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10% for allocation decisions), and still performed
well in terms of other important attributes such as
data collection speed, would still be the most useful
to farmers as they could use the same device for data
across all decision contexts.

Conclusions

This study provides a first attempt at explicitly defining
the important attributes for pasture measurement
devices. It provides a guide to the attributes to consider,
and some operational performance metrics, for the
development of these devices and systems. We engaged
with specialists in Australia and Ireland, as well as
New Zealand, and while the research was targeted at
New Zealand situations, the results can be adapted
for guiding technology development and use in other
pasture-based dairy systems internationally. Pasture
data needs of different end users, such as multi-farm
businesses, owner-operators, farm staff, and farm
consultants are still to be determined.
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Abstract

Reducing the amount of nitrogen (N) fertiliser applied
to dairy pastures down to agronomically optimised
levels would have positive economic and environmental
results. The ability of commercially available optical
sensors to estimate biomass yield and foliar-N uptake in
pastures was investigated. Vegetative indices (Simple
Ratio, SR; Water Index, WI; and Normalised Difference
Vegetation Index, NDVI) from two active optical
reflectance sensors (N-Sensor, Yara; and Greenseeker,
Trimble) were compared with manually measured
biomass and N-uptake in above-ground foliage. There
were three measurements over time, from pastures that
had received different N fertiliser applications rates (0,
10, 20, 40 and 80 kg N/ha). It was found that the sensors
were able to detect differences in biomass and foliar
N-uptake following defoliation of grazed pastures. The
tested optical sensors have the potential to inform a
real-time variable rate fertiliser application system.

Keywords: pasture, nitrogen, optical sensors

Introduction

Modern intensive dairy farms inherently have
low nitrogen use efficiency (NUE) (Powell et al.
2010). Lower N-fertiliser application to pastures at
a comparable yield level would provide economic
benefits to farmers who could spend less money
on fertiliser. It could also benefit the environment
by reducing the potential for nitrate leaching and
nitrous oxide emissions (Maharjan er al. 2014). To
reduce N-fertiliser application and to determine the
optimal rate of N required for different dairy pastures,
strategies to quickly measure dry matter (DM) yields
and pasture N-uptake are needed. One way to do this
is by using optical sensors to infer vegetation indices
such as NDVI, SR, and WI, which are calculated
from reflectance values, and have been successfully
related to plant yields and foliar N (Pullanagari et al.
2011; Roberts et al. 2015). By using optical sensors to
detect areas of high N in pastures, such as areas with
a large number of urine patches (Haynes & Williams
1993; Jarvis et al. 1995), a variable rate system could
avoid further fertiliser application to those areas,
thereby improving NUE. Commercial optical sensors

ISSN 2463-2872 (Print) ISSN 2463-2880 (Online)

kathryn.wigley@lincolnagritech.co.nz

for efficient application of N-fertiliser have been
developed for intensive arable farming (Bragagnolo
et al. 2013; Portz et al. 2012), but no such sensors
have been developed for dairy pastures. The objective
of this study was to test the performance of various
vegetation indices (NDVI, WI, SR) measured from
optical reflectance sensors to estimate biomass yield
and N-uptake in an irrigated dairy pasture.

Methods

The experiment took place at Lincoln University’s
Ashley Dene Research and Development Station
(43°38°42.0” S, 172°20°33.0” E) in Canterbury, New
Zealand. The experiment was established on a stony,
well-drained silty loam Balmoral Acidic Orthic Brown
Soil (Hewitt 2010), with increasing stony sandy gravels
beyond 15 cm depth. The newly established year-
old pasture was predominantly perennial ryegrass
(Lolium perenne ), mixed with Italian ryegrass (Lolium
multiflorum ), plantain (Plantago lanceolata) and white
clover (Trifolium repens). Before establishment of this
pasture, the site was unirrigated and sheep-grazed.

The experimental area was subdivided into sixteen
12 x 35 m plots. On the 11 October 2016, before the
experiment started, the pasture was grazed by dairy
cows. Following grazing, on 13 October 2016, urea
fertiliser was applied at five rates (0, 10, 20, 40 and
80 kg N/ha) by hand. Each fertiliser treatment was
replicated three times in a randomised block design.
During the experiment, the area was irrigated using
a centre-pivot irrigator, as required. The plots were
grazed again by dairy cows on the 31 October 2016,
before the first data collection.

Sward reflection measurements using the sensors and
calculating the vegetation indices were completed three
times: 1, 2 and 3 weeks post-grazing on 7 November,
15 November, and 22 November 2016, respectively.
Manual biomass collection was completed within 2
days of the sensor measurements.

Biomass harvesting

Biomass was harvested from within each plot from five
0.5 x 0.5 m quadrats located along the middle axis of
each plot. At each harvest, plants from each quadrat
were cut using hand-shears to a height of ~5 cm (~1500
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Figure 1 A) mean DM yields (+ SEM; n=9), and B) mean N-uptake (+ SEM; n=9) of plots receiving five different fertiliser treatments
(0, 10, 20, 40 and 80 kg N/ha) over one grazing cycle for the plots that were harvested 8, 15 and 22 November 2016.

kg DM/ha, Haultain et al. 2014). Fresh biomass was
weighed and then oven-dried for up to 48 hours at 68
°C before dry weights were recorded. Dry biomass was
ground and used to determine Total Nitrogen (TN, %)
using the Dumas combustion method on a Vario Max
CN Element Analyser (Elementar Analysensysteme
GmbH, Germany).

Optical sensing of vegetation indices

Two active optical reflectance sensors were used
to measure vegetation indices. The first was a tec-5
ALS (Active Light Source) sensor, a research version
of the commercially available Yara N-Sensor (Yara
Deutschland GmbH & Co. KG, Diilmen, Germany).
This sensor was equipped with a xenon flash light that
emits light in a range between 650 to 1100 nm onto the
canopy, and offers reflectance data from four optically
filtered wavelength channels (730, 760, 900, 970 nm)
(Erdle et al. 2011). It provides values for SR (R,¢ /R )
and water index (WI) (Ry,/Ry,,) (Erdle et al. 2011).
The sensor was tractor mounted and connected at a 45°
angle at a height of 203 cm above the ground, and was
equipped with a real-time kinetic global positioning
system (Model R10, Trimble Navigation Limited,
Sunnyvale, California, USA) and a laptop. The tractor
speed was 0.5 m/s during measurements. On each of
the 3 days that measurements were taken, the tractor-
mounted sensor measured each of the 16 plots three
times (longitudinally at 3, 6 and 9 m along the 12 m
wide axis of the 12 x 35 m plots), to obtain spatially
representative samples.

The second sensor was a hand-held Greenseeker
(Trimble, Sunnyvale, California, USA) that returns
values for NDVT ((R;g)-R;0)/(RoggTRs7)) (Erdle et al.
2011). This sensor works by emitting light in the range
of ~ 660-770 nm, and uses the pseudo reflectance to
calculate the NDVI (Erdle ef al. 2011). The average
reading per plot was taken by passing the sensor over
the middle of the longitudinal axis of each of the 16

individual plots at a height of 1 m (Field of view: ~ 61
cm).

Data analysis

Data analysis was completed using Microsoft Excel™.
The average SR and WI per plot was calculated.
Nitrogen-uptake was determined by dividing the dry
biomass weight (g) by %N as a fraction of one, and
converting to a mass per area (kg N/ha). Using the
data collected from all fertilisation treatments, linear
regression models were computed between DM yield
(kg/ha) and each of the vegetation indices (NDVI, WI,
and SR). The same analysis was completed using the
N-uptake (kg/ha) and the vegetation indices.

Results

The influence of nitrogen application on yield and
foliar-N

Immediately following defoliation, no increase in
biomass was observed up to 40 kg N/ha. The early
increase in foliar-N and subsequent increase in dry
matter yield resulted in a linear increase in N-uptake
(kg N/ha) in all treatments from 8 to 23 November
2016 (Figure 1B). Increases in dry matter yield in all
treatments ranged from 21% in the control to 155% in
the 80 kg N/ha treatment (Figure 1A). Over the same
time, N% in the foliage increased from 1.5-2.4% to
2-4.4%, followed by a decrease to 1.9-3.9%, as dry
matter yield increased for all fertiliser treatments.

Optical sensors detect differences in dry matter
yield and N-uptake

The optical sensor measurements were related to the
dry matter yield (Figure 2 A-C). While the R? value
suggests a linear relationship between dry matter yield
and NDVI (Figure 2 A), and WI (Figure 2B), both
relationships showed some non-linear characteristics,
with points above the line at the high and low end of
the indices, and below the line in the mid-range of
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Figure 2 Relationships between dry matter yield (kg DM/ha) and: A) the normalised difference vegetation index, B) the water
index, and C) the simple ratio. Relationships between nitrogen-uptake and: D) the normalised difference vegetation
index, E) the water index, and F) the simple ratio. Each graph shows the coefficient of determination (R?), and level of
significance (P-value) for the linear relationships, and the upper and lower 95% confidence intervals (in grey) around the
linear regression line (black) between each pair of variables.

the indices. Similar trends were observed between
N-uptake and NDVI (Figure 2 D), and WI (Figure 2 E),
where data showed a similar curvature about the linear
trend line. The relationships between SR and dry matter
yield (Figure 2 C), and N-uptake (Figure 2 F), showed
strong and distinctive linear relationships between the
variables with little scatter.

Discussion

Vegetation indices to detect changes in N-uptake
and plant biomass

As expected, higher rates of N-accumulation in plant
foliage and greater dry matter yields were associated
with higher N-fertilisation rates, which are consistent
with previous findings (Monaghan et al. 2005). All
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tested vegetation indices measured by the optical
sensors were able to detect differences in dry matter
yield and N-uptake in the pasture plants.

Strong relationships between WI and dry matter
yields in grass-only pastures, and weaker relationships
for pastures mixtures of ryegrass and white clover, have
been reported from measurements made using a Yara
active optical reflectance spectrometer (Roberts et al.
2015), similar to the one used in the current study. The
current study demonstrates the suitability of the SR
index for inferring biomass and N-uptake in mixed-
pastures (ryegrass-clover) that are typical of irrigated
cattle-grazed pasture. The strong relationship between
SR and N-uptake is especially promising because
N-uptake is considered to be a robust agronomic
parameter for determining site specific N-fertilisation
(Portz et al. 2012). However, other studies have noted
the influence of season on the ability of active optical
sensor output to relate to biomass due the effects of
senescence (Trotter ef al. 2012). Future work is required
to verify the suitability of the use of the SR index
for variable rate fertilisation in grazed and irrigated
pastures by repeating the experiment with variations of
the pasture plant species used in this study, at different
plant ages and times of the year, and at different pasture
densities.

The visible deviations from linearity observed with
the use of NDVI and WI are an important finding given
the wide range of N conditions induced by the different
rates of fertilisation. Others have similarly reported
non-linear behaviour between NDVI and dry matter
yield (Trotter ef al. 2012) and N-uptake (Bragagnolo
et al. 2013). This work provides a reference for
interpretation of results in future studies that have not
implemented, or do not have available, such a wide
range of N. Over a smaller N range, the curvature in the
data may not be apparent. Pastures grazed by cattle are
likely to have sporadic areas of high N and biomass due
to urine patches, which can cover ~20% of a pasture,
annually (Moir et al. 2011). Without a comprehensive
understanding of what causes of the curvatures in
the data (lack of instrument sensitivity, the need for
calibration, or plant factors such as age, density of the
pasture, etc.) and a suitable compensation method,
there is a risk that using NDVI or WI to make decisions
related to variable rate fertilisation may lead to under or
over application of fertiliser.

Feasibility of sensors use on-farm

The optical sensors tested in this study have the
benefit of providing simple outputs, as well as flexible
mounting options so the sensors can be deployed on
available farm infrastructure (i.e. tractor, irrigator).
The accuracy and precision of the data obtained from
these devices is dependent on the angle of view and

height at which they are mounted (Kipp et al. 2014).
These factors along with further investigation into what
influences the relationship between these indexes and
dry matter and N-uptake are needed. For example,
what factors cause the curvature in the data, need to
be identified before a variable rate fertiliser application
system could be used by farmers.

Conclusions

Active optical sensors offer the potential to develop
real time variable rate N-fertilisation systems. Of the
measured indices, SR showed the most linear and
consistent relationships to N-uptake and dry matter
yields over a range of foliar-N conditions. The ability
to apply N-fertiliser in the right place, at the right time,
and in the right amount, will increase NUE and reduce
environmental impacts of N-loss in grazed pasture
systems.
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