D and

increase of 14.7% in soil NO were found with femtign during 2015-2016 as

compared with farmers’ practices (Zhagtgal, 2019), we are still interested in

investigating the soil N balance including N inpNtputput and soil N stock changes

to directly reveal the difference between irrigaffertigation regimes.

In the following study, NB N.O and NO losses and soil N stock, as well as crop

N uptake were measured simultaneously in wheatemaiation cycle in northern

China. The aim of the present study is to: (1) meiree which management events are

beneficial for soil ammonia volatilization,® and NO emissions and nitrate leaching

over the cropping years, (2) assess the influehaegation/fertilization



98  managements on soil N cycle and losses, (3) idethid potential changes in field

99  managements to reduce N losses and maintain hoghyoeld.

100 2 Materials and methods

101 2.1 Study area and treatments

102  The study site (36°3437°06N, 117°50-118°10E) was located in Huantai

103 Experimental Station of China Agricultural UniveysiShandong province. Huantai

104  County, the first one to achieve an average grigild pf 15 t ha® after 1990, was

105  typically represented the farming system (an andaable crop rotation of winter

106  wheat and summer maize form), geographical andatéiroonditions, irrigation and

107  fertilization managements (Zhang et al., 2017). iffe&an annual precipitation and air

108  temperature were 596.9 mm and 14.8 °C, respect(Z¢lgnget al, 2020). The

109  physio-chemical properties of the calcareous flagaic soil (0-30 cm) were as

110  follows: bulk density- 1.40 g cr} pH (1:2.5, soil/water)- 7.8; SOC concentration-

111 17.3 g kgh and total N concentration- 1.1 g kg

112 The field study was conducted over 2 full cyclesrOct. 2015 to Oct. 2017 of

113  the winter wheatT. aestivuni.) and summer maiz&( mayd..) cropping system.
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Wheat (Luyuan 502) was sown in mid-October witlow space of 40 cm, and

harvested in early June of the following year. Maikas sown in mid-June with a row

space of 60 cm and harvested at the end of SepteRre®ious maize and wheat

straw were mechanically chopped (length of 5-8 nch2-5 cm, respectively) and

then incorporated in the soil (Huaegal, 2017).

In this study, two factors considered were irrigatmanagement and N application

rate. For both years, two irrigation managementesys- drip irrigation (D) and flood

irrigation (F), and three N application rates- BQdand 600 kg N hayr™ (referred

to as no N application NO, optimal N application2@4and conventional N

application N600) were conducted. In northern Chapimal N applied under flood

irrigation has been much intensively studied duthrggpast years with similar results

and thus is not the subject of this experiment. @&gerimental design of current

study included 5 treatments: DNO, DN420, DN600, Faltd FN600, arranged in a

randomized block design with three replicationscheplot was an area of 10 m length

x 5 m width. The relevant N input and N output eswf another flood irrigation
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treatment with N application rate at 420 kg N’ha™ (FN420) are estimated in

Table S1 in detail.

For drip irrigation, drip lines were installed atpaach crop row (total 12 lines for

wheat and 8 lines for maize). Further details ofege drip fertigation system, time

and amount of each irrigation, fertilization anadhfall in different crop growth stages

for all treatments are described in a previousystdtianget al, 2019). The total

water received and soluble urea fertilizer useandu2015-2017 is represented in

Figure 1.

2.3 Measurement ofo, NO and ammonia volatilization

N>O and NO gas samples were collected using a cldsauber method, and were

analyzed using a gas chromatograph (Agilent 782@fent, US) and a 42i

chemiluminescence NOx analyzer (Thermo Environménsaruments Inc., US),

respectively. The pO and NO fluxes were determined by the linear aiinear

methods (described in Supporting Information) (amal, 2015).

NH3; was measured by Dréager-Tube Method, describedtaildy Pacholsket al.

(2008). The NH concentration was recorded directly by Drageradeteube

10
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(Dragerwerk AG, Germany), which contained a sohdge acid compound and
bromophenol blue pH indicator. The atmospheric qares air temperature, pump
strokes and duration was recorded for the calanaif NH; fluxes (mg N m* h™%)
according to Eqg. (1) (Pacholsdi al, 2006; Pacholsket al, 2008):

Fng=V -|conc.|-107° -pynz -Un -Uk -Uz (1)
where, kg (Mg N m? h™%) is NHs volatilization flux; V (L) is pump volume; |conc.|
(ul L, ppm) is NH concentrationpnns (Mg L™ is NH; density under the condition
(pnH3= 696 mg CY; Un (14/17) is conversion factor of molecular weighunfr NH; to
N; U (m?, 10000/400) is surface area conversion facteihlJ3600/time) is time
conversion factor. Nkiflux was then corrected according to wind spedti@height
of 0.2 m and 2 m, as followed equations:
Wheat season:

In(NH, flux,,- ) = 0.4440n(NH, flux,,, )+ 0.59Q In¥,, (2)
Maize season:

IN(NH, flux,, ) = 0.4560n(NH, flux,, )} 0.7451In§, ¥ 0.280 In¢,.  (3)

11
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where NHsfluxe (kg N ha' h™) was determined by IHF methodzYand \g om (M

s ) represent wind speed at the height of 2 m andn) 2spectively.

2.3 Data calculation

To calculate N input, seven parameters were coresdd® from fertilizer and

irrigation water, straw incorporation, atmosphelgposition (dry and rainfall),

non-bio fixation and seeds. All data were obtaiasdollows:

Fertilizer (Neertilizer), irrigation (Nirigation) and rainfall (Nainfan): Across the two

cropping years, N fertilizer application (urea- 468 irrigation and rainfall events

are all shown in Figure 1. Irrigation water sampulasing each irrigation event, and

rainfall samples during every rainy day were cdéidan cleaned plastic bottles and

stored at —20°C for NFH-N and NQ™—N concentration analysis using a continuous

flow analyzer (TRAACS2000, SEAL Inc., Germany). THenput from irrigation and

rainfall (kg N ha') was determined according to biHN and NQ™-N concentration

(C; mg 'Y and irrigation/rainfall amountQy; mm):

Nirrigation/rainfal = (Cnoz--NtFCnHa+-N)*Q1%10 4)

12
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Straw incorporation|In this study, the N input of wheat straw incaigted in June

2015 was offset by the one incorporated in Jun& 28&re, we did not consider the

N input from previous straw incorporated beforenieze season in Oct. 2015.

During the experimental period, previous straw (athmaize) was collected and

weighed for straw amount ¢kg ha') and then smashed to analyze the N content of

straw @ g kg') by an element analyzer (Flash 2000, Thermo, US.N input

from straw incorporation (kg N iy was determined according to Eq. (5):

Nincorperation =A1xQ>/1000 (5)

Atmospheric dry N deposition §Mosiion: It is defined that gaseous and particulate

N is transported from air to the surfaces of aquatid terrestrial landscapes

(Anderson and Downing, 2006). In northern Chineyaapheric N (wet+dry)

deposition has increased gradually from approxilp&® kg ha' in 1980s to around

80 kg ha’in 2010 (Jwet al, 2009; Zhangt al, 2011). Additionally, the wet N

deposition (i.e., N input from rainfall) rangedinal9.5 to 28.8 kg hayr ™ (Table 1).

And the dry N deposition was especially found up@dcg ha' yr*in northern China

13
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(Liu et al, 2020). Therefore, for the current work, we hagethe value of annual dry

N deposition in northern China at 55 kg N'h@&henet al, 2009).

Non-bio fixation (Mixatior): It ranged from 4.5 to 20 kg Hayr* for

non-leguminous crops (Bouwmanal, 2005). In the current work, we have set a

value of 15 kg N ha yr* for non-bio fixation in croplands (Liat al, 2008).

Seeds (Meqd: The maize and wheat seeds samples were colleatiedeighed.

These were smashed to analyze the N content bieareet analyzer (Flash 2000,

Thermo, US). N input from seeds was calculated raneg to the sowing amount (kg

ha’) and N content (g kg) using Eq. (5):

For N output, we considered crop uptake, ammoniatiiaation (Nyn3), and NO

(Nn20), NO (Nno), N2 (Nn2) emissions, and nitrate leaching. The calculason

presented below.

Crop uptake (Nptakd: Wheat and maize were harvested in each plot andrtin

was separated from the straw. They were weighed e¥ien—drying to calculate the

yield (grain/straw) and smashed to measure therfieat Crop N uptake by wheat

14
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and maize was determined by the grain/straw yiech@®) and N content (g Kd)

according to Eq. (5).

Ammonia volatilization (Ny3), NoO loss (Ni2o) and NO loss (Rb): To more

effectively assess the effect of the alternatiiasrigation and fertilizer managements

on NH;, N,O and NO emissions, the annual cumulative losses @spressed on the

area N bases (kg N H3 and were calculated by summing the daily meaxe®, and

the one of nonmeasurement days which were estinbgtederpolating linearly

between sampling dates (¢tial, 2020).

N2 loss (M2): Houlton and Bai (2009) confirmed that/N-O ratio ranged from

2.2 t0 4.6 at the global scale, while Ciagloal. (2006) reported a value of 4-9 during

21-day incubation period at 40%-80% of WFPS. Basethese previous studies, we

set a seven-fold of fD emitted to evaluate Noss.

Soil total N (TN):The soil samples (0—100 cm) were collected initgies from

each plot in May 2013 (date of original experimentjl in Oct. 2017 and mixed into

one composite sample. The subsamples were air @nedieved through 0.5 mm

15



220 mesh for soil total N concentration analysis withedement analyzer (Flash 2000,
221  Thermo, US). The TN stock (kg N Hawas calculated by Eq. (7),
5
222 TN stock= " p x0.2x10000x ¢, 7)
i=1
223 where p; is soil bulk density ofth soil layer (g crit); ¢; is TN concentration dth

224 soil layer (g kg'); i=1, 2, 3, 4, 5 represents 0-20 cm, 20-40 cm, 4@a6050-80

225 cm, and 80-100 cm soil layer, respectively.

226 N leaching (kg N hd) was calculated as follows:
227 N leaching = (Mertilizer+ Nirrigation+ Nbepositiont NRrainfa + Nrixiation+ Nincorperation -
228 (Nuptake* Nnmz+ Nnzo+ Nno + Nnz) = (TNrinai— TNinitiar) X2/4.5 (10)

229 where, TNyiia iS the soil TN stock in May 2013; ENa is the soil TN stock in Oct.

230  2017.

231 2.5 Statistical analysis

232 In this study, all statistical analyses were perfed using SPSS Statistics 22.0

233  software (SPSS Inc., Beijing, China). A t-tgst 0.05) was used to determine the

234  significant differences in total N input, crop Ntake, soil NH, N,O, NO, and N

16
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leaching, and soil environmental variables betwbertreatments. All values were

expressed as the mean (n=3) and standard erracbfreplicate.

3 Results

3.1 Saoil nitrogen (N) stock

In this study, a 4.5 year (May 2013-0ct 2017) of N stock in 0—-100 cm soil

layer was determined (Figure 2). Large variatioesenfound in different soil layers,

and the TN stock in 0—100 cm soil layer (especial®—60 cm) was significantly

influenced by fertilization (Table 2).

In general, when flood irrigation was replaced wéttigation, soil TN stock

(0—100 cm) was increased by 3.6% and 17.5% witkriNlizer applied at 420 kg N

ha®yrtand 600 kg N hd yr'?, respectively (Table 1, Table S1). Additionallyittw

30% reduction in N fertilizer, soil N stock was degsed by 48.0% under flood

irrigation, while the respective reduction was ByZ%6 under fertigation (Table S1).

Furthermore, TN stock by DN420 and DN600 increasd-60 cm soil layer but

decreased in deeper soil layers, while with FNGDM stock increased in each soil

layer (especially in 40-60 cm soil layer, Figur@ 282, e2). From May 2013 to

17
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266

October 2017, the increase in the amount of meana N stock with different

fertilized treatments varied in the following ordBN600> FN600> DN420 (186.2

kg N ha' yr%) in 0-60 cm soil layer and FN600 >DN600 >DN420%-8kg N ha'

yr1) in 80-100 cm soil layer. This indicated that fiderigation measurements might

result in N movements to deeper soil layer.

3.2 N input and output

Over the two rotation years, chemical N fertilizeas estimated to contribute

65.3%—-72.8% of total N input with all fertilizatidneatments (Table 1). As shown in

Figure 3, during 2015-2016, irrigation N input biNB00 was 57.2% lowep€0.05)

than the one by FN600. N input with DN420 was thedst due to a 30% reduction

in N fertilizer application. During 2016—-2017, anit rainfall (decrease by 32.4% than

the rainfall in 2015-2016) resulted in heavy irtiga water demand for fertigation,

which increased irrigation N input. This led tosignificant difference between N

input by DN600 and FN600. N input by DN420 sigraintly decreased by 27.9%

(p<0.05) and 23.1%pk0.05) as compared to that by DN600 and FN600 extsely,

in 2016-2017. In the 2 years, the N input by DN4P®86.8 kg N ha) was 21.9%

18
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282

(p<0.05) and 23.4%pk0.05) lower than by DN600 and FN600, respectiyébble

1).

All fertilization treatments showed no significatitference in N output (Table 1,

Figure 3). Compared with FN600, DN600 reduce®Mnd N output by 11.4%, but

increased Nkland NO output by 17.6%€0.05) and 14.2%, respectively, in

2015-2016. While, in 2016-2017,0 and N output increased by 12.3% and that of

NH3 and NO increased by 24.3% and 26.9%, respectildigier fertigation treatment,

when there was a reduction of 30% in N fertilizepléed, 22.3%§<0.05) of NH

output, 25.8% of PO output p<0.05), 35.1% of NO outpup€0.05), and 25.8% of

N2 (p<0.05) output decreased when compared with DN&&rtrent, in 2015-2016.

While, in 2016-2017, 25.2% of Nygutput <0.05), 49.1% of B output p<0.05),

40.6% of NO outputg<0.05), and 25.8% of Mutput £<0.05) decreased in

comparison with DN600.

During the 2 consecutive cropping years, optimailigation treatments (DN420

and FN420) decreased MHN,O, NO emission by 23.6%-28.1%, 40.6%-41.7%, and

38.4%-40.6%, respectively, compared with convemtidertilization treatments

19
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292
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298

(DN600, FN600, Figure 4). Fertigation treatmentdld20, DN600) especially

increased ammonia volatilization and NO emissio2®yp%—-28.0% and

20.9%-29.7%, respectively, while decrease® NN,) emission by 11.4%-12.8% in

comparison with flood irrigation (FN420, FN600). Mover, NH, N,O and NO

emissions were significantly stimulated by N féztition especially in maize season

(Table 2, 3). However, no significant interactidfeets of irrigation and fertilization

on season-/annual- NHN,O and NO emissions were detected in this studyléTrab

Allover, these results indicated a higher influen€éertilization on soil gaseous N

losses than that of irrigation treatments.

3.3 Net N surplus and nitrate leaching

Net N surplus is defined as total N input minusWtipait, which reflects the increased

amount of soil TN and increased nitrate (N) leaghiks shown in Figure 3, at the

same N input, no significant difference with redgemet N surplus between

fertigation and flood irrigation was observed. Hoee DN420 showed 48.7%

(p<0.05, 153.3kg N Ha, 2015-2016) and 49.7%<0.05, 175.4 kg N h3,

2016-2017) lower of net N surplus than with DN600.

20
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314

N leaching (0-100 cm) plays an important role iih Bdosses and is estimated by

soil TN stock and net N surplus. Fertigation (DNAROI600) was attributed to

33.9%-57.3% decrease in N leaching than floodatian (FN420, FN600) (Table 1,

Table S1 and Figure 4). However, when N applicatvas reduced by 30%, i.e. under

optimal fertilization (DN420, FN420), 23.6%-50.7%swil N was prevented from

leaching compared with conventional fertilizati@N600, FN600). This indicated a

higher influence of irrigation events on soil Ndaang than fertilization treatments.

4 Discussions

4.1 Effects of irrigation and fertilization on sgiaseous N losses

Nitrogen fertilization greatly stimulated soil gass N (i.e., NH, NoO and NO)

emissions than irrigation measurements (Figure 4).

Ammonia volatilization is affected by the soil ammmacal N concentration and by

the resistance to NHnovement from soil matrix, which is highly corred with soil

NH," concentrationf<0.05, especially within 7 days after N applicafidable S2)

and significantly simulated by N fertilizatiop<0.001, Table 2; Xet al, 2020). In

this study, a 23.6%-28.1% reduction of N¥blatilization was found when N
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329

330

fertilizer applied was reduced by 30% (Figure #)nediate irrigation after

fertilization causes the movement of fertilizertio deeper soil layers, reducing the

concentration of ammoniacal N in surface soil lgyi@ble S3; (Liet al, 2018). For

fertigation, urea was completely dissolved intayation water and then applied to

crop system using a small irrigation water amo&@0O(mm), which was beneficial in

keeping the dissolved urea solution in top soiétay.i and Rao, 2003). Lat al.

(2018) reported that the activity of urease wasrowed and the hydrolysis of urea in

fertigation occurred much more quickly than withetsystems such as flood

irrigation, especially under straw incorporatiomdiion. Above all, a 20.5%-28.0%

higher of NH volatilization under fertigation than flood treant was found in our

study (Figure 4).

In agricultural soil, NO and NO emissions occurred within 7-14 days after

fertilization or irrigation (Zamaet al, 2008). Here, the water filled pore space

(WFPS) during 7—days after irrigation with DN60QarN600 was 68.4% and 77.8%,

respectively (Table S3). Lower soil WFPS was bamafin increasing @

concentration, and in promoting the oxidation of kv NH,OH and NQ", and then
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344
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to NO; (Zhouet al, 2017). Meanwhile, pO produced by nitrification process could

be further oxidized to NO, leading to higher NOdwotion in fertigation (i.e. DN600)

than in flood irrigation (FN600). Many previous dies have proved that NO is

mainly ascribed to nitrification process (Tiahal, 2016) and is highly correlated to

soil NH;"—N (p<0.05) concentration but not to WFPS (Table 3). ifiddally,

nitrification mainly occurred when NOA®>1 (Meijideet al, 2007). After irrigation

events, the NO/pD was >1 in the first 2—3 days under fertigation dINO/NO<1

was observed under flood irrigation treatment (Fegdl). In northern China, nitrifier

denitrification and nitrification were the main pesses to stimulate,® emission,

and accounted for 44%-58% and 35%—-53% of tot&) Bmission, respectively

(Huanget al, 2014). NO emission was highly correlated to NHN (p<0.01),

NO;—N (p<0.05) and NH'-N+NO;—N (p<0.01) concentration (Table 3). This

again highlighted that flood irrigation managemisrtieneficial for the BbD emission

through nitrifier denitrification but inhibited tHeO emission through nitrification

(Tian et al, 2016). Moreover, reduced fertilizer N applicatairectly reduced the
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concentration of soil ammoniacal N, which highlynttuted to gaseous N

mitigation than saving irrigation water.

4.2 Alternative practices affecting residual soitbhcentration

In a cropland, field management, soil pH, tempegatoisture, and texture, micro

and macrofauna affect the residual soil N concéntrgMalhi et al, 2011). In

northern China, no—tillage and straw incorporatio@ the main reasons resulting in

increased soil N concentration (Liabal, 2015). Straw incorporation is a source of

soil organic matter and crop N, and an energy sofmcsoil microorganisms (Malhi

et al, 2011). Furthermore, straw incorporation with ghhC:N ratio is beneficial in

promoting the immobilization of N in soil by micreb (Luxhgiet al, 2007). Also,

no—tillage leads to higher net mineralization artdfitation rates but inhibits

heterotrophic nitrification rates in upper soiléay0-5 cm) (Liuet al, 2017).

Moreover, management-related losses of soil N p@oé prevented and the

conversion of soil N to readily available forms wdserved to be reduced in untilled

soil (Olin et al, 2015).
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In our study, fertigation increased the soil TNc&tby 3.6%—-17.5% (DN420,

DNG600) (Table S1) than the flood irrigation (FN4AEIN600). First, lower soil

moisture (Table S3) in fertigation treatments isved to be beneficial for the

activities of soil microorganisms and also promdkesN transformation from straw

into soil N pool by net immobilization and mineeadtion. This increases the soil

micro biomass, especially under straw incorporatiandition (Bhat and Sujatha,

2009; Dignacet al, 2017). Second, fertigation is observed to contaliowards soil

N accumulation in 0—-100 cm soil layer (especiallP+60 cm) and significantly

reduce the movement of N from surface soil layetdeper layers (Figure S2;

Halvorsonet al, 2008). This indicated the potential feasibilityapplying alternative

managements (i.e., fertigation combined with fezeil N reduction) to prevent the

movement of soil N to deeper.

4.3 Impact of fertigation on soil nitrate (N) leach

N leaching is the main contributor of soil N lossescounting for 10.1%-22.2% of N

loss rates (Cuet al, 2014Db). Liet al.(2014) reported using DNDC model that the N

leaching of farmers’ practice was 128-132 kg N'lya * in flood irrigation. While, N
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377  leaching was 114 kg N Rayr *when the N fertilizer applied was 600 kg N hgr 2,

378 according to the equation estimated by Céeal.(2014). In our study, the N

379  leaching value of 123 kg N Rayr™* of farmers’ practice was observed which was in

380  agreement with the previous studies. ReducedifamiN application not only

381  decreased soil gaseous N (hIN.O, NO,etc) losses, but contributed to soil nitrate

382  leaching reduction (Jet al, 2009). Aberaet al.(2018) reported 7.2%-17.0%

383  reduction in N leaching when 50% of fertilizer—Ncdeased. Our study highlighted

384  that 23.6%-50.7% of N leaching was deceased whémd@Gertilizer N application

385  was reduced (DN420 vs. DN600, FN420 vs. FN60O; feidgh).

386 As shown in section 4.1, saving irrigation manageisee., fertigation was

387  beneficial for nitrification processes, and conitéd to the high accumulation of

388  NOsz —N in soil under fertilized treatments especialiydoi-60 cm soil layer (Figure

389  S2-3; Cameirat al, 2014). Soil N leaching was obviously influencegditigation

390  measurements but not by fertilization (Figure 4nat al, 2018). For instance, Sui

391  etal.(2015) reported that 15%—-37% of N leaching wasiced in fertigation when

392  18%-36% of irrigation water was saved. Also, Pehgl.(2011) found that the N

26



393

394

395

396

397

398

399

400

401

402

403

404

405
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407

408

leaching was decreased by 38%-56% in control tingaas compared with flood

irrigation. In the current study, N leaching wasm@ased by 33.9%-57.3% under

fertigation as compared to that under flood iriigratwith the same N level (DN420

vs. FN420; DN600 vs. FN600; Figure 4). Saving mtign water measurement is thus

a key factor to affect the soil N leaching to deegml layers than fertilization.

Although fertigation can highly reduce N leachitigg high residual N in the soil

presents more potential risks to the environmean teaching (Suet al, 2015).

Therefore, fertigation technology should be recomaeel coupled with alternative

managements to reduce soil N losses and residusah ldxample of the alternative

technique include the use of urease/nitrificatimmbitor combined with N fertilizer

(urea) that could significantly reduce Bliblatilization, and MO and NO production

(Zamanet al, 2008; Zhacet al, 2017). The balanced (reduced) N fertilization

measurements were applied to decrease soil N ghahg@et al, 2011). Although

several such studies are reported, especiallyrittmeam China, more work needs to be

done to develop better water and fertilizer saveapnologies and meet the goal of

sustainable agriculture development in future.
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5 Conclusions

Drip fertigation can reduce the consumption of ugdsund water for irrigation,

which is beneficial for wheat—-maize planting espbygiin semiarid area like northern

China. Compared with 2015-2016, 32.4% decreasaifatl caused 52.8% increase

of irrigation- N input in 2016-2017. Under the salh@pplication level, irrigation

measurement was the key factor to affect soil MHewy (-33.9% — -57.3%) than

fertilization (-23.6% — —50.7%). However, fertilizan was the main factor to

influence soil gaseous N losses (NH23.6% — —28.1%; bD: —20.8% — —41.7%,;

NO: -5.6% — —38.4%) than irrigation (NH+20.5% — +28.0%; pO: —-12.8% —

—-35.8%; NO: -21.2% - +20.9%). The net N surplus sigrificantly increased with

N application rate but not affected by irrigatioeatments, and the lowest one was

found in DN420. Soil TN stock (0—100 cm) was ingee by 3.6%-17.5% when

flood irrigation was replaced with fertigation, Wwehit was decreased by 48.0%—-54.2%

when N fertilizer application was reduced by 30%.bRlance the influence of

fertilization and irrigation on soil N losses, rethg the current irrigation water and N

fertilizer N input would be the most promising aftative management practice in
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northern China. Moreover, N stabilizers or baland¢dertilization and technologies

should be studied and practiced to alleviate ta koil N losses for future

agriculture development.
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Figure captions:

Figure 1 Fertilization, irrigation, rainfall events, totafater received and cumulative

nitrogen applied in fertilizer treatments duringl862017.

Figure 2 Changes of soil total N stock in 0—1m soil laye(al-2) DNO, (b1-2) FNO,

(c1-2) DN420, (d1-2) DN600, and (e1-2) FN600. Ebars represent standard bars

(n=3). Red background denotes soil TN accumulablagk background denotes soil

TN loss. The experiment was conducted in May 20Baur study was started in

October 2017. DNO: drip fertigation without N féiter application; FNO: flood

irrigation without N fertilizer application; DN42@ptimal level of N fertilizer

application and drip fertigation; DN600: conventbfevel of N fertilizer application

and drip fertigation; and FN60O: local farmers’ eage level of N fertilizer

application and flood irrigation.

Figure 3 N inputs, outputs, and net N surplus (total inpui$auts) during 2015-2017

under DN420, DN600, and FN600. Note: Blue barsasgnt the standard error of

total N inputs, red bars represent the standaad efrtotal N outputs, black bars

represent the standard error of net N surpluseb#fit letters above the bars indicate
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significant differences gi<0.05. Definitions of different fertilizer managente

regimes (i.e., DN420, DN600, and FN600) are giveaaption of Figure 2.

Figure 4 The reactive N losses under different fertilizatand irrigation treatments.

The relative data for FN420 (dashed line meansi#t@ was not monitored in situ)

was estimated detailed in Table S1. Red value mib@ngositive (reduction ratio)

efficiency while blue value means the negativer@ase ratio) efficiency. Means:

standard error.
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Figure 2
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659  Figure 4
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662 Tables list:

663  Table 1 Calculation of N balance under different fertiizeeatments in winter wheat—summer maize croppysjem during 2015-2017.

664  Definitions of different fertilizer management rewgs (i.e., DN420, DN600, and FN600) are given ptioa of Figure 2.

2015-2016 2016 2016-2017 2017 2 cropping years
Winter wheat Summer maize Winter wheat Summer maize
DN420DN600FN600DN420DN600FN600DN420DN600FN600DN420N600FN600DN420 DN600 FN600
A: N inputs (kg N ha™®)
Fertilizer N 189 270 270 231 330 330 189 270 270 123330 330 840 1200 1200
Straw incorporation 772 698 739 198 191 18.94.08 89.6 88.0 284 324 27.3 209.4+11.6a 210.98®288.1+15.5a
Dry N deposition 37 37 37 18 18 18 37 37 37 18 18 18 110 110 110
Irrigation 111 111 295 4.7 4.7 7.4 18.7 18.7 5295.4 54 7.4 39.9 39.9 73.9
Rainfall 9.4 9.4 9.4 194 194 194 58 5.8 5.8 713.13.7 13.7 483 48.3 48.3
Seeds 4.4 4.4 4.4 0.2 0.2 0.2 4.4 4.4 4.4 0.2 0.2 09.2 9.2 9.2
Non-bio fixation 10 10 10 5 5 5 10 10 10 5 5 5 30 30 30
Total 338.1 411.7 4342 298.1 396.4 398.9 348.9 435.5.744301.7 404.401.6 1286.8+11.61648.3+10.84679.5+15.5a
B: N outputs (kg N
ha™)
Crop uptake 188.5 185.4 177.4 217.6 2225 217.1.419801.9 189.6 208.5 1901215 811+63a 790+32a 776+36a
NH; volatilization 21.8 264 254 353 471 371 11346 13.6 335 453 34.6 101.9+1.5c 133.4+2.7a 7HP9b
N,O 079 101 087 146 213 267 092 111 17 1.9756 4.84 5.14+0.43c 8.81+0.19b 10.08+0.40a
NO 073 104 086 080 059 114 081 129 1.12318.74 1.47 4.0240.13c 6.53+0.36a 5.38+0.31b
N, 553 7.07 6.09 102 149 187 6.44 777 119 13X.9 339 36.0+3.0c 61.7+1.3b 70.6+2.8a
Total 2143 2179 207.5 260.6 283.3 2719 2129 212.9.221263.3 253.947.0 958.1+58.7a 1000.5+31.242.3+39.6a

- - - - - 248.8+58.7a 543.1+154.@62.1+76.8a

C: Increased amount o- - - - - -
TN
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(kg N ha™®

D: N leaching

(kg N ha'}) - - - - - - - - - - - - 79.9+103.1a104.6+144.6245.0+£79.6a
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665  Table 2 Two-way ANOVA of the effects of irrigation and Nrtilization on seasonal-/annual- Rlkblatilization, NO and NO emissions. *, **

666 and *** represent the 0.05, 0.01 and 0.001 sigaifite levels, respectively.

Wheat season Maize season Annual

NH3 N,O NO NH3 N,O NO NH3 N,O NO N Soil TN

volatilization emissions  emissions  volatilization emissions  emissions  volatilization emissions emissions  leaching stock

Irrigation 0.0029** 0.3744 0.1174 0.0000*** 0.0329* 0.0004*** 0.0000*** 0.0041** 0.0033** 0.3777 0.63b

Fertilization 0.1459 0.2719 0.0028** 0.0000*** 0.62+* 0.0001*** 0.0000*** 0.0001*** 0.0000*** 0.4657 0.0218*

IrrigationxFertilization  0.7996 0.9184 0.4587 0.881 0.8840 0.1208 0.9165 0.3383 0.5435 0.6226 0.7008
667

51



668  Table 3Relationship betweenJ®, NO, NH;, N,O+NO fluxes and soil N -N,
669  NOs —N, NH;"~N+NOs;—N concentration in 7 days after N fertilizatiordarrigation

670  events. Symbols of * and ** stand for significab{pa0.05 and p<0.01, respectively.

N,O flux NO flux N,O+NO fluxes NH flux

NH4"-N 0.443** 0.345* 0.410** 0.323*
NO;z -N 0.339* 0.165 0.251 -.314*
NH,-N+NO;-N  0.443**  0.262 0.357* 0.380**
WFPS 0.096 -0.222 -0.134 -0.100

671
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HIGHLIGHTS

Soil N residual was accumulated in top soil under fertigation
+ Gaseous N emissions were highly stimulated by N fertilization

* N leaching was mainly affected by irrigation but not N fertilization measurement

DN420 significantly decreased soil N losses and achieved a higher crop N uptake
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