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Mitigation practices for nitrogen leaching losses from livestock agriculture are
needed to protect freshwater quality and increase the efficiency of agricultural
production. Within New Zealand, the most common pasture type is a two-
species mix of perennial ryegrass (Lolium perenne) and white clover (Trifolium
repens). Ecological theory suggests that increasing species and functional
diversity improves ecosystem function, including nitrogen (N) retention. Use
of more diverse pasture types, including a mix of pasture grasses, legumes
and other forbs, particularly plantain (Plantago lanceolata), with functional
traits, including winter activity, deep-rooting, N fixation, and biological
inhibition of nitrification in the soil, is a potential mitigation practice that
requires further verification with long-term field measurements. Here we
utilize a network of large lysimeters to make field-based measurements of N
leaching from 5–8 species diverse pasture, including plantain, under a range of
soil, climate and management conditions, for comparison with losses from
traditional ryegrass-clover pasture. Over 3 years of measurements, leaching
from fully established diverse pasture was 2–80 kg N ha−1 y−1. No differences
were observed in dry matter production or N leaching of diverse pasture
compared to ryegrass-clover lysimeters. Large losses, up to 120 kg N ha−1,
were observed during periods when pasture was not fully established,
including cultivation and sowing of new pasture, depending on season.
Timing of management activities could be optimized to minimize these losses.
These data provide critical assessment of diverse pasture as amitigation approach
for reducing N losses. Further work on diverse pastures should include higher
diversity mixes as well as consideration of animal mediated effects of diverse
pasture diets on N inputs.
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1 Introduction

Leaching of nitrogen (N) from livestock agriculture negatively affects surface and
groundwater quality, contributing to both ecological and human health consequences.
Management practices to mitigate leaching losses are needed to minimize the
environmental impact of livestock grazing, as well as increase the efficiency of
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agricultural practices, as nutrients lost to leaching could otherwise
support production. Increasing species diversity of pastures is a
management practice with the potential to reduce N losses.
However, there is an insufficient number of long-term field
studies of leaching losses from more diverse pastures to verify a
mitigation effect.

There is a positive relationship between plant species diversity,
productivity, and N retention of grassland ecosystems established
in the ecological literature (Tilman et al., 1996; Hector et al., 1999;
Hooper et al., 2005). Such effects arise from complementarity
amongst functional traits affecting resource acquisition.
Multispecies mixes, compared to monocultures, lose less N to
leaching, although there can be complex changes in the processes
contributing to N loss (Dijkstra et al., 2007). In addition to
reducing N leaching, other benefits of increasing diversity
include enhanced soil carbon stocks (Lange et al., 2015),
increased soil water infiltration (Fischer et al., 2015), and
increased resistance to drought (Isbell et al., 2015). The
diversity-ecosystem function concepts from the ecological
literature can be applied to grazing landscapes, where increasing
diversity of pastures has the potential to increase productivity and
environmental sustainability of grazing land (Sanderson et al.,
2004; Vibart et al., 2016).

Pastures in New Zealand are most often a two species mix of
perennial ryegrass (Lolium perenne) and white clover (Trifolium
repens), henceforth “ryegrass-clover.” However, there is
increasing adoption of more diverse pastures with four or
more species, including a mixture of grasses, legumes, and
forbs, henceforth “diverse pasture.” The species mixtures of
diverse pasture are generally selected to possess beneficial
functional traits, such as greater cool-season activity to
increase N uptake during winter drainage seasons (Malcolm
et al., 2014), deep-rooting species that contribute to higher
belowground biomass (McNally et al., 2015) and greater
legume content to enhance N fixation, decreasing reliance on
chemical fertilizers (Peoples et al., 2009). Species such as plantain
(Plantago lanceolata) are known to affect N transformations in
the soil, so-called biological nitrification inhibitors, reducing both
N leaching and nitrous oxide (N2O) emissions (Di et al., 2016;
Gardiner et al., 2018; Podolyan et al., 2020). Animal mediated
effects have been documented, including changes in amounts and
concentrations of N in excreta of livestock fed on diverse pasture
and plantain diets (Vibart et al., 2016; Pinxterhuis et al., 2024).
Such changes to amounts and concentrations of N inputs have
implications for N leaching losses.

Malcolm et al. (2014) made direct measurements of N leaching
from lysimeters with mixes of up to four species. Following
application of a simulated urine patch, leaching from 4-species
diverse pasture was not different from perennial ryegrass-clover
lysimeters. However, lysimeters containing winter-active Italian
ryegrass (Lolium multiflorum) leached 24%–54% less than
perennial ryegrass-clover due to higher dry matter production
and N uptake, demonstrating the importance of seasonal activity
for reducing N losses. While this single study did not find a
mitigation effect of diverse pasture, further field measurements
across different soil types and management intensities are needed
to identify the mitigation potential of diverse pastures for reducing
N losses.

The objective of this study was to provide field-scale
measurements of N leaching losses from diverse pasture on
contrasting soil types and for a range of management
intensities, from low-input, non-irrigated sites to high-
intensity effluent irrigated sites, for comparison with N losses
from ryegrass-clover pasture. We employed a network of large
lysimeters to make direct measurements of leaching losses from
diverse and ryegrass-clover pastures. These measurements
provide critical assessment of diverse pastures as a mitigation
approach, reducing N losses from livestock agriculture. Our
dataset will likewise contribute to process-based modelling of
N leaching in these systems and inform decision support tools for
farmers, regulators, and land managers.

2 Methods

2.1 Lysimeter sites

2.1.1 Ashley Dene Research and
Development Station

The Lincoln University Ashley Dene Research and
Development Station (ADRDS) is a 190-ha commercial dairy
farm in Canterbury, South Island, New Zealand (43°38′56.2″S,
172°21′04.1″E, 32 m a.s.l., Supplementary Figure S1). The mean
annual air temperature is 12°C, with maximum and minimum
temperatures of 34° and −4°C respectively. The site receives c.
780 mm y−1 of precipitation. Much of the farm receives
200–400 mm y−1 irrigation during the growing season
(October – April). Dairy effluent (henceforth “effluent”),
collected from the milking shed into storage ponds, is applied
by irrigator to a portion of the pasture area. The ADRDS is on
flat land and the soil is derived from glacial alluvium. Stony silt
loam topsoil overlies sandy subsoil, with stone contents of up to
70%. The soil classification is Typic Orthic Brown Soil
(Hewitt, 2010).

Lysimeters were installed at three sites across ADRDS: one
receiving irrigation and effluent from a central pivot irrigator
(EI), one receiving irrigation with water only from a linear
irrigator (OI) and one non-irrigated site (NI). All measurement
sites are within 500–700 m of each other. Six large lysimeters, 2 m
diameter and 1.5 m depth, were constructed in situ from an
undisturbed column of soil at the EI and NI site in 2016.
Following 4 years of measurements of drainage and leaching
from lucerne (Medicago sativa), these lysimeters were sprayed off
with glyphosate, the soil inside the lysimeters was cultivated to
250 mm depth, and re-sown with 5–8 species diverse pasture,
including plantain (Table 1). A subset at EI were converted in a
similar fashion to ryegrass-clover pasture for comparison. Three other
lysimeters, 2 m diameter and 1.2 m depth, had been constructed at OI
in 2014. Following a crop cycle inmaize, these lysimeters were likewise
sprayed off and converted to diverse pasture. The pasture species
mixes and sowing rates were selected based on commonly used mixes
and advice from commercial seed suppliers. EI was converted in
autumn (April) 2020, while OI and NI were converted in spring
(October) 2020. Further details of the ADRDS lysimeter sites and
construction can be found in Carrick et al. (2017), Graham et al.
(2019) and Graham et al. (2022).
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2.1.2 Tihoi
The Tihoi lysimeter site (TN) is on a commercially operated

sheep and beef farm in the hill country of Waikato, North Island,
New Zealand (38°39′51.1″S, 175°44′43.8″E, 564 m a.s.l.,
Supplementary Figure S1). The mean annual air temperature is
11°C, with maximum and minimum temperatures of 30° and −5°C.
The site receives c. 1,400mm y−1 of precipitation distributed through
the year, although summer droughts do occur. The soil is a deep,
relatively stone-free volcanic pumice classified as Typic Orthic
Pumice Soil (Hewitt, 2010).

In 2016, twenty non-irrigated lysimeters, 0.9 m diameter and
1.5 m depth, were constructed from undisturbed soil and
arranged around a central drainage collection caisson.
Following 5 years of measurement of drainage and leaching
from lucerne and ryegrass-clover, in spring (October) 2020,
the lysimeters were sprayed off with glyphosate, cultivated to
150 mm and re-sown with 6 species diverse pasture
(12 lysimeters) and ryegrass-clover pasture (8 lysimeters)
(Table 1), evenly distributed across the previous lucerne and
ryegrass-clover histories. Further details of lysimeter
construction can be found in McLeod (2020).

2.2 Drainage volume and leachate collection

At EI, OI and NI, drainage volume from the lysimeters was
measured by tipping bucket gauges (0.03 mm drainage
resolution), logged continuously by a datalogger. A
subsample of leachate was accumulated continuously and was

periodically collected for analysis of total N, NO3
− (including

NO2
−) and ammoniacal N (NH3 and NH4

+) concentrations by
an accredited commercial laboratory following each large
drainage event. At TN, lysimeter drainage was into 80 L
reservoirs and the drainage volumes since the previous
sampling event were manually recorded and a subsample was
collected for analysis. Sampling occurred approximately every
20–60 mm of drainage.

2.3 Dry matter harvest

Dry matter production on the lysimeters was measured
5–7 times per year, simulating a grazing cycle appropriate to
pasture growth for each site. At EI, OI, and NI, biomass was
clipped to a simulated grazing height of 50 mm within a 0.25 m2

quadrat. Subsequently biomass was cut and removed on the
remainder of the lysimeter. At TN, biomass was sampled from
the entire lysimeter area. The samples were dried at 60°C for 48 h
and weighed for dry mass. Seasonally, the clipped biomass was
sorted into grasses, legumes, plantain, and other forbs. A subset of
the samples was ground and analyzed for analysis of N content of
dry matter.

2.4 N inputs

Additions of excreta from grazing animals were simulated in a
manner appropriate to each management system at EI, OI and NI.

TABLE 1 Species mixes planted in diverse and ryegrass-clover pasture lysimeters at the Ashley Dene Research and Development Station effluent irrigated
(EI) site, irrigated only (OI) site, non-irrigated site, and the Tihoi non-irrigated (TN) site.

Site Pasture type No. of lysimeters Species mix Sowing rate (kg ha−1)

EI Diverse 3 Perennial ryegrass (Lolium perenne) 12

OI Diverse 3 Italian ryegrass (Lolium multiflorum) 6

Plantain (Plantago lanceolata) 4

Red clover (Trifolium pratense) 3

White clover (Trifolium repens) 2

NI Diverse 6 Tall fescue (Festuca arundinacea) 15

Perennial ryegrass (Lolium perenne) 4

Lucerne (Medicago sativa) 4

Plantain (Plantago lanceolata) 4

Cocksfoot (Dactylis glomerata) 3

Subterranean clover (Trifolium subterraneum) 2

White clover (Trifolium repens) 2

Phalaris (Phalaris aquatica) 1

TN Diverse 12 Perennial ryegrass (Lolium perenne) 16

Italian ryegrass (Lolium multiflorum) 2

Cocksfoot (Dactylis glomerata) 2

Plantain (Plantago lanceolata) 4

Red clover (Trifolium pratense) 4

White clover (Trifolium repens) 2

EI Ryegrass-clover 3 Perennial ryegrass (Lolium perenne) 21

TN Ryegrass-clover 8 White clover (Trifolium repens) 4
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Approximately every second dry matter harvest event, once
establishment of pasture was complete, fresh dung (1.1–2.5 kg)
was added to the lysimeter in a 300 mm diameter circular patch
and synthetic urine (1.1–2.5 L) with a N content of 6 g N L−1

(Clough et al., 1998) was applied to a separate location in a 300 mm
diameter circular patch. Amounts and timing were varied to reflect
dry matter production and assumed supplemental feed according
to the intensity of each management system (Graham et al., 2022).
No assumptions were made on the effect of a diet of the different
pasture types on N inputs and ryegrass-clover and diverse pasture
lysimeters at a given site received the same inputs of dung
and urine.

Due to the smaller area of the TN lysimeters, inputs from
excreta were simulated though a single application of 2.1 L
synthetic urine (McLeod, 2020) each year. Dung was not
applied to the TN lysimeters, as it is long-lasting on the soil
surface and repeated application would negatively affect dry
matter production. Applications of urine occurred in late-
summer or autumn each year.

2.5 N uptake and surplus calculations

N uptake by plants (NU) as a component of the lysimeter N
balance was calculated from Equation 1:

NU � pGMHcG + pLMHcL + pPMHcP + pOMHcO (1)
whereMH is the harvested dry matter from each lysimeter, pG, pL, pP,
and pO are the proportions of harvested dry matter represented by
grass, legumes, plantain and other forbs, respectively, and cG, cL, cP,
and cO are the N concentration of grass, legumes, plantain and other
forbs. Since a portion of N in legumes comes from fixation of
atmospheric N (NF), and not uptake from the soil, this amount was
estimated from Equation 2:

NF � pLMHcLfF (2)
where fF is the fraction of N coming from fixation. For the effluent
irrigated site, fF was estimated as 0.55, based on previous
measurements of lucerne under this management (Graham
et al., 2022). For the lower intensity sites, fF was estimated as
0.80, based on measurements from low-input, non-
irrigated lucerne.

As a metric of the balance of N inputs and uptake and removal
by harvest, surplus N (NS) was calculated by Equation 3:

NS � NI +NF −NU (3)
where NI is the total input of N from fertilizer, effluent and
animal excreta.

2.6 Statistical analysis

The statistical significance of differences in the annual total of
soil drainage, N leaching and dry matter production between
ryegrass-clover and diverse pasture was tested at the EI and TN
sites with a Welch’s t-test. This was applied separately for each full
year of measurement: Year 1 (October 2020-September 2021), Year

2 (October 2021-September 2022) and Year 3 (October 2022-
September 2023). The test was also applied to the cumulative
totals for 3 years of measurement.

To determine the drivers of annual N leaching, a linear
regression approach was used. A maximal model of annual N
leaching loss was constructed, including total annual water input
(precipitation and irrigation), drainage volume, grass fraction,
plantain fraction, clover fraction, nitrogen surplus and pasture
type were included as explanatory factors. Interactions between
drainage and N surplus and water input and N surplus were also
investigated. This model was then minimized by dropping
factors in a stepwise fashion to minimize Akaike’s
Information Criterion. Analyses were conducted in R v4.2.1
(R Core Team, 2022). Since there was potential for non-
linearity in the responses of N leaching to the explanatory
variables, as well as correlations amongst the explanatory
variables, an alternative Random Forest modelling approach
was conducted using the “randomForest” package in R (Liaw
and Wiener, 2002). Additional, and likely correlated,
explanatory variables (including dry matter harvest, N input,
N uptake) were included in this approach. The importance of
each explanatory variable in the Random Forest analysis was
estimated based on the percentage change in mean square error
associated with each variable. Both modelling approaches were
assessed based on a test subset made up of 30% of the original
dataset, held out during model fitting.

3 Results

3.1 Drainage and N leaching

The EI lysimeters were the first to be converted from lucerne to
diverse or ryegrass–clover pasture in autumn 2020. N losses in the
first 6 months following conversion exceeded 120 kg N/ha, higher
than the annual loss recorded for any of the sites and measurement
years (Figure 1). This high loss could be attributable to low N uptake
by the pasture early in establishment, coinciding with high drainage
volumes with the onset of winter rain. Sources of N driving this loss
are likely to involve mineralization of soil organic matter and dead
lucerne biomass, in combination with residual N from animal
excreta inputs preceding conversion, and the continued input of
25 kg N ha−1 as effluent while the soil was actively draining.

By the start of Year 1 (October 2020), the pasture was well
established at EI. Leaching losses for ryegrass–clover and diverse
pasture lysimeters were similar at 27 and 28 kg N ha−1 y−1,
respectively (Figure 1; Table 2). In Year 2, a wet winter led to
cumulative N leaching from ryegrass-clover of 80 kg N ha−1 y−1,
2.8 times greater than diverse pasture (p < 0.05). However, lysimeter
measurements were interrupted between late-July to November
2022 due to unusually high groundwater levels and inundation of
lysimeter instrumentation, introducing some uncertainty into the
annual total. The losses during this period were likely low, as few
drainage events were recorded at the OI site, which remained
operational. In Year 3, N losses from diverse pasture were not
statistically different from ryegrass-clover. Once again, the
measurements were interrupted by high groundwater levels
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between August and September 2023 introducing uncertainty into
the annual sum.

At OI, the lysimeters leached 26 kg N ha−1 y−1 in Year 1. The
largest losses were in the period immediately following conversion in
October 2020 (Figure 2; Table 2). Excess irrigation during this
period contributed to drainage during the period when pasture
establishment was incomplete and N uptake was low. In Year 2 and
Year 3, when pasture was fully established, the losses were lower
than Year 1 and the EI site, at 3 and 11 kg N ha−1 y−1, respectively.
This reflects the lower N input relative to EI.

At NI, N leaching was 71 kg N ha−1 y−1 in Year 1, larger than
those of any of the other sites in Year 1, despite lower N inputs
(Figure 3; Table 2). This was likely due to low pasture production
and N uptake resulting from poor germination and establishment.
In Year 2, the site was re-sown, but losses were 40 kg N ha−1 y−1,
corresponding with continued low drymatter production. By Year 3,
when pasture establishment was complete, the losses were low,

5 kg N ha−1 y−1. Drainage volumes at NI were similar to EI and
OI, reflecting the predominant winter drainage season. However,
both EI and OI had growing season drainage events that were not
observed at NI (Figures 1–3). These drainage events were the direct
effect of irrigation and could have been prevented through improved
irrigation management.

At TN, N leaching losses in Year 1 from diverse pasture
lysimeters were not significantly different from ryegrass-clover
lysimeters and were small relative to the ADRDS sites (Figure 4;
Table 2). There was a trend for enhanced losses from ryegrass-clover
pasture throughout the summer of Year 2, despite similar drainage
volumes. However, following a second addition of synthetic urine
patch in May 2022, and a wet winter, which lead to high drainage
volumes, cumulative N losses from ryegrass-clover and diverse
pasture were similar by the end of Year 2, 92 and
98 kg N ha−1 y−1, respectively. Throughout Year 3, drainage
volumes and N losses continued to be similar for both ryegrass-

FIGURE 1
Lysimeter drainage volume (±SEM) (A), cumulative leached nitrogen (B), and dry matter harvest mass (C) following conversion to diverse (blue) or
ryegrass–clover (red) pasture in April 2020 and for three subsequent leaching years (October to September) at a site on the Ashley Dene Research and
Development Station irrigatedwith water and effluent (EI); arrows indicate the timing of additions of dung and urine to the lysimeters and the gold-shaded
regions indicate periods of lysimeter inoperability due to high groundwater levels.
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clover and diverse pasture. The third urine patch was added to the
lysimeters in March 2023. Year 3 leaching losses from diverse
pasture were 51 kg N ha−1 y−1 compared to 32 kg N ha−1 y−1

from ryegrass-cover. However, again this difference was not
significant.

Due to the treatment of the entire lysimeter as a urine patch at
TN, the losses from the lysimeters are not representative of the
whole field. A single grazing event leads to 1%–3% of the area

receiving urine patches (Haynes and Williams, 1993; Moir et al.,
2011). On an annual basis, the assumption is that 25% of the area
receives urine patches (Cameron et al., 2013). Lysimeter
measurements can be scaled up to the entire field using this
assumption, and the finding that losses from pasture not
receiving urine are generally low, ~2 kg N ha−1 y−1 (McLeod,
2020). Thus, the field-scale losses at TN were 2–26 kg N ha−1 y−1

across the measurement years.

TABLE 2 Annual totals (±SE) for site variables, nitrogen inputs, and nitrogen losses for diverse and ryegrass–clover pasture lysimeters at effluent irrigated
(IE), irrigated only (OI) and non-irrigated sites (NI) at the Ashley Dene Research and Development Station and the Tihoi non-irrigated (TN) site for Year 1
(October 2020 – September 2021), Year 2 (October 2021 – September 2022) and Year 3 (October 2022 – September 2023) since conversion to pasture;
values affected by periods of lysimeter inoperability are indicated with an asterisk.

Variable IE OI NI TN

Ryegrass-clover Diverse Diverse Diverse Ryegrass-clover Diverse

Year 1 Precipitation (mm) 603 603 603 603 1,285 1,285

Irrigation (mm) 326 326 107 - - -

Drainage (mm) 170 ± 30 180 ± 10 345 ± 21 182 ± 8 595 ± 50 608 ± 16

Dry matter harvest (Mg ha−1) 13.7 ± 0.2 12.6 ± 0.7 3.5 ± 0.2 0.9 ± 0.1 7.6 ± 0.4 8.9 ± 0.4

Nitrogen inputs (kg N ha−1)

Effluent 110 110 - - - -

Fertilizer 110 110 23 23 22 22

Dung 41 41 9.5 - - -

Urine 89 89 21 - 207 207

N leaching (kg N ha−1) 27.5 ± 5.8 28.6 ± 5.4 26.3 ± 4.9 71.1 ± 6.0 8.1 ± 2.8 2.3 ± 0.4

Year 2 Precipitation (mm) 843 843 843 843 1,572 1,572

Irrigation (mm) 220 220 71 - - -

Drainage (mm) 331 ± 15* 237 ± 5* 330 ± 36 312 ± 9* 1,014 ± 79 1,062 ± 20

Dry matter harvest (Mg ha−1) 10.7 ± 0.2 13.6 ± 0.8 9.5 ± 0.6 2.5 ± 0.2 7.9 ± 0.4 9.0 ± 0.4

Nitrogen inputs (kg N ha−1)

Effluent 151* 151* - - - -

Fertilizer 140 140 25 25 - -

Dung 45 45 29 - - -

Urine 97 97 63 - 207 207

N leaching (kg N ha−1) 80.8 ± 8.9* 28.4 ± 5.7* 3.1 ± 0.4 40.7 ± 3.0* 92.9 ± 12.1 98.1 ± 10.5

Year 3 Precipitation (mm) 805 805 805 805 1,630 1,630

Irrigation (mm) 448 448 148 - - -

Drainage (mm) 304 ± 14* 242 ± 42* 224 ± 24 202 ± 6* 1,139 ± 59 1,166 ± 41

Dry matter harvest (Mg ha−1) 11.1 ± 1.2 13.5 ± 1.7 11.6 ± 0.9 5.9 ± 0.6 14.3 ± 0.7 15.1 ± 0.5

Nitrogen inputs (kg N ha−1)

Effluent 84* 84* - - - -

Fertilizer 209 209 25 25 - -

Dung 67 67 59 34 - -

Urine 144 144 125 71 207 207

N leaching (kg N ha−1) 56.9 ± 24.4* 75.3 ± 33.1* 10.5 ± 5.5 4.9 ± 0.7* 32.3 ± 5.4 9.6 ± 13.8
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3.2 Dry matter production and N uptake

At EI, pasture dry matter production during Year 1 was similar
for ryegrass–clover and diverse pasture types under effluent
irrigation, at 13.7 and 12.6 Mg dry matter ha−1 y−1 (Figure 1;
Table 2). In Year 2, production by diverse pasture was 27%
greater than that of ryegrass-clover. In Year 3, biomass
production by diverse pasture lysimeters was again statistically
similar to ryegrass-clover, at 13.5 and 11.1 Mg ha−1 y−1,
respectively. Cumulative production for the entire 3-year
measurement period was also similar for the two pasture types.
As with dry matter production, N uptake only differed by pasture
type in Year 2, when N uptake by diverse pasture was 15% greater
than ryegrass-clover. The additional 41 kg N ha−1 y−1 uptake explains
the lower leaching losses in Year 2 at EI.

The increase in biomass production by diverse pasture relative to
ryegrass–clover in Year 2 at EI also corresponded with a change in

the functional group representation. In Year 1 the biomass of diverse
pasture was 79% grass (Figure 5). In Year 2, the plantain and clover
proportions increased to 32% and 21%, respectively, with the grass
proportion decreasing to 44%. However, in Year 3, the plantain
content was reduced to 5% while clover content increased to 27%.

Despite lower N inputs, dry matter production at OI was 70%–

85% of that at EI in Year 2 and Year 3, at 9.5 and 11.6 Mg ha−1 y−1

(Figure 2; Table 2). The OI lysimeters also had the highest plantain
content amongst the ADRDS sites, with 43% plantain, 38% clover
and 17% grass in Year 2 (Figure 5).

Dry matter production at NI was low in Year 1 due to the failed
pasture establishment (Figure 3; Table 2). In Year 2 the site was re-
sown, but production remained only 18%–27% of that at other sites.
Production increased in Year 3 and harvested dry matter was
5.9 Mg ha−1 y−1, 44% of that by diverse pasture at EI.

Dry matter production of the diverse pasture lysimeters at TN
was not statistically different from the ryegrass-clover lysimeters

FIGURE 2
Cumulative drainage volume (±SEM) (A), cumulative leached nitrogen (B), and drymatter harvest mass (C) for diverse pasture in an area of the Ashley
Dene Research and Development Station irrigated with water-only (OI) for 3 years following conversion to diverse pasture in October 2020; arrows
indicate the timing of additions of dung and urine to the lysimeters, and gold-shaded regions indicate periods of lysimeter inoperability due to high
groundwater levels.
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(Figure 4; Table 2). Likewise, there were no significant differences in
N uptake. Annual dry matter production at TN was responsive to
seasonal water availability, as biomass production was 67%–80%
greater in Year 3 compared to Year 2, due to high summer rainfall
which contributed to year-round soil drainage, in contrast to the
relatively dry summer in Year 2. Uptake of N associated with the
high dry matter production also explains the lower leaching
losses in Year 3 relative to Year 2, despite similar drainage
volumes and N input. Plantain was the primary contributor to
harvest biomass in Year 1, representing 55% of dry matter
(Figure 5). This dropped to 8% in Year 3, with a
commensurate increase in grass fraction.

Nitrogen content of the different functional groups varied,
particularly for legumes. However, there was no difference in the
N content of bulk, unsorted dry matter harvested from different
pasture types at either EI or TN. The N contents of dry matter were
25.5 g N kg−1 for grass, 39.8 g N kg−1 for clovers, 22.5 g N kg−1 for
plantain and 29.9 g N kg−1 for other forbs.

3.3 Drivers of annual N leaching

The minimized linear model of annual N leaching included
pasture type, water input, drainage volume, grass fraction, plantain
fraction, N surplus and an interaction between N surplus and water
input. This model explained 51% of variability in lysimeter N
leaching in the test dataset across the sites, years of
measurement, and pasture types. Although pasture type was
included in the minimal model, an analysis of variance associated
with the different factors revealed that only site, N surplus, drainage
volume, plantain fraction and the interaction between drainage and
N surplus were significant (p < 0.05) (Supplementary Figure
S2; Table 1).

The Random Forest approach explained 71% of the variability in
the test dataset. Analysis of the importance of each explanatory
variable, as estimated from percentage increase in mean square
error, confirmed the importance of drainage volume and water
input, followed by N input and surplus. Plantain fraction and other

FIGURE 3
Lysimeter drainage volume (±SEM) (A), cumulative leached nitrogen (B), and dry matter harvest mass (C) following conversion to diverse pasture in a
non-irrigated (NI) area of the Ashley Dene Research and Development Station; arrows indicate the timing of additions of dung and urine to the lysimeters,
and the gold-shaded regions indicate periods of lysimeter inoperability due to high groundwater levels.
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vegetation-related variables followed with pasture type occupying
the lowest level of importance (Supplementary Figures S3, S4).

4 Discussion

Across the measurement sites, which represented contrasting
soils, climatic conditions and a range of management intensities,
field-scale N leaching losses from established diverse pasture were
2–80 kg N ha−1 y−1, well within the range of values previously
measured for grazed pastures (Cameron et al., 2013). Although there
were isolated instances in which significant effects of pasture type
were observed (e.g., Year 2 at EI), these effects were inconsistent, and
none contributed to a change in cumulative leaching loss over the
three measurement years. This is similar to a previous study in
New Zealand that found no difference between ryegrass-clover and
diverse pasture lysimeter leaching (Malcolm et al., 2014). Neither

drainage volume nor pasture production differed consistently for
diverse and ryegrass-clover lysimeters, contributing to the absence
of an effect of pasture type on N leaching.

The result that leaching losses from diverse pasture were not
different from ryegrass-clover would appear to be at odds with the
ecological literature, which suggests that production and nutrient
retention are increased with increasing diversity in grasslands
(Tilman et al., 1996; Dijkstra et al., 2007). However, some studies
suggest that it is the presence of specific functional groups, and not
diversity, that effects productivity and N losses (Hooper and
Vitousek, 1998). In the current study, we investigated minimally
diverse mixes of 5–8 species, where in some cases only one species
filled a functional role. The proportional representation of different
functional groups (grass, clover, plantain, other forbs) was also
variable through time and, by the end of the study tended to be
similar for the different pasture types. Thus, our results may not
represent the full potential of increased pasture diversity.

FIGURE 4
Cumulative drainage volume (±SEM) (A), cumulative leached nitrogen (B), and dry matter harvest mass (C) from lysimeters planted with diverse and
ryegrass–clover pasture during Year 1 (October 2020 – September 2021), Year 2 (October 2021 – September 2022) and Year 3 (October
2022 – September 2023) since conversion from lucerne at the Tihoi non-irrigated site (TN); arrows indicate the timing of additions of synthetic urine to
the lysimeters.
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Empirical modelling confirmed the importance of water input,
drainage volume and N input and surplus as drivers of N loss, as has
been shown previously (Cameron et al., 2013). However, plantain
fraction was also identified as a significant driver of N leaching by
both the linear regression and Random Forest modelling
approaches. This may be an artefact arising from the distribution
of plantain across measurement sites and measurement years. N
leaching from diverse pasture lysimeters was similar to ryegrass-
clover lysimeters in most cases at the comparison sites. However,
across the entire dataset, the highest plantain fraction was observed
at TN in Year 1, when N losses from both pasture types were low.
The plantain fraction subsequently decreased during years 2 and
3 when drainage amounts were higher and subsequent urine patches
had been applied. At Ashley Dene, the highest plantain contents
were observed at the irrigated only site, which had low N losses due
to a lowN input compared to the effluent irrigated site. However, the

lower losses from diverse pasture in Year 2 at the effluent irrigated
site also coincided with the highest plantain content. Hence, it is
difficult to draw a definitive conclusion on the effect of plantain onN
leaching losses from our data alone.

The inclusion of plantain fraction as an important driver of N
leaching is supported by the literature from grazed grasslands, which
has shown that including plantain in pastures at moderate rates
(30%–40%) can decrease N leaching losses by 20%–60%
(Pinxterhuis et al., 2024). However, in contrast to the current
study, this result included animal mediated effects of diet on N
excretion by animals. Plantain content was variable across sites and
through time, despite identical sowing rates. Use of plantain as a
mitigation approach will depend on its persistence in the pasture.
Regular over-sowing of plantain has been investigated as a
management intervention which would reduce N losses without
affecting farm profitability (Robertson et al., 2023).

FIGURE 5
Seasonal and interannual variation in the percentage of dry matter harvested from diverse and ryegrass-clover pasture lysimeters represented by
each functional group, including grass, plantain, legumes and other forbs for the Ashley Dene Research and Development Station effluent irrigated (EI)
site (A–D), irrigated only (OI) site (E–H), non-irrigated (NI) site (I–L) and the Tihoi (TN) site (M–P).
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Another potential pathway to realizing the benefits of diversity
for mitigating N losses may be through sowing highly diverse
pastures. In contrast to the minimally diverse mixes investigated
here, highly diverse mixes may have better outcomes due to the
inclusion of functional redundancy in the initial species mix and a
wider variation in functional traits (Orwin et al., 2022). Such mixes
may have a lower risk of degradation over time, and their impact on
ecosystem function is likely to improve over time as
complementarity amongst species increases (Cardinale et al.,
2007; Zheng et al., 2024).

The strongest effect on N loss observed in this study was that of
management. The highest level of N input (363–505 kg N/ha/y) at
the EI site resulted in the highest field-scale losses, 27–80 kg N ha−1

y−1. At the remaining sites, where N input was generally less than
200 kg N ha−1 y−1, the losses were 2–26 kg N ha−1 y−1 (excluding years
with conversion-related N losses). In addition to N input, irrigation
contributed to the effects of management intensity on N leaching. At
Ashley Dene, drainage events were observed at the EI and OI
lysimeters which were not present in the NI lysimeters. The
drainage and associated N losses in these events were a direct
result of irrigation management, and thus could be avoided
through improved irrigation practices. However, these intensive
management practices also lead to 15%–205% more dry matter
production by the EI site, relative to NI and OI sites.

Pasture conversion was another important source of
management-driven N losses. Losses of over 120 kg N ha−1

followed an autumn cultivation and re-sowing at the EI site. This
large loss was likely driven by the combination of winter drainage,
high residual N in the soil from the previous lucerne crop, and low N
uptake by the recently sown pasture. Drainage triggered by irrigation
at the OI lysimeters before pasture establishment was complete
contributed substantially to the 26 kg N ha−1 y−1 loss in Year 1.
Conversely, no large loss was observed for the TN site following
successful spring establishment of diverse and ryegrass-clover
pasture. These results suggest that conversion activities should be
carried out in a manner that prioritizes complete ground coverage
and establishment before the winter drainage season.

Empirical modelling of lysimeter drainage could only explain
51%–71% of the variability in lysimeter N leaching, highlighting the
need for process-based modelling to disentangle the effects of
seasonal dynamics of drainage, N uptake by plants and amounts
and timing of N inputs on N leaching losses. Process-based
modelling will allow for optimization of the production benefits
of intensive practices, such as irrigation, effluent application, and
high stocking rates, versus environmental impacts, such as N
leaching. Additional co-benefits and trade-offs with other
environmental impacts of mitigation practices, such as use of
more diverse pasture, need to be considered. For instance,
measurements of net greenhouse gas emissions from more
diverse pasture demonstrated that a mitigation effect can be
shown for N2O emissions, which were 39% lower for diverse
pasture relative to ryegrass-clover (Laubach et al., 2023).
However, the net emissions, considering all greenhouse gasses,
were higher from diverse pasture due to the less favorable CO2

balance. This demonstrates the need for considering a wide range of
environmental impacts through process-based modelling. Process-
based modelling will likewise facilitate investigation of a wide range
of climate and management scenarios, making the results more

generalizable for use by decision makers and in the development of
decision support tools.

5 Conclusion

Nitrogen leaching losses measured for fully established diverse
pasture were 2–80 kg N ha−1 y−1, varying with plant production,
volume and timing of drainage, and quantity and timing of N inputs.
Harvested dry matter, drainage volume and leaching losses from
5–8 species diverse pasture were not consistently different from
ryegrass-clover pasture. Although no mitigation effect of diverse
pasture was observed in this case, these results should not be
extrapolated to high diversity pasture mixes, which should be
verified separately. As well, further work is needed to account for
animal mediated effects of diverse pasture diets on N inputs to the
system. In this study, the most important driver of N leaching losses
was management intensity, with higher losses being associated with
higher N inputs. Timing of management activities should also be
optimized to ensure full pasture cover leading into the drainage
season, as high losses of 120 kg N ha−1 y−1 were observed during the
winter drainage season following autumn cultivation and sowing of
new pasture in this study. This dataset will be used, along with
process-based modelling, to inform decision support tools support
farmers and regulators to reduce leaching losses from pasture-based
livestock grazing systems.
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