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Abstract Plantain (Plantago lanceolata) has shown
the potential to reduce nitrous oxide (N,O) emissions
from urine patches. However, inconsistent results
have been reported in previous studies. In this con-
text, the sward age might be a factor regulating plan-
tain effectiveness in mitigating N,O emissions. Thus,
this study aimed to assess the effect of sward age
on N,O emissions from urine patches under differ-
ent sward composition ratios of ryegrass/white clo-
ver (RG/WC) and plantain (PL). We also examined
the potential impact on N,O emissions of transition-
ing a RG/WC based pasture to PL swards. Two field
experiments were undertaken to: (i) compare N,O
emission from urine applied to 2-year (Old plantain)
and 3-month (New plantain) old swards with sowing
densities aiming at four proportions of PL mixed with
RG/WC (0; 30; 45 and 100% PL) and (ii) assess N,O
emissions during soil cultivation and sowing follow-
ing transition from RG/WC to PL swards. New plan-
tain tended to decrease N,O emissions from urine
patches by ~31% relative to RG/WC pastures, but this
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effect was significant only in the 45% PL. In contrast,
there were no significant effects of the Old plantain
sward, probably because of increased clover biomass
relative to the new sward. In addition, the transition
from RG/WC pasture to PL swards increased N,O
emissions from 0.1 to 1.53 kg N ha~!. Finally, our
results suggest that plantain’s inhibitory effect on
N,O emissions from cattle urine is more effective in a
3-month-old sward than a 2-year-old sward. However,
it was not possible to disentangle effects of sward
age and clover share in the sward in this study. Pas-
ture renewal increased N,O emissions, and therefore,
other approaches to renew swards should be consid-
ered to minimize N,O emissions.

Keywords Biological nitrification inhibition -
Denitrification - Emission factors - Pasture
renovation - Plantain proportion - Clover

Introduction

Nitrous oxide (N,0O) is a powerful greenhouse gas
(GHG) with a radiative potential that is about 300
times greater than that of carbon dioxide (CO,)
(IPCC 2021). The agricultural sector contributes with
ca. 50% to global N,O emissions, with 22% deriving
from soil in pastoral dairy farming systems (van der
Weerden et al. 2017). In grazed livestock systems,
animal urine patches are the largest source of N,O,
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and there is ongoing research on developing options
to reduce N,O emissions from urine.

Strategies to mitigate N,O emissions from soil can
be broadly categorised as those that reduce the total
amount of urinary nitrogen (N) excreted by animals
and those that reduce the proportion of urine N lost
through manipulating the soil processes nitrifica-
tion or denitrification (de Klein et al. 2020). A recent
review suggested that plants can help mitigate N,O
emissions from urine patches, with plantain (Plan-
tago lanceolata) showing particular promise (de
Klein et al. 2022). Results to date have shown that
plantain can not only reduce the total amount of uri-
nary-N produced by grazing animals (Minnée et al.
2020; O’Connell et al. 2016), but also reduce the
proportion of N lost from urinary N (Bowatte et al.
2018; Byrnes et al. 2017). Studies comparing N,O
emissions following urine application on plantain
swards with emissions from urine applied to standard
ryegrass and white clover pasture found a reduction in
N,O emissions of up to 30% (Luo et al. 2018; Simon
et al. 2019). Although the exact mechanisms by which
plantain reduces N,O emissions are still being inves-
tigated, there is increasing evidence that plantain can
inhibit the soil microbial nitrification process through
root exudation of secondary metabolites (Gardiner
et al. 2017; Judson et al. 2020; Rodriguez et al. 2021;
Simon et al. 2020, 2019). By inhibiting nitrification,
the production of nitrate—N from N excreted by ani-
mals is delayed. This is beneficial because nitrate—N
is more susceptible than ammonium-N to losses via
leaching and emission of gaseous N forms such as
N,0, N,, and NO (Cardenas et al. 2016).

The inhibition of nitrification through plant root
exudates (biological nitrification inhibition, BNI)
has been demonstrated in a range of plant species,
largely from tropical systems (e.g. signal grass, sor-
ghum, maize, rice, and wheat) (Subbarao et al. 2009,
2012). Similarly, plantain is known for producing the
iridoid glycosides aucubin and catalpol, and the poly-
phenol verbascoside/acteoside, which are bioactive
compounds with potential BNI effects (Gardiner et al.
2016; Wichtl 2004).

Previous studies suggest that plantain age can
affect its ability to inhibit N,O emissions after the
deposition of cattle urine. For instance, Nyameasem
et al. (2021) found a minimal effect of a newly estab-
lished plantain sward in reducing the microbial
enzyme activity in the soil and N,O emissions. It was
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suggested that this effect is likely due to the young
age of plantain. In contrast, Carlton et al. (2019)
reported a reduced ammonia-oxidizing bacteria
(AOB) abundance for a 2-year-old plantain-rich pas-
ture (ca. 30% PL), with a strong impact of contrasting
soils and environmental conditions. Another study
also found that a 2-year-old plantain presented nearly
double the concentration of the BNI compound aucu-
bin (6.9 mg g~' DM) in plantain leaves compared
with a 1-year-old plantain (3.8 mg g~' DM) (Navar-
rete et al. 2016).

Establishing plantain in a sward could influence
N,O emissions due to the required soil cultivation
and planting. For instance, a study in northern Ger-
many has shown that pasture renewal by ploughing
and harrowing in spring and autumn emitted 3.73
and 14.08 kg N ha™! as N,O per year, respectively,
while an uncultivated permanent grassland emitted
0.84 kg N ha! (Reinsch et al. 2018). In New Zea-
land, Thomas et al. (2008) indicated that pasture con-
version from ryegrass/clover to a triticale crop with
soil tillage increased N,O emissions when the soil
was subject to treading and urine-N application at
soil moisture levels above the field capacity. Also in
New Zealand, Wall et al. (2023) found that pasture
renewal by direct drill following herbicide application
increased N,O emissions, probably due to increased
net soil N mineralisation, which provides substrate for
nitrification and denitrification microbial processes.
Although plantain has shown potential to reduce
emissions from urine patches, transitioning ryegrass/
clover to plantain-containing swards may increase
N,O emissions and research on this topic is lacking.

Results on the effect of plantain proportion in the
sward on reducing N,O emissions from grazing sys-
tems have been inconsistent. A linear decrease in N,O
emissions was observed with increasing the propor-
tion of plantain swards (Simon et al. 2019), while
Pijlman et al. (2020) found no obvious link between
the proportion of plantain and N,O emission reduc-
tion. Therefore, more work is needed to explore the
effect of plantain proportions on its ability to reduce
N,O emissions.

Based on results reported so far, we hypothesize
that a 2-year-old established plantain would present a
greater potential to reduce N,O emissions compared
with a 3-month-old established plantain sward. We
also hypothesized that the transition of a ryegrass
to a plantain-containing pasture can increase N,O
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Fig. 1 Rainfall (mm) and air temperature (°C) during the measurement periods (2019-2020)

Table 1 Means and standard error (between parentheses) of
actual plantain, ryegrass, and clover share (%) in swards sub-
ject to sowing with different nominal proportions of plantain
(0%, 30%, 45% and 100%) in 2-year-old (Old plantain) and
3-month-old (New plantain) swards

Plantain (%) Ryegrass (%)  Clover (%)
0% Plantain
Old plantain 0 Da 66 (7) Ab 34 (7) ABa
New plantain 0 Da 85 (5) Aa 15 (5) Ab
30% Plantain
Old plantain 35(5) Ca 24 (8) Bb 41 (7) Aa
New plantain 40 (8) Ca 45 (6) Ba 15 (5) Ab
45% Plantain
Old plantain 57 (2) Ba 19 (3) Bb 25 (4) ABa
New plantain 64 (4) Ba 25 (4) Ba 11 (3) Ab
100% Plantain
Old plantain 79 (7) Aa 0Ca 21 (7) Ba
New plantain 91 (2) Aa 0Ca 9(2) Ab

Means followed by different uppercase letters differ statisti-
cally between nominal plantain sward proportions within the
same age. Means followed by different lowercase letters rep-
resent significant differences between old and new plantain
swards within the same nominal plantain proportion according
to Tukey’s test (P <0.05)

emissions. The objectives of this study were to: i)
assess the effect of plantain sward age on its ability
to reduce N,O emissions from urine patches applied
to pastures with increasing proportions of plantain
mixed with ryegrass/white clover, and ii) conduct an
assessment of the potential for increased N,O emis-
sions during plantain sward establishment.

Material and methods
Experimental site

Two experimental areas containing plots with varying
proportions of plantain (Plantago lanceolata L.) were
established at Invermay Agricultural Centre near
Mosgiel, New Zealand (45° 52" 30" S and 170° 20’
50" E). The climate is temperate with a mean annual
precipitation of 750 mm. The mean air temperature
for the region is 9 °C, with the warmest months usu-
ally being January/February and the coldest being
June/July (NIWA 2018).

The trial sites are located in an area formerly under
a perennial pasture of ryegrass (Lolium perenne L.)
and white clover (Trifolium repens L.), rotationally
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«Fig. 2 Fluxes of N,O (a, e), water filled-pore spaces
(WFPS%) (b, f), soil NH,* (¢, g) and soil NO;~ (d, h) con-
centrations following cattle urine application to 2-year-old (a
to d) and 3-month-old (e to h) plantain swards, under different
nominal proportions of plantain mixed with ryegrass and white
clover. Vertical bars denote LSD according to Tukey’s test
(P<0.10). Please note that the control treatment in this graphic
represents the mean values of all control plots used for 0, 30,
45 and 100% nominal plantain proportions

grazed by sheep. The soil is a moderately well-drained
Wingatui silt loam (NZ Taxonomy, weathered Fluvial
Recent soil; USDA Taxonomy, Dystrudepts; (Hewitt
2010; Soil Survey Staft 2022)). This soil is generally
deep, has a high plant-available water capacity and is
naturally fertile with a high base saturation. The soil’s
physicochemical attributes at 0-0.20 m soil depth
are: pHe,cp=5.9, organic C=5.4%, organic mat-
ter=9.2%, total N=0.54%, clay=37%, silt=54%,
fine sand=7%, bulk density=0.99 Mg m™3, cation
exchange capacity=21.1 cmolc dm™, total base satu-
ration=75.7%, and Olsen P=23 mg L.

Trial set-up and treatment application

The experimental areas contained plots with four
sown proportions (0, 30, 45 and 100%) of plantain
cv. Agritonic (PL) mixed with perennial ryegrass
cv. One50 AR37, and white clover, cv. Tribute,
(RG/WC). Trial 1, hereinafter referred to as “Old
plantain”, was sown in November 2017, and trial 2,
hereinafter referred to as “New plantain”, was sown
in November 2019. To establish both trials, a site
containing a ryegrass/clover sward (ca. 75/25% pro-
portion) was sprayed with the herbicide glyphosate
twice, ploughed at a 25 cm depth, harrowed three
times to create a seedbed, and sowing was performed
with a seed drill. Fertilisers were not applied at least
3 months prior to soil cultivation. The respective
sward types PL0%, PL30%, PL45%, PL100% were
obtained with the following sowing densities:

PL0%: 20 kg ha™' RG and 4 kg ha™! WC.
PL30%: 4 kg ha™' PL, 16 kg ha™' RG, and

4 kg ha™! WC.
PL:45%: 6 kg ha™! PL, 12 kg ha™' RG, and
4kgha™' WC.

PL100%: 12 kg ha™! PL and 4 kg ha~! WC.

Notably, the labels 0, 30, 45 and 100% of PL refer
to the sowing density of plantain (nominal plantain
proportion) relative to ryegrass only and may deviate
from the actual plantain proportion during the trials.
This does not consider clover, as all treatments were
sown with 4 kg ha™' WC. Moreover, we also present
the actual plantain proportion and dry matter yield in
the results section, which refers to the plantain above-
ground biomass measured 2 days before urine-N
application.

The treatments were arranged in a randomised
block design with five replicates. The plots were
mown at 30, 50, and 80 days after sowing to stimu-
late vegetative growth and to enable a standardization
of the plots. The clipped material was removed from
the plots to avoid plant residues interfering with soil
properties. A stainless-steel ring of 25 cm diameter
(0.049 m?) was inserted 7.5 cm into the soil. This was
used to delimit an area for urine application and as
a base for the chambers used for N,O flux measure-
ments. Adjacent to each ring was a 0.5 m? area that
received the same urine treatments and was utilized
for soil mineral N and soil moisture content determi-
nations. Each of the plots also had another circular
plot of 0.049 m? and an adjacent 0.70 m?® area that did
not receive any urine (control or no urine treatments).
These areas were used as the control treatments for
the N,O flux and soil parameter measurements, as
well as for calculating urine-N emissions factors.

The measurements for assessing the impact of
grassland renewal on N,O emissions were performed
in plots in the New plantain area and an undisturbed
adjacent area during the trial establishment from Sep-
tember to November 2019.

In February 2020, fresh urine was collected from
Friesian dairy cows grazing RG/WC pasture. The
urine collection occurred during cows’ milking using
plastic containers, and the volume obtained was
stored at—4 °C for 24 h. A subsample of the urine
was sent to the laboratory for total N concentration
analysis. On the day of application, 0.49 L of cattle
urine (equivalent application rate of 682 kg N ha™!)
was evenly poured onto each gas measurement area
(0.049 m?). Simultaneously, the 0.5 m? soil plots
received 4.9 L of synthetic urine (Clough et al. 2003)
with the same N content as the real urine applied to
the gas measurement plots. The urine volume applied
to the plots was equivalent to 10 L m~2, considered as
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Table 2 Cumulative emission (kg N ha™!) and emission fac-
tor (EF;%) of nitrous oxide (N,O) (n=5), from cattle urine
patches deposited to different nominal proportions of plantain

swards (0, 30, 45 and 100%) of a 2-year-old (Old plantain) and
a 3-month-old (New plantain) swards

0%PL 30%PL 45%PL 100%PL
Cumulative N,O emission (kg N ha™!)—Urine treatments
Old plantain 2.47 (0.668) Aa 3.94 (0.736) Aa 3.18 (0.556) Aa 3.26 (0.530) Aa

New plantain 1.54 (0.099) Ba

Old plantain

New plantain

0.08 (0.008) Bb
0.22 (0.093) Aa
Emission factor (%)
Old plantain

New plantain

0.35(0.10) Aa
0.19 (0.02) Ba

1.24 (0.133) Bab
Cumulative N,O emission (kg N ha~!)—Control (no urine treatments)
0.17 (0.031) Aa
0.16 (0.024) Aa

0.55(0.11) Aa
0.16 (0.02) Bab

0.86 (0.107) Bb 1.09 (0.281) Bab

0.11 (0.011) Aab
0.11 (0.025) Aab

0.21 (0.076) Aa
0.08 (0.023) Bb

0.45 (0.08) Aa
0.11 (0.02) Bb

0.45 (0.07) Aa
0.15 (0.04) Bab

Means followed by different uppercase letters differ statistically between old and new plantain swards within the same nominal plan-
tain proportion. Means followed by different lowercase letters represent significant differences between nominal plantain sward pro-
portions within the same age according to Tukey’s test (P <0.05 for urine treatments, and P <0.10 for no urine treatments). Values

between parentheses refer to the standard error of the mean

Note: Emission factor and cumulative emission values need to be interpreted with caution considering the interrupted period of

measurements due to Covid19

the average of an adult cow’s urination (8-14 L m~?)
(Haynes and Williams 1993).

N,O gas measurements from transitioning pasture to
plantain swards

Pre- and post-sowing measurements were taken dur-
ing the establishment of the New plantain plots to
enable an assessment of the effect of transitioning
from RG/WC to PL swards on N,O emissions. A
stainless-steel ring of 25 cm diameter (0.049 m?) was
inserted 7.5 cm into the soil, serving as a base for the
chambers used for N,O flux measurements.

N,O gas measurements from the New and Old
plantain and ryegrass/white clover plots

Two days before urine application, pre-treatment N,O
measurements were conducted to determine the vari-
ability of background N,O fluxes between the plots.
The first post-treatment N,O measurement was con-
ducted immediately after urine application. There-
after, samplings occurred twice a week, at 4, 7, 11,
14, 18, 21, 25, 27, 29, 32 and 35 days after urine
application. The measurements were then discontin-
ued due to the Covid19 pandemic. After the Covid19
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lockdown, we continued the gas measurements
weekly on days 76, 83, 89 and 96 following urine
application.

On each sampling event, N,O measurements were
carried out between 10 am and 1 pm, which allows
extrapolation to a daily flux without bias (van der
Weerden et al. 2013). Chamber headspace samples
were taken by a 20 mL syringe, using the sampling
system described by de Klein et al. (2003), and stored
in 7.5 mL evacuated vials (Exetainer, Labco Ltd.,
High Wycombe, UK).

For the first 12 sampling occasions, chamber head-
space gas samples were collected during an enclosure
period of 60 min, at times t0, t30 and t60. After the
linearity of the increase in N,O concentration dur-
ing the enclosure period was confirmed, gas samples
were collected at t0 and t60 for the remainder of the
sampling occasions. On each sampling event, two
background atmosphere samples were also collected.
Gas analysis was conducted at Lincoln University
(Lincoln, New Zealand) by gas chromatography using
a Shimadzu GC-17a gas chromatograph equipped
with a 63Ni-electron capture detector with oxygen-
free N, as a carrier gas.

The hourly N,O emissions (mg N m™ h™') were
calculated for each chamber from the increase in
headspace N,O over the sampling period. The hourly
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N,O emissions (mg N m~2 h™!) were calculated as
follows (de Klein et al. 2003):
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nominal proportion of plantain on N,O emissions in non-urine
treatments is presented in (c) and (f)
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«Fig. 4 Relationship between cumulative N,O emissions and
shoot biomass (a, ¢, e, and g) or actual proportion (b, d, f, and
h) of white clover and plantain in 2-year-old (Old plantain) and
a 3-month-old (New plantain) swards, subjected to the applica-
tion of urine and no urine (control)

where: ON,0 is the increase in headspace N,O over
time (uL/L); 8T is the enclosure period (hours); M is
the molar weight of N in N,O; Vm is the molar vol-
ume of gas at the sampling temperature (L/mol); V is
the headspace volume (m3); and A is the area covered
(m?).

These hourly emissions were integrated over time
for each enclosure to estimate total emissions over the
measurement period. Emission factors (EF;, N,O-N
emitted as % of N applied) were calculated using
Eq. (2).

NZO tOtal(urine) - NZO toral(contml)

EF, = x 100  (2)

Urine N applied

where EF; is the emission factor, N,O total (urine)
and N,O total (control) are the cumulative N,O emis-
sions from the urine and control plots, respectively
(kg N ha™!), and urine N applied is the rate of urine N
applied (kg N ha™).

Weather, soil, and sward composition measurements

Daily total rainfall and mean ambient air temperatures
were obtained from a weather station located within
500 m of the trial site. A manual rain gauge was also
used to monitor total rainfall between sampling dates.
Manual soil temperature probes were used on each
gas sampling event to measure soil temperature at
5 cm depth.

Soil cores (0-7.5 cm depth, 25 mm diameter)
were collected once a week from the 0.5 m? soil
plots. From each plot, three cores were taken to the
lab and thoroughly mixed to provide one compos-
ite sample per plot. Approximately 15 g of soil was
utilized for soil mineral N extraction with 2 M KCI.
After extraction, samples were frozen and sent to
the Ruakura AgResearch campus for ammonium
and nitrate determination via flow injection analy-
sis (FIA). The remainder of the soil was weighed
and dried at 104 °C for 48 h to determine gravimet-
ric soil water content. Mineral N was converted to

kg N ha~! considering the soil N concentration (mg
kg™"), bulk density (0.99 Mg m~3), and the sampling
depth (7.5 cm). Water-filled pore space (WFPS %)
was calculated from gravimetric soil moisture con-
tent, bulk density, and an assumed particle density of
2.65 Mg m~ (Linn and Doran 1984).

Sward biomass was measured 2 days before urine
application. This was done by placing a 0.05 m’
quadrat in a representative area of the plot. Plants
inside the quadrat were cut at a height of 3.5 cm and
transported to the laboratory for dissection according
to plant species. Subsequently, plant samples were
oven-dried at 65 °C for at least 24 h to measure the
biomass dry weight (DW).

Statistical analysis

Analysis of variance (two-way ANOVA) was per-
formed on the cumulative emissions and emis-
sion factors of N,O for the factors of PL age and
proportion in the sward. If significant differences
were found, means were compared using Tukey’s
test (P<0.05). Pearson’s correlation and regression
analyses were carried out to compare differences in
cumulative N,O emissions between proportions of PL
sward (0, 30, 45 and 100%), using the statistical soft-
ware R, version 4.3.0 (R Core, 2022).

Results
Weather

Cumulative rainfall during seedbed preparation of
the New plantain trial (September to November
2019) was 200 mm over the 64 days, while air tem-
perature ranged from 3.6 to 20.3 °C (average 9.1 °C)
(Fig. 1). In contrast, rainfall during the N,O measure-
ment period after cattle urine application (Feb to May
2020) was considerably lower, totaling 124 mm over
a 99-day period. Air temperature ranged from 3.2 to
18.9 °C (average 11.6 °C) (Fig. 1). The accumulated
rainfall during the 36 days of Covidl9 lockdown
was very low, totaling 42 mm, while air temperature
ranged between 5.3 and 17.2 °C (average 10.5 °C).
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Fig. 5 Nitrous oxide flux

(a), soil ammonium (b), a)
and nitrate (c) during the )
transition of ryegrass/white 0.30 ¢ Undisturbed pasture 40
. @~ New plantain area
clover pasture to a plantain- ) raved 2
containing sward. A 0.25 1 Rainfall e
g sward. Arrows [ 3
indicate the timing of spray- ploughed L 30
ing and ploughing in the = 020 | _
New plantain area. Vertical "E } g
bars refer to the standard Z 0.15 s =
error of the mean g’ sprayed 1 - 20 €
é 0.10 g
o,
Z 0.05 - L
- 10
0.00 .
-0.05 -H = = T 7 m T 0
400 1 @ Undisturbed pasture b)
@ New plantain area
350 4
300 A
T 250
=
z
éo 200
+ -t
= 150 -
z.
400 1 @ - Undisturbed pasture c)
@ - New plantain area
350 A
04 e
T 250
=
r4
oo 200 -
=
S 150 A
Z %
100 -
/(V T T T T T
a 2 a 2 a )
~ ~ ~ = ~
S 8 N S S S
~ = ¥ ) ~
~ N ~

@ Springer



Nutr Cycl Agroecosyst (2026) 132:16

Page 11 of 16 16

Pasture composition

Actual plantain proportions did not significantly differ
between new and old swards (Table 1). Old plantain
swards contained higher clover and lower ryegrass
proportions relative to the new swards. As expected,
increasing the proportion of plantain resulted in
decreased proportions of ryegrass for old and new
swards. Only in the old sward, the 30% PL increased
the proportion of clover relative to the 100% PL.

Nitrous oxide emissions after cattle urine application:
Effect of sward age

Nitrous oxide fluxes peaked on the day of urine appli-
cation in both trials, with fluxes ranging from 2.83 mg
N m—2h! (0% PL) to 4.53 mg N m~ h~! (30% PL)
in the Old plantain trial (Fig. 3a) and from 1.45 mg N
m~—2h~! (0% PL) to 0.75 mg N m~2 h™! (45% PL) in
the New plantain trial (Fig. 3e).

A second small increase in N,O fluxes occurred
6 days after urine application (Fig. 2a, e). This sec-
ond peak was associated with an increase in soil
water-filled pore space (WFPS) generated after urine
application and rainfall (Fig. 2b, f). In addition, the
soil NO;™ concentration increased over this period
(Fig. 2d, h).

Cumulative N,O emissions varied from 0.86 kg
N ha™! (45% PL) to 1.54 kg N ha™! (0% PL) in the
New plantain swards and from 2.47 kg N ha™' (0%
PL) to 3.26 kg N ha~! (100% PL) in the Old plantain
swards (Table 2). Cumulative N,O emissions in the
New plantain plots were 20% (30% PL), 44% (45%
PL), and 29% (100% PL) lower than those from the
RG/WC sward (0% PL). In contrast, in the Old plan-
tain, N,O emissions were 22-37% higher than in the
RG/WC sward (0% PL) (Table 2), although this effect
was not statistically significant, except for 45% PL in
the new sward.

The N,O emission factors (EFs) in the New plan-
tain treatments ranged from 0.11% (45% PL) to
0.19% (0% PL), with an average EF for all PL plots of
0.14%. This was a reduction of 26% compared with
the EF from urine deposited to RG/WC (Table 2). In
the Old plantain plots, the EFs ranged from 0.35%
(0% PL) to 0.55% (30% PL). The average EF over all
PL plots was 0.48%, which was 27% higher than the
EF from urine deposited to RG/WC (Table 2).

Effect of plantain proportion in the sward

There was no significant effect of PL treatment on
cumulative N,O emissions after urine application in
the old sward (P>0.05) (Table 2). However, when
urine was applied to newly established PL swards,
there was a significant decrease of 44% in N,O cumu-
lative emissions from 45% PL sward compared with
RG/WC clover sward (P<0.05) (Table 2). At 30%
and 100% PL in the newly established sward, there
were 20% and 30% reductions, respectively, in cumu-
lative N,O emissions, but these were not statistically
significant reductions from 0% PL (P> 0.05) (Table 2,
Fig. 3d). For emission factor values, the new sward
presented lower values than the old sward (Table 2).
In addition, a trend of reducing N,O emission fac-
tors with increasing PL proportions in the sward was
observed between the 0, 30 and 45% PL treatments in
the newly established trial (Fig. 3e).

The results indicated that the higher the clover
biomass, the larger the N,O emissions in the Old
plantain treatments subjected to urine application
(P=0.05). However, this relationship was not signifi-
cant in the new sward (Fig. 4a). Plantain shoot bio-
mass and actual proportions were not significantly
correlated to N,O emissions (Fig. 4e, f).

Effect of sward age and proportion of plantain on
N,O emissions from non-urine plots

Cumulative N,O emissions were also assessed from
treatments without urine application (control), and
emissions were significantly lower in the 100% PL
treatment of the New plantain swards (P <0.05)
(Table 2). We also found a significant decrease
in N,O emissions with increasing PL proportions
(Figs. 3f, 4g, 4h). White clover shoot biomass had a
positive relationship with N,O emissions in the new
sward when no urine was applied (Fig. 4d, P=0.03).
In the control plots of the Old plantain swards, an
opposite effect was observed, with cumulative emis-
sions being significantly higher in 30 and 100% PL
treatments compared with the 0% PL treatment
(P<0.10) (Table 2). Furthermore, there was a mar-
ginally significant trend of increasing N,O emissions
with increasing nominal PL proportions (r>=0.68,
P=0.09) (Fig. 3c). The same trend was observed for
actual plantain proportions and shoot biomass of the
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Old sward, but it was not statistically significant in
this case (Fig. 4g and h).

Potential impact on N,O emissions during the
establishment of plantain in the sward

Measurements were taken during the establishment
of the New plantain trial to assess the effect of tran-
sitioning from RG/WC clover to PL swards on N,O
emissions. During the first three weeks after spraying
out the RG/WC sward with the herbicide glyphosate,
N,O fluxes were low and similar to the undisturbed
pasture (Fig. 5a). However, five days after a second
herbicide spraying (30 days after the first applica-
tion), N,O emissions were significantly greater in the
PL sward (0.25 mg N m~2 h™!) compared with emis-
sions from the undisturbed pasture (—0.001 mg N
m~2h™!) (P<0.05) (Fig. 5a). Considering cumulative
N,O emissions, the new plantain area and the undis-
turbed pasture emitted 1.53 kg N ha™' (+0.30 SE)
and 0.1 kg N ha™" (+0.07 SE) of N,O, respectively.

Soil ammonium content slightly increased in the
New plantain area 9 days following the first herbi-
cide application and peaked 5 days after the second
herbicide application (65 kg N ha™!) (Fig. 5b). Soil
nitrate content increased 9 days after the first herbi-
cide application and was further augmented signifi-
cantly after a heavy rainfall event of 34 mm, reaching
308 kg N ha~! (Fig. 5¢).

Discussion

Plantain reduced N,O emissions only in the new
sward with a 45% nominal proportion

Our results showed large peaks in N,O fluxes shortly
after urine application, which is consistent with what
has been observed in previous studies (e.g. Hoogen-
doorn et al. 2016; Simon et al. 2019; van der Weerden
et al. 2017). These authors have associated these
events with several factors, such as the priming effect
of urine, resulting in a rapid mobilisation of N and
carbon.

The potential of PL to reduce N,O emissions from
urine was observed in newly established swards, but
not in older swards (Table 2). The N,O emissions
measured in the Old plantain swards were up to ca. 3
times higher than the emissions in the New plantain
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swards, even though the trials were side-by-side and
measurements were conducted under the same envi-
ronmental conditions. These larger N,O fluxes in the
Old plantain swards could have been due to higher
clover contents observed in the Old plantain swards,
as we found a significant linear relationship between
above-ground clover biomass and N,O emissions fol-
lowing urine application (Fig. 4a; r’=0.91, P<0.05).
The higher clover contents could have resulted in
higher indigenous soil N content, soil microbial
populations, and thus increased N,O fluxes (Sturite
et al. 2021). Biological N fixation is not considered
a source of N,O emissions according to the IPCC
guidelines. For example, Cashman et al. (2025) found
that biologically fixed N by clover did not contrib-
ute to N,O emissions from an unfertilized perennial
pasture in Ireland. It is also unlikely that biological
N fixation contributes to N,O emissions from urine
patches, as high soil mineral N suppresses the forma-
tion of root nodules. Despite this, previous studies
carried out in New Zealand investigating N,O emis-
sions from urine patches found larger emissions in
white clover monocultures compared to plantain and
perennial ryegrass (Bowatte et al. 2018; Luo et al.
2018). The exact mechanisms behind this effect are
unclear; however, Luo et al. (2018) indicated that ele-
vated soil moisture in white clover swards, exudation
of labile C, and rhizosphere acidification are among
the potential factors to explain it. This also may
explain why our results differ from Navarrete et al.
(2016), who found higher concentrations of plantain
bioactive compounds possibly associated with its
BNI effect, such as aucubin, in older plantain swards.
Previous studies assessing the persistence and
quality of PL in grazed systems showed a significant
decrease in PL persistence from a 1-year-old to a
3-year-old stablished PL swards (Moorhead and Pig-
got 2009). This reduces the interaction between PL
and soil N, thus decreasing its potential for nitrifica-
tion inhibition and N,O release mitigation. However,
there were no statistical differences between actual
plantain proportions in new and old swards in our
study (Table 1). Thus, low plantain persistency in the
old sward is unlikely to explain the different effect of
plantain in old and new swards in the present study.
These contrasting results on the effect of the pro-
portion of PL. on N,O emissions in the Old versus
New plantain swards may suggest that the inhibitory
effect of PL on N,O emissions reduces as sward age
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increases. Thus, apart from the confounding effects
of different white clover contents in New and Old
plantain swards in our study, it is also possible that
the capacity of plantain to reduce N,O emissions
decreases over time. It is known that the belowground
allocation of C in plants, including root exudates with
potential BNI effect, changes according to plant phe-
nological stages (Buss et al. 2026; Pausch and Kuzya-
kov 2018). For instance, Warembourg and Estelrich
(2001) demonstrated that the belowground C alloca-
tion in a perennial grass (Bromus erectus) increases
until ca. 100 days after planting, then declines gradu-
ally over time. Therefore, further research is neces-
sary to identify if plantain follows this pattern and
how this could influence its potential to mitigate N,O
emissions.

When no urine was applied to the soil, the New
plantain swards also showed a significant trend of
decreasing cumulative N,O emissions with increas-
ing proportions of PL in the sward (Figs. 3f, 4g, and
h). This suggests that even under low N (non-urine)
concentrations in the soil, PL. had the potential to
reduce N,O emissions. In contrast, in the non-urine
plots of the Old plantain swards, a marginally sig-
nificant increase in cumulative N,O emissions was
observed (P=0.09) with increasing nominal PL pro-
portions in the sward (Fig. 3c). This trend was also
observed for actual plantain proportions and shoot
biomass, although it was not statistically significant in
those cases (Fig. 4g and h). Again, these results could
have been due to the confounding effect of variations
in clover content between the different PL treatments
in the swards, as higher clover shoot biomass tended
to present higher N,O emissions in no urine plots
(Fig. 4c and d).

Pasture renewal to establish plantain in the swards
increased N,O emissions

Our measurements of N,O emissions during the tran-
sition phase from RG/WC to PL swards suggested that
the emissions were higher in the PL. compared to the
undisturbed area. These higher emissions were pos-
sibly due to soil exposure and increased N mineralisa-
tion during soil cultivation, which is known to lead to
increased N,O emissions (Luo et al. 2017). Moreover,
the intense rainfall after the second herbicide spray-
ing probably contributed to exacerbating the N,O
emissions in the presence of higher concentrations

of substrates for denitrification due to cultivation.
Similarly, Thomas et al. (2008) found that soil water
content above the field capacity led to a significant
increase in N,O emissions from a renewed grassland
relative to uncultivated soil; however, the authors
did not observe this effect of cultivation when the
soil water content was below the field capacity. Our
results indicate that pasture renewal can lead to ele-
vated N,O emissions. Therefore, other approaches for
grassland renewal should be considered to decrease
N,O emissions. Alternatives to be considered include
N fertilization management, tillage methods, and tim-
ing of sward renewal that aim at reducing N surplus,
minimizing intensive soil disturbance and avoiding
periods of high soil moisture, respectively (Seidel
et al. 2009; van ’t Hull et al. 2025).

Conclusions

The results of this study show that plantain’s inhibi-
tory effect on N,O emissions from cattle urine is
effective in a newly established sward (3 months) but
not in an older sward (2 years). In this regard, cumu-
lative N,O emissions from urine applied to a new
plantain sward decreased, although this effect was
significant only for the 45% plantain proportion. In
contrast, there was no significant effect of increasing
plantain proportions on N,O emissions from urine
in the old sward. Importantly, the old plantain sward
had higher clover biomass than the new sward, and
this is likely to have influenced the results. This is
because a significant relationship between N,O emis-
sions from urine and the aboveground clover biomass
of the old sward was observed. Therefore, it was not
possible to disentangle sward age and clover share in
the sward effects in this study, and the results need
to be interpreted with caution. Finally, transitioning
from a ryegrass/white clover to a plantain-containing
sward can increase N,O emissions following soil cul-
tivation. Therefore, alternative cultivation approaches
that consider the timing of grassland renewal, tillage
methods, and N fertilisation management may be
considered in future research.
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