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Abstract

Precision farming techniques are now widely applied within Australian cropping systems. However, 
the use of spatial monitoring technologies to investigate livestock and pasture interactions in 
mixed farming systems remains largely unexplored. This paper builds on previously reported work 
that is using remote sensing technologies to investigate livestock and pasture interactions in the 
pasture phase and to follow the after-effects of different management strategies into a subsequent 
cropping phase. Experimental data has been gathered from two dryland cropping sites, one in 
Western Australia (annual pasture system) and one in north-eastern Victoria (perennial pasture 
system). Smoothed time series of weekly NDVI composites were constructed by means of the 
adaptive Savitzky-Golay filter. Eight complete phenological cycles (2004-2011) were processed and 
eleven phenology metrics were calculated for each cycle. The analysis reinforces previous results 
that indicated spatial variation in biomass between pasture and cropping phases is consistent and 
correlated over time. In the annual pasture system, two metrics showed strong correlation between 
cropping and pasture phases – end of season biomass and peak NDVI. In the perennial pasture 
system, strong correlations were observed for seven metrics – end of season biomass, time of season 
onset, end of season, season duration, peak NDVI, season amplitude and rate of NDVI decrease.

Keywords: spatio-temporal analysis, NDVI time series, Timesat, spatial variation, pasture/crop 
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Introduction

The suite of precision management technologies currently available to agriculture is used principally 
by grain producers to manage crops, and by some grazing enterprises to manage pastures, e.g. 
Pastures from Space (Edirisinghe et al., 2004, 2011). Despite the proven utility of precision 
farming techniques in cropping, there appear to have been few attempts to use spatial monitoring 
technologies to investigate interactions between the pasture phase and subsequent cropping phase 
on overall productivity of pasture-crop systems. Although collecting remotely-sensed raw data is a 
comparatively simple task, selecting the correct tools and methods for data analysis and subsequent 
decision making is a challenge, particularly when applied to mixed farming systems. A recent survey 
of Western Australian farmers indicated that data analysis and complexity was one of the greatest 
impediments to the adoption of precision agriculture (Robertson et al., 2012).
The cereal-livestock zone in southern Australia lies approximately between the 300 and 600 mm 
average annual rainfall isohyets and is highly seasonal, with winter rain, dry summers and a 
growing season largely defined by moisture availability for plant growth. Rainfall variability within 
this zone presents challenges for crop production both between and within years. Additionally, 
soils are generally typified by chemical or physical constraints (e.g. low inherent fertility, structural 
instability) that limit the potential for continuous cropping. The Australian mixed farming system 
has evolved as a response to these biophysical limitations. The combination of livestock and cropping 
enterprises provides flexibility to farm management, improving the capacity to manage risk associated 
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with variable rainfall and commodity prices, build soil organic matter content, supply nutrients 
and manage crop diseases and herbicide resistant weeds (Fisher et al., 2010; Ewing and Flugge, 
2004). However, for the most part, pasture paddocks tend to be managed as single units, ignoring 
the existence of productivity gradients across the landscape (Hill et al., 1999). As a consequence, 
the uniform application of inputs to pastures may result in economic losses and contribute to 
environmental degradation (Chen et al., 2009). Pasture ‘zone maps’ that can identify how pasture 
yields are spatially distributed, could allow poor performing areas to be identified for site specific 
management. These could include selection of pasture cultivars or variable rate application of 
nutrients, which could have flow-on benefits into the cropping phase.
This paper builds on results previously described (McEntee et al., 2012) where accumulated weekly 
MODIS NDVI pixel values were used in a correlation analysis to determine if relationships existed, 
at the sub-paddock scale, between biomass production in the pasture and cropping phases of a 
mixed farming system.
This paper describes a more complex analysis using phenology metrics generated from a time series 
of Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI data.

Materials and methods

Study sites
Experimental data were gathered on two properties: ‘Milroy’, a 1900 ha sheep and cropping enterprise 
located at Brookton, 120 km east of Perth, Western Australia (32.22°S, 116.57°E) and at ‘Grandview’, a 
2250 ha cattle and cropping enterprise located 10 km south of Yarrawonga, (36.05°S, 145.60°E) in north-
eastern Victoria, Australia. On both properties, the main crops grown are wheat and canola (Table 1). 
On each property, paddocks were identified that had been in a pasture phase within the past three years. 
Pastures at Brookton are predominantly self-sown, comprising sub-clover (Trifolium subterraneum), 
serradella (Ornithopus spp.), barley grass (Hordeum glaucum) and capeweed (Arctotheca calendula). 
Pastures at Yarrawonga contain lucerne (Medicago sativa) and sub-clover (Trifolium subterraneum). 
At least five years of data from harvest yield monitors was available for each paddock.

Weekly MODIS NDVI data for the study paddocks over the period from 2004 to 2011 were provided 
by Landgate, Perth WA. It was acquired from daily MODIS satellite imagery from the AQUA and 
TERRA satellites composited to provide one single maximum NDVI image each week. MODIS 
images have a ground resolution of approximately 250 m2 with an ortho-rectification accuracy of 
approximately ±50 m (Smith et al., 2011). MODIS pixels that lay entirely within the study paddock 
boundaries were identified from MODIS imagery and used in the analysis.

Table 1. Crop rotations and growing season rainfall (GSR) or annual rainfall data (mm) for the 
Brookton (WA) and Yarrawonga (Vic) sites.

2003 2004 2005 2006 2007 2008 2009 2010 2011

Brookton pdk M45 rotation - wheat lupin pasture canola wheat pasture wheat pasture
Brookton GSR1 (mm) 334.9 263.9 428.4 227.9 370.1 416.3 327.7 161.7 330.8
Yarrawonga pdk GV40 rotation wheat barley pasture pasture pasture pasture pasture wheat wheat
Yarrawonga GSR (mm) 394.5 260 333.5 148 190 155 245 406.5 242.5
Yarrawonga annual RF (mm) 538.5 365 567.5 217 355 334 293 794 687.5

1 GSR = growing season rainfall.
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Calculation of NDVI phenology metrics
Using TIMESAT 3.1 (Eklundh and Jonsson, 2004, 2011), smoothed time series of weekly NDVI 
composites for each MODIS pixel were constructed by means of the adaptive Savitzky-Golay filter. 
Eight complete phenological cycles (2004-2011) were processed and eleven phenology metrics were 
calculated for each cycle. The metrics decompose the curve into a set of statistics:
1. The timing of the start of the season (SOS), determined as the date when NDVI values increase 

to 10% of the difference between the maximum NDVI value and the minimum value at the start 
of each cycle (point ‘a’ in Figure 1).

2. The timing of the end of the season (EOS), defined as the date when NDVI values decrease to 
10% of the difference between the maximum value and the minimum value at the end of each 
cycle (‘b’ in Figure 1).

3. The length of the season, defined as the difference between SOS and EOS (‘g’ in Figure 1).
4. The base level, given as the average between the starting and ending minimum values of each 

cycle (line ‘j’ in Figure 1).
5. Time for the middle of the season (MOS), calculated as the mean of the two dates when NDVI 

values increase (left edge) or decrease (right edge) to 80% from the minimum value at the start 
and end of each cycle (points ‘c’ & ‘d’ in Figure 1).

6. The maximum value for the fitted function for each cycle (‘e’ in Figure 1).
7. The seasonal amplitude (‘f ’ in Figure 1), calculated as the difference between the maximum 

value and the base level.
8. The rate of increase at season onset, (‘rate of green-up’) calculated as the slope of the line across 

the left 10% and 80% levels (‘ac’ in Figure 1).
9. The rate of decrease at season end, calculated as the slope of the line across the right 10% and 

80% levels (‘bd’ in Figure 1).
10. The large seasonal integral, obtained as the area under the smoothed curve between SOS and 

EOS, to describe the season from season onset to season end (area ‘h’ in Figure 1).
11. The small integral, as an indicator of the magnitude of seasonal vegetation productivity, defined 

as the large integral minus the area below the base level (area ‘i’ in Figure 1).

Figure 1. Phenology metrics associated with the smoothed curve of an NDVI time-series. ‘a’ = start 
of active growing season; ‘b’=end of active growing season; ‘c’ & ‘d’ = 80% points for calculating 
middle of season; ‘e’ = value at peak of season; ‘ac’ & ‘db’ = rates of increase/decrease (rate of 
green-up/decline); ‘f’ = amplitude; ‘g’ = season length; ‘h’ = large integral; ‘i’ = small integral 
(seasonal vegetation productivity); ‘j’ base level (adapted from Tuanmu et al., 2010).
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Derived metrics were then used in a correlation analysis using the JMP 9 software package (SAS 
Institute Inc, Cary, NC, USA) to explore relationships between pasture and crop biomass production 
over the nine years for which data were available.

Results and discussion

Figure 2 shows an example of a pair-wise correlation table for the small integral phenology metric, 
from the JMP analysis, using data from Brookton (WA) paddock M45 (80 ha). The small integral is an 
indicator of overall seasonal productivity. The higher the Pearson correlation co-efficient (the ‘r’ value), 
the stronger the correlation between variables, in this case accumulated annual MODIS pixel NDVI 
values. For this paddock, all cropping years except 2004 showed strong correlation of the small integral 
metric. This indicates that high biomass producing areas (6.25 ha pixels) were consistently high over 
time and poorer performing areas consistently poor. There is a similar pattern when comparing years 
in which the paddock was in pasture. When comparing crop years with pasture years, the correlation 
matrix gave a lowest Pearson correlation co-efficient (r=0.51) between the 2006 (pasture) and 2008 
(wheat) years to a high (r=0.77) between the 2008 (wheat) and 2009 (pasture) years. The 2006 season 

Figure 2. Pairwise scatterplots for the small integral phenology metric over the period 2004-2011 
for Brookton (WA) paddock M45 (80 ha). The small integral is a measure of accumulated annual 
NDVI by MODIS pixel, ie a measure of seasonal vegetative productivity. The plot is read as a 
matrix, so for the 2004 crop (wheat) and 2005 crop (legume) years, the correlation between the 
MODIS pixel values as measured by accumulated paddock NDVI was low (Pearson correlation 
co-efficient r=0.3935). Similarly, for the 2006 (pasture) and 2009 (pasture) years there were strong 
correlations (r=0.9140) between MODIS pixel values (i.e. individual paddock pixels with high 
productivity in 2006 also showed high productivity in 2009 and pixels with low productivity in 
2006 also showed low productivity in 2009. The density ellipses (red lines) enclose approximately 
95% of the points (i.e. α=0.95).
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had extremely low rainfall in WA. Strong correlations were also exhibited by the peak NDVI metric, 
in all years except for 2006, which is reasonable, as 2006 was a year of very low growing season rainfall. 
Good correlation was also exhibited by the season amplitude metric. The season onset, duration of the 
season and rate of NDVI increase (left derivative) metrics did not show consistent correlations which 
is reflective of temporal variation in the timing and consistency of opening rains. The right derivative 
(end of season) showed some strong correlations but was not consistent. The end of the season in this 
area tends to result from an interaction between increasing temperature and reducing rainfall and 
there is therefore less variation in the metric associated with the end of the season.
At the Yarrawonga site, pair-wise correlations for the small integral metric for paddock GV40 
(95 ha, not shown), between the cropping years 2010 and 2011 was very strong (0.8), but poor 
between the 2004 and 2010 and the 2004 and 2011 cropping years (0.26 and 0.28 respectively). 
For the period in which the paddock was in pasture, the years 2005-2009 showed generally strong 
inter-year correlations for accumulated NDVI, with r values ranging between 0.51 and 0.93. It is 
noteworthy that the period 2007-2009 included three of the four lowest growing season rainfall 
periods in the nine years and may have contributed to low correlations. Inter-year crop/pasture 
pair-wise comparisons were not as consistent as at the Brookton site, but showed generally strong 
correlations. The season onset metric was highly correlated across all year combinations, ranging 
from a low of 0.94 to a high of 0.99. The same patterns were also exhibited by the season end, peak 
NDVI and season amplitude metrics. The left derivative metric was less highly correlated, but the 
right derivative showed strong correlation. Again this is to be expected, as the end of season tends 
to result from an interaction between increasing temperature and reducing rainfall.
Although relatively coarse resolution data have been used in this initial study, the results indicate 
that there is a definite relationship between spatial variation in biomass production in the cropping 
and pasture phases over time. These relationships appear to hold for both annual pastures (Brookton 
study site) and perennial pastures (Yarrawonga study site). The responses of perennial pastures to 
seasonal climatic conditions present a more complex situation as they do not exhibit the distinct 
beginning and end of season that characterises annual pastures.
Work is currently being undertaken to acquire higher spatial resolution data to investigate within-
paddock pasture biomass production, crop yield and pasture species composition changes over time 
and will form the next phase of this project. An active optical sensor is being used to acquire red and 
near infra-red (NIR) reflectance values to produce much higher resolution NDVI data, which can 
be related to pasture biomass (Trotter et al., 2008, 2010). This data will be used in combination with 
harvester yield-monitor data and soil texture information from EM38 and gamma ray spectrometry 
surveys to allow high resolution of spatial variability in soils and crop yields. This analysis could also 
be used to inform the reliability of MODIS pixels to represent whole-paddock biomass production 
estimates as provided by Pasture WatchTM (Fairport Farm Software, Perth, WA), or sub-MODIS 
pixel refinements to pasture/crop management.

Conclusion

The use of precision technologies has the potential to provide new insights into the impact of 
managing variability in livestock grazing systems and the impact on the subsequent cropping 
rotation. Significant correlations have been observed in spatial variation of biomass production 
between crop and pasture phases in two mixed farming systems in two geographically different 
regions, using relatively low resolution imaging. These relationships have held for both annual and 
perennial pasture systems, firstly using a simple analysis based on total annual NDVI and then using 
a more sophisticated analysis that decomposed smoothed seasonal NDVI time series curves into a 
set of statistics. Based on these results, higher resolution data will now be acquired and analysed to 
further explore these relationships and add interpretive value to analysing and managing within-
paddock variability to improve farmer decision making.
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