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Abstract

The New Zealand dairy industry has identified plantain (Plantago lanceolata L.) as a tool to
mitigate nitrogen losses from perennial ryegrass (Lolium perenne L.) based pastures, however
reports of variable pasture plantain contents (dry matter basis) and poor persistence within
grazed mixed pastures have led to industry concern over its viability. There is anecdotal
evidence that the persistence of plantain within dairy pastures is negatively impacted by
waterlogging and treading damage from livestock, however there is little scientific literature
relevant to these issues. This research aimed to answer the following research question: What
are the impacts of waterlogging and treading damage on plantain growth and survival within
mixed dairy pastures? This thesis includes a series of experiments conducted between 2021

and 2024.

In a glasshouse, the performance of plantain under waterlogging was evaluated against
perennial ryegrass. Plantain growth was particularly sensitive to waterlogging, however the
survival of plantain under waterlogging suggested that plantain possesses some waterlogging
tolerance. In contrast, perennial ryegrass proved to have an enhanced ability for coping with,
and recovering from, waterlogging stress. These findings suggest that while waterlogging
may cause limitations to plantain growth, there is no evidence to suggest that waterlogging
alone could cause a major decline in plantain density within mixed pastures. Rather,
waterlogging could undermine the ability of plantain to compete with perennial ryegrass in

mixed pastures.

The impact of treading damage on plantain regrowth and survival was investigated in two
field experiments. In a small-plot study, treading damage was simulated on separate plantain
and perennial ryegrass pastures using a novel treading device. Damage by the treading

device, in late spring, immediately reduced the herbage accumulation rate of both plantain



and perennial ryegrass pastures by 30%, however neither plantain content nor density were
reduced as a consequence of the damage. In a larger, two-year experiment, on a mixed
plantain + perennial ryegrass pasture, early spring treading damage by dairy cows reduced
pasture growth by 50% and 75% during the early spring periods of year one and two,
respectively. Plantain content tended to be lower in damaged plots during early spring in both
years, before recovering throughout summer, although this effect was more pronounced
during year one. Treading damage caused a reduction in plantain shoot yield (leaf + petiole)
and density in year one, however the negative effects of the damage on plantain growth were
short-lived and subsided throughout the first year of the experiment. Treading damage in
early spring in year two did not significantly impact plantain content or density. An observed
reduction in plantain shoot density in late spring in year two was possibly caused by shading
from perennial ryegrass. Taken together, these results suggest that treading damage in early
spring is unlikely to be a primary cause of plantain content decline within mixed pastures,
although it might contribute to temporary reductions in plantain content during spring,
particularly in newly established swards. It is possible that treading damage could reduce the

ability of plantain to compete with perennial ryegrass in mixed pastures.
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Chapter 1 Introduction

1.1 Background

The loss of nitrogen (N) from grazed pastoral systems poses a significant threat to ground and
surface water quality and has the potential to contribute substantially to agricultural
greenhouse gas (GHG) emissions (Cameron et al. 2013). The level of N in New Zealand
waterways has increased rapidly over the past few decades, coinciding with the
intensification of a large proportion of low-producing pastoral land into highly productive
dairy systems. Data from Land and Water Aotearoa (LAWA) shows that the proportion of
monitored pasture catchment sites exceeding national guidelines for water N concentration
(which was 0.44 mg/L) in New Zealand waterways increased from 40% in 1990, to 65% in
2011 (Joy 2015). Excess nutrient flows within waterways pose significant threats to present
ecosystems as oxygen is often depleted to the level where most life forms are lost (Joy 2015).
Additionally, the pollution of human drinking water resources with N is of major concern,
with an estimated 15% of New Zealanders drinking water with potentially hazardous nitrate

(NO3") concentrations (Schullehner et al. 2018; Richards et al. 2022).

The N content of a typical New Zealand perennial ryegrass (Lolium perenne L.)/ white clover
(Trifolium repens L.) dairy pasture far exceeds the N requirement of grazing animals (de
Klein et al. 2020). It is estimated that around 60-90% of the N ingested by grazing livestock
is excreted and returned to the soil, primarily in the urine (Haynes & Williams 1993;
Cameron et al. 2013), which is concentrated in small patches (0.4m®) (Moir et al. 2011).
Pasture plants are only able to assimilate a small fraction of this N before it is lost to deeper
parts of the soil profile, and eventually to freshwater systems as NOs’, or to the atmosphere as

nitrous oxide (N20) (Cameron et al. 2013).
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The potential impact of rural and urban land use on the natural environment has been of
increasing societal concern in New Zealand, prompting the proposal of new national
regulations for nutrient losses from dairy farming (Doole et al. 2021). Recent economic
analysis (Doole 2019) has shown that the proposed N-loss targets will likely lead to reduced
production and profit for the dairy sector if no low-cost, N-loss mitigation strategies are

identified.

One potential low-cost tool is the inclusion of plantain (Plantago lanceolata L.) in perennial
ryegrass based pastoral systems. Losses of N from dairy pastures have been reduced with the
inclusion of plantain (Luo et al. 2018; Rodriguez et al. 2020). Navarrete et al. (2018) found
that under dairy grazing during autumn, the quantity of NO3™ leached from plantain and
plantain + clover pastures was 90 and 85% lower respectively than from perennial ryegrass +
white clover pasture. Simon et al. (2019) showed that N2O emissions were reduced linearly
with increasing proportions of plantain in the sward. The N loss mitigation ability of plantain
is attributed to a number of mechanisms, most of which, are associated with specific
bioactive compounds found in relatively high concentrations in plantain plant tissue

(Navarrete et al. 2016; Peterson et al. 2022).

However, there is anecdotal and scientific evidence that plantain does not persist well under
common pasture management strategies (Ayala et al. 2011b) and has been generally
considered as a short lived forage species (Kuiper & Bos 1992). Data from commercial farms
in New Zealand suggests that high plantain contents (>30% on a biomass basis) are attainable
in the first two years following pasture renewal but cannot be maintained (Dodd et al. 2019).
This decline is a significant issue as the efficacy of plantain for reducing N losses from
pastures is strongly associated with the proportion of plantain in the diet of cows (Minnée et

al. 2020; Navarrete et al. 2022). Competition from other pasture species, treading damage,
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compaction and over-grazing are likely contributing factors to declines in plantain density in

mixed pastures (Bryant et al. 2019).

There is also some evidence that plantain does not cope well in wet soil conditions which
occur on many New Zealand pastoral farms during winter and early spring. Wet soil
conditions may introduce additional stresses to plantain in the form of waterlogging, caused
by prolonged periods of excessively high soil moisture content, or treading damage, which is
caused by livestock grazing pasture while soil moisture contents are sufficiently high to
reduce the structural resistance of soil (Climo & Richardson 1984). Previous findings from
ecological studies are conflicting, with some having suggested that plantain is largely tolerant
of waterlogging (van Tienderen 1992; Grimoldi et al. 2005) and treading damage (Sagar &
Harper 1964), while others suggested that waterlogging (Van Groenendael 1985; Mook et al.
1989) and treading damage (Chappell et al. 1971; Blom 1979) are likely to cause plant death
and reduce plantain population density. However, literature detailing the effects of wet soil
conditions on plantain in an agricultural setting are limited. Furthermore, studies which have
investigated the impact of wet soil conditions on plantain in grazed perennial ryegrass-based

pastures are extremely Scarce.

Given the importance the industry is placing on plantain for reducing N losses from dairy
farm systems, it is therefore important that we consider the impact of wet soil conditions on

the growth and survival of plantain within grazed perennial ryegrass-based pastures.
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1.2 Research questions

1.

Is waterlogging likely to impact the growth and survival of plantain within mixed
dairy pastures?

Does treading damage by grazing livestock impact the growth and survival of
plantain within mixed dairy pastures?

Is there likely to be an impact of an interaction between waterlogging and treading
damage on plantain growth and survival within grazed dairy pastures?

Avre there any effects of an interaction between waterlogging, treading damage and
other stresses which occur within mixed dairy pastures on plantain growth and

survival within these pastures?
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1.3 Thesis structure and experimental chapters

The thesis is structured according to a PhD by publication format.

Chapters 1 and 2 include an introduction to the topic, a review of current literature relating to

the research objectives and identifies current knowledge gaps.

Chapter 3 investigated the impact of waterlogging on plantain and perennial ryegrass growth

and physiology in a glasshouse.

Chapter 4 relates to two field studies that investigated the impact of treading damage on
plantain regrowth and survival within plantain-dominant and perennial ryegrass-dominant
pastures, as well as the productivity of those pasture types. Additionally, a novel technique

for simulating treading damage on pasture is evaluated.

Chapter 5 is a methods chapter which covers the development and assessment of a novel

treading technique for simulating treading damage on pasture.

Chapter 6 covers both years of experimentation from the latter of the two studies mentioned
in chapter 4. This chapter investigates the long-term impact of treading damage on plantain
growth and survival within a plantain + perennial ryegrass pasture and also the productivity

of that pasture. Evidently there is considerable overlap in data between chapters 4 and 6.

Chapter 7 is concerned with the growth and survival of individual plantain plants within a
plantain + perennial ryegrass pasture over two years following treading damage from dairy
cows during early spring in both years. Some of the data presented and discussed in this

chapter has been repeated from chapters 4 and 6.

Chapter 8 is a general discussion of research findings and considers the implications of those

findings for the effective management of grazed pastures that include plantain.
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Chapter 2 Review of literature

2.1 Plantain (Plantago lanceolata L.) agronomy

Plantain (Plantago lanceolata L.) is a perennial herbaceous species that has successfully
colonised grasslands throughout the temperate world (Stewart 1996). Also known as English
plantain, narrow-leaf plantain, ribwort plantain and ribgrass, plantain is a widely distributed
throughout Europe, northern Africa, South Africa, West Asia, North and South America,
Canada and Australasia (Sagar & Harper 1964). Plantain is one of the world’s 12 most
successful colonising weed species (Grime et al. 1989). Its natural habitat ascends to 2320m
in the Bernina alps (Sagar & Harper 1964) and it is commonly found on riverbanks (van
Tienderen 1992) and sand dunes (Page et al. 1985). Some plantain genotypes exhibit a

potential lifespan of more than 12 years (Grime et al. 1989).
Morphology of the shoot

Commercially bred plantain has erect, broad leaves that extend from a rosette, produced from
a crown (Stewart & Charlton 2006). Plantain has pronounced ribs or veins, with 3-5 veins per
leaf (Sagar & Harper 1964). Early breeding strategies selected types with larger, more erect
growth habits than its relative broad-leaved plantain (Plantago major L.) (Stewart 1996;
Rumball et al. 1997). Grazing strategies can induce plastic changes between erect and
prostrate shoot growth, which is thought to depend largely on the height of surrounding,
competitive plants (Sagar & Harper 1964). Dense swards induce erect growth via linear
lanceolate leaves, while close grazing results in the formation of prostrate rosettes with short
ovate leaves (Grime et al. 1989). The erect leaves are typically narrowed gradually to the leaf
base, where they meet a petiole (Sagar & Harper 1964). Recently bred cultivars such as
Grasslands Lancelot were bred for their prolific tillering capabilities under close grazing by

sheep (Rumball et al. 1997). Plantain produces erect reproductive stems with flowers
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throughout spring and summer, which are both wind-pollinated and frequented by insects
(Grime et al. 1989). Plantain seeds have no well-defined dispersal mechanism (Grime et al.
1989) and anecdotal evidence suggests seeds may survive animal ingestion. Plantain also
forms a buried seed bank (Grime et al. 1989). Additionally, plantain reproduces vegetatively
through new buds, which can form ramets (secondary shoots), which eventually become new
plants. While plantain has a limited capacity for vegetative spread, it possesses much more
flexibility for sexual reproduction (Grime et al. 1989). Figure 2-1 shows the important
anatomical features of plantain. This diagram provides a reference for all plant structures

mentioned in this thesis.

Flowering seed head

Reproductive stem

Leaf

Developing seed head

Primary shoot

Petiole Secondary shoot

Crown

Shallow fibrous root
Branched taproot

Figure 2-1. Plantago lanceolata L. morphology. Drawing taken from Curtis (1777).

Anatomical labels have been added by the current author.
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Morphology of the root

The taproot of plantain is smaller than that of chicory (Cichorium intybus L.) (Yu et al. 2008;
Cranston et al. 2015a), with the lateral roots of plantain forming a fibrous network (Cranston
2014; Cranston et al. 2016). Pastures containing plantain typically out-perform ryegrass-
based pastures over the summer period (Kemp et al. 2010b), likely due to its roots being able
to access water deeper in the profile (Grime et al. 1989). Plantain possesses some degree of
plasticity with regards to root structure in response to abiotic stresses. Plantain root structure
may change in response to waterlogging, with an increase in the production of specialised
adventitious roots (Banach et al. 2012) and potentially the formation of aerenchyma within
the root cortex (Mook et al. 1989; Grimoldi et al. 2005; Striker et al. 2007; Banach et al.
2012). Plantain is capable of regeneration from root fragments, although the importance of

this in the field is not clear (Grime et al. 1989).

Soil requirements

Plantain exists naturally over a wide-range of soil types, textures, acidities and organic matter
contents (Grime et al. 1989; Stewart 1996). It is largely considered tolerant of mild soil
moisture deficits and is unsusceptible to most common pasture pests (Stewart & Charlton
2006). It is a natural resident of low fertility grasslands (Grime et al. 1989) due in part to its
adaption to low phosphorus (P) and potassium availability (Troelstra & Brouwer 1992). For
this reason, plantain has previously offered the greatest contribution to pasture-based animal
diets in low fertility dryland swards (Grime et al. 1989; Stewart 1996). In contrast, a recent
study (Dodd et al. 2000) found greater plantain contents within hill country pastures on high
fertility (Olsen P >30) slopes than low fertility slopes, suggesting than plantain contribution

to dry matter (DM) could be increased with an increase in soil P availability.
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Establishment

The establishment of plantain is generally considered rapid (Charlton & Stewart 1999), with
emergence nearing that of perennial ryegrass (Blom 1978). Plantain generally establishes
well when sown at 3-5kg/ha in pasture mixes, but perennial ryegrass sowing rates need to be
low (<10kg/ha) in these mixes to prevent it out-competing plantain early in establishment
(Kemp et al. 1999). Plantain requires sufficient thermal time to develop a minimum of six
leaves before the first grazing, to build up root reserves for survival post-grazing (Powell et
al. 2007). It is partly because of this that plantain requires a longer time to the first grazing

than perennial ryegrass (Stewart 1996).

Since conventional cultivation and drilling methods are relatively costly, farmers have opted
for single pass practises such as direct drilling or broadcasting to introduce plantain into their
systems. The latter options have resulted in variable rates of success for plantain
establishment on-farm and thus have become the focus of some research. Plantain
establishment has been found to be improved following direct drilling, in comparison with
broadcasting methods (Glassey et al. 2013; Bryant et al. 2019). In a study by Glassey et al.
(2013), plantain plant densities and DM growth in the first 201 days were improved
following the spraying-out of existing pasture with herbicide and direct drilling, in
comparison with not spraying and broadcasting. Those results also agree with findings by
Bryant et al. (2019) who found that direct drilling was more effective for establishing
plantain following grazing than broadcasting plantain seed before or after grazing. That
experiment also showed that grazing the pasture, above the height of seedlings, three weeks
after drilling improved plantain establishment by reducing competition for light from other
pasture species. However, it is suggested that paddocks are treated with a molluscicide prior
to direct drilling plantain, since plantain emergence may be severely impacted by slug
herbivory (Ferguson et al. 2019), which is usually mitigated by cultivation (Barker 1986).
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Varieties

The early varieties, developed before 1996, were selected from productive wild types.
Grasslands Lancelot® was selected by AgResearch Grasslands from productive North Island
pastures based on its high productivity and ability to tiller well under close grazing by sheep
(Rumball et al. 1997). Ceres Tonic® was selected from germplasm thought to have originated
in Portugal and was chosen based on its increased erectness and very large leaves (Stewart
1996). Tonic® remains erect under a wide range of conditions, while Lancelot® is more
likely to form a prostrate growth habit (Stewart 1996). Later, the cultivar Agritonic® was
developed as a more agronomically suitable cultivar as its improved tolerance of 2,4-D type
herbicides allowed for a better control of broadleaf weeds in swards containing plantain

(Shrivastav et al. 2023).

Currently there several plantain cultivars on the market in New Zealand, although the number
of cultivars that have been scientifically proven to provide N-loss mitigatory effects
(“Ecotains”) are limited (Judson et al. 2018). These cultivars include Tonic® and Agritonic®,
as well as other breeding material that has genetic relationships with Tonic® and Agritonic®

(Judson et al. 2018).
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2.2 Plantain productivity and animal performance

Herbage production and seasonality

Plantain is capable of producing similar herbage yields to perennial ryegrass and white clover
pastures, when sown as a pure stand. Powell et al. (2007) found that in Manawatu, plantain
(cv. Tonic) produced 17t DM/hal/year, while in dryland Canterbury plantain (cv. Tonic)
produced 8.4t DM/halyear (Stewart 1996). Although plantain may produce at least 7.5t
DM/halyear (cv. Lancelot) in the first year in a mixed sward (Rumball et al. 1997), plantain is
likely to contribute only a small proportion (5-15%) of the total DM vyield after three growing

seasons, if persistent grasses and clovers are present (Stewart 1996; Dodd et al. 2019).

Plantain typically produces the greatest proportion of its total annual DM vyield over the
summer months (Cranston 2014). Owing to the moderate drought and heat tolerance of
plantain, pastures that contain plantain commonly out-perform perennial ryegrass pastures
over the summer period (Kemp et al. 2010b). Plantain generally exhibits lower winter activity
than common New Zealand pasture species, although there are differences between cultivars

(Stewart 1996).
Nutritive value

Compared with perennial ryegrass plantain foliage has a lower proportion of cell wall, less
cellulose, less neutral acid detergent fibre, less crude protein, less water-soluble carbohydrate
and more lignin. (Stewart 1996; Navarrete et al. 2022). The palatability of plantain is
contested. In some studies, it was found to be highly palatable to cattle and sheep in mixed
swards (Milton 1933), but more recent work has suggested that plantain may be less palatable
than chicory and white clover (Fraser & Rowarth 1996). Cave et al. (2015) found that ewe
lambs preferentially grazed plantain and chicory during early spring, when given the choice

between plantain, chicory, red clover (Trifolium pratense L.) and white clover. Pain et al.
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(2015) also found that lambs consumed plantain at a similar rate to perennial ryegrass in a
feed-stall experiment. That study also showed that plantain was much more acceptable to
stock during spring than summer. The quality of plantain forage has been reported by some to
be difficult to maintain over the summer months, particularly where it is established as a pure
stand (Stewart 1996). Additionally, once plantain herbage yield reaches a maximum point
older leaves begin to senesce, reducing the palatability and digestibility of plantain feed
(Ayala et al. 2011b). However (Cave et al. 2015) found that ewe lambs displayed no
preference for plantain swards when given the choice between plantain that had been grazed
3, 6, 10 or 16 weeks prior, during late summer. That suggests that palatability of plantain was

not affected by an accumulation of older leaf material in infrequently grazed swards.

It is important to note that summer conditions (low soil moisture content, high temperature)
that induce a drop in the forage quality of perennial ryegrass + clover mixtures, don’t
necessarily cause a loss of plantain forage quality. In a study by Navarrete et al. (2022) the
metabolisable energy content of plantain pasture was higher than that of perennial ryegrass
pasture during late summer, due to the lower fibre content and greater non-structural
carbohydrate content of the former during that period. However, management practices such
as grazing rotation length will have a significant impact on the forage quality of plantain
during this period, since older leaves are generally less palatable to stock (Stewart 1996;

Avyala et al. 2011b).

Animal performance

The milk production of dairy cows grazing mixed pastures that contain plantain is equal to or
greater than the milk production of cows grazing perennial ryegrass + white clover pasture
(Totty et al. 2013; Navarrete et al. 2020). There are contrasting animal performance results

where plantain is the dominant species a pasture mix (Fraser & Rowarth 1996; Moorehead et
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al. 2002; Golding et al. 2008), which could largely be dependent on the ability of the forage
to provide adequate levels of protein for growth and milk production. This may be because of
poor fertility soils or the reduction in nutritive value associated with the production of
reproductive plantain stems over the summer period (Fraser & Rowarth 1996; Stewart 1996).
Experiments have shown that plantain + clover pastures can support higher live weight gains
in weaned lambs than perennial ryegrass + white clover pastures (Moorehead et al. 2002;

Golding et al. 2008; Kemp et al. 2010a).

There have been suggestions of plantain possessing anthelmintic properties (Rumball et al.
1997; Cooledge et al. 2022). While there is limited evidence to confirm these claims, it is
possible that the iridoid glycosides aucubin, catalpol and acteoside may contribute to this
effect, as well as the upright structure of plantain swards limiting the migration of parasite
larvae through the plant profile, and reducing parasite survival (Alomar et al. 2018). The
plantain cultivar Tonic® has also been shown to reduce the prevalence of dags in lambs

(Turner 1999).

Management and use

In dairy production systems, plantain has typically been included as a component of a
ryegrass-based pastures because of its ability to increase summer forage quality and herbage
production (Dodd et al. 2022). Dairy pastures are usually rotationally grazed down to a set
herbage mass to maximise animal intake and pasture DM accumulation. This system is often
employed by dairy farm managers year-round, meaning that pastures are grazed intensively,
even during late winter, during and post-calving. Plantain is usually a small component of

these pastures, typically contributing between 5-30% to total pasture biomass (Stewart 1996).

New Zealand sheep and beef finishing systems are likely to use plantain as a specialist forage

crop for maximising live weight gains of terminal stock (Cranston et al. 2015b). The plantain
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in these crops is usually accompanied by red or white clover and sometimes chicory. It is
normally rotational grazed or set-stocked. Plantain + chicory + clover pastures have been
shown to increase milk production in ewes and liveweight gain in ewes and lambs during
spring, in comparison with perennial ryegrass + white clover pastures (Hutton et al. 2011),

indicating that it is suitable for lambing ewes onto.
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2.3 The effects of plantain on the dairy system

Nitrogen losses from dairy production systems

The major source of N loss from dairy pastures is the urine patch (Di & Cameron 2007;
Cameron et al. 2013; Ravera et al. 2015; Luo et al. 2018; Judson et al. 2019; Simon et al.
2019). The N content of a typical New Zealand dairy pasture far exceeds the N requirement
of grazing animals (de Klein et al. 2020). Around 60-90% of the N ingested by grazing dairy
cows is excreted and thus returned to the pasture (Haynes & Williams 1993; Cameron et al.
2013). This excess N is returned to the soil primarily in the urine (Cameron et al. 2013),
which is concentrated in small patches (0.4m3) (Moir et al. 2011). Within the urine patches of
high-producing dairy pastures, the urea loading rate may be between 700-1200kg N ha’
(Cameron et al. 2013). Pasture plants are only able to assimilate a fraction of this N (usually
less than 600kg N ha* (Moir et al. 2007)) before it is lost to deeper parts of the soil profile as

NOz" or to the atmosphere as NoO (Cameron et al. 2013).
Nitrate leaching from dairy production systems

NOs" leaching losses from the soil solution to ground water represent both a loss of soil
fertility as well as a threat to the natural environment and to human health (Cameron et al.
2013). NOgz™ leaching and subsequent degradation of natural and recreational water bodies in
New Zealand has been closely associated with the dairy sector (Box et al. 2017; Doole et al.
2021). Regional councils have implemented regulatory limits for NOs  leaching from

agricultural land as a consequence.

The amount of NOs™ loss from a given soil depends on the concentration of NO3™ in the soil
solution, as well as the amount of drainage that occurs within a period of time (Cameron et al.
2013). NOs is produced through the process of nitrification, which is the conversion of

ammonium to NOs™ . The reaction occurs in two stages: The oxidation of ammonium to nitrite
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(NO2), which is mainly carried out by ammonia-oxidising bacteria (AOB) (1) and the
oxidation of NO2 to NOz™, which is conducted by Nitrobacter (2). This reaction is typically
rapid, and thus NO2 rarely accumulates in soil. The rate at which ammonium can be
converted to NO3™ is dependent on soil moisture content, pH, nutrient status, and temperature.
The rate of nitrification slows when the soil temperature falls below 5°C, which typically

happens during winter months in New Zealand.

NOs™ has a negative charge and so is repelled by cation exchange sites (which also have a
negative charge) (McLaren & Cameron 1996), causing it to remain in the soil solution and
therefore in potential drainage water. NOs™ leaching usually occurs when the amount of
rainfall exceeds the amount of water used by plants, which in New Zealand usually occurs
during late autumn, winter and early spring (McLaren & Cameron 1996). The uptake of NO3
during these periods is also low, and so NOs™ may be present in large concentrations within
the soil solution, exacerbating NOs™ leaching potential. Dry summers also contribute to high a
NOz" leaching risk because of reduced plant N uptake, leaving NOs™ to be leached during the
subsequent wet season. Soil texture and structure affect NO3z™ leaching potential, with poorly
structured and/or sandy soils tending to pose a higher risk for NO3™ leaching than poorly-
drained, clay-based soils (Cameron et al. 2013). Recorded NOs™ leaching losses from New
Zealand dairy pastures have been as high 110kg N ha™ year? (Ledgard et al. 1996), but vary

strongly with climate, soil properties and the level of N inputs.
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Nitrous oxide emissions from dairy production systems

N20 is an intermediary product of the conversion of NOz™ to dinitrogen (N2), a process also
known as denitrification (Smith & Tiedje 1979). N2O is an extremely potent GHG with a
warming potential between 265 and 298 times greater than carbon dioxide (CO2) (Myhre et
al. 2013). N2O is also an important depleting substance of stratospheric ozone (Os)
(Ravishankara et al. 2009). Agricultural soils are the primary contributor of N2O emissions
globally (Sutton et al. 2011). According to the New Zealand Ministry for the Environment,
agricultural soil accounts for 94% of all N2O emissions (MFE 2018). N2O emissions have the
potential to become significant in pastoral dairy systems where cows graze pasture in-situ,
year-round (de Klein et al. 2001). N2O losses make up 20% of New Zealand’s annual
greenhouse gas emissions currently, up from 15.7% in 1990 (Ministry for the Environment
2022). N2O emissions from agricultural soils are the largest contributor to increased
greenhouse gas emissions in New Zealand between 1990 and 2020, with a 48.7% increase,

thought largely to be a result of increased applications of synthetic N fertilisers.

Biological denitrification occurs in poorly drained soils where there are anaerobic soil
conditions, characterised by low oxygen availability and low redox conditions. Under such
conditions, facultative anaerobic bacteria use NO3™ as the terminal electron acceptor during
respiration, instead of oxygen (Cameron et al. 2013). This causes NOs™ to become reduced,
producing in order; nitrite (NO2), nitric oxide (NO), nitrous oxide (N2O) and dinitrogen (N>).
Although denitrification is generally greatest under anaerobic conditions, it can also occur in
soils that are only periodically waterlogged, where it may occur inside soil aggregates with
low oxygen availability (Cameron et al. 2013). Denitrification is usually highest in soils
where there are high concentrations of NOz™ in soil solution, an adequate supply of carbon

and a temperature that facilitates adequate microbial activity (McLaren & Cameron 1996).
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Plantain’s ability to reduce nitrogen losses from grazed pastoral systems

The inclusion of plantain in the diets of grazing ruminants, particularly dairy cows, has been
shown to significantly reduce losses of NO3™ to ground water and stifle N.O emissions (Luo
et al. 2018; Carlton et al. 2019; Simon et al. 2019). Plantain reduces N loss via multiple
mechanisms: Plantain increases urine volume (1) (de Klein et al. 2020; Minnée et al. 2020;
Navarrete et al. 2020) and reduces urine N concentration (2) (Totty et al. 2013; Box et al.
2017; Cheng et al. 2017; Simon et al. 2019; Navarrete et al. 2020), leading to a greater
number of ‘dilute’ urine patches (animal effect). Plantain alters N use and partitioning within
the grazing animal, leading to a greater proportion of N being partitioned to faeces, as
opposed to urine (de Klein et al. 2020). Metabolites present in the plantain foliage consumed
by livestock, are returned to the soil in urine, where they slow the nitrification process (3)
(metabolite effect) (Judson et al. 2018; Judson et al. 2019; Gardiner et al. 2020b, a). Plantain
releases metabolites as root exudates that further suppress nitrification (4) (Luo et al. 2018;
Carlton et al. 2019; Simon et al. 2019) (sward effect). It is likely that a combination of these

effects provides the reduction in N losses observed in field-scale studies.

N losses from dairy pastures have been reduced with the inclusion of plantain (Luo et al.
2018; Rodriguez et al. 2020). Navarrete et al. (2018) found that under dairy grazing, the
quantity of NOs™ leached from plantain and plantain + clover pastures was 90 and 85% lower
respectively, than from perennial ryegrass + white clover pastures. Similarly, (Rodriguez et
al. 2020) showed that NO3 leaching was lower from plantain pastures than perennial ryegrass
+ white clover pastures in successive lactation seasons. Simon et al. (2019) showed that N.O
emissions were reduced linearly with increasing proportions of plantain in the sward. That
author attributed the reduction to a combination of the lower N loading on soil (through a
reduced urinary N concentration) as well as biological nitrification inhibition caused by the
presence of plantain in the sward. Plantain pastures have been found to have lower N2O
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emissions than perennial ryegrass pastures, following an autumn application of cow urine

(Luo et al. 2018).

Animal effects

Urine N concentration is reduced directly, by an increase in urine volume. Urine volume is
regulated predominantly by the amount of water excreted within urine (Spek et al. 2012). The
increase in the urine water volume of animals grazing plantain may be due, to an increase in
water intake (Mangwe et al. 2019; Minnée et al. 2020), as well as the potential diuretic
effects of plantain’s unique metabolites or mineral composition (Cheng et al. 2017; de Klein
et al. 2020). Navarrete et al. (2020) estimated that cows grazing plantain or plantain + clover
pastures produced 22% and 24% more urine than cows grazing a perennial ryegrass + white
clover pasture. Similar findings were demonstrated by (Minnée et al. 2020), where cows
grazing a pasture with 45% plantain produced around 25% more urine than cows grazing a
perennial ryegrass + white clover pasture, or pasture containing only 15-30% plantain. An
increase in urine volume results in an increased urination frequency, (Mangwe et al. 2019;
Minnée et al. 2020) leading to more urine patches per given area of pasture, effectively

distributing urine N more uniformly over the paddock area.

There is evidence that the reduction in urine N concentration may also partly be a
consequence of N being partitioned away from the urine, into dung, milk, or other places
withing the animal (Totty et al. 2013; de Klein et al. 2020). Totty et al. (2013) suggested that
an increase in the milk N output of cows grazing chicory and plantain, could explain a
reduction in urine N concentration. Potential explanations for this could be an increase in the
proportion of digestible rumen undegradable protein, the bioactivity of secondary
metabolites, or an improved ratio of water-soluble carbohydrates to crude protein. Plantain

may also enhance the partitioning of N into dung because of its condensed tannins content
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(de Klein et al. 2020). Misselbrook et al. (2005) showed that the feeding of supplements or
forages with a high condensed tannins content, increased the amount of N excreted in the
dung of dairy cows. The culmination of these effects is a reduction in the N loading rate
within urine patches. Pasture plants are then capable of utilising a greater proportion of the

incident N before it can be lost from the system.

Metabolite effect

Plantain foliage contains potent metabolites that act as biological nitrification inhibitors
(BNIs), when added to the soil within urine from grazing animals (Gardiner et al. 2020b, a).
The metabolites include the iridoid glycosides aucubin and catalpol and the phenylpropanoid
glycoside, acteoside (Gardiner et al. 2016; Navarrete et al. 2016). Soil incubation experiments
have shown that plantain leaf constituents, as well as synthetic aucubin, can potentially
reduce N mineralisation and nitrification (de Klein et al. 2020; Gardiner et al. 2020a). Urine
from sheep (Judson et al. 2018) and cattle (Judson et al. 2019) grazing plantain, have been
found to have nitrification inhibitory properties. In a 35-day soil microcosm incubation
experiment, nitrification rate was initially slower in microcosms treated with urine from
plantain-fed cows, than those treated with urine from ryegrass, white clover-fed cows (Judson
et al. 2019). The largest difference in total NO3™ between the two treatments occurred 21 days
after urine application. Similarly, Gardiner et al. (2020b) showed a brief reduction in soil
nitrification rate following the application of cow urine, with a synthetic aucubin component,

to a perennial ryegrass + white clover pasture.

Field-scale data showing a reduction in nitrification rate, NO3z™ leaching or N>O emissions,
exclusively as a result of aucubin presence in cow urine, is limited. Simon et al. (2019)
compared the N2O emissions from soils with a perennial ryegrass + white clover pasture that

received urine from cows with a diet comprising of either 45% plantain or no plantain. The

45



N20 emissions and N2O emission factors were similar for each treatment, indicating that
there was no significant effect of the secondary metabolites present in the urine. Gardiner et
al. (2020b) also concluded that the inhibitory effects of aucubin applied to the soil are not
sufficient to change overall, long-term, urine patch N2O emissions. The contrast between soil
incubation experiments and field trials may be a result of differences in soil moisture, soil pH

or ammonia oxidising bacteria (AOB) (Gardiner et al. 2020b).

Sward effect

Plantain may release root exudates which also act as BNI’s in the soil. In a small-plot study
Simon et al. (2019) found that N.O emissions were lower in grass-based swards with a higher
plantain content following the application of a standard urine (610kg N ha™) derived from
cows fed a perennial ryegrass + white clover pasture. Similarly, Carlton et al. (2019) found
that NOs™ leaching from lysimeters containing plantain, perennial ryegrass and white clover
was significantly lower than from lysimeters containing only perennial ryegrass and white
clover, following the application of standard urine (700kg N ha*) from cows grazing a
perennial ryegrass + white clover pasture. It is currently unknown how large the influence of
the ‘sward effect’ might be on N losses from actual grazed pastures, however results from

these experiments suggest that it could be substantial.

Proportion of plantain in cows diet required to reduce nitrogen losses

Currently there is contention over the proportion of plantain required in a cow’s diet to
reduce N loses from grazed pastoral systems. One recent metabolism stall study (Minnée et
al. 2020) found that cows consuming a diet with at least 30% plantain (on a DM basis) had
lower urine N concentrations than cows consuming only ryegrass. Furthermore, cows
consuming a diet comprising of 15% plantain had similar urine N concentrations to those

grazing perennial ryegrass only. That suggests that cows may need at least 30% plantain in
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their diet for the full N loss mitigation abilities of plantain to be realised. However, given that
a reduction in urine N concentration is one of several modes of action for plantain in reducing
N losses from grazed pasture, the actual proportion of plantain required in the sward to
reduce N losses might be less than 30%. In a field study (Nguyen et al. 2023), cows grazing a
pasture with 25% plantain had a higher urine volume, lower urine N concentration and had
more urination events than cows grazing a perennial ryegrass + white clover pasture.
Additionally, cows grazing a pasture containing 18% plantain had a urine N concentration
that was 18% lower than that of cows grazing a perennial ryegrass + white clover pasture.
These results suggest that cows may need 25-30% plantain in their diet for the system to gain
meaningful reductions in N losses, but lower proportions of dietary plantain may also have
some mitigatory effect on N losses from pastures. It is not currently clear what proportion of

plantain is required in the sward to reduce N losses via BNI at field scale.
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2.4 The effects of the dairy system on plantain

Plantain persistence and grazing tolerance

There is anecdotal and scientific evidence that plantain does not persist well under grass-
based pasture management strategies (Ayala et al. 2011b) and has been generally considered
as a short lived forage species (Kuiper & Bos 1992; Labreveux et al. 2004). Data from
commercial farms in New Zealand suggests that high plantain contents are attainable in the
first years following pasture renewal but cannot be maintained (Figure 2-2) (Dodd et al.
2019). Of the paddocks older than two years in that study (36 out of 49), only three clover-

based mixes and two grass-based mixes, maintained plantain contents of 30% or more.

Competition from other pasture species, treading damage, compaction and over-grazing are
likely contributing factors to declines in plantain density in mixed pastures (Bryant et al.
2019). Grasses have a particular competitive advantage over plantain, owing to their rapid
recovery following disturbances such as trampling, their competitive advantage for light
through their efficient leaf morphology (Stulen et al. 1992) and their enhanced ability to

respond to fertiliser applications (Stewart 1996).

Plantain persistence may be reduced following winter grazing (Ayala et al. 2011b) and
usually struggles to compete for essential resources when paired with a winter-active grass
species in a pasture (Cranston et al. 2015b). In work by Ayala et al. (2011b), plantain plots
grazed twice by sheep during winter (July and August) had 32% fewer plants than un-grazed

plots in March of the following year (Figure 2-3).
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based mixes, from (Dodd et al. 2019). Of the paddocks older than three years, only

three clover-based mixes and two grass-based mixes had 30% or more plantain.
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Figure 2-3. Change in plantain population density from July to March (expressed as a

percentage of initial plant population in July (96 plants/m?=100) under two winter

grazing managements (Ayala et al. 2011b).
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Plantain is susceptible to changes in the frequency (days between grazing events) and
intensity (residual height) of defoliation (Ayala et al. 2011b). Plantain herbage production is
generally promoted with a grazing interval of 21-35 days (Labreveux et al. 2004) and a
residual height of 4cm (Cranston et al. 2015a), similar to that of perennial ryegrass (Lee et al.
2008). Plantain density is likely to be reduced more rapidly under close grazing however,
with the compounding effects repeatedly reducing plant size and crown weight (Ayala et al.
2011b, a). The attributes of the root and crown system of plantain suggest there is limited
capacity for carbohydrate storage in comparison with other crown forming species (Ayala et
al. 2011b). This probably contributes to reduced regrowth and persistence under intensive
grazing or other limiting conditions.

Competition with companion species

There is no shortage of anecdotal evidence when discussing the lack of competitiveness of
plantain when incorporated in high-performing perennial ryegrass-based pastures. Some
research has shown that the productivity of plantain is reduced following winter grazings
(Ayala et al. 2011b) and therefore has particularly poor persistence when paired with a winter
active species such as perennial ryegrass (Cranston et al. 2015b). In such mixes, plantain is
also likely to encounter strong competition for light whenever conditions favour high
perennial ryegrass growth rates, which typically occur between spring and early summer

(Kemp et al. 1999).

Shading has been shown to have a significant effect on plantain morphology (Teramura
1983). Plantain plants found naturally growing in shaded environments have been shown to
have fewer shoots than those plants growing in full sunlight (Teramura 1983). That work also
showed that plantain plants exposed to high irradiance in a glasshouse had a greater leaf
elongation rate than those under low irradiance. The reduction in the capacity of plantain
plants to regrow under low-light conditions, such as those that occur beneath a perennial

50



ryegrass canopy, would likely contribute to a reduction in plantain content in high-biomass
grass swards. Additionally, the limited capability of plants to produce new vegetative shoots

under such conditions could lead to a reduction in plantain shoot density over time.

Pest and disease tolerance

Plantain is generally considered tolerant of several typical New Zealand pasture pests and
diseases. Some leaf-feeders have been found on plantain, including weevils, gall midges, flea
beetles and moths. Dodd et al. (2024) reported that damage by plantain moth (Scopula
rubraria and Epyaxa rosearia) is common in pure plantain swards in the northern regions of
New Zealand. However, damage by caterpillars in late summer is usually largely aesthetic
and presents no cause for concern. (Stewart 1996). Below ground herbivory has been shown
to negatively impact juvenile plantain populations (35 days old or younger), whereas older
plantain populations (45 days old) were not affected (Tsunoda et al. 2014). Early literature
reported that plantain has good tolerance of the native New Zealand grass grub (Costelytra
zealandica) (Cockayne 1920), however it is currently understood that this pest is extremely
detrimental to plantain populations (Kelly & Foley 2019; Dodd et al. 2024). Older plantain
plants may also exhibit infection from Aschocyta leaf spot, Ramularia leaf spot, and

Rhizoctonia root rot (Stewart 1996; Kelly & Foley 2019).

Drought tolerance

Plantain has a good tolerance of soil moisture deficit (Cranston et al. 2016), thanks largely to
its deep rooting structure being able to access water deep in the profile (Grime et al. 1989).
Plantain also possesses a good degree of summer heat tolerance, evidenced by its distribution
in some sub-tropical grasslands (Sagar & Harper 1964). There are multiple accounts of
plantain improving summer feed quality and quantity, as well as increasing the live weight

gain of lambs in comparison with lambs grazing perennial ryegrass-based pastures, in areas
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that are prone to seasonal soil moisture deficit (Moorehead et al. 2002; Macfarlane et al.

2015; Spall et al. 2019).

Cold tolerance

Plantain is not likely to persist in regions that typically encounter prolonged periods of winter
freezing. In an experiment by Skinner and Gustine (2002), plantain was found to have
extremely low survival rates when subjected to temperatures of -12 to -14 degrees Celsius.
While this finding is significant for countries that may experience these conditions, low
freezing tolerance is unlikely to be a major factor limiting the survival and persistence of
plantain in New Zealand pastures. Plantain DM growth is usually reduced during winter in
New Zealand, in comparison with other common pasture species (Stewart 1996), and the
management of pure plantain swards usually reflect this (Powell et al. 2007; Ayala et al.
2011b). Nighttime temperatures of 11°C have been shown to cause low daily leaf elongation
rates in plantain (Teramura et al. 1981) suggesting that even in mild winters, plantain leaf

growth is likely to be diminished as a direct result of low temperatures.
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2.5 Waterlogging and livestock treading damage may be responsible for
poor plantain persistence in New Zealand pastoral systems

2.5.1 Waterlogging

The availability of molecular oxygen is required to sustain the metabolism and growth of
higher plants (Zhang et al. 2019). Waterlogging can be characterized by a depletion of soil
oxygen caused by a high water-table or impeded drainage within the soil profile (McLaren &
Cameron 1996; Irving et al. 2007). As a result of waterlogging, water fills soil pores and
capillaries and reduces the normal processes of gaseous exchange between the soil and the
atmosphere, leading to a net decrease in oxygen diffusion (Janiesch 1991). The oxygen
concentration in waterlogged soil (around 10 ppm) is significantly lower than the oxygen
concentration of the atmosphere (around 200,000 ppm) (Taiz et al. 2015). The immediate

consequence is that the soil environment becomes anaerobic.
Effect of waterlogging on pastoral systems

There have been several studies that have investigated the impact of waterlogging on pasture
grass growth and survival (Lee et al. 2013). Perennial ryegrass photosynthetic rates were
reduced after three weeks of waterlogging (at 20°C), leading to a reduction in leaf and root
biomass (McFarlane et al. 2003). Dunbabin et al. (1997) also showed a 14% reduction in DM
production from a perennial ryegrass + white clover pasture frequently subjected to 24 hours
of waterlogging, in comparison with the same pasture subjected frequently to 4 hours of
waterlogging. Waterlogging could also lead to the death of some grasses and legumes.
Woods et al. (1993) showed that typical pasture species such as perennial ryegrass, cocksfoot
(Dactylis glomerata L.), tall fescue (Festuca arundinacea S.), white clover may only survive

total submergence in water for 6-9 days.
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Pasture species vary in their tolerance of waterlogging and thus waterlogging has the
potential to influence the botanical composition of a pasture. Work by Grieve et al. (1986)
showed that the botanical composition of periodically waterlogged pastures in the Murray
valley, Australia, favoured Paspalum dilatatum Poir. (a waterlogging tolerant grass) over the
sown pasture species perennial ryegrass and white clover. Grasses have been shown to be
more tolerant of waterlogging than legumes (Bolton & McKenzie 1946), suggesting that

pastures that experience waterlogging may often have a reduced legume component.
Waterlogging effect on soil

There are a series of flow-on effects from waterlogging and the imminent reduction in
oxygen concentration, including changes to the soil redox potential and availability of plant
nutrients (McLaren & Cameron 1996). The first measurable event is the lowering of the soil
redox potential, which when measured gives an excellent indication of the intensity of
waterlogging (Janiesch 1991). The pH of most soils tends towards neutrality once conditions
become anaerobic, with the pH of acidic soils increasing and the pH of alkaline soils
decreasing. There are a number of phytotoxic compounds that may accumulate in
waterlogged soil. Once all available oxygen and NO3™ has been consumed, anaerobic bacteria
use oxidized soil components such as hydrous oxides of manganese (Mns"), iron (Fes*) and
sulfate, converting them to their counter forms Mny*, Fe>" and sulfide respectively (Janiesch
1991; McLaren & Cameron 1996). Since plant species vary in their ability to cope with these
toxic compounds, waterlogging induced toxicity may be responsible for determining the

botanical composition of some grasslands (Janiesch 1991).
Waterlogging effects on plants

Prolonged waterlogging can cause widespread damage to important plant structures and have

profound effects on plant respiratory systems, leading to plant death (Turkan et al. 2013).
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Anaerobic respiration within the plant leads to the production of ethanol, causing cellular and
membrane injury, impairing nutrient uptake and enabling pathogen infection (Phillips &
Greenway 1998). The initial effect of a lack of soil oxygen on plant morphology is usually a
loss of root mass (Drew 1997). Pasture grasses cocksfoot, and prairie grass (Bromus
catharticus V.) were shown to have a loss of root mass following defoliation, under
waterlogging stress (Ploschuk et al. 2017). The loss of root mass is most likely to be a result

of root tissue senescence, following a cessation of cellular respiration (Ploschuk et al. 2017).

The loss of leaf mass will almost certainly accompany a loss of root mass. In barley
(Hordeum vulgare L.) seedlings subjected to three weeks of waterlogging, both shoot and
root growth were negatively affected by waterlogging stress (Pang et al. 2004). Growth was
probably inhibited further by a reduction in the photochemical capability of the shoot. Leaf
biomass was reduced in Paspalum accessions under waterlogging, resulting from a lower leaf
elongation rate during the waterlogging stress (Beloni et al. 2017). Perennial ryegrass plant
height was significantly reduced under short-term (7days) submergence in water, reflecting a
loss of leaf chlorophyll content and substantial reductions in the water soluble carbohydrate

content of both shoot and root material (Liu & Jiang 2015).

One response of plants to waterlogging stress is a reduction in stomatal conductance through
stomatal closure in leaves (Sojka 1992; Zhao et al. 2021). Stomatal closure is associated with
an accumulation of abscisic acid (ABA) in leaves, which acts to impair the accumulation of
potassium ions by guard cells, and thus prevent them becoming turgid enough to open
stomata (Sojka 1992; Pirasteh-Anosheh et al. 2016; Pan et al. 2021). The role of ABA
accumulation in leaves during conditions which lower plant water potential, such as drought
are well researched (Pirasteh-Anosheh et al. 2016), and is commonly understood as a
mechanism by which plants conserve water under such stresses (Taiz et al. 2015). However,
the closure of stomata results in a reduction in leaf gas exchange with the atmosphere, which
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reduces the supply of CO> for use in the light independent reactions of photosynthesis (Baker
2008), which ultimately reduces carbohydrate production and thus the potential DM yield of

plants (Sojka 1992).

Waterlogging stress increases the production of reactive oxygen species (ROS) such as super
oxide (0%) and hydrogen peroxide (H202), which can cause lipid peroxidation (Mittler 2002).
Plant physiological processes are adversely affected by waterlogging, including reductions in
chlorophyll content, phytochemical efficiency and net photosynthetic rate (Zhang et al.
2019). The subsequent energy depletion causes reductions in protein synthesis, shoot and root
growth and final yield (Pang et al. 2004). Anaerobic stress can cause cell death within hours

or days (Taiz et al. 2015).

Plant photosynthesis (net CO, assimilation rate) may be reduced as a result of waterlogging
induced ROS activity. The net CO, assimilation rate of flooding-intolerant brachiaria grass
was significantly reduced after 14 days under flooded conditions (Dias-Filho & De Carvalho
2000). Similarly Zhang et al. (2019) found that 10 days of waterlogging had significantly
reduced the net CO; assimilation rate and the photochemical efficiency (Fv/Fm) of lucerne
seedlings. Those authors found evidence of cell lipid membrane peroxidation in waterlogged
plants and suggested ROS are capable of breaking down chlorophyll and damaging
chloroplasts. This most likely contributed to the loss