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Core Idea&

50% o; t;e applied nitrogen (N) in intensive vegetable systems is unaccounted for.
. ﬁ fertilizer recovery reveals inefficiency of N applied during early crop stages.

° ineffective in improving N recovery due to excessive N input.

e Nitrogen is)uts can be reduced to reduce N,0 emissions without yield penalty.
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ABSTRACT

Intensive vegetable cropping systems rely heavily on nitrogen (N) inputs from multiple
synthetic a anic fertilizer applications. The majority of applied N is lost to the
environm numerous pathways, including as nitrous oxide (N,O). A field trial was
conductedg examine the opportunities to reduce N input in an intensive vegetable system
without cogspromaising yield. Treatments applied were control (C, no N), manure (M, 408 kg
N ha' from en manure), grower practice (GP, 408 kg N ha™ from chicken manure+195

kg N ha™! festilizer) and 2/3 GP (2/3 of the total N input in GP), all with and without 3,4-

dimethylpyrazol&phosphate (DMPP). Nitrogen recovery in the GP treatment was determined

Uus

using NE fertilizer. Using only manure significantly lowered celery (4pium

graveolen igld and apparent N use efficiency (ANUE) compared to GP. Reducing N
input by 1mt affect yield or ANUE. Use of DMPP increased ANUE despite no yield
improv; e than 50% of the applied N in the GP treatment was lost to the
environment almost 10 kg N ha! emitted as N,O over the season, which was 67 times
more than from the Control. Reducing the N input by 1/3 or using manure only reduced N,O
emissionsmre than 70% relative to GP. This study shows that there is a clear opportunity

to reduce nd N,O emissions in high fertilizer input vegetable systems without

compromisifig vegetable yield.

1. INT£0N

Intensive e cropping systems rely on high nitrogen (N) input through regular
applicatio lizer and manure, with combined applications in these systems usually
supplyi kg N ha', and often exceeding 600 kg N ha™ in one cropping season (Pfab et

al., 2012; De RoS$4 et al., 2016; Porter et al., 2017). This high input, combined with short
growth periods and high inputs of water, poses a risk of low N use efficiency (NUE) and high

N loss, including as reactive N (Bai et al., 2014; Lam et al., 2017). Reactive N loss from
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agriculture causes unwanted economic loss for farmers, and adversely affects environmental

quality (Chen et al., 2008) as well as human and ecosystem health, equivalent to hundreds of

billions oi s per year globally (Sutton et al., 2013).

Reactive N loss to the atmosphere can be as ammonia (NH3) and nitrous oxide (N,O)

H
(Erisman MO8). Nitrous oxide is a potent greenhouse gas and decreases stratospheric
ozone (Er‘man 9311., 2008). Low uptake of the applied N-fertilizer in agricultural systems,
including m vegetable systems, is largely responsible for the perturbation of N,O
levels in th&*atn¥osphere (Xiong et al., 2006; Erisman et al., 2008). Intensive vegetable
production s;ste;s pose a high risk of N,O loss — with high N and water inputs, and seasonal
emissions len reported at more 18 kg N,O-N ha™ from a crop receiving > 500 kg N/ha

(Porter et al., ).

Reducing N'inp#its can reduce N,O emissions from intensive vegetable systems (Porter et al.,
2017; Yao 017). However, this can also decrease the marketable yield for some
vegeta 1 Mola et al., 2020), so farmers may be reluctant to adopt this strategy. Use
of the nitrw inhibitor 3,4-dimethylpyrazole phosphate (DMPP) has been effective at

reducing msions from applied fertilizer-N in vegetable systems (Lam et al., 2018) but

the impac and vegetable yield is not guaranteed (Pfab et al., 2012; Scheer et al.,
2017). Roge et al. (2018) suggested that the effectiveness of DMPP should be evaluated
consithential reductions in fertilizer-N that can be made compared to
conventiogice to achieve the same level of yield. It is unclear if using a reduced rate
of N combined with DMPP will decrease N,O emissions and maintain yields in an intensive

vegeta ction system compared to the conventional N rates. We conducted a field

experiment to examine how reducing N input and using DMPP affect crop yield, NUE and
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N,O emissions, compared to the grower standard practice, in an intensive celery production

system.

2. MATE&VD METHODS

2.1 Exgerw site

A field exht was established for one full growth cycle of a celery crop (12" April to
10" Augu@in Boneo, Victoria, Australia (38° 21°S, 144° 45°E). The field site was part
of a commetc, rm with regular production of a variety of vegetable crops, primarily
celery, following high levels of fertilizer input. Daily rainfall and mean daily temperature
during theﬁental period are presented in Supplemental Figure S1. The soil in the area

is classiﬁi as a Tenosol (Isbell, 2016). The surface soil (0-15 cm) is sand (>91%) with a

slightly alw (7.9, pHy, 1:5) and 6.4 g organic carbon kg™ and 0.8 g N kg™

2.2 Experi design and crop management

The field e ifient was a randomized block design with seven treatments and five
replicates within a 243 m x 192 m field. Each plot was 1.7 m x 10 m and included 2 rows of
celery plawised beds. Fertilizer was applied six times during the celery crop as
Nitrophos % N: 6.5% NH; " -N and 5.5% NO5™-N) and chicken manure (12 t ha, 3.4%
N: 470 mg k O3-N and 4600 mg kg™ NH;"-N and 25.8% moisture content) with and
withouﬁhylpyrazole phosphate (DMPP), and as calcium nitrate [Ca(NOs),] (Table
1). ManMrface applied using calibrated farm equipment, and fertilizers were surface
applied by hand stween the celery rows with application timing and rates following the local
growers’ ? Celery seedlings (25 plants per 10 m?) were transplanted on 12" April and
calcium n1 kg N ha™') was applied to all plots, except the control and manure only
treatment plots. DMPP (0.8% of applied NH4-N) was applied as the commercial product

Nitrophoska Entec® or was applied to the surface of the manure after manure application.
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Approximately 73 mm of irrigation water was applied over the crop growth period using an

overhead sprinkler. At harvest (10™ August 2013), 20 celery plants were sampled from each

{

plot by cu ground level, weighed to determine fresh biomass yield, and then oven

dried at 6 tant weight. Plant samples were analyzed for total N content to

[
determinegpparent N use efficiency (ANUE), which was calculated as follow:

lant W uptake in fertilized treatment — plant N uptake in the control)

ANUE = X 100%

C

amount of N fertilizer applied

S

2.3 Reco f Applied N-fertilizer in plants and soil

A N microplot $fudy was used to determine N recovery from different fertilizers forms

Ul

applied in er practice (GP) treatment at different growth stages of the celery (Table

I

1). Three ts among the five main plots (replicates) in the GP treatment were
randomly §el¢ m and seven microplots were installed in each of the three main plots (21 in
total). ots were fertilized regularly as per GP, with "N labelled fertilizer at four

separate ev. follows:

M

(i) One microplot in each of the three main plots received K**NO; on 12™ April (representing

r

rate at transplanting) at 39 kg N ha™.

plots in each of the three main plots received NH,NO; spiked manure either

—_
~

or without DMPP on 6™ May (representing manure) at total manure N of 408

H

t

(iii) Two microplots in each of the three main plots received NH,**NO; either with or without
3™ May (representing Nitrophoska) at 39 kg N ha™.

(iv) croplots in each of the three main plots received *NH,°NO; either with or without

Al

M " June (representing Nitrophoska) at 39 kg N ha™.

Each microplot was enclosed by a 60 cm x 20 cm bottomless rectangular steel frame with a
height of 65 cm which was driven 50 cm into the soil at the time of transplanting to cover
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both bed and furrow areas, and contained a single celery plant. The microplots were
established on 12" April 2013 (transplant) and excavated on 10™ August 2013, except the
treatment reggiying K'°NO; on 12™ April [(i) above], which was excavated on 5™ May 2013
before mamtion to assess the fate of N applied at transplanting. On removal of the
micropﬁtm ground biomass and roots were collected and oven dried at 60 °C to
constant wgightgSoil samples were collected in 15 cm layers (0-60 cm) from the bed and
furrow arteried at 40 °C. Dried plant and soil samples were fine ground (<50pum)
using a tisw, and analyzed for °N atom% enrichment with an isotope ratio mass

spectrometer on Hydra, Crewe, UK). The recovery of applied '°N in the plant and soil

was calcula escribed by Malhi et al. (2004).

2.4 Gas sampling, analysis and calculation
Gaseous egsgs were measured using static chambers (16 cm diameter and 16 cm height)

with screw ids. The chambers were permanently installed between the plant rows to
covert band by inserting 8 cm into the ground. Gas sampling commenced at 1:00
pm every sampling date after the chamber was closed with a gas tight lid. Gas samples (20
ml) were ¢ d from the chamber headspace at 0, 30 and 60 min after the chamber
closure, abed into a pre-evacuated 12 mL Exetainer vial (Labco Ltd.). Gas samples
were colk£devery day for three days immediately after each fertilization event and then
every t\Ways with twenty-seven sampling events between 13 April and 6" J uly

2013. Gasw were analyzed for N,O by gas chromatography (Agilent 7890A) using an
ECD detector. gas flux was calculated from the linear regression (LR) of N,O
concen ver time due to the sampling intensity and other methodology considerations

(Venterea et al., 2013; Venterea et al., 2020). Flux rates were discarded if the regression
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coefficient was less than 0.90 (Figure S2). Cumulative N,O flux was calculated by

integrating the area under the flux curve.

2.5 Soil aalysis

Soil saffiples @@= cm) were collected on the gas sampling dates using a soil corer. Collected
samples (40 °C) and NH;" and NO;™ content was determined colourimetrically
using a Se Flow Autoanalyser (SFA; Skalar SAN++ Holland) after extraction with

2M KCI s@lufion§1:5). Soil moisture and temperature were continuously monitored at 10 cm

SCI

increment m depth using EnviroPro® capacitance probes (EnviroPro, Australia). Total

N in dried mples was determined by Kjeldahl digestion followed by colourimetric

analysis u!E g the SFA.

2.6 Statisfica lysis

d

Statisti to determine treatment effects on N,O flux was done using a mixed linear

model fo measures, and treatment effects on other parameters were analyzed using

M

a mixed linear model with treatment as the fixed effect and blocks as the random effects.

F

Regressio s examined the relationship between soil moisture (at 20 cm depth) and

N,O flux. @ al analyses were performed using a Mixed Procedure in SAS (version 9.4,

SAS Instit NC, USA). Pearson’s correlation was performed to test the relationship

betwee

n

i and N,O flux using Proc Corr in SAS. The Shapiro-Wilk test was used to

test for nofmality and homoscedasticity of residuals (Univariate procedure of SAS). The N,O

UL

flux data transformed before the parametric test.

A
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3. RESULTS

3.1 Celery yield and ANUE

Celery yicldgmeicased with addition of N as fertilizer and manure relative to the control
(Table 2).anput of fertilizer N (GP to 2/3 GP) did not significantly affect yield (2.4
t ha at-Gm2 tha™ at 2/3 GP; p >0.05). Adding only manure (M) led to 25% and 18%
lower celeg® yicll than the GP and 2/3 GP treatments, respectively. DMPP had no significant
effect on ce ield (Table 2). ANUE was less than 8% across all treatments, and the
manure o ent showed 44% and 50% lower ANUE compared to the GP and 2/3 GP

treatments, respe@tively (Table 2). There was no significant difference in ANUE between the

Ll

GP and 2/tatments. DMPP significantly increased ANUE only in the manure

).

treatment

d

3.2 Recovegy itrogen fertilizer

The reco fertilizer-N in the soil-plant system ranged from 43 to 74% (Table 3). Only a

small

M

f the N applied as nitrate (7%) was recovered in the plant 24 days after

fertilizer addition, with 53% found in the soil and 40% unaccounted for. Around 8% of the N

[

applied as manure was recovered in the celery plant, with 34% recovered in the soil after 96

O

days. Earl 3ty application of Nitrophoska application led to significantly more N

recovery ififthe plant (28%) compared to the manure application (8%). Later application of

n

{

Nitrophoska (3 gune) led to even greater (p <0.05) plant uptake (43-49%) compared to when

applied eamli " May, 25-29%). Total N recovery (plant and soil) with the use of DMPP

U

was consi igher than its counterparts, with an additional 9-17% recovered, albeit not

signifi >0.05, Table 3).

A
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3.3 Mineral nitrogen

Soil NW all non-DMPP treatments were similar through May to July (Figure 1a).
Applicatimﬂ’ led to higher soil NH,;" compared to the corresponding treatments after
21 of May through to 23™ of July. The soil NO5™ concentrations fluctuated over the growin
A4 z g y 3 g g
season, inw to more than 30 mg kg™’ soil in the GP treatment following Nitrophoska
applicatio< befor’declining again (Figure 1b). The NO;3™-N levels in 2/3 GP were lower than

in the GP m\t but followed a similar trend. Application of DMPP did not significantly

affect the s 3~ content.
3.4 N,O ens

The N,O Cained very low (<4 g N ha™' day™) in the control treatment throughout the
experime@ 2). The N,O flux from the manure only treatments (= DMPP) did not
exceed "' d"! during the experiment. The N,O flux increased in all the treatments
receiving Nj ska (GP and 2/3 GP) immediately after each application, regardless of the
DMPP treatment (Figure 2). The highest N,O flux (821 g N ha™ d') was observed from the

GP treatm@gt on 16™ of May, three days after the first Nitrophoska application, coinciding

with a rise oisture due to the irrigation and rainfall prior to gas sampling day (Figure

2 and S3). P+DMPP (767 g N,O-N ha' d™') also showed high N,O flux on this day. In
the 2/3 nt, the N,O flux remained below 60 g N ha™' d”! except on the 16 and 18
May WW 20 and 123 g N ha™' d”', respectively. There was a significantly positive
relationshipE.% 8) between N,O flux and soil moisture at 20 cm depth for all treatments,

but this on ined 20% of the variability in N,O emissions, and between N,O flux and

soil NOy, or the manure without DMPP and the control (Table S1).

Higher cumulative N,O emissions (over 61 days) were observed in all fertilized treatments

compared to the control (Table 2). The manure only and 2/3 GP treatments had significantly
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lower cumulative N>O emissions (<4 kg N,O-N ha™) than the GP (~10 kg N,O-N ha™). There
was a trend for reduced N,O emissions when DMPP was applied with manure and in the GP
the treatm

treatment, tﬁerall DMPP had no significant effect on cumulative N,O emissions in any of

able 2).
H

s.visculsIoN

4.1 Effect@ilization strategies on celery yield, ANUE and N recovery

We obse%ddition of N was required to achieve a good celery yield, but this input

could be rgy 1/3™ from the grower standard practice (603 kg N ha™) without

compromi e yield (Table 2), similar to the findings of Chen et al. (2019). The high
levels of lg ;u; to 57% of the applied N) indicate that the grower practice is not sustainable.
A concurrm at the site found that 20 kg N ha™ was lost as NH; within a week after

chicken manure application (Bai et al., 2014). And we expect leaching losses would

contribute to loss due to the sandy nature of the soil and the soil moisture fluctuation at

60 cm re S3), particularly in May and June when most of the fertilizer was
applied ar! soil moisture levels were high. Using manure as the sole N source led to lower
yield than ed to a similar N rate of chemical fertilizer, which differs to the findings of
Riches et a ) who observed similar cauliflower yield with manure as with synthetic

fertilizer. !itrogen from manure is slowly mineralized (Figure 1), and it is likely that N

supply Mto match the N demand of a short-season vegetable crop (Zhuang et al.,

2019). s

There wa 1ve effect of the use of DMPP on ANUE, most noticeably in the manure
treatment ( ). The high N application rate in this study most likely resulted in plant-
available N being greater than plant demand. So, even if the DMPP increased soil NH,"

compared to the treatments without DMPP (Figure 1a), this was not reflected in the yield or
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ANUE. The productivity benefits from DMPP in vegetable systems is unclear with some
studies indicating improved crop yield and NUE (Pasda et al., 2001; Zhang et al., 2015) and
others not et al., 2012; Riches et al., 2016; Scheer et al., 2017). The effectiveness of
DMPP de veral managerial, climatic and edaphic factors (Chen et al., 2010;

) N
Gilsanz etsl., 2016; Marsden et al., 2017; Scheer et al., 2017), and can also depend on N

applicationgsat or example, Souza et al. (2020) observed a positive effect of DMPP
n

applicatio tato tuber yield and N uptake when N application rates were below 100 kg

S

Nha'. A -amalysis by Rose et al. (2018), however, suggested that the agronomic

efficacy o may only prove beneficial in terms of the extent of fertilizer N input that

U

can be redu chieve the same level of yield as in conventional practices.

N

The "N recovery results indicate that there is poor N utilization by the plant and a high

residual

a

the soil, particularly in the manure treatment (Table 3), which could pose a

ost-harvest N loss (Scheer et al., 2017). But, if the residual N is managed well, it

enefits to the succeeding crop and lead to reduced N inputs. Use of DMPP
increased fertilizer N recovery mainly through higher N recovery in soil (Table 3), indicating
that a lonh(multiple growing seasons) view of the benefits of DMPP is worth

considera

O

4.2 Effect§ of fertilization strategies on N,O emissions

th

Nitroge d soil moisture influenced the flux of N,O (Figure 2 and S3) as shown with

the low N,O fluxMrom the control treatment, and high emissions from 15-18 May when soil

9

was wetter rate levels higher. The N,O flux in the manure treatment was lower than

A

with the ¢ fertilizers because of the lower contribution of the available N pool from
chicken manure that is susceptible to denitrification which has been observed in this (Figure

1) and other studies (Diaz et al., 2008; Pelster et al., 2012). The high cumulative N,O
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emissions (~10 kg N,O-N ha™) from the GP treatment in this study was lower than that

observed by Zhang et al. (2016) in a similar intensive system.

High soil can diminish the efficacy of DMPP in reducing N,O emissions because in
such a c-on m&n enitrification rather than nitrification mediates N,O emissions (Chen et al.,
2010; Me@t al., 2012). The high soil moisture during fertilizer application, and the
positive c@m observed between N,O emissions and soil NO3™ content indicates that
N>O emissi primarily from denitrification (Table S1). Apart from soil moisture, the
choice of montaining fertilizer (Nitrophoska) and its application a week after manure
application ma; ;Ve influenced the apparent efficacy of DMPP in reducing N,O emissions
during theglx period. Almost half of the N in Nitrophoska is in the form of NO3™ and
hence not atfected by the nitrification inhibitor, and this, together with the microbially
available @‘nanure, likely enhanced denitrification mediated N,O production (Weier et
al., 19 ¢ observed soil mineral N data also suggests the same. After the Nitrophoska
applicati 3 May, the soil NH," levels were consistently higher in the +DMPP
treatments than in the comparative -DMPP treatments. However, DMPP was not able to
reduce N(h during the peak N,O emissions period (15-20 May, Figures 1b and 2). We
demonstrg @ »O emissions can be reduced significantly by simply reducing the N input

from thﬁactice rate by 1/3, without affecting yield, and is more effective than

DMPP

5. CONCTS
Our study trated that a reduction in N input by 1/3 from the existing grower practice
does not gative effect on celery yield. Using manure as the sole source of N can

decrease celery yield. Application of DMPP was ineffective in improving yield and ANUE,

essive N input vegetable systems.

except in manure only treatment. Around 50% of the applied N in the grower practice was
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lost to the environment. Almost 10 kg N ha™ was lost as N,O from the grower practice over
the two months of celery growing period which is 67 times higher than the control treatment.
Applicatio -fertilizer shortly after manure application led to the highest N,O flux.
Reducing iiagthe grower practice by 1/3 reduced N,O emissions by 4.5 times. Our

N I . ) o ) .
study sugists that growing vegetables on these sandy soils with high N input leads to high N
loss, inclu@nsiderable N,O emissions, and that N input can be reduced without

compromis eld. Farmers use excessive amount of N fertilizer in intensive vegetable

S

systems a world, but limited data is available on N use efficiency from field-based

experiments. single season field experiment shows high N use inefficiency of an

U

intensive v system. Intensive vegetable systems involve high inputs in all seasons, so

1

we expect e inefficiency to be of a similar magnitude across seasons but longer-term

measuremgnt ss multiple crops is needed to work towards developing sustainable

a

producti
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Figure Captions:
H

Figure 1. hS cm) mineral N content: (a) NH," and (b) NOj3". C, Control; M, Manure;

GP, Gro ragiice; 2/3 GP, 2/3 of the total N input in grower practice. Error bars are +1

standard eW).
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Figure 2. Daily N,O flux (g N,O-N ha'l) from May to July 2013. C, Control; M, Manure; GP,

Grower Practice; 2/3 GP, 2/3 GP, 2/3 of the total N input in grower practice.
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Table ﬁfoms, application dates and rates (kg N ha™') in the seven treatments.

Treatments Fertilization dates and rates (kg N ha™")

12 April 6 May 13May 3June 1July 26July Total

O Ca(NOy), Manure NPK* NPK NPK  Ca(NOy),

Control (C) 0 0 0 0 0 0 0
Manure only 0 408 0 0 0 0 408
Manure onlg(M + DMPP) 0 408 0 0 0 0 408
Grower 39 408 39 39 39 39 603
Grower M DMPP) 39 408 39 39 39 39 603
2/3 Grower ﬁ 3 GP) 39 272 24 24 24 39 422
2/3 Grower practice (23 GP + DMPP) 39 272 24 24 24 39 422
*NPK fertil rophoska®

<
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Table 2. Mean (+SE) celery dry matter yield (tonnes ha™), ANUE (%) and cumulative N,O

emissions (g N ha™) as affected by treatments. Values followed by different letters within a

. pemerd

column are ﬁﬁcantly different (p < 0.05).

Treatments Celery yield (tha') ANUE (%) N,O (kg N ha™)
Control 1.15+0.09d 0.15+0.02d

M L.76ﬂ:0.14c 3.53£0.99b  3.08+1.41bc
M+DMPP .93+0.18bc 6.75+1.06a  1.27+0.28c

GP O.35ﬂ:0.16a 6.24+0.54a  9.79+3.54a
GP+DMPP 2.274+0.08ab 6.56+0.23a  6.96+1.37ab
2/3 GP m.ISiO.%ab 7.04+0.61a  2.18+0.79¢

2/3 GP+D .23+0.07ab 8.21+1.38a  2.29+0.54c

Table 3. RC of °N in the plant and soil (+SE of the mean (n=3)) from different forms

of N applimferent stages of the celery crop in the grower standard practice (GP) (Table

2). All re harvested on 10™ of August, except the nitrate treatment which was
harvested o May

Treatment

4L

Nitrate

Manure Q
Manure + D

Nitrophoska 1*
Nitrophos + PP
Nitrophos

Date of °N Daysto Plant Recovery Soil Recovery  Total Recovery
application harvest (%) (%) (%)

12" April 24 6.9£0.7¢c 53.3+10.8a 60.2+11.5ab
6" May 96 8.6+2.3¢ 34.3+1.3bc 42.9+1.1b

6" May 96 12.1+1.3¢ 41.7+0.5ab 54.5+1.7ab

13™ May 89 28.8+3.3b 21.7+7.6¢ 49.4+13.0ab
13™ May 89 25.4+2.4b 40.7+7.2bc 66.1£9.4ab

3" June 68 43.0+2.1a 22.1£12.9¢ 65.1+12.7ab
3" June 68 49.243.8a 24.7+4.1bc 73.9+7.6a

Nitrophoska 2::: +sMPP

<
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