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Forages for Reduced Nitrate Leaching was a DairyNZ-led collaborative research programme across the primary 
sector delivering science for better farming and environmental outcomes, aimed at reducing nitrate leaching 
through research into diverse pasture species and crops for dairy, arable and sheep and beef farms. The main 
funder was the Ministry of Business, Innovation and Employment, with co-funding from research partners 
DairyNZ, AgResearch, Plant & Food Research, Lincoln University, Foundation for Arable Research and Manaaki 
Whenua-Landcare Research. 
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Introduction 

The Forages for Reduced Nitrate Leaching programme (FRNL; 2013-2019) combined fundamental, strategic 
and applied research, co-development and extension, to achieve and demonstrate practical, adoptable 
options for pastoral, arable and mixed farms to reduce nitrate leaching losses while maintaining or 
improving productivity and profitability. The main hypotheses of the programme were that this can be 
achieved by 

 

(1) reducing urinary nitrogen (N) excretion from livestock through the use of diverse pastures (i.e. 
mixtures containing grasses, legumes and herbs) and/or forage crops with a lower N content, 
without any reduction in animal performance; 

(2) improving N use efficiency of pasture and crops through the use of species and crop rotations that 
increase the uptake of soil N and thereby reducing N fertiliser input; and 

(3) a co-development approach ensuring close collaboration with end-users (farmers, rural 
professionals) to improve applicability and adoptability. 

 

This document summarises key results of FRNL’s six years of research and co-development. It provides easy 
access to research results by listing all scientific output and papers published in proceedings of scientific and 
industry conferences and providing links to them. 

 

The document is structured in accordance to the programme, with three clusters of work (so-called Research 
Aims): 

1. Alternative pasture species (led by Grant Edwards; Lincoln University) 
2. Crops (led by Mike Beare, Plant & Food Research) 
3. Farm systems (led by Ina Pinxterhuis, DairyNZ) 

 

Within each Research Aim, a number of projects were executed. In this document these are grouped where 
they contributed to a common goal. Titles of the various sections reflect these goals. We trust this structure 
helps you finding the publications relevant to your interest. 

 

  



Benefits of alternative species in pastures to reduce nitrate leaching from 
livestock systems 

Nitrogen (N) excretion from livestock and N uptake by plants can be improved through the use of herbs, 
grass and legume pasture species other than perennial ryegrass and white clover. These alternative pasture 
mixtures can lead to more N being partitioned to animal product and less N excreted in urine. Additionally, 
herbs can reduce the N concentration of urine, which reduces the load of N (kg N/ha equivalents) in urine 
patches. Reduced urine N excretion and reduced N load can reduce nitrate leaching. 

Pasture species that exhibit greater growth rates in the cooler seasons can help when risk of drainage is 
greater, and hence risk of N leaching. 

This research aimed to define the critical plant species and amounts required in a mixture, and associated 
management, to decrease N excretion in urine and increase N uptake from soils by plants. 

Diverse pastures to reduce urinary N excretion: Effect of species composition in the 
diet on N partitioning in livestock 

Outdoor grazing studies in Canterbury and Waikato evaluated the effect of pasture species composition on 
milksolids production and urinary N excretion patterns, using urine sensors. 

Data from the trials, combined with forage chemical compositions from grazing and N fertiliser management 
studies were used to inform and validate animal model predictions of milksolids production and N 
partitioning in dairy cows. The validated model was used to test the effects of an array of diets with different 
pasture components on N partitioning and was used in the DairyNZ Whole Farm Model (WFM) to translate 
effects to the whole farm scale. 

A controlled feeding experiment in metabolism stalls was conducted with lactating dairy cows where the 
plantain content in the cows’ diet (with perennial ryegrass and white clover) was manipulated. Partitioning 
of dietary N into milk, urine, faeces and live weight was measured. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Urinary N excretion (g/cow/day) is closely related to N intake, irrespective of pasture type. N intake is 

related to the N% of the pasture species, and the pasture botanical composition. Greater plantain 
content may simultaneously reduce legume content, which is important for N intake: legumes have a 
consistently high N%. 

• Plantain in the diet altered the diurnal pattern of urine N excretion and reduced urinary N 
concentration in most experiments. e.g. urinary N concentration of cows grazing plantain was 56% 
lower than those grazing perennial ryegrass/white clover pastures, and 33% lower for cows grazing 
50/50 pasture-plantain. 

• Urine patch area was larger for plantain-containing pastures due to greater urine volume and increased 
urine patch spread because of more open swards in partially or fully grazed pasture. 

• Urination frequency rather than urination volume is more likely to be increased when herb-containing 
pastures are fed. Herbs have a high water content and increase diet water intake and subsequently the 
number of urinations per day. 

• In grazing trials, urine N concentration was lower in the late and early lactation for cows grazing 
plantain (2.4 and 2.2 g N/L respectively) and 50:50 standard perennial ryegrass/white clover pasture : 
plantain (3.6 and 3.4 g N/L respectively) than standard pasture (5.4 and 4.7 g N/L respectively). Urine 
volume in late lactation from cows grazing plantain (73.8 L/cow/day) and 50:50 pasture : plantain (59.1 
L/cow/day) was greater than from those grazing perennial ryegrass/white clover (46.5 L/cow/day). 



• Substitution of tall fescue and summer grass with either lucerne, or lucerne and plantain, resulted in 
small improvements in feed digestibility but did not increase feed intake in late lactation. Inclusion of 
lucerne reduced dry matter intake but maintained milk production while inclusion of plantain with 
lucerne maintained intake and increased milk production. Inclusion of plantain at 46-70% of DM intake 
increased total water intake by 8-21% over grass/lucerne swards but significantly decreased trough 
water intake. A high proportion of plantain in the diet of lactating cows induced a reduction in urinary N 
concentration in both mid-lactation and late-lactation. Increasing plantain intake decreased lucerne 
intake and subsequently N intake in summer. 

• Voluntary daily dry matter intake of dairy cows in a metabolism stall trial increased with increasing 
proportion of plantain in the diet, however dietary N intake was similar (mean 545 g N/cow/d). Urinary 
N concentration was reduced in cows fed plantain at 30% or more of the diet compared with cows fed 
ryegrass only. The effect is described by a significant negative quadratic relationship between UN 
concentration and percentage of plantain in the diet. Increasing plantain in the diet reduced the 
partitioning of N to urine resulting in 15% less (39 g N /day) N partitioned to urine in cows fed 30% 
plantain compared to cows fed ryegrass only. When cows were fed diets containing 45% plantain, urine 
volume was 25% more (+9 L/cow/day) and urinary N excretion was 41% less (-66g/c/d) than from cows 
fed ryegrass only diets. 

• Variations in circadian patterns for N excretion and urine N concentration between pasture species 
offers opportunity to tailor nitrate leaching mitigation options to individual pasture species, i.e. 
strategic use of off paddock infrastructure, low N feeds etc. 

• Researchers need to take a cautionary approach when using daily urine creatinine excretion from spot 
samples to estimate urinary N excretion due to a 2-fold variation in urinary creatinine concentration 
over 24 hours. 

• Modelling the effect of increase in urination frequency on nitrate leaching revealed limited reduction in 
leaching in Canterbury (6%) due to greater area covered in urine, though a greater reduction in N 
leaching was predicted for Waikato (20%) compared with conventional ryegrass/clover pastures. 

• Comparison of experimental and modelled results indicated that urination behaviour can be simulated 
with acceptable accuracy and precision using MINDY, a mechanistic and dynamic model of a grazing 
ruminant. This may reduce the need of expensive and time-consuming animal experiments. 
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Dodd, M., Dalley, D., Wims, C., Elliott, D. and Griffin. A. “A comparison of temperate pasture species 
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https://doi.org/10.1080/00288233.2018.1518246. 
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nitrogen excretion and methane emissions while maintaining or increasing animal production”. Journal 
of Animal Science 94.Suppl_5 (2016): 328. https://doi.org/10.2527/jam2016-0687.  

Gregorini, P. and Edwards, G. R. “Simulating the effect of frequency and timing of Plantago lanceolata 
allocation on diurnal urination patterns of grazing dairy cows”. Proceedings of the International 
Symposium of Nutritional Herbs, Clermont Ferrand, France (2018, 2-6 September). 
https://www.cambridge.org/core/services/aop-cambridge-
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_the_10th_international_symposium_on_the_nutrition_of_herbivores.pdf#page=469. 
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Gregorini, P., Provenza, F. D., Villalba, J. J., Beukes, P. C. and Forbes, M. J. “Diurnal patterns of urination and 
drinking by grazing ruminants: A development in a mechanistic model of a grazing ruminant, MINDY”. 
(2019) https://doi.org/10.1017/S0021859617000806. 

Gregorini, P., Bryant, R. H., Beck, M. R., Edwards, G. R. “Plantain: It is not only the dietary content, but also 
how we graze it”. Proceedings of the New Zealand Society of Animal Production 78 (2018): 151-160. 
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Minnée, E. M. K., Leach C. M. T. and Dalley D.E. “Substituting a pasture-based diet with plantain (Plantago 
lanceolata) reduces nitrogen excretion from dairy cows in late lactation”. (2019, Submitted). 

Waghorn, G. C., Griffin, A., Bryant, M. and Dalley, D. “Digestion and nitrogen excretion by Holstein/Friesian 
cows fed grasses with lucerne or lucerne and plantain”. Animal Production Science 59.6 (2019): 1070-
1080. https://doi.org/10.1071/AN18105. 

Plant characterisation, including the digestibility of forages, and the effect of 
management on pasture composition and drymatter production 

A range of field and lysimeter experiments in Canterbury and Waikato were used to test the effect of 
pasture botanical composition and management strategies on herbage dry matter (DM) yield and quality, N 
uptake and N leaching. These data were used to produce new APSIM Next Generation models for plantain, 
chicory, white clover and red clover. Improvements were made to the underlying plant modelling framework 
to simulate forages and N-fixing/nodulated plants. Diverse mixtures of forages were simulated to 
understand the limitations of the current modelling platform for plants competing for space and light. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Plantain has similar feed value and milksolids (MS) production potential to perennial ryegrass/white 

clover pasture when offered as green leafy herbage to dairy cows at a similar herbage allowance.  

• Italian ryegrass, prairie grass, high sugar ryegrass and plantain, with lower N fertiliser rates and 4-week 
regrowth intervals may be used to reduce herbage N intake. 

• Legumes were higher in non-protein nitrogen (180 mg/g N), than grasses (111 mg/g N) and herbs 
(chicory and plantain, 76 mg/g N). Herbs contain N that is more available to be utilised by the animal for 
growth and production, reducing the amount of N lost as urinary N.  
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http://www.nzsap.org/system/files/proceedings/plantain-it-not-only-dietary-content-also-how-we-graze-it%E2%80%A6.pdf
https://doi.org/10.1071/AN18105


• MS production of cows grazing diverse pastures containing a mixture of legumes, herbs and grasses and 
managed at high herbage mass in spring was not altered by defoliation management strategies such as 
pre graze mowing.  

• Managing diverse pastures in spring through lenient grazing is a potential management option for an 
irrigated Canterbury dairy farm system to increase herbage dry matter (DM) production and thereby 
profitability. 

• Forages that tended to have greater herbage crude protein (CP) and non-protein N (NPN) 
concentrations tended to release more N during maceration.  

• Increasing N fertiliser rate applied to ryegrass, chicory and plantain swards also reduced the ratio of 
fermentable carbohydrate to CP in herbage, which is thought to increase loss of N in urine. The greatest 
increase in the amount of CP released and greatest decline in the ratio was observed at N rates 
exceeding 200 kg N/ha/y, coinciding with reductions in herbage mass and leaf growth response to 
increased rates N fertiliser application. 

• Predictions of MS production and N excretion by the MINDY model for cows grazing chicory, ryegrass or 
plantain, suggests that rates of N fertiliser of 200 kg/ha/y could be the optimal point for MS production 
before total daily N excretion increases substantially.  

• Scenario-based modelling using APSIM showed a 21% and 6% reduction in annual N leaching loss could 
be achieved by reduced urine N concentration in Waikato and Canterbury regions, respectively.  

• Combining all forage, management and systems-based solutions lead to the greatest reductions in 
nitrate leaching of 59 and 31% for Waikato and Canterbury respectively. 

• Direct drilling was more effective than broadcast sowing for establishing plantain in existing pastures. 
The method of defoliation after sowing (pre-graze mowing or grazing) was not as important as timing of 
early defoliation in the resulting plantain populations. Early grazing, while seedlings were small enough 
to avoid defoliation, improved plantain establishment is likely by reducing competition from the pre-
existing pasture. 

PUBLICATIONS  
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N uptake and leaching in pure swards and diverse pastures, effects of pasture 
management 

Lysimeter and small outdoor plot trials were carried out to determine the effect of irrigation management 
(frequency, timing, level of water stress) and gibberellic acid application on nitrate leaching from multi-
species and standard perennial ryegrass/white clover pastures. The impact of plant species on soil C and N 
transformations (mineralisation and nitrification) and legume N2 fixation was measured using 15N tracer 
studies on pastures. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Italian ryegrass and the late-heading date and late-season maturing perennial ryegrass cultivar, One 50, 

were found to be the most effective pasture grass options to reduce N leaching loss.  

• Italian ryegrass leached 33 to 46% less nitrate-N than Tyson, AberDart, Tyson-Italian and Arrow swards.  

• Italian ryegrass swards took up 1.2 to 1.4 times more N than any other grass type reducing the amount 
of N available for leaching. 

• Italian ryegrass produced significantly less drainage: 31-46% less than all other pure swards.  

• Drilling Italian ryegrass into established perennial ryegrass swards did not significantly reduce nitrate 
leaching losses. 

• Large leaching losses occurred from urine applied to lucerne (> 200 kg N/ha) due to low plant uptake 
during the autumn-winter drainage period. 

• Plantain reduced N leaching losses by 15% in summer and by 30 – 50% in winter (average 39%) 
compared to perennial ryegrass grown in free draining volcanic ash soil. 

• Allied research has shown plantain can affect soil microbial biota and reduce nitrous oxide emissions 
from urine excreted on soil. 

• Mechanisms influencing reduced N leaching when using plantain appear to be associated with a 
combination of urine N concentration, plant N uptake and nitrification inhibition. 
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• Compared with perennial ryegrass/white clover, N leaching from perennial ryegrass/white 
clover/plantain was 82% and 74% lower when standardised urine was applied in December and 
February, respectively. Growth of ammonia oxidising bacteria was significantly reduced with plantain in 
the mixture, indicating a biological nitrification inhibiting effect. 

• Compared with perennial ryegrass/white clover, N leaching from Italian ryegrass/white clover/plantain 
was reduced by 46% when using a standardised urine N load, due to greater cool-season growth with 
water and N uptake, and by 89% when using urine from cows grazing these pastures, due to the 
additional effect of reduced urinary N concentration. 

• Irrigation system (simulated pivot, rotorainer and flood irrigation, with the same total amount of water 
applied over the dry season) did not affect N leaching. 

• A comparison of N leaching from a single urine application to monocultures of perennial ryegrass, 
plantain or lucerne showed that plantain exhibited large seasonal variation in its efficacy to reduce 
urine-N leaching relative to ryegrass (ranging from 15% to 50% reduction for summer or winter urine 
applications, respectively) with an overall reduction of 39% (53 and 87 kg N/ha leached for plantain and 
ryegrass, respectively). Leaching from lucerne was consistently high (>200 kg N/ha). 

• Application of gibberellic acid had no effect on N leaching losses, DM yield, or N uptake of perennial 
ryegrass/white clover, Italian ryegrass or Lucerne treated with 700 kg N/ha urine. 

• Annual N2 fixation was 3-fold higher in mixed (white clover, lucerne, perennial ryegrass, chicory and 
plantain) relative to standard perennial ryegrass/white clover pasture (averaged 193 vs. 75 kg 
N/ha/year, respectively) due to higher legume yield in mixed pastures. Both pasture types showed an 
exponential decline in annual N2 fixed as fertiliser-N input increased. 

• Laboratory soil incubation studies with urine (equivalent to 300 and 600 kg N/ha) applied to ryegrass or 
plantain soil showed that plantain inhibits nitrification of urinary-N over a short-period (<28 days) with 
the level of inhibitory effect decreasing over time. 

• Detailed 15N-isotope studies with ryegrass and plantain monocultures by two fertiliser-N rates (0 vs. 500 
kg N/ha/year) showed evidence that plantain manipulates short-term nitrogen processes controlling 
plant N availability. 
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Fate of N in urine patches 

This work was supported with co-funding from the Strategic Science Investment Fund (SSIF) of AgResearch. 

 

Lysimeters and small plots were used to measure N uptake and nitrate leaching from applied urine for 
various pasture species and mixed-species pastures. Differences in urine patch size and associated edge-
effects were evaluated to identify urine-specific effects of pasture species mixture on nitrate leaching. 

APSIM simulation was developed to represent the urine patch edge effects of the pasture species. The new 
and improved modules were validated against data collected in the field and lysimeter trials. Potential 
impact of diverse pastures to reduce leaching while maintaining or improving production at the paddock 
scale was examined using the validated modelling system and information generated in grazing trials 
regarding urine patch characteristics. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• N offtake from the urine patch was greater with plantain than with standard pasture; however, the 

relative contribution to uptake from the wetted area and surrounding edge was the same for both 
species. Most (>90%) of the apparent offtake of urine N by plantain and standard pastures was within 
20cm of the edge of the urine patch. 

• 30-40% of the pasture N uptake from urine deposited on the wetted zone came from outside the 
wetted zone, with the edge contribution larger in small urine patches. Lysimeters with a confined edge 
may potentially underestimate pasture N uptake. 
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• Detailed model (HYDRUS 2-D and APSIM) of a single urine patch including water and N flow beyond the 
wetted edges of a urine patch, suggests that typically about 0.1 m spread might be expected. This was 
consistent with independent experimental work. 

• The vegetation model AgPasture was updated, fully documented and converted to the APSIM Next 
Generation framework. It is currently in peer review and should be in release in the next month. 

• Information from the patch-scale modelling was used to set some key parameters in a new paddock-
scale model that explicitly incorporates urine patches. 

• The paddock-scale model was used to investigate the likely improvement in leaching from diuretics in 
the diet. Although a lower urine N concentration reduced the N load in urine patches, it also led to a 
larger area of the paddock covered by urine and a greater occurrence of overlapping urine patches. 
Therefore, the effectiveness of the diuretic decreased as stocking rate rose and high rates of N fertiliser 
were used. 
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Forage and conserved feed crops and crop management systems that 
enhance the productivity and N use efficiency of arable and pastoral 
sector farms 

High-nutritive value, low-N forage and conserved feed crops can maintain or increase the performance of 
livestock while reducing the excretion of N in animal urine and associated N losses. 

Integrated soil, crop and effluent management practices for the production of forage and conserved feed 
crops can increase the N use efficiency of continuous cropping, mixed and livestock farms, and significantly 
reduce N losses associated with either the production or consumption of these feeds. 

Key components of high nutritive value, low N forage and conserved feed crops for 
livestock 

A database of crop quality characteristics has been developed and populated with available NZ and overseas 
data. Meta-analysis of these data identified the key nutritive components of forage and feed crops that 
explain variability in livestock performance and returns of N in excreta. Data were used in the mechanistic 
animal performance model (MOLLY) to identify the key crops and crop combinations that maintain or 
increase livestock performance and reduce partitioning of N into urine and methane emission. Crops 
identified from these livestock modelling experiments were used in small plot crop management trials and 
large plot grazing trials. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• A database comprising forage quality tests and associated field management metadata was derived 

from literature, FRNL trials and historical crop sampling. At the time of analysis for a scientific 
manuscript, the dataset comprised 2770 samples, representing 71 crops or crop mixes. Since then, 
more crop data has been added, and the database has been extended with pasture quality data. This is 
a valuable resource base for future crop and pasture quality reference. 

• The feed quality database comprises a framework for assessing indices for crude protein (CP) and total 
soluble carbohydrates (SSS) content and classifying diet suitability for lactating and non-lactating dairy 
animals, with or without an environmental weighting to achieve minimised N leaching. 

• Assessment of the crop quality database collated in FRNL, showed that rape, turnips, and whole crop 
silages featured strongly in pre-defined critical ranges for lactating dairy cows of 16-20% crude protein 
(CP) and >25% soluble sugars and starch (SSS). 

• Other feeds with high SSS and low CP concentrations such as fodder beet, maize silage, wheat and 
barley grains are useful dietary supplements but are below the CP requirements for lactation if fed 
alone. Additional protein from pasture, pasture silage or legume supplements (peas, tick beans, clovers, 
lucerne) is necessary to meet requirements. 

• For non-lactating cows with a CP requirement of 10-16%, whole crop cereal silages, brassicas (turnips, 
kale, swedes) and legumes (peas and tick beans) are the best fit. Cereal grains, maize silage and fodder 
beet meet the non-lactating feed requirements, but these are best incorporated into a mixed diet. 

• N fertiliser was the only agronomic management factor that could consistently be used to adjust the 
quality for animal requirements. Factors such as delayed sowing and plant population had minor 
systematic influence on quality. Much of the variation in quality was accounted for by crop selection 
and/or the environment in which the crop was grown. 

• The DairyNZ Whole Farm Model with the animal model Molly was used to screen 11,526 binary diets 
comprising 51 feeds (forages and grains) combined in different proportions. Combinations with the best 



possible compromise between urinary N excretion, methane emission and milksolids production were 
identified. Fodder beet and cereals featured strongly. 
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Performance and N partitioning response of livestock to high nutritive value, low N 
feed crops 

This work was supported with co-funding from the Strategic Science Investment Fund (SSIF) of AgResearch. 

Animal metabolism stall trials were conducted to define N partitioning, rumen turnover, and digestive 
responses of livestock to fodder beet, a key crop identified in the work summarised above. Amino acid 
concentrations in blood plasma was determined to identify potential limitations in amino acid supply for 
dairy cows to maintain milk production while reducing N excretion. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Fodder beet feeding reduced urinary N excretion compared with that observed from most good quality 

pasture diets. 

• A diet of 65% fodder beet and 35% pasture silage supplied adequate nutrition for non-lactating dairy 
cows although there was some risk of acidosis. A diet containing 85% fodder beet with barley straw 
resulted in low dry matter intake, poor rumen function and negative N balance compromising both 
animal nutrition and welfare. Straw should not be fed as a sole fibre source with fodder beet because of 
the risk of inadequate nutrition and high incidence of acidosis. 

• Substitution up to 45% of a pasture diet DM with fodder beet had no detrimental effects on the health 
or production of cows in late lactation but 60% fodder beet resulted in clinical acidosis. When offered 
at less than 23% of diet dry matter (DM), fodder beet increased DM digestibility but this trend was 
reversed when >45% of the diet DM was fodder beet. Caution is required when offering diets with 
greater than 40% fodder beet to ensure they contain sufficient N, phosphorus and sulphur. 

• Variations in the N:creatinine ratio over 24 h with each diet as well as lower measured creatinine 
excretion compared to published values indicate a likelihood of substantial errors in the prediction of 
daily urinary excretion if using spot sampling. 

• Feeding fodder beet alters the profile of amino acids to the lactating dairy cow, as demonstrated by the 
reductions in the plasma concentrations in amino acids such as arginine and glutamine. The use of 
fodder beet as a tool to manage nitrogen excretion needs to take these findings into account, because 
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these amino acids are involved in critical development functions, such as fetal development and 
intestinal integrity. 
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Effects of urine derived from high nutritive value, low N feed crops on soil N 
transformations 

Urine was collected from cows in the various animal trials described above, with a range of composition. The 
dairy cows were fed the standard high-N reference diet and high nutritive value, low-N feeds. 
Concentrations of allantoin (a chemical constituent of ruminant urine) were determined in the cow urine 
and a methodology for measuring allantoin in soil samples was developed. Urine was applied to soil and the 
half-life of allantoin was determined. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Allantoin is broken down rapidly in soil, with a half-life of only around 2 to 3 hours. 

• In a small range of urine samples from animals fed plantain, the total N concentration was lower than 
from animals fed standard ryegrass/clover pastures. There was also a tendency for a lower allantoin 
content. 

• Given the rapid degradation of allantoin observed in the soil, we disproved our hypothesis that the 
concentration of allantoin in urine may be sufficient to modify the activity of soil micro-organisms 
involved in transforming N deposited in the urine of grazing livestock. 
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Predicting soil N mineralisation for cropping soils 

This work was completed with funding from the Strategic Science Investment Fund (SSIF) of Plant & Food 
Research. 

A new laboratory test for predicting the potentially mineralisable N (PMN) in soils was developed and 
verified across a wide range of arable and pastoral soils (>130 sites) in New Zealand. Key soil processes, 
critical C and N pools and dominant environmental factors (temperature, moisture, pH) that regulate the 
accumulation, transformation and mineralisation of soil organic matter were accounted for. The 
methodology supports crop management to optimise N supply and minimise the risk of N leaching. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• The new lab test is a significant improvement on the current anaerobically mineralisable N (AMN) test 

offered by commercial laboratories. The research team is currently working with three major 
commercial testing laboratories in New Zealand to calibrate the test and make it available to clients. 

• The new test also has applications to state-of-environment monitoring by Regional Councils. Discussion 
of our findings with members of the Land Monitoring Forum led to an Envirolink project where the new 
test was evaluated for its use in soil quality monitoring. 

• Results from Canterbury-based field trials showed that the test, when coupled with local environmental 
data, can be used to predict the N mineralised under field conditions based on an N balance approach. 

• The initial field trial results led to a Sustainable Farming Fund project that is focussed on validating on-
farm applications of the test to improve fertiliser forecasting across a wider range of soil, crops and 
climates. The SFF project is co-funded by the Foundation for Arable Research, the VR&I board of 
Horticulture New Zealand, three commercial testing labs and three regional councils. 

• Results from a long-term field trial confirmed that N mineralisation was the predominant source of 
plant available N and an important source of N for the additional dry matter grown in response to 
superphosphate (P) fertilisation. 
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Protocol for using large area lysimeters to accurately quantify field scale drainage and 
N leaching 

This work was supported with co-funding from the Strategic Science Investment Fund (SSIF) of Manaaki 
Whenua – Landcare Research. 

The performance of large area lysimeters was validated by measuring and comparing drainage patterns and 
N leaching following urinary N applications. Operational limits with this methodology were identified. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Accuracy of field scale monitoring of leaching under grazed pasture can vary greatly depending on 

factors such as urine patch concentration and spatial distribution, and the type and number of 
monitoring devices. 
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• Spatial statistical modelling can enable scenario analysis of different experimental options for 
monitoring field scale leaching and field trials to test the effect of management or mitigation options on 
leaching. 

• Large area lysimeters can provide an integrated measure of leaching and can be constructed of 
sufficient size to contain multiple urine patches, non-urine areas, as well as multiple plants of different 
fodder crops. 
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Production of high nutritive value, low N forages and crops that maintain animal 
performance and mitigate N losses 

Large plot crop production and livestock feeding trials were conducted in Canterbury and Waikato to 
validate selected crops identified with the database analysis and modelling described above. Animal 
performance and urinary N excretion was assessed. The benefit of crop production practices and the use of 
catch crops following these grazed crops for reducing nitrate leaching was verified in small plot and lysimeter 
trials. The combined knowledge from the lysimeter, small and large plot trials was summarised in crop 
management guidelines for fodder beet and catch crops. 

KEY RESULTS OF THE WORK UNDERTAKEN 

FEED QUALITY OF CROPS 
• In Waikato, cut & carry crops grown for supplement can reduce the N content of soil ahead of winter. 

Ideal crops for cut & carry include maize and Sudan x Sudan as the cumulative N uptake was between 
250 and 300 kg N/ha. 

• Maize and fodder beet were the best options for producing high carbohydrate and low N forage to 
complement base diets of ryegrass. Sudan x Sudan responded well to successive monthly grazing, 
however in this situation N returns from animal excretion added to the N loading of the soil. This is also 
the case with other grazed crops such as rape, fodder beet and Italian ryegrass. 

• A combination of these crops in a farm system introduces flexibility to take advantage of periods of wet 
weather, or pasture shortage due to drought. Autumn utilisation of fodder beet along with conserved 
maize or Sudan hybrid can bridge periods of feed shortage, while minimising the N impacts if fed on 
non-critical source areas. 

• Crude protein content of maize (6%), Sudan hybrid (11-14%), fodder beet (7-8%) and rape (9-19%) 
varied depending on the harvest/grazing time but these crops mostly provided low-N feed for reducing 
total protein/N intake by grazing animals. 
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CATCH CROPS 
• Paddock-scale trials in Waikato and Canterbury showed that late autumn and winter-sown oat and 

Italian ryegrass catch crops can reduce the risk of N leaching after fodder beet grazing. In Waikato, oats 
performed better than Italian ryegrass, due to a bigger sink size for N, supporting smaller plot 
experiments described below. Overall, yields and the amounts of N taken up by catch crops was in close 
agreement with those of the smaller plot experiments. 

• In the Waikato experiment it was shown that the biomass produced by the oats (9.5 t DM/ha on 
average) compensated for any loss in production during the establishment of pasture post oat harvest 
(October), with 6.4 t DM/ha more feed produced overall than Italian ryegrass. 

• Lysimeter experiments run over two years showed that N leaching losses from winter-deposited urine 
patches (simulated fodder beet grazing) could be reduced by 33–44% with an oat catch crop under 
Balmoral soil, and 12–59% under Templeton soil. Catch crops reduced N leaching more consistently 
under Balmoral soil compared with Templeton, due to absolute leaching losses being higher under 
Balmoral. Seasonal effects were largely responsible for the varying degree of efficiencies of catch crops 
on Templeton soil. 

• In the same lysimeter experiment, oat catch crops also reduced N leaching from autumn urine 
deposition after simulated fodder beet grazing, but to a lesser extent (17 and 15% under Balmoral and 
Templeton soil, respectively) than those following winter grazing scenarios. This is attributed to the 
timing and amount of rainfall and soil temperatures, in relation to when the catch crop establishes and 
starts taking up N. For instance, urine deposited in early May nitrifies at higher rates than that 
deposited in winter, due to warmer soil temperatures. However, early May-sown catch crops grow 
slowly over the cool winter months, restricting its ability to take up N. Catch crops generally begin to be 
effective at reducing soil N in early spring (around early September), by which time most of the autumn-
deposited urine N is already leached. Autumn urine applications are also exposed to a greater amount 
of rainfall/drainage (mode of leaching), compared with later depositions in winter. 

• The lysimeter experiment also indicated that more than half the amount of N leached from winter urine 
(55–74%) occurred during the spring months, coinciding with peak nitrate concentrations, and when 
catch crops were actively taking up N (i.e. being most effective at reducing N leaching). 

• A paddock-scale leaching experiment using an array of buried suction cups and monolith lysimeters for 
measuring drainage volume, showed that leaching losses after winter fodder beet grazing by non-
lactating dairy cows were not significantly reduced by an oats catch crop under particularly wet weather 
conditions in winter. These weather conditions resulted in a significant delay in when the oats were able 
to be drilled. These findings support earlier work that highlighted the importance of sowing catch crops 
early. A repeat run of the trial in the next year showed significant reductions in N leaching in spring, due 
to an earlier establishment of the oats compared with that in the first year. 

ANIMAL GRAZING TRIALS 
• An initial grazing experiment showed the amount of urine-N excreted was significantly lower from cows 

consuming a fodder beet/pasture silage diet compared to a maize/fresh pasture diet (estimated 90 vs. 
173 g N/cow/day). This was largely due to lower N intake. Lower urine N concentration reduced N 
loading per urinary event in fodder beet vs maize in diets. 

• A follow-up grazing experiment showed that fodder beet fed to late-lactation dairy cows in place of 
maize silage at 25% of the diet (with pasture) improved milk solids production but did not reduce urine 
N excretion. Increasing dietary allocations of fodder beet to 45% (with pasture) reduced urine N 
excretion, but at the expense of milk solids production (particularly milk fat yield), attributed to 
subclinical rumen acidosis. 



• Liver markers of stress did not increase during the cows’ transition to fodder beet, and liver function 
markers in the blood were minimally affected on 8 kg DM fodder beet per cow per day. Cell protective 
mechanisms increased in the liver, but only in the short term. 

• The transition of non-lactating cows onto a fodder beet diet can be managed to minimise the negative 
effects of the high sugar intake. 
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High production, high N use efficiency crop sequences with forage and conserved 
feeds 

This work was supported with co-funding from the Strategic Science Investment Fund (SSIF) of Plant & Food 
Research. 

A multi-crop simulation tool was developed in APSIM to enable testing crop combinations that optimise the 
trade-offs between high yield, high nutritive value and low environmental footprint. This tool can also inform 
strategic and tactical N management decisions, such as planting and harvest dates, and amount and timing 
of fertiliser or effluent N supply. 
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A meta-analysis of published data and crop sequence simulations with APSIM identified options to maximise 
the N use efficiency of forage and conserved feed crops grown in sequence with arable crops. This included 
crops to mop up early spring mineral N loads following winter grazing of crops and early autumn sown crops 
to mop up residual N from fertiliser and N mineralisation following summer crops. 

Multi-year field trials in Canterbury and Waikato validated and demonstrated the most promising crop 
sequences identified. Results informed the crop management guidelines for fodder beet and catch crops. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• New FRNL field data and modelling concepts were used to develop two new biophysical models within 

the modern APSIM Next Generation (APSIM-X) platform. Specifically, Fodder Beet and Oats APSIM-X 
models are now officially released by the APSIM initiative and freely available through their repository. 

• The new APSIM-X models were used to investigate FRNL relevant questions. Key new insights using 
these models include: 

o Winter sown catch crops after fodder beet, a new usage of catch crops, shows potential for 
reduction in N leaching but results are more impacted by weather variability than conventional 
autumn-sown catch crops. 

o The ranges of catch crop effectiveness to reduce N leaching differs across NZ climate zones and 
soils, so spatial analyses are relevant. 

o Best management (e.g. early sowing) enhances catch crops effectiveness in winter grazing systems, 
as for autumn-sown conventional systems, although the maximum effectiveness achieved is lower 
for winter-sown crops. 

o An estimate of catch crop effectiveness for four regions, four sowing dates and three rainfall 
categories was produced using the new model capability and showcased in the catch crop 
management guidelines. 

• Autumn and winter-sown cereal catch crops can successfully establish under field conditions and reduce 
the risk of N leaching in Waikato, Canterbury and Southland study sites. Establishment success differed 
annually and locally due to weather conditions and the previous crop in the rotation. 

• The earlier the catch crop is established, the greater the potential to reduce N leaching, regardless of 
the time of year (even in winter). Positive economic and environmental returns were found in most 
years across all field trial sites but values depend on inter-annual variability (namely rainfall). 

• Key mechanisms by which catch crops reduced the risk of N leaching were plant-N uptake and water 
use. Nevertheless, other processes may also be important, such as microbial immobilisation from root 
exudates (carbon source), and reduced soil temperatures, slowing mineralisation and nitrification rates. 
These require further investigation. 

• In simulated urine patches winter-sown catch crops can produce yields of up to 12 t DM/ha at green-
chop silage maturity (approximately mid-November) in all regions with potential to increase annual 
biomass production. In Southland, yields accumulate marginally slower than in the other regions, due to 
cooler temperatures. 

• Catch crops can remove significant amounts of soil mineral N. For example, approximately 40 kg N/ha 
was measured in above-ground biomass by early September, 140 kg N/ha by mid-October and >200 kg 
N/ha at green-chop silage maturity in November, on average in Canterbury. 

• Most of winter-sown catch crop biomass accumulates during October/November. At this time, most 
plant N uptake has already occurred and the crop progressively dilutes the N concentration. 

• Financial analysis has shown that oat catch crop yields of 6.1–10.9 t DM/ha, in the context of a real farm 
system, can result in returns of $855–1913/ha for standing feed (assuming $0.25/kg DM). 
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• Cereal catch crops performed better than ryegrass in terms of yield, N uptake and reduced risk of N 
leaching in all study regions. 

• Cereals such as oats, triticale, ryecorn, wheat and barley can all be used as catch crops if sown early 
enough, offering a range of end-use opportunities (e.g. grazing, green manure, green-chop silage, 
whole-crop silage, grain). Barley was shown to be less effective at taking up N than other cereal species 
when sown in winter, while minimal differences were observed between the other four species. 
Considering bulk feed/production potential at green-chop, crop quality and environmental 
performance, oats are the preferred option. 

• Root systems are of vital importance, this work has suggested that above-ground biomass accumulation 
and root metabolic activity is more important than specific root architecture. 

• No more than 10 kg N/ha was measured in catch crop roots systems at a given point in time between 
sowing and green-chop silage maturity (November), indicating that N accounted for in above-ground 
biomass was the main driver for reducing the risk of N leaching. 

• Direct drilling or light pre-drilling cultivation should be targeted methods of establishment to minimise 
additional N input through mineralisation. However, more intensive cultivation may be necessary after 
heavy stock trampling and/or pugging. 

• Oat catch crops appeared to perform marginally better after a kale crop than a fodder beet crop. 
Further work is required to better understand the mechanisms behind this effect.   

• Winter-sown catch crop growth rates are unlikely to respond to late spring applications of N fertiliser. 
However, seasonal circumstances may mean that crops require some N in spring; crop and/or soil 
assessments are advised before application. 
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Break-crop management systems that sustain high crop production and mitigate soil 
compaction and N losses 

This work was supported with co-funding from the Strategic Science Investment Fund (SSIF) of Plant & Food 
Research. 
 

Small plot crop production trials were conducted in Canterbury to identify the potential of establishing 
forage crops using no-tillage to reduce N leaching losses from urinary N following livestock grazing, and 
fertiliser N inputs needed to sustain high levels of arable and forage crop production in a mixed-cropping 
rotation. Relationships were defined between soil structural condition (including soil compaction), drainage 
and N leaching following simulated grazing. 

No-tillage forage crop establishment was tested in a grazing trial conducted in Canterbury to quantify its 
effect on production of the grazed crop and the following catch crop, and its ability to better match the 
release of N from livestock excreta with crop demand to improve the N use efficiency of the cropping 
rotation. 
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KEY RESULTS OF THE WORK UNDERTAKEN 
• Trial results showed that an autumn sown mix of forage oats and Italian ryegrass produced more winter 

feed and reduced risk of N losses following simulated grazing (treading plus urine N inputs) in winter 
compared to forage rape. 

• Regrowth of Italian ryegrass following winter grazing of forage oat/Italian ryegrass mixes resulted in 
more rapid uptake of urine-derived N, reducing the risk of subsequent N losses compared to where 
Italian ryegrass was sown after grazing of crops like forage rape or oats. 

• The risk of nitrate leaching is generally greater for grass-to-crop-to-grass renewal systems than for 
grass-to-grass renewal systems.  

• Stock treading during winter grazing of autumn sown forage crops increases soil compaction and nitrous 
oxide emissions but reduces the risk of nitrate leaching. Performance of subsequent crops is reduced. 

• The risks of soil compaction and nitrous oxide emissions following winter grazing of forage crops are 
greater in heavier (higher clay content), poorly draining soils than in light, free-draining soils, and when 
the soil water content at the time of grazing is at or above field capacity. 

• Increasing amount of recent soil cultivation increased the risk of nitrous oxide emissions when 
subsequently grazing under wet conditions. 

• Compared to conventional cultivation, direct drilling in autumn of forage crops (oats, Italian ryegrass 
and forage rape) reduced soil compaction from winter grazing and risk of urine N run-off and nitrous 
oxide emissions. 

• Direct drilling was also used successfully to produce high yielding crops of fodder beet and kale for 
winter grazing. Fodder beet is more sensitive to seed bed preparation than kale and this can lead to 
more variable beet size and spacing and some yield penalty in direct drilled crops compared to 
cultivated crops. However, the dry matter yield of kale crops established with no-till was better than 
that from conventionally tilled crops. 

• There is some evidence that winter grazing of fodder beet results in greater soil physical damage than 
the grazing of kale under the same environmental conditions, due to greater treading pressure with 
more feed on offer with fodder beet. However, no-till establishment of fodder beet and kale reduced 
soil compaction from winter grazing and improved the establishment and yield of subsequent cereal 
crops (e.g. catch crops). 

• Overall, combining no-till forage crop establishment with controlled grazing and early establishment of 
catch crops provides the best option to reduce the risk of soil compaction and N losses from winter 
grazing. No-till crops can be established at a lower cost of production than with cultivation, making no-
tillage forage cropping an economically viable option for producing supplementary feed, while reducing 
the overall environmental footprint of winter grazing. 
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Closed loop nutrient management systems for optimising the use of effluent and 
manures 

Effluent and manure characteristics (e.g. proportion of available to organic N, C:N ratios, and other 
biochemical constituents) were identified to that reflect the amount and rate of N released from these 
amendments following application to soil. These relationships were used to develop algorithms that were 
then validated in soil assays for a selection of manure types and soil types. 

Effluent use guidelines were developed in collaboration with end-users. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Measurable effluent characteristics were identified that could be used to predict effluent N supply 

patterns over 6 months when added to soil. 

• Assays were conducted to measure the amount and timing of N supply from dairy effluents applied to 
different soil types. This dataset was used to test APSIM’s representation of effluents and 
improvements were suggested. 

• Scaling results from the assays using APSIM, common analytical measures were identified, as well as 
relationships suitable for estimating field-scale N supply from slurry and solid effluents applied to 
cropping soils. 

• New industry guidelines <Link to be added once published online> were published which detail key 
research findings including N supply predictors for effluent applied to cropping soils. Knowledge was 
transferred to the three major New Zealand analytical laboratories for inclusion in their effluent testing 
programmes. 
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Farm systems for improved N use efficiency and reduced nitrate leaching 
losses 

Farm system models were improved using data from FRNL experiments and used to assess the impact of 
new technologies for improving N use efficiency and reducing nitrate leaching. This way component research 
results were translated to farm level, increasing the value of the research. 

A co-development approach was used to link research with farmers, Māori agribusiness enterprises and rural 
professionals. This ensured the FRNL research was result-oriented and addressed practical questions. 

A network of monitor farmers (arable, dairy, mixed livestock and mixed arable-dairy) was established to 
monitor their farm system and management, and adoption of alternative pasture and cropping practices. 
This helped to evaluate adoptability and risks of proposed system changes, nutrient balances and nitrate 
leaching losses (using Overseer) and to determine requirements for knowledge development, 
communication and decision support. The participating monitor farmers were crucial in providing critical 
feedback and testing and demonstrating the researched options on farm at scale. Research questions and 
experiments were adjusted accordingly. This flexibility in the programme proved to be a critical factor for its 
success. 

Farm system modelling to evaluate effects of alternative pasture species and forage 
crops on production, profitability and environmental impact of livestock and arable 
farms 

Programme objectives were discussed with the participating monitor farmers to ensure system 
measurements and modelling output aligned with their expectations. Assumptions in models were discussed 
in the science team to focus model development. 

A major APSIM model improvement involved a methodology for simulating climate-driven growth and N 
uptake by diverse pastures on different soil types. This development reflected the diverse functional 
characteristics of the root structure of a diverse pasture as affected by the species mix. Development in 
Overseer allowed entering of monthly crude protein (CP) data representing the differences in seasonal CP of 
standard and diverse pastures. 

The platform for the arable sector consisted of data flows between Simple Crop Resource Uptake Model 
(SCRUM) operating within APSIM, and the online farm records and management software, ProductionWise. 
Model development included crops that have been added in SCRUM e.g. plantain, tall fescue, oil seed rape 
and linseed. A script was written to facilitate re-growth for crops that were cut at various stages during the 
season before being harvested for seed. 

The platform for dairy consisted of data flows between three models, the DairyNZ Whole Farm Model 
(WFM), Urine Patch Framework (UPF), and APSIM. The UPF was developed to enable modelling of varying 
urine patch N loads, frequency and size. Other major improvements included developing capabilities in WFM 
regarding diverse pastures, pasture persistency, crop rotations, and cropping costs. The need to approximate 
the drainage characteristics of the monitor farms necessitated the expansion of the soils library for both 
WFM and APSIM with ten dairy-dominant soils with varying drainage characteristics. Feed qualities were 
derived from the crop and pasture quality database described earlier. The MOLLY and MINDY animal models 
in WFM were compared with the metabolism stall trials to ensure an acceptable N partitioning. 

For the mixed-livestock farms, Farmax® Pro and Overseer models were used for farm system level 
assessment of integrating diverse pasture (including plantain) and/or forage crops. 

Practical and best options for implementing the most promising mitigation options (plantain in pasture, 
fodder beet and catch crops) were identified in workshops with arable, dairy and mixed livestock farmers 



and researchers. These were tested in scenario modelling studies for productivity, profitability and 
mitigation of nitrate leaching. Risks of potential pollution swapping, or other unintended consequences, 
were identified. The farm system modelling supported the implementation of the mitigation options on the 
monitor farms. 

Decision and management support resources were developed for successful implementation of FRNL 
mitigation options on commercial farms. FRNL collaborates with Overseer to enable the model to reflect the 
benefits of plantain in pasture, fodder beet and catch crops. 

KEY RESULTS OF THE WORK UNDERTAKEN 
• Modelling a hypothetical sheep & beef farm found that having a diverse pasture on 50% of the farm 

area without changing the stocking policy of the farm, increased farm profit by 16%, due to the sale of 
surplus pasture as conserved forage. The total farm N leaching values obtained from APSIM, based on 
excretal N amounts from Overseer, showed that the use of diverse pastures on the 50% flat area of the 
farm decreased N leaching in an average year by 35%. The reduction in N leaching estimated from 
Overseer was only 6%, which is due to the lower N concentration of the diverse pasture. 

• For the arable sector some paddocks of the two monitor farms with high N leaching were modelled to 
include a combination of winter cover crop, reduced N fertiliser rate (where modelled soil profile 
indicated mineral N amounts in excess of the crop requirements), and reduced irrigation. Results 
showed that with improved management N leaching can be reduced by 20-30% with increases in gross 
margin from cost reductions and selling the cover crop of $490 to $778/ha. 

• Five dairy monitor farms were modelled in WFM-UPF-APSIM to compare their current systems 
(baseline) with alternative scenarios. The three common system changes for the alternative scenarios 
were, 1) reduced N fertiliser, reduced cow numbers, reduced supplement imported, 2) fodder beet crop 
used as a transition crop on the platform and combined with kale as a winter crop on the support block, 
3) a block of diverse pastures established on the platform. The general trend was an improvement in 
profitability for the alternative scenarios compared with baseline. Modelling suggested N leaching 
reduction of 9-21% for three farms, but no reduction in two others. Sense-checking showed that 
farmers were generally in agreement with the model trends, and some were already implementing 
aspects of the alternative scenarios in the second year of the programme. 

• Model output suggested that the economic incentives associated with the use of diverse pastures were 
too weak on their own to motivate wide-scale adoption under standard conditions (e.g. no N limits). 
Reductions in N leaching from dairy farms were found to add substantially to the value proposition 
offered by alternative pasture species. 

• Reductions in N leaching of about 40% were predicted when all the pasture area on a dairy farm was 
sown to diverse pasture mixtures, compared with standard mixtures. The reduction in N leaching was 
mainly derived from a reduction in the concentration of N present in urine, and to a much lesser extent 
by a reduction in the total amount of urinary N excreted by cows. 

• Diverse pastures appeared to be a cost-effective way to reduce N leaching. However, there is a need to 
understand and improve the persistence of diverse pastures to reduce the cost of re-establishing 
species, mainly forbs. 

• Overall, the modelling results suggested that the benefit of sowing diverse pasture mixes (relative to 
the standard ryegrass-clover mix) will be greatest on soils with low water holding capacity and in 
climates experiencing extended dry periods during the main growing season. 

• A scenario study for an FRNL monitor farm tested the effects of mitigation actions the farmer was going 
to implement: expanding the effluent area, growing fodder beet on the milking platform, replacing 
some pasture with maize silage, growing diverse pastures on 7% of the milking platform, and including a 
feed pad. The cumulative effect of these changes was an increase of 3 and 13% in production and profit 
respectively, but only a 5% decrease in N leaching as estimated for the combined platform and support 



block areas over 3 climate years. A hypothetical scenario, of a third of the platform in diverse pastures, 
less N fertiliser, all fodder beet grown on the milking platform, lifted and fed on the feed pad, and with 
an oats catch crop following fodder beet, increased production and profit by 2 and 10%, respectively, 
with a reduction in N leaching of 19%. 

• A scenario for the dairy and beef integrated FRNL monitor farm in North Canterbury on a light soil, 
implementing mixed species pasture, fodder beet and catch crops, reduced leaching by 19%. Average 
profitability was similar than if the farm was converted to dairy only, but with less variability between 
years due to variable weather and prices for milk and meat. 

• Modelling the farm system effects of pastures with 50% plantain on 28% of the pastoral area of another 
monitor farm, a high input Canterbury dairy farm on a free-draining soil, showed a reduction in leaching 
by 5%. This was the greatest reduction achieved by only substituting part of the standard pastures by 
mixed pastures containing plantain. While the diuresis effect of plantain reduced the N load in a urine 
patch, it also led to a larger area of the paddock covered by urine and a greater area covered by 
overlapping urine patches. Also, imported supplements negated some of the benefits of plantain. 

• Another modelling exercise demonstrated that greater reductions can be achieved when, in association 
with the diuresis effect of plantain, N fertiliser rate is reduced and a longer round length is adopted, 
which increases the C:N ratio of pasture. This scenario reduced pasture harvested by 8% for Canterbury 
and 16% for Waikato, and reduced N leaching by 31% for Canterbury and 59% for Waikato. This 
compared to reductions of 6% and 21% for the Canterbury and Waikato scenarios, respectively, for the 
diuresis effect only. 

• The farm system modelling indicated that high-performing farms have scope to reduce N leaching by 
20% and still increase profit by implementing some of the FRNL mitigation options. 
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Co-development for practice change to reduce nitrate leaching 
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KEY RESULTS OF THE WORK UNDERTAKEN 
• The farmers tested and demonstrated the mitigation options on farm. The use of plantain, fodder beet 

and catch crops did not appear to impact negatively on feed supply and farm profit. 

• Annual modelling of the farm systems and management showed year-to-year variation in nitrate 
leaching, and for some farms substantial improvements in the course of the programme. 

• The potential benefits of plantain in pasture, fodder beet and catch crops were not reflected in 
Overseer (used for the pastoral farms) as yet, but any effects on efficiency of the use of purchased N (N 
fertiliser, N in supplementary feeds) or purchased N surplus would be noticed. FRNL and Overseer 
collaborate to ensure these FRNL options will be modelled in the near future. 

• Low-N forage crops and catch crops did not cover a large proportion of any farm and therefore by 
themselves did not substantially reduce N leaching of the whole farm. The same was true for 
substituting high-N pasture or supplements for low-N supplements. 

• For most farms, a suite of mitigation actions was necessary to achieve N leaching reductions of 20%. 
Some of the FRNL monitor farms achieved larger reductions. 

MONITOR FARMS’ PERFORMANCE – SHEEP AND BEEF 
• The sheep and beef farms had low average leaching across the farm (<30kg N/ha/year) and reducing 

that average was very difficult. <update with 2018/19 results> 

• The year-to-year variation of N leaching amounted to 18 and 22% for the sheep and beef farms (the 
difference between the lowest and highest N leaching estimated). The key driver was weather 
conditions determining the number of stock the farms were able to carry, and meat produced. <update 
with 2018/19 results> 

• The greatest source of leaching from sheep and beef farms was modelled from paddocks of forage crop 
used for winter grazing of adult cows or adult bulls for beef (70 to 106 kg N/ha/year, depending on soil 
type). <update with 2018/19 results> 

• Soil maps proved a good tool for the sheep and beef farms to assist in choosing heavy soils for 
establishing winter crops to reduce leaching rates and hold N for a subsequent catch crop. However, 
potential impact on greenhouse gas emissions will need to be taken into account to avoid pollution 
swapping. 

MONITOR FARMS’ PERFORMANCE – DAIRY 
• Key drivers of N leaching on the dairy farms were the annual application rate of N fertiliser and the 

amount of supplementary feed brought onto the farm. Changes in N leaching were strongly correlated 
with changes in N surplus. 

• The dairy farms started introducing plantain in pasture, grew fodder beet on the milking platform for 
autumn feed and started using catch crops after autumn or winter grazed fodder crop. Three of the 
farms improved their surplus of purchased N and N Conversion Efficiency (NCE) and reduced their 
Overseer-estimated N leaching. Note that Overseer does not take the effects of plantain, fodder beet 
and catch crops into account as yet, but N surplus will reflect better NCE and less N at risk of leaching. 

• Year-to-year variation amounted to differences of 17-108% within a dairy farm for surplus of purchased 
N and 15-55% for N leaching. Response to autumn weather conditions appeared to have a relatively 
large impact. When weather was favourable and more N fertiliser was applied to utilise growth 
conditions, or when weather was unfavourable and more supplementary feed was used to maintain 
milk production, N surplus and Overseer’s estimated N leaching increased. 

• Practical options for integrating diverse pastures and crops to reduce nitrate leaching were tested on 
two Māori-owned monitor farms. The challenges associated with their use in a high rainfall 
environment were identified. 



• Profitable options for reducing nitrate leaching were determined by modelling six Māori agribusiness 
enterprises (a mix of dairy and sheep and beef), including the use of plantain, fodder beet and oats.  

• Practical outcomes from the entire programme were extended to the wider Māori agribusiness 
community. For smaller groups, this was found to be most effective through field days, consultation and 
huis, whereas the broader community was reached through media, conferences, publications, reports, 
email and wider industry networks. 

MONITOR FARMS’ PERFORMANCE – ARABLE 
• For the arable farms the key drivers of N leaching were drainage and soil type. The amount of soil 

mineral N at risk of leaching was mainly determined by N fertiliser rate. Other factors were 
mineralisation of N-rich crop residues and the duration of fallow periods. 

• Two management strategies that helped reduce the amount of soil N available for leaching were (1) 
calculating fertiliser N requirements with a recommendation system that accounts for soil 
mineralisation; and (2) sowing catch crops immediately after the summer harvest to mop up residual 
soil N or N mineralised from soil organic matter and crop residues. 

• Better accounting for plant N requirements and available soil N reduced the surplus of purchased N of 
the arable farms: from -3 in the first year to -30 to -69 in the years thereafter (Wakanui), from -10 to -22 
to -82 (Mayfield), and from -20 to -16 to -120 (St Andrews). 

• Leaching on the arable farms was estimated with APSIM, which included actual rainfall and drainage 
(not the long-term averages as in Overseer). Leaching dropped from 34 kg N/ha to 10-20 kg N/ha 
thereafter for Wakanui and from 20 to 8-18 kg N/ha for Mayfield, and it increased from 0 to 7 kg N/ha 
for St Andrews (drainage on St Anders was 0 to 117mm in this period). 
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