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Abstract  Intensively grazed dairy systems use high 
inputs of fertiliser nitrogen (N), and often supplemen-
tary irrigation, to ensure adequate pasture production 
to support milk output and meet the growing food 
demand. However, the efficiency of N use in these sys-
tems can be low and potential environmental impacts 
high. This study aimed to test the hypothesis that (1) 
use of two inhibitors, the urease inhibitor N-(n-butyl) 
thiophosphorictriamide (NBTPT) and the nitrification 
inhibitor 3,4-Dimethylpyrazole phosphate (DMPP) 
reduced N loss and improved pasture production 
compared to conventional N fertiliser (urea) in irri-
gated temperate perennial ryegrass (Lolium perenne 
L.) dairy pasture, and (2) their efficiency was affected 
by soil and environmental parameters. The effect of 
repeated applications of urea, at different rates, and 
the inhibitors were studied on pasture production and 
agronomic apparent fertiliser N use efficiency (NUE) 
over 2.5 years. The fate of a single application of N 

was determined through recovery of 15N-labeled fer-
tiliser applied at 20 and 40  kg N ha−1 was studied 
in the field for one year. The highest yield and NUE 
occurred in spring–summer (from August to Febru-
ary) reflecting optimal growing conditions. The high-
est NUE occurred at low rates of urea application 
(20 and 40  kg N ha−1). Mineralisation played a key 
role in supplying N to pasture with 64–82% of total 
plant N derived from soil organic matter (SOM). Less 
than 50% of the applied N was recovered in the pas-
ture (37–43%) with a large component retained in the 
soil (26–43% after one year, 0–40  cm), and slowly 
released in small amounts (< 2%) to the pasture over 
time, highlighting the abundant capacity of the native 
soil N pool to supply pasture N. Loss of N fertiliser 
(14–31%) was attributed to primarily ammonia (NH3) 
volatilisation and nitrate (NO3

−) leaching. Use of the 
inhibitors NBTPT and DMPP did not significantly 
affect pasture yield or NUE, most likely because fer-
tiliser N saved with the inhibitors only played a minor 
role in plant nutrition with the majority of the plant 
nutrition provided by the soil organic matter pool.

Keywords  NUE · Inhibitor · Pasture · Temperate · 15N

Introduction

The demand for livestock products has increased 
globally over recent decades, mainly in response 
to rapid population growth and increasing income 
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in developing countries (FAO 2019). This offers a 
major opportunity for livestock producers in indus-
trialised countries to intensify production and this 
situation is likely to continue well into the fore-
seeable future, with a predicted 70% increase in 
livestock production by 2050 (Thornton 2010). 
Agricultural systems intensification, and as conse-
quence, the increased use of N fertiliser, has been 
one of the most pronounced changes to accommo-
date increased food supply (Jankowski et al. 2018). 
Demand for N fertilisers globally was 111 million 
tonnes in 2022, an increase from 105 million tonnes 
in 2016, with Oceania requiring around 2 million 
tonnes (2016–2022) (FAO 2019). This alarming 
increase in fertiliser use raises concerns because 
reported N use efficiency (NUE) is quite low on 
average in agricultural systems globally, typically 
ranging from 8 to 64% of applied N (Powell et  al. 
2010). There are numerous approaches across sci-
entific literature in which NUE can be assessed, 
reflecting crop N uptake or utilisation efficiency, 
profitability and environment aspects. Nonetheless, 
it is generally assumed that the higher N output/ N 
input ratio of recovered applied N represents the 
efficient use of the N fertiliser by crop (EU Nitro-
gen Expert Panel 2015). In this research the agro-
nomic NUE of applied fertilisers was used as a one 
of the benchmarks cropping system NUE indicators, 
reflecting environmental and nutritional constraints 
to crop production and off-site N losses (Antille 
and Moody 2021). Reduced NUE often develops 
when fertiliser rates surpass crop requirements and 
is of concern in intensive production systems such 
as intensive dairy pastures. A low NUE is associ-
ated with increasing losses of N to the environment, 
potentially contributing to soil acidification and 
eutrophication, enhancing N gaseous losses, includ-
ing ammonia (NH3) and the potent greenhouse gas 
nitrous oxide (N2O) (Cameron et  al. 2013) and 
nitrate (NO3

−) pollution of surface and ground 
waters. In intensively managed dairy pastures in 
southern Australia, 40–50 kg N ha−1as urea applied 
per grazing rotation (around 21–56  days) is com-
mon place where climate or irrigation availability 
are conducive to all year pasture production, result-
ing in high annual inputs(e.g. > 400 kg N ha−1 yr−1) 
(Dougherty et al. 2016). However, there is concern 
regarding potential negative effects on the environ-
ment from this high N input. Understanding how 

management practices affect the efficiency of N use 
by pasture plants is critical to improve NUE.

Enhanced efficiency fertilisers (EEFs) are designed 
to reduce the risk of N losses, by slowing the trans-
formation of urea to NH3/NH4

+ (urease inhibitors), 
or NH3/NH4

+ to NO3
− (nitrification inhibitors), or by 

slowing the release of N (controlled or slow-release 
fertilisers) and therefore can better synchronise N 
supply with plant uptake (Azeem et  al. 2014). The 
urease inhibitor N-(n-butyl) thiophosphorictriamide 
(NBTPT) and the nitrification inhibitor 3,4-Dimeth-
ylpyrazole phosphate (DMPP) are widely used com-
mercially available inhibitors. NBTPT inhibits urea 
hydrolysis and can effectively reduce ammonia (NH3) 
volatilization from surface-applied granular urea in 
pasture systems (Suter et  al. 2020). DMPP reduces 
the activity of the ammonia mono-oxygenase (AMO) 
enzyme in ammonium-oxidizing bacteria (AOB) in 
the first step of nitrification, the oxidation of NH3 to 
NO2

−, and thereby reduces the rate of nitrate (NO3
−) 

production and minimises the risk of leaching and 
subsequent denitrification losses (N2O, N2) (Zerulla 
et al. 2001).

Whilst previous studies have shown that applica-
tion of EEFs can effectively reduce N gaseous losses 
(Akiyama et  al. 2010; Wu et  al. 2021), decrease N 
leaching (Yang et  al. 2016) and improve crop yield 
(Abalos et al. 2014), in pasture systems, the findings 
are largely inconsistent in terms of N losses, pasture 
productivity and NUE (Duncan et  al. 2017; Nauer 
et al. 2018; Rowlings et al. 2016; Suter et al. 2013). 
The reported inconsistencies are mainly attributed to 
spatial variability of climatic and edaphic conditions, 
and differing management techniques (Chen et  al. 
2008).

While pasture N nutrition using fertilisers is a 
major component of managing dairy systems in Aus-
tralia, a substantial quantity of N taken up by plants 
is not directly sourced from the fertiliser (Suter et al. 
2020). Previous research has found that sometimes 
less than half of the N taken up by crops comes from 
applied fertiliser, and the rest is provided by deple-
tion of soil organic matter and decomposition of plant 
residues (Angus et  al. 2006). Despite some reported 
research on strategies to improve NUE and optimise 
agricultural production (Harris et  al. 2016a, b), few 
studies have addressed the effects of these practices 
over more than a growing season or year. Comprehen-
sive information on the combined effects of variable 
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fertiliser rates and EEFs on seasonal and annual vari-
ability in productivity, NUE and environment impact, 
from applied N in irrigated temperate dairy pastures 
of southern Australia is lacking.

This manuscript reports on a research trial that 
examined (1) the influence of N rate and use of EEFs, 
and season on ryegrass pasture productivity and 
NUE, (2) the fate of applied N and magnitude of N 
loss via nitrous oxide, and (3) the source of N uti-
lised by pasture plants (fertiliser or soil), in irrigated 
pastures in a high rainfall zone of Victoria, Australia 
using data from a 32-month (November 2016–June 
2019) small plot field experiment.

Materials and methods

Site details and soil

The field trial was conducted on a commercial dairy 
farm at Allansford, in south-west Victoria, Aus-
tralia (38° 24′ 34.59″ S 142° 38′ 16.83″ E). The site 
is located in the ‘high rainfall zone’ (HRZ) of Vic-
toria with long-term average annual precipitation of 
743  mm, 70% of which falls during April–October. 
The mean annual monthly maximum and minimum 
temperatures are 17.9  °C and 9.6  °C respectively 
(Commonwealth Bureau of Meteorology). The trial 
was established on a site with a history of long-term 
(> 20  years) pasture production (perennial ryegrass 
(Lolium perenne L.), fertilisation, grazing and irriga-
tion. The soil is a Melanic-Mottled, Subnatric, Brown 
Sodosol (Agriculture Victoria 2020) [Solonetz (WRB 
2015)]. Physico-chemical properties of the soil are 
presented in Table S1. The pHCaCl2 of the soil pro-
file (up to 0.8 m depth) was slightly acidic through-
out, ranging from 6.3 (0–0.2 m) to 6.0 (0.7–0.8 m). At 
commencement of the experiment, both total C and N 
were high, particularly in the topsoil (0–0.1 m), which 
contained 3.8% and 0.32% respectively. In the topsoil 
(0–0.1 m) mineral N was 21.1 kg ha−1, and was domi-
nated by nitrate (14.9 kg N ha−1), Colwell P was115 
kg ha−1 and Colwell K was 158 kg  ha−1. Across the 
whole profile (0–0.8  m) mineral N was 61  kg  ha−1, 
Colwell P was 199.3  kg  ha−1 and Colwell K was 
580  kg  ha−1. Particle size analysis revealed that the 
texture changed from a loamy sand (84% sand, 11% 
silt and 4% clay) in the topsoil to a clay loam (48% 
sand, 6% silt and 45% clay) in the subsoil (> 0.4  m 

depth). Soil bulk density increased abruptly from 
1.2 Mg m−3 in the surface (0–0.1 m) to 1.7 Mg m−3 
at 0.2–0.3 m depth. Further details of the soil prop-
erties and climate are provided in the Supplementary 
Information.

Experimental design and management

The trial was carried out over two and half years, 
commencing on 26th of October 2016 and finish-
ing on 20th of July 2019. Grazing animals were 
excluded from the site two months prior to com-
mencement of the trial with the pastures mown and 
clippings removed and discarded three times over 
this period. The experiment was a randomised block 
design small plot trial with nine treatments replicated 
five times. Each plot measured 3 m × 3 m, with a 1 m 
buffer established between each of the five blocks. 
The treatments were: control (no-N) (C), Urea (U) at 
five rates – 20, 40, 60, and 80 kg N ha−1 (U20, U40, 
U60, U80), and urea applied as an EEF program 
including a urease and nitrification inhibitor at two 
rates—20 and 40  kg N ha−1 (EEF20, EEF40). The 
urease inhibitor fertiliser used was the commercial 
product Green Urea NV™ containing N-(n-butyl) thi-
ophosphorictriamide (NBTPT) and the nitrification 
inhibitor fertiliser was the commercial product Urea 
with ENTEC® containing the nitrification inhibitor 
3,4-Dimethylpyrazole phosphate (DMPP). NBTP or 
DMPP was used depending on the season and pre-
dicted loss pathway (Table S2). Fertiliser treatments 
were surface broadcast following each pasture har-
vest, such that the total application to the pastures was 
660, 1320, 1980 and 2640 for the total study period, 
and 240, 480, 720 and 960 annually for the 20, 40, 60 
and 80  kg N ha−1 treatments respectively. Phospho-
rus (P) and potassium (K) fertilisers were applied as 
required at rates representative of farming practice in 
the region from 22 to 35 kg ha−1 for P and from 50 to 
150 kg ha−1 for K depending on the season, to prevent 
nutrient deficiency.

Soil mineral N

Soil surface samples (0–10 cm) were collected on a 
monthly basis initially, immediately after harvest and 
before fertilisation (21st of November 2016 to 6th of 
June 2017), and then two weeks after each fertilisa-
tion (16th of August to 27th of May 2019), using a 
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corer (2.5 cm internal diameter), with 5 cores per plot 
collected and composited per sample time. Collected 
samples were analysed for NH4

+-N and NO3
−-N 

using the methodology outlined previously. Mineral 
N was also determined for the soil profile (0–80 cm) 
on 4th of April 2017 from 5 locations within the 
buffer zones (non-fertilised) of the experimental site 
to determine a baseline profile N content and then on 
17th of April 2019 from the control, U40, U80 and 
EEF40 plots with 5 replicates per treatment, using 
deep soil cores of 3.8  cm inner diameter. Samples 
were analysed for 0–0.1 m, 0.1–0.2 m, 0.2–0.4 m and 
0.4–0.6  m depths and the profile N calculated from 
the sum of all depths accounting for the soil bulk 
density.

Nitrous oxide emissions

Nitrous oxide (N2O) emissions were measured over 
three periods; in autumn 2018 (16th of March to 11th 
of April), spring 2018 (12th of September to 1st of 
October) and summer-autumn 2019 (23rd of Febru-
ary to 17th of March) over three weeks in the days 
following fertilisation using a vented closed static 
chamber method, to provide an indication of N2O 
loss from the control, U40 and U80 treatments at dif-
ferent time periods. A chamber base (0.5 m × 0.5 m) 
was installed permanently into the ground to a depth 
of 0.1  m on selected plots. At gas collection times, 
which occurred between 10:00 to 14:00  h to avoid 
the potential effect of diurnal variation, chambers 
(0.5 m × 0.5 m × 0.3 m high) were temporarily sealed 
onto the bases and samples (20  ml) were collected 
three times over a one-hour period (0, 30 and 60 min). 
Measurements were taken each day during the first 
week after fertilisation, each second day during the 
second week and each third day till the end of the 
sampling period. Collected gas samples were trans-
ferred to 12 ml pre-evacuated vials for analysis by gas 
chromatography (Agilent 7890A) using an electron 
capture detector (ECD) with a lower detection limit 
of < 0.2 ppmv. The N2O flux (kg N ha−1  h−1) was 
determined using the linear flux method (Venterea 
et al. 2012) and converted to a daily emission. Cumu-
lative and net-cumulative (less control) emissions 
were determined by integration of the daily flux curve 
for each measurement time.

Harvest, dry matter and NUE determination

Pasture dry matter (DM) production was determined 
for each plot at the 3-leaf stage of perennial ryegrass 
regrowth by cutting pasture to a height of 6 cm above 
the ground using a rotary lawnmower (0.5 m width), 
from an area of 3.0 m2 (two strips 0.5  m by 3.0  m 
located centrally in each of the plots). Pasture fresh 
weight was recorded and a subsample of approxi-
mately 0.2 kg was removed and oven-dried at 70 °C 
to constant weight to determine pasture DM content. 
After harvest, all remaining pasture was mown and 
clippings removed from the plots. Pasture DM and 
cumulative production were determined respectively 
for (i) each harvest and (ii) each season and year by 
summing individual harvests.

Pasture N removal was calculated from the DM 
yield and herbage N content. Agronomic apparent N 
utilisation efficiency of fertiliser (NUE) for each har-
vest was calculated as harvested product (kg) per kg 
of applied N, according to Suter et al. (2013);

where Nx is the fertiliser N rate, N0 is the control. Val-
ues for NUE were determined for individual harvests 
and averaged for each season.

Fertiliser 15N recovery

The long-term recovery of urea-N fertiliser was stud-
ied using two sets of 15N microplots (23.7  cm inner 
diameter × 25 cm depth) installed on the site to a depth 
of 0.2 m on 4th of April 2017 and 14th of September 
2017 to measure the fate of urea applied in autumn and 
spring respectively. Granulated 15N urea (10.2 atom 
%) was applied at 20 kg N ha−1 and 40 kg N ha−1 rates 
to the microplots, replicated three times. Plants were 
removed from the microplots regularly after ryegrass 
reached the 3-leaf stage, following the timeline of the 
main plot harvest regime. Harvested pasture was ana-
lysed for biomass (t DM ha−1), total N (%) and 15N 
enrichment (%). On 1st of May 2018 both sets of 
microplots were removed from the site (after the com-
pletion of the 15N response trial) with the area remain-
ing free of grazing animals until that time), representing 

(1)NUE =
pasture yield at Nx − pasture yield at N0

kg of N applied at Nx
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a total time of thirteen and eight months for the autumn 
and spring applications respectively. Two soil cores 
(0.2–0.4 m length, 9.2 cm internal diameter) were col-
lected below the base of each microplot after they were 
removed. The soil was removed from the microplots 
in two 0.1 m increments to 0.2 m depth. Plant and soil 
samples were dried at 60  °C and 40  °C respectively, 
ground (< 50 μm) and analysed for TN and 15N by Iso-
tope ratio mass spectrometry (IRMS) (Hydra 20–20, 
SerCon).

Recovery of 15N in the plant and soils was calculated 
according to Malhi et al. (2004) as follows;

where %N plant is the grams of total N per 100  g 
of pasture (%), DM is the dry matter produc-
tion (kg ha−1), atom % 15N excess of total N in the 
plant = (atom % 15N excess of total N in the plants of 
the fertilised plots) – (atom % 15N excess of total N in 
the plants of the control plots), Rate of N is the rate of 
applied N (kg N ha−1), and atom % 15N excess of total 
N in fertiliser = (atom % 15N of fertiliser) – (atom % 
15N natural abundance);

where %N soil is the grams of total soil N per 100 g 
of soil, SW is the weight of dry soil (kg ha−1), atom % 
15N excess of total N in the soil = (atom % 15N excess 
of total N in the soil of the fertilised plots) – (atom % 
15N excess of total N in the soil of the control plots), 
and Rate of N and atom % 15N excess of total N in fer-
tiliser are as described above.

The total plant N derived from fertilisers (%Ndff) 
was calculated as described by Malhi et al. (2004);

and the total plant N derived from soil (%Ndfs) was 
calculated as described by Malhi et al. (2004);

(2)
Recovery of applied N in the plant (%) =

(%N plant) × DM × (atom % 15N excess of total N in plant)

Rate of N × atom % 15N excess of total N in fertiliser

(3)
Recovery of applied N in soil (%) =

(%N soil) × SW × (atom% 15N excess of total N in soil)

Rate, of N × atom% 15N excess of total N in fertiliser

(4)
% Ndff =

Atom % 15N excess of total N in plant

Atom % 15N excess of total N in fertiliser
× 100

(5)%Ndfs = 100 − %Ndff

Statistical analysis

Statistical analysis was conducted using GenStat 16th 
edition. Analysis of variance (ANOVA) and repeated 
measures were used to calculate differences on each 
individual date and over the whole experimental time. 
Differences between treatments were calculated at the 
5% level using Fisher’s significance test. No transfor-
mations were required to improve the residual nor-
mality among N2O treatments.

Results

Climatic variations and soil mineral N

During the trial the annual rainfall was lower than 
the long-term (25-year) average (735  mm), being 
587  mm in 2017 and 454  mm in 2018. In the first 
six months of 2019 the site received 264 mm of rain 
which was lower than the long-term mean (330 mm) 

for this period. However, irrigation, applied from 
spring to autumn each year, substantially increased 
the amount of water received by the site to 1390 mm 
in 2017, 1185 mm in 2018 and to 640 mm in the first 
six months of 2019 (Fig.  1a). The volumetric soil 
moisture content in the 0–0.2  m layer consistently 
stayed above the permanent wilting point (PWP) 
(15%) and the readily available water point (RAW) 
(26%), reflecting irrigation inputs coupled with rain-

fall, apart from at commencement of the trial in Octo-
ber 2016—March 2017, when some moisture defi-
ciency was observed especially in the top 0.1–0.2 m 
layer (Fig. 1b). The soil moisture at 0.2–0.3 m depth 
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followed a slightly different pattern remaining low at 
the start of the study (13–26%) through to July 2018 
after which it increased to a level similar to that in 
the 0–0.2  m depths. Fluctuations of soil moisture 
were more pronounced in the surface (0–0.1 m) vary-
ing between 10 and 55%. Below the surface, the 
range of soil moisture changed from 17 to 49% in the 
0.1–0.2 m layer and from 13 to 40% in the 0.2–0.3 m 
layer.

Air temperature fluctuations were typical of sea-
sonal conditions in this region. The daily air temper-
ature ranged from a low of -0.7  °C (July 2017) to a 
high of 42 °C (January 2019) (data not shown), and 
mean minimum and maximum monthly temperatures 
were between 4.9 and 25.0  °C (Fig.  1a). Daily tem-
perature in the soil also followed the seasonal pattern 
and were less variable than the ambient temperature, 

ranging from 5.7 °C (June 2018) to 23.1 °C (January 
2018) in the surface layer 0–10 cm (data not shown). 
At depths greater than 0.1  m the soil temperature 
fluctuated seasonally, but overall was more consistent 
ranging from 6.5 to 22.8 °C throughout the trial (data 
not shown).

Averaged NH4
+-N concentrations in the 0–10  cm 

layer fluctuated between 15.1  kg N ha−1 to 31.2  kg 
N ha−1, but there was little impact of fertiliser use 
on NH4

+-N levels (Fig.  2). Nitrate–N concentra-
tions in the 0–10 cm layer fluctuated between 0.5 and 
65.6 kg N ha−1 and were highest at the highest rate 
of N application (U80) with an average of 36.2 kg N 
ha−1 throughout the experiment, followed by U60, 
U40 and U20 treatments, averaging 25.8 kg N ha−1, 
18.8  kg N ha−1 and 15.0  kg N ha−1 respectively 
(Fig. 2b).

Fig. 1   Environmental 
parameters at the Allansford 
site from November 2016 
to June 2019: a Monthly 
precipitation, and irriga-
tion (mm), and maximum 
and minimum air tempera-
ture (°C) plus long-term 
(25 years) rainfall; b Daily 
soil volumetric moisture 
(0–0.1 m, 0.1–0.2 m and 
0.2–0.3 m) and soil tem-
perature (0–0.1 m)
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Application of EEFs had no significant effect on 
NH4

+ or NO3
− in the topsoil (0–0.1  m) (Fig.  S1). 

The soil-profile (0–0.6  m) total mineral N content 
increased from a baseline of 51  kg N ha−1on 3rd 
of April 2017 to an average of 74 kg N ha−1 across 
all treatments on 17th of April 2019, although the 
change was not significant (Table  1). This change 
reflected the significant increase in soil NH4

+-N lev-
els on the 17th of April 2019 (average of 44  kg N 
ha−1 across all treatments) compared to 3rd April 
2017 (15.6  kg N ha−1). Soil NO3

− was essentially 
the same at both sampling times (average 32  kg 
N ha−1). Despite the variation in N inputs ranging 
from 0  kg N/ha (control) to 2640  kg N/ha (U80), 
and the use of EEFs, the mineral N content was not 

Fig. 2   Surface soil 
(0–0.1 m) ammonium 
(a) and nitrate (b) for the 
different N rates. Green dia-
monds represent fertiliser 
application dates. Values 
represent means (± standard 
errors) of five replicates. 
Note: soil sampling was 
done 2 weeks after fertilisa-
tion except for samples col-
lected before August 2017
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Table 1   Soil ammonium (NH4
+-N), nitrate (NO3

−-N) and 
total mineral N (kg ha−1) in the soil profile (0–60 cm) on the 
3rd of April 2017 and on 17th of April 2019

Means followed by the same letter in a column are not signifi-
cantly different at P ≤ 0.05

Treatment NH4-N (kg 
ha−1)

NO3-N (kg 
ha−1)

Total mineral 
N (kg ha−1)

April 2017
 Baseline 

level
15.6a ± 1.5 37.2a ± 2.5 51.4a ± 3.3

April 2019
 Control 46.7b ± 10.4 23.9a ± 6.0 70.6a ± 19.9
 U40 34.8ab ± 1.7 33.8a ± 7.6 68.6a ± 13.2
 EEF40 48.6b ± 9.8 32.3a ± 8.7 80.9a ± 17.8
 U80 44.3b ± 4.1 33.7a ± 9.7 76.4a ± 9.9
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significantly different between treatments towards 
the end of the trial.

Nitrous oxide emissions

The application of N significantly (P ≤ 0.05) increased 
daily N2O emissions (Fig. 3) from 0.4 g N2O-N ha−1 
(control) to 22.0 g N2O-N ha−1 (U80) across the three 
sampling times. Most of the fertiliser loss as N2O 
(up to 89%) occurred during the first seven days after 
fertilisation with emissions peaking between day 2 
and day 4. Cumulative emissions (over 21 days) sig-
nificantly increased with the application rate N40, 
and with an increase of N from 40 to 80 kg N ha−1 
in autumn 2018 only (Fig. 3). The cumulative emis-
sions measured in summer-autumn 2019 were highset 
across three measurement sets, although not signifi-
cantly higher that N2O production in autumn 2018. In 
spring 2018, when the temperature was colder, N2O 
production lowered, being 12%, 40% and 59% of the 
highest emissions occurred in 2019 for the equivalent 
treatments of U0, U40 and U80 respectively.

Pasture dry matter (DM) production

On each harvest date the lowest individual har-
vest DM production was from the control, ranging 
from 0.2 t DM ha−1 (August–November 2018, Feb-
ruary 2019) to 1.41 t DM ha−1 (September 2017) 
(Table S2). Dry matter production increased with N 
application with the highest values, up to 3.1 t DM 
ha−1 (January 2018) obtained in the U80 treatment. 
There was a significant N response for the urea fer-
tiliser treatments in all seasons, but increasing the N 
rate above 60  kg N ha−1 only increased yields sig-
nificantly (P ≤ 0.05) in spring and summer (Table 2). 
The highest DM production for each treatment was 
observed in summer, followed by spring. There was 
a regular, but often non-significant, increase in sea-
sonal average pasture DM production with the EEFs 
compared to straight urea at the equivalent rate up to 
10% (Table 2).

However, this increase tended to be more promi-
nent during winter—early spring. Use of NBTPT 
with urea (GU) significantly increased DM produc-
tion harvested on 6th of June 2017, compared to urea 
applied at the same N rate (at 20 kg N ha−1) and 14th 
of September 2017 (at 20 kg N ha−1), but not on any 
other dates (Table S3). Use of DMPP with urea (EU) 
significantly increased pasture DM production only 
on one occasion (out of seven harvests), the 11th of 
September 2018 (at 40 kg N ha−1; Table S3).

Similar to the pattern of DM production, the pas-
ture N uptake significantly increased with N fertiliser 
rate up to 80  kg N ha−1 in spring and summer, but 
only to the 60 kg N ha−1 rate in autumn and winter 
(Table  2). Considering the entire trial, the average 
N uptake by the pasture from the control treatment 
was 21.0  kg N ha−1 harvest−1 (range for individual 
harvests from 3.7 to 51.4  kg  ha−1), whereas for the 
U80 treatment the average was 70.3 kg ha−1 harvest−1 
(range for individual harvests from 39.3  kg  ha−1 
to 108.0  kg  ha−1; Table  S3). The effect of EEFs on 
the pasture N uptake was variable and significant 
(P ≤ 0.05) only on a few occasions when (i) DMPP 
(EU) was used at rate 20  kg  ha−1 in winter-spring 
2017 (August and September harvests) and (ii) 
NBTPT (GU) was used at a rate of 40 kg ha−1 in sum-
mer 2017 (December harvest) and summer-autumn 
2019 (January 31st and May harvests).

The NUE tended to be the highest under the U20 
and U40 treatments, while application of 80  kg N 
ha−1 (U80) lowered NUE compared to all other N 
rates in each season, albeit not always significantly 
(Fig. 4a). In autumn NUE decreased (P ≤ 0.05) nearly 
linearly with increasing N application rates from 
22.2  kg DM kg N−1 (U20) to 13.6  kg DM kg N−1 
(U80). In spring, summer and winter NUAE slightly 
increased when N rate increased from U20 to U40 
but then tended to decline when more N was applied. 
EEFs application did not significantly affect NUE, 
but occasionally increased this indicator up to 10% 
(Fig. 4b).

This significant (P ≤ 0.05) increase was observed for 
the U20 rate in spring and winter, where an increase in 
NUE from 19.7 kg DM ha−1 kg N applied to 24.9 kg 
DM ha−1 kg N (spring), and from 16.6 kg DM ha−1 kg 
N to 24.9 kg DM ha−1 kg N (winter) was observed.

Fig. 3   Daily and cumulative N2O emissions following N fer-
tiliser application in autumn 2018 (16th of March to 7th of 
April) (a), spring 2018 (12th of September to 1st of October) 
(b) and summer-autumn 2019 (23rd of February to 17th of 
March) (c) with soil temperature in the top 0.1 m. Values rep-
resent means (± standard errors) of five replicates

◂
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Recovery of N fertiliser (15N)

The majority of the applied 15Nrecovered in the plant 
after the 8–13  months period was recovered in the 
aboveground biomass (38–43%) with minimal in the 
roots (1.5–2.8%) (Table  3). No seasonal (autumn /
spring application) effect was detected in the plant 
15N recovery over the 8–13-month period. 15N 
plant uptake was rapid and the most of 15N fertiliser 
found in the aboveground biomass, up to 82%-87%, 
was taken up in the first two harvest in both seasons 
(Table S4). The N recovery in each subsequent har-
vest remained approximately the same regardless of N 
application rate (range 0.1–2.5%). The 15N recovery 
in the soil after 8–13  months was 26–43% with the 

majority of the 15N recovered found in the top 10 cm 
(16–23%), with 5–13% recovered in the 0.1–0.2  m 
layer and 4–12% in the 20–40 cm layer (Table S5).

Between 69 and 86% of the applied 15N was recov-
ered in the plant-soil system with a trend of greater 
recovery at lower N rates (Table  3). In total, nearly 
twice the amount of N was unaccounted for at the 
U40 rate with 31.2  kg N ha−1 and 27.5  kg N ha−1 
unaccounted for in autumn and spring respectively 
compared to 16.4 kg N ha−1 and 17.0 kg N ha−1 at the 
U20 rate (Fig. 5) Plant total N uptake from a single 
fertiliser application was found to be sourced largely 
(> 64%) from the soil organic matter with < 37% orig-
inating from the applied fertiliser (Ndff) (Table  3). 
The %Ndff was significantly (P < 0.05) higher with 

Table 2   Average DM yield 
and plant N uptake per 
harvest/grazing cycle within 
each season

Means followed by the 
same letter in a column are 
not significantly different at 
P ≤ 0.05

DM yield (t ha−1) N uptake (kg N ha−1)

Spring Summer Autumn Winter Spring Summer Autumn Winter

Control 0.7a 0.8a 0.7a 0.6a 19.5a 20.1a 23.2a 19.7a

U20 1.1b 1.3b 1.1b 1.0b 29.6b 32.1b 38.7b 34.9b

U40 1.6c 1.9c 1.4c 1.4d 48.7c 49.2c 53.1c 51.7d

U60 1.8d 2.3d 1.7d 1.8e 59.4d 64.2d 68.6d 65.0e

U80 2.0e 2.5e 1.8d 1.8e 72.8e 74.4e 71.2d 67.8e

EEF20 1.2b 1.4b 1.2b 1.2c 32.5b 32.6b 39.8b 40.5c

EEF40 1.7c 2.0c 1.5c 1.5d 50.1c 52.3c 55.6c 55.7d
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the higher rate of N applied (Table 3, Table S4), but 
there was no significant difference.

Discussion

Effect of N fertilisation on seasonal pasture DM 
production, NUE and plant N uptake

Annual DM production averaged over the 32-months 
of the trial exhibited a linear response to N, signifi-
cantly (P < 0.05) increasing from 8.9 t ha−1 at 0 N 
to 25.6 t ha−1 at U80 which is common for pas-
tures (McKenzie et  al. 2006). Seasonal variations 
in response of the perennial ryegrass to N (Table 2) 
reflect typical ryegrass growth patterns (Fulkerson 
and Donaghy 2001) as influenced by environmen-
tal parameters (e.g. soil temperature and moisture, 
solar radiation). Within season variability in pasture 
growth is mainly associated with fluctuations in soil 
water content (Chapman et  al. 2009). Irrigation in 
our trial reduced the impact of soil moisture deficits 
(Fig. 1b) on pasture growth and N uptake, however, in 
autumn, when irrigation ceased, soil moisture played 
a critical role in pasture productivity and N responses, 
in particular deep soil moisture (0.2–0.3  m). This 
evidenced by the different N response seen in 2017, 
2018 and 2019, when autumn pasture yield was lover 
in 2017 compared to 2018 and 2019 (Fig.  S2). Per-
ennial ryegrass pasture roots can access soil depths 
of 0.5 m depending on the soil type, indicating that 
consideration of subsoil (> 0.1 m depth) moisture is 
important when predicting N responses (Schultz et al. 
2022).

In spring and summer, with adequate soil moisture 
due to irrigation, pasture was highly responsive to 
N, driven by the higher temperatures and high solar 
radiation (Fig. 1, Table 2) similar to observations of 
Korte (1988). The flatter DM production in response 
to increased fertiliser N generally seen in autumn and 
winter are a response to low solar radiation and tem-
peratures coupled with drier soil conditions (autumn). 
NUE was higher in summer compared with other 
seasons due to favourable growing conditions (Bely-
aeva et al. 2019; Fig. 4b). The low N application rates 
(20 and 40  kg N ha−1) tend to return higher NUE 
compared to rates at or above the regional standard 
(Fig. 4a), and consequently less is lost to the environ-
ment or immobilised into the soil organic pool (de Ta
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Klein et  al. 2017). However, a high NUE can mean 
soil N is being mined (Antille and Moody 2021). The 
amount of N removed by pasture plants throughout 
the trial exceeded the amount of N applied in all treat-
ments except the highest rate (80 kg N ha−1) by 1%, 
23% and 40% with U60, U40 and U20 respectively, 
while in the U80 treatment an excess of 340 kg ha−1 
N was created over 2.5 years (Table S6). The appar-
ent negative balance is often seen in cut and carry 
style pasture trials such as this one where there is no 
N return to the system from decaying plant clippings 
and animal wastes as in a grazed pasture.

The negative N balance indicates that mineraliza-
tion of soil organic matter, with a large reserve of 4.4 
t N ha−1 available in the experimental soil, success-
fully fulfilled a role in suppling N to the pasture. This 
is evident from the 15N work, which showed > 64% 
of the pasture N was supplied by the soil. We expect 
that mineralised N would provide high levels of 
pasture nutrition under grazed systems as well. 

With continued removal of excess N, the organic N 
reserves will eventually diminish (N mining), leading 
to an associated loss of soil carbon, with implications 
for long-term sustainability. Therefore, replenishing 
N is needed, with strategic application at times when 
N loss is expected to be minimal.

Influence of urease and nitrification inhibitors on DM 
yield and NUE

The agronomic and environmental effectiveness 
of EEF’s remains a controversial topic due to the 
considerable variability reported across trials, 
influenced by edaphic, environmental and man-
agement factors (Chen et  al. 2023). A number of 
studies have indicated the effectiveness of EEFs 
in mitigating ammonia or denitrification losses, as 
well as enhancing plant productivity (Dawar et  al. 
2012; Dobbie and Smith 2003). Interestingly, some 
research has shown that EEFs, in particular DMPP, 

Fig. 5   The fate of 
15N-labeled fertiliser in 
plant-soil system as affected 
by rate and season; autumn 
(a) and spring (b). Values 
represent means (± standard 
errors) of three replicates
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was notably effective, even when the application 
rate was halved compared to conventional urea 
(Rowlings et al. 2016). However, there is a growing 
body of recent field research, which suggests that 
EEFs may not significantly increase pasture produc-
tion or NUE whether applied at standard or halved 
rates (De Antoni Migliorati et al. 2014; Nauer et al. 
2018; Suter et al. 2016b) and our study aligns with 
them. Several factors might explain the observed 
lack of effect of EEFs on pasture yield and NUE, 
including interaction with soil and environmental 
site conditions including organic matter content, 
soil texture, soil temperature, pH and some manage-
ment practices (e.g. irrigation) (Thapa et  al. 2016; 
Yang et al. 2016).

SOM is recognised as a major factor affecting 
EEFs’ efficiency. In soils with high organic mat-
ter, the abundance of the urease enzyme targeted by 
NBTPT might render this inhibitor less effective there 
(Hongprayoon et al. 1991). Bremner and Chai (1989) 
showed that NBTPT was most effective on a soil with 
low organic matter content. This further explains the 
limited impact on our carbon-rich (3.8% C) pasture 
soil. Similar, DMPP effectiveness may be reduced in 
soils with high SOM due to adsorption on soil col-
loids (Volpi et al. 2017). In addition, SOM is a source 
of energy for heterotrophic microbes that can degrade 
DMPP and reduce its effectiveness (Fisket al. 2015).

Soil texture plays a crucial role in the EFF’s effec-
tiveness. Due to its high-water solubility, NBPT may 
be less effective in soils prone to leaching, such as 
coarse and sandy soils (Cantarella et al. 2018). In our 
study, a loamy sand texture of the experimental soil, 
with 83% sand content up to 40  cm, could increase 
the risk of NBPT being washed away before exert-
ing its full inhibitory effect. Menéndez et  al. (2009) 
observed that the effectiveness of DMPP might be 
reduced at soil moisture content close to saturation. 
In our study, the moisture level in the upper soil was 
generally high (30–55 vol%) and sometime close to 
saturation, especially in winter, due to rainfalls and 
reduce evaporation. So, these environmental condi-
tions might contribute to the reduced efficacy of the 
DMPP.

EEFs’ efficacy is known to be actively influ-
enced by soil pH (Liu et al. 2015; Suter et al. 2016a) 
with NBTP showing chemical degradation with 
pH decrease (Engel et  al. 2015). Thus, the slightly 
acidic pH of the soil in our study may have shortened 

longevity of NBTP and hence, efficacy. Several stud-
ies, including a recent meta-analysis, have noted a 
positive correlation between DMPP efficacy and 
soil pH (Xue et  al. 2012), with diminishing efficacy 
observed in acidic soils (Nauer et al. 2018; Liu et al. 
2015; Yang et  al. 2016). Alkaline soil pH acceler-
ates DMPP hydrolysis, yielding the active compound 
DMP, which inhibits ammonia oxidation (McCarty 
1999). Thus, the acidic pH in our study might not be 
conductive to the optimal performance of DMPP.

Temperature also plays a role, with NBTPT and 
DMPP being less effective at higher temperatures 
due to increased microbial activity and inhibitor deg-
radation. Studies have shown that inhibitors are less 
effective at temperatures above 25 °C (NBTPT) (Clay 
et  al. 1990) and above 20  °C (DMPP) (Chen et  al. 
2010). However, the relatively mild ambient and soil 
temperatures at our site (Figs. 1, 2) and the presence 
of a good pasture cover that would cool the soil, sug-
gests that temperature effects were likely minimal.

The high inherent fertility of the soil might have 
contributed to the lack of the EEFs’ effect on yield 
and NUE observed in our study. Consequently, most 
of the N supplied to pasture plants originated from the 
native N derived from mineralisation of SOM (as dis-
cussed in the next section), rather than from fertiliser. 
This minimal contribution of fertiliser meant that any 
potential savings of N with EEFs were negligible, 
resulting in little change in the overall N balance.

Fertiliser 15N recovery and source of N used by 
pasture plants

The recovery of fertiliser N in the pasture biomass 
(38–46%) is within the range previously reported 
for Australian and New Zealand ryegrass and other 
grasses (29–49%) (Cookson 1999; Suter et al. 2020). 
Most of the 15N uptake occurred quickly, within the 
first two weeks following fertilisation (Table  S4), 
which suggests rapid immobilisation of applied N 
(Liu et  al. 2015; Ledgard et  al. 1988). This immo-
bilised fertiliser N is a N store available for future 
pasture growth, however the subsequent release of 
this N to plants in our experiment was slow, with a 
large proportion (37–43%) of applied 15N remaining 
in the soil after 12 months (Table S4) and only low 
amounts (i.e. 1.4–1.9%) being released at each sub-
sequent harvest event, similar to other studies (Jamali 
et  al. 2016; Smith and Chalk 2018). The observed 
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fertiliser recoveries could be affected with ‘added 
nitrogen interaction’ (ANI) or ‘priming’ which results 
in enhanced mineralisation (of soil N) by N fertiliser 
application and consequently, increased plant uptake 
of soil N (Jenkinsons et al. 1985). Over time, because 
of the relatively large size of the organic N pool 
accumulated under the fertilised long-term perennial 
ryegrass, only a small component of the total N uti-
lised by the plant will be from the 15N fertiliser that 
was immobilised and re-mineralised. Our data con-
firmed that the contribution of native soil N to pasture 
nutrition (Ndfs) was large (64–82%) (Table 3). There 
is the evidence that NH4

+-N causes higher ANI com-
pared to NO3

−-N (Azam 2002), hence the presence of 
the EEF EU might stimulate ANI via prolonging the 
presence of NH4

+-N in soil as reported for dryland 
pastures in a similar climate (Suter et al. 2020).

Typically, lower plant recovery of fertiliser N 
is expected in autumn compared to spring due to 
slower plant growth (Cookson et  al. 2001), which 
we observed with the autumn fertilisation DM being 
nearly half that of the spring fertilisation (data not 
shown). This was associated with reduced solar radia-
tion, as other climatic parameters were similar in both 
seasons (temperature 13.0–15.6  °C, soil volumetric 
water content of 48–60%). Enhanced spring plant 
growth resulted in more N uptake and higher recov-
ery of 15N, but this seasonal effect was noticeable 
after the first and second harvests only (Table  S4). 
Nonetheless, the total N recovery in autumn-fertilised 
plots (30–34%) was slightly lower, than in spring-fer-
tilised plots (35–39%).

Environmental impact of N fertiliser application

After an experimental period of 8–12  months, an 
average of 3.6 kg N ha−1 and 12.5 kg N ha−1 remained 
unaccounted for at the low (U20) and higher (U40) 
rates of urea, respectively, representing 14–31% of 
applied N. Thus, doubling the fertilisation rate had no 
effect on the recovery of 15N in the plant, however it 
did cause a two to threefold increase in unaccounted 
for N (Fig. 5). The observed range of lost N is simi-
lar to that reported by others for temperate pastures 
(9–35%) (Jamali et  al. 2016; Williams et  al. 2000). 
Nitrogen loss from agricultural systems can be via 
major pathways including denitrification gaseous 
loss (N2O and N2), ammonia volatilisation (NH3) and 
nitrification leading to nitrate (NO3

−) loss.

N input is recognized as the major cause of 
N2O emissions in pasture systems (Oenema et  al. 
1997); however, there can be significant differ-
ences in the magnitude of N2O emissions following 
fertiliser application, depending on environmental 
and management factors. In our study, daily emis-
sions measured from both fertilised and unferti-
lised plots (Fig.  3) were low. In the U0 treatment, 
this low flux was attributable to low levels of soil 
NO3

− (10–20  mg  kg−1) under unfertilised cut and 
carry conditions. Similar low emissions have been 
observed in non-fertilised, non-grazed or extensively 
grazed pastures, where the daily flux is typically < 5 g 
N2O-N ha−1 (Moiser et al. 1991). Even though fertili-
sation with urea increased the N2O flux exponentially 
(Fig. 3), the total N lost within one week (peak loss) 
(under 0.13%) was still small and did not represent an 
economical value. This is mainly because this peak 
increase was short (< 1  week) as a consequence of 
rapid urea hydrolysis in these highly organic pasture 
soils (often < 7 days and can be as rapid as 24 h for 
complete hydrolysis) (Dougherty et  al. 2016) fol-
lowed by nitrification and denitrification. Addition-
ally, low losses of N2O observed in fertilised plots 
can be associated with plant uptake of N (Veldkamp 
et  al. 1999). Well-developed roots under established 
perennial pasture outcompete microbial nitrifiers for 
NH4

+ in the rich organic pasture soil (3.8% C in our 
study) (Neill et  al. 1995) reducing the NH4

+ under-
going autotrophic nitrification. Moreover, under 
established perennial pastures carbonaceous material 
is abundant in the rhizosphere, which can enhance 
net-immobilization of N (Wakelin et al. 2021) further 
reducing NH4

+ available for nitrification. Our post 
fertilised N2O emissions (0.5–22.0 g N2O-N ha−1 per 
day) were similar to estimates from studies of tem-
perate grasslands (Flechard et al. 2005; Randall et al. 
2015; Suter et al. 2016a).

The differing magnitude of the N2O fluxes meas-
ured in the three seasons appeared to be influenced 
more by soil temperature than soil moisture (Fig. 1b). 
We observed lower N2O emissions (on average 
50–90% less) with the cooler soil temperatures in 
spring 2018 (< 10.6  °C) (Fig.  1b) compared to the 
other sampling dates (average of 19.4  °C). These 
spring temperatures are below the optimal range for 
microbial nitrification and denitrification processes 
(20–40 °C) (Bouwman et al. 2002). Lower N2O emis-
sions during the cooler spring and autumn months, 
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regardless of soil moisture and soil N input was 
observed by Philips et  al. (2007), who described a 
two thirds reduction of N2O fluxes when the soil tem-
perature was reduced from 23 to 20  °C. Because of 
wet soil conditions [30% VWC to 46% VWC which 
is equivalent of 55–85% water filled pore space 
(WFPS)] under irrigation, we hypothesise that most 
of the N2O emission in our experiment were primar-
ily from denitrification (Saggar et al. 2013). The soil 
moisture at the higher end of the observed range is 
known to be conductive to loss of N2 from complete 
denitrification (Wu et  al. 2017). Under such condi-
tions, the emission of this gas is generally expected 
to be greater than that of N2O, with the ratio N2:N2O 
varying from 1 to 8:1 depending on soil and environ-
mental conditions (Warner et al. 2019; Rolston et al 
1982). However, based on this ratio, we expect that 
N2 loss was a minor contributor to overall N loss in 
the experimental environment. Nitrate leaching is 
often considered to be the most important channel 
of N loss from the rooting zone particularly on well-
drained soils and during times of high rainfall or irri-
gation (Di and Cameron 2002; Holz 2010). However, 
we do not expect this would be a major pathway of N 
loss at our site at spring–summer during active pas-
ture growth, due to the competition of well-developed 
plant roots for NO3

−. However, over winter, plant 
grow rates were low, but rainfall was high increasing 
the risk of N leaching. The soil at our site had rea-
sonable internal drainage (Table 1) suggesting a pos-
sibility for N to leach, and we observed up to 12% of 
applied 15N was found at the 20–40  cm depth after 
8–12  months (Table  S3). In additional, lateral flow 
could occur due to the texture change in the profile, 
so leaching and movement of N below the root zone 
could be substantial during the winter period.

Under drier conditions, similar to those we observed 
at our site in autumn, substantial NH3 volatilization 
from urea applied to pastures can occur (up to ~ 30%) 
(Dawar et al. 2012) when the urea is not washed into 
the soil due to the turned off irrigation. Previous 
reports in similar climates shown up to 30% loss from 
urea applied to pasture in autumn (Suter et al. 2013).

Our findings emphasize the seasonal variability 
in N2O fluxes, driven primary by soil temperature 
and fertilizer applications, which underscores the 
importance of accounting for climatic conditions in 
N management strategies. The potential for N leach-
ing during periods of high rainfall, coupled with NH3 

volatilization under dry conditions, highlights the 
need for targeted management, which could include 
urease and nitrification inhibitors, especially during 
high N loss periods such as winter and autumn.

Conclusion

Environmental variables along with timing and rate of 
fertiliser application significantly influenced pasture 
productivity and NUE in the established perennial 
ryegrass pasture. Our findings indicate that the high-
est NUE was measured at a urea rate reflecting the 
standard commercial practice in the region (40 kg N 
ha−1). NUE was higher in summer, emphasizing the 
importance of encompassing variability in seasonal N 
management strategies. Inter-year seasonal variations 
in pasture growth highlighted the importance of soil 
moisture in determining productivity, particularly in 
autumn when deep soil moisture appears to drive pro-
ductivity as the soil dries out.

Application of EEFs with urea did not alter the 
pasture yield or NUE over the growing season. This 
is attributed to the high background levels of N in 
the soil contributing N from the soil organic mat-
ter pool for pasture nutrition, and the rapid immo-
bilisation of applied N within the organic-rich soil 
matrix. Additionally, local soil and environmental 
conditions may have influenced the EFFs’ efficacy. 
Consequently, we concluded that using EEFs was 
not an effective strategy in boosting pasture produc-
tion, when applied at standard or lower N rates, in 
the investigated environment.

A significant proportion of applied N remained 
unaccounted for a year after application, suggestive of 
losses through denitrification and ammonia volatilisa-
tion. While losses of N2O were relatively low, losses of 
N as volatilised ammonia or via leaching during autumn 
and winter respectively could be major contributors to 
the unaccounted for N loss. Future studies to identify 
all pathways of N loss, and develop measures to prevent 
N loss to environment would be beneficial. Effective N 
management in pasture system requires a comprehen-
sive understanding of soil–plant interactions, seasonal 
variability and the impact of fertilisation practices on 
productivity and environmental sustainability. Targeted 
management strategies tailored to local soil and climatic 
conditions are essential for optimizing N use efficiency 
while minimizing environmental impacts.
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