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ABSTRACT: 

 
The lamb industry in Victoria is a significant component of the state economy with annual exports in the vicinity of $1 billion. GPS 
and visualisation tools can be used to monitor grazing animal movements at the farm scale and observe interactions with the 
environment. Modelling the spatial-temporal movements of grazing animals in response to environmental conditions provides input 
for the design of paddocks with the aim of improving management procedures, animal performance and animal welfare. The term 
‘biological shepherding’ is associated with the re-design of environmental conditions and the analysis of responses from grazing 
animals. The combination of biological shepherding with geo-visual analytics (geo-spatial data analysis with visualisation) provides 
a framework for improving landscape design and supports research in grazing behaviour in variable landscapes, heat stress avoidance 
behaviour during summer months, and modelling excreta distributions (with respect to nitrogen emissions and nitrogen return for 
fertilising the paddock). Nitrogen losses due to excreta are mainly in the form of gaseous emissions to the atmosphere and leaching 
into the groundwater. In this study, background and context are provided in the case of biological shepherding and tracking animal 
movements. Examples are provided of recent applications in regional Australia and New Zealand. Based on experimental data and 
computer simulation, and using data visualisation and feature extraction, it was demonstrated that livestock excreta are not always 
randomly located, but concentrated around localised gathering points, sometimes separated by the nature of the excretion. Farmers 
require information on the nitrogen losses in order to reduce emissions to meet local and international nitrogen leaching and 
greenhouse gas targets and to improve the efficiency of nutrient management. 
 
 

1. INTRODUCTION 

Tracking and analysing the movement of animals in their 
environment could potentially have a number of positive 
impacts, including better landscape design, leading to improved 
environmental outcomes and farming practices. In particular, 
there are possible economic advantages (improved product 
quality, higher stocking rates and profit per farm), 
environmental impacts (improved soil condition and 
management of nitrogen emissions), and animal welfare issues 
(lowered mortality, reduced stress and improved health). 
Correlation of animal movements with local environmental 
conditions would also provide opportunity for landscape design 
and optimisation. 
 
Lamb production can be compromised by adverse effects due to 
interactions between the sheep and the local environment 
arising from weather conditions, climate change, pasture type 
and location, urinary and faecal excreta and soil quality. Losses 
in farm production can result from heat stress in summer, cold 
stress in winter and nutritional deficiencies from poor pasture 
choice. Excreta of grazing ruminants, whilst adding to 
greenhouse gas (GHG) emissions, can lead to critical source 

areas (CSAs) that emit a disproportionate amount of nitrogen 
(N) to the environment, especially as leached N can contaminate 
groundwater (Betteridge et al, 2010). Preferential grazing on 
different parts of large paddocks can be affected by various 

factors, such as aspect, elevation, time of day, pasture mass and 
quality variation, shade, shelter, watering and supplementary 
feeding sites. Victorian lamb exports were valued at $869 
million p.a. in 2009-10, and accounted for 40% of Australian 
total lamb exports (ABS, 2010). A potential 10% decline in 
lamb production due to heat stress would be equivalent to $87 
million (see analysis for the dairy industry by Mayer et al, 
1999). There is therefore a case for tracking and analysing the 
behaviour of grazing animals and their interactions with the 
local environment, in order to identify opportunities to improve 
conditions through redesign of the paddock. 
 
The aims of this study were to (a) describe the use of geo-visual 
analytics for data display and information extraction in the 
context of biological shepherding, and (b) to describe 
illustrative examples of spatial analysis in the area of biological 
shepherding relating to livestock gathering points that lead to 
CSAs and nitrogen emissions. 
 

2. TRACKING ANIMAL MOVEMENTS 

In the case of tracking moving groups of animals, such as a 
flock of sheep or a herd of cows, the observed patterns of 
change in location may be regarded as spatio-temporal 
expressions of behaviour in response to favourable 
environmental conditions, including food availability 
(Gudmundsson et al, 2008). It would be a reasonable 
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proposition that certain behaviour patterns could be analysed by 
algorithms and modelled as trajectories with well-defined 
spatial foot-prints dependent on daily and seasonal factors. 
These influencing factors could include heat stress from 
temperature and humidity, food availability and quality, shade 
and water supply, wind shelter, as well as psychological issues 
involving herding instincts, social interactions and self 
preservation from predators. Animal movements may be 
influenced directly by ‘biological shepherding’ in the form of 
paddock design involving the nature and location of the food 
supply, and topographical features, such as trees providing 
shelter from the weather and the location of fences. The term 
‘biological shepherding’ is associated with the re-design of 
environmental conditions and the analysis of responses from 
grazing animals. In one study of sheep grazing in the southern 
highlands of Western Australia, the effect of temperature was 
investigated and it was reported that variations in average daily 
temperature accounted for 29% of the variation in distance 
covered (FA, 2008). It was concluded that sheep will restrict or 
adjust travel range on hot days to conserve energy and reduce 
heat stress and, more importantly, the experimental data 
provided statistics to quantify this behaviour. Tracking animal 
movements may also reveal information on the dietary 
preferences of sheep and how these may vary seasonally. 
 
In recent years, advances in technology have made it possible to 
track individual animals in a manner that allows for the analysis 
of flock behaviour over space and time. Gudmundsson et al 
(2008), noted that the combination of an orthogonal temporal 
axis with two spatial dimensions, together with a global 
positioning system (GPS), or other tracking technologies, such 
as video, or a wireless local area network, provide potentially 
very effective tools for analysis of 3D movement patterns. Data 
analysis may reveal significant information about the flock as a 
whole. This could include bottlenecks and frequently-used 
corridors, which show indications of flock behaviour or random 
grazing (Djordjevic et al, 2008). In addition, monitoring may 
show evidence of flocking size (number), meeting places, or 
periodic patterns and frequented locations, as shown 
schematically in Figure 1 (see Kreveld et al, 2007; Benkert et al, 
2008; Djordjevic et al, 2008; Gudmundsson et al, 2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 1. Examples of animal movements, showing schematic 
movement patterns representing categories, such as ‘meeting 
places’ and ‘frequent locations’.  
 
 
In many applications, the terms ‘meeting places’ and ‘frequent 
locations’ can be replaced by ‘gathering areas’. In the case of 
gathering areas, the regions involved may include urination and 

defecation sites and the requirement of determining 
approximate areas of coverage using the GPS (Figure 2). This 
could support a strategy designed to reduce environmental 
pollution arising from N emissions from grazing livestock.  
 

 
 
Figure 2. An example of a GPS collar for tracking animal 
movements (the AgTrax II unit was supplied by Alana Ecology, 
United Kingdom). 
 
The behaviour of individual animals, whether they are leaders 
or followers, may also be monitored and logged for analysis 
(Laube and Dennis, 2006; Anderson et al, 2008; Betteridge et 
al, 2010). The issue of single file movement and its detection, in 
a computational context, has been studied by Buchin et al 
(2008). Visual animation may provide information on the 
spatial-temporal dynamics relating to the movements of 
individuals and groups, including speed and direction 
(Andrienko and Andrienko, 2003). The nature and evolutionary 
behaviour of group patterns and their movements can be 
highlighted by adding animation in the form of movie-like 
sequences. Emergent patterns provide clues on group direction, 
leadership and destination. It may even be possible to detect 
evidence of social interactions or social structure and its 
changing nature with time, using agent-based models to 
correlate positions in space and time, but at a cost in resources 
as every animal may need to be monitored to identify the leader. 
 
Although there are many possible advantages of this type of 
data analysis, there has been very little consideration given to 
the quality of data presentation. In order to relieve information 
overload, as an inevitable consequence of the huge sampling 
rates involved, improvements in data display and analysis are 
required to enhance user-perception of the information. One 
approach is the use of geo-visual analytics for visual perception 
of meaningful spatial patterns that may be less apparent in large 
numerical arrays and databases, such as textures, trends or 
clustering (Benke et al, 1988). Geo-visual analytics also 
involves the multi-dimensional plotting and animation of 
colour-encoded data and statistical analysis which can be 
viewed both graphically and spatially using geographical 
information systems (GIS) and digital globes. Spatial data 
mining is aimed at finding patterns in landscapes and geography 
over space and time using spatial viewers, such as Google 
Earth. The huge increase in geographically referenced data 
requires a blend of information technology (IT), digital mapping 
and remote sensing. A feature of data mining is the automatic 
search for hidden patterns in large multi-dimensional databases 
(Kantardzie, 2003). A variety of data mining techniques can be 
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used in combination with the spatial data to quantify processed 
information -- in a process of guided discovery in the pursuit of 
new knowledge (Mucherino et al, 2009). This combination of 
advanced graphics and statistics may include cluster analysis, 
time-series analysis and digital image processing (including 
thresholding, segmentation and classification). 

In the case of biological shepherding, the type of knowledge 
sought by the analyst could include the pattern of tracks 
produced by the grazing animals, their flocking sites and 
frequent locations, especially in times of environmental stress. 
Gathering sites, in particular, may reveal localised areas of 
excretion events leading to N leaching and nitrous oxide 
emissions under certain conditions (e.g. compacted and wet 
soil).  

The mapping and analysis of the various animal behaviour 
patterns, in response to environmental conditions, provides 
information for landscape design and optimisation, and could be 
used to identify feeding preferences. Tracking sheep movements 
and gathering points provides quantitative information that may 
be useful to guide paddock design. Optimisation of landscape 
design requires cost-benefit analysis. For example, key factors 
in landscape design could include 

(a) location of trees for protection from wind and solar radiation  
(b) orientation of hedgerows for wind protection in winter  
(c) shade-cloth area and location  
(d) location of water sources 
 
There are also geometrical design variables to consider, such as 
paddock slope, perimeter and shape. All these factors need to be 
subject to farm economics assessment, as part of the cost-base. 
 

3. SPATIAL ANALYSIS 

3.1 Animal Movements and Clustering 

Data gathering is based on GPS tracking in space and time. The 
GPS coordinates can be correlated with environmental data, 
such as temperature, humidity, solar radiation, wind, mortality, 
reproduction rates, locations for feeding, drinking and excretion 
and landscape features. The data set is then stored as a relational 
database and processed using visual analytics and data mining. 
Agent-based models of sheep can be combined with simulation 
techniques for predictive modelling (Mucherino et al, 2009). 
Spatial movement is often represented by simple rules based on 
Newtonian kinematics. A feasible linear movement in a sub-
trajectory may be represented by a change in the so-called four-
vector representing its spatial-temporal location, 

i.e. ),,,( tzyxR ≡ . Total distance travelled is the sum of the 

sub-trajectory displacements, 
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For each animal, the total path length, dt, or trajectory, is the 
sum of all the sub-trajectory displacements. This information 
can be used to provide kinematic data, such as speed and 
geographic locations, at various times for each animal, while 
constrained within its spatio-temporal footprint. The approach 
may be repeated using averages to model the entire flock – 
allowing monitoring of group behaviour.  
 
For example, the hypothetical centre-of-mass, C, along a set of 
points in a one-dimensional sub-trajectory is given by  
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where mi  represents the mass of excreta, xi is the linear 

coordinate and ℜ represents the set of real numbers. Note that 

C is effectively a weighted average. If the points are spread out 
over a plane, the position of the centre-of-mass as a function of 

time, t, is described by the vector, r,   
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If the mass values are equally weighted, i.e. mi = 1 (for i = 1, …, 
n), the position is referred to as the centroid of the set of 
coordinates (Johnson, 2007). In the case of spatially-variant 
excreta for sheep or cows, geo-visualisation of the data set (x, y, 

z, t), at a given point in time provides a global picture revealing 
clustering effects or trends not readily apparent in localised 
numerical analysis (Mucherino et al, 2009).   
 

3.2 Examples of Geo-Visualisation Tools 

Examples of visualisation for planning and analysis in natural 
resource management have been described in the past by 
Cartwright et al (2004), Dataviz (2010), Benke and Pelizaro 
(2010) and Benke et al (2011). A visual analytics capability has 
been established at the National Visualization and Analytics 
Centre (NVAC) - http://nvac.pnl.gov/ and is concerned with 
applying scientific and geographical analytics techniques to 
meta-analysis of trends in behaviour. An international 
community of practice around the subject of visual analytics has 
been established through the International Cartographic 
Association Commission on Geo-Visualization 
(http://geoanalytics.net/ica/). The Signature Analyst software 
(SPADAC Inc.) is one example that functions as a stand-alone 
client or as an extension to ESRI ArcGIS desktop products. 
ArcGIS provides a variety of capabilities in GIS, cartography 
and visualisation to enable high-quality map production. 
Signature Analyst extends ArcGIS by providing advanced 
spatial statistics and modelling. The package Treemap (Tessera 
DataVisualisation) can be used to visually discover correlations 
and outliers between soil, land and climatic variables in datasets 
(Bederson et al, 2002). The software packages cited in this 
section represent only a small subset of those available. 
 

4. SIMULATION EXPERIMENTS 

4.1 Agent-Oriented Modelling 

A preliminary experiment in tracking shows animal movements 
in Figure 3, where seven sheep were tracked in 7 sec time steps 
using AgTrax II GPS units with a view to discovering feeding 
preferences between ryegrass and plantain pastures (in a pilot 
study recently instigated by the Department of Primary 
Industries (DPI) at Hamilton, Victoria). The GPS data plus 
Google Earth imagery in Figures 3 and 4 reveals that different 
sheep are subject to different behaviour patterns, with respect to 
animal movements, including both solitary exploration and 
local clustering.  
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Figure 3. Raw data for sheep positions over time in a 14 ha 
paddock using GPS collars and Google Earth as context. Each 
colour corresponds to an animal and location.  
 

 
 

Figure 4. Linear connections between the discrete positions as 
in Figure 3 (previous vs current), reveal clustering and outliers. 
 

 
 

Figure 5. Screen image of preferred feeding sites from a 
prototype agent-based model using NetLogo software. 

Additional information required for modelling the determinants 
of sheep behaviour can be acquired from spatial data layers 
(e.g. land use, soil, slope, aspect) and observation and 
monitoring of sheep attributes (breed, weight, age, sex). Novel 
visual analytics and data mining techniques are useful for 
detection of trends, clusters and behavioural patterns in animal 
interaction and movement across a paddock. Multi-agent 
simulation using an agent-based model (ABM) is possible 
combining autonomous agents, decision-making rules, an 

interaction framework and data from the surrounding 

environment as described schematically in the Appendix (see 
also Brown et al, 2005; Mucherino et al, 2009). An agent-based 
model of sheep behaviour can be calibrated using visual 
analytic techniques in order to predict behaviour under different 
conditions, e.g. sheep population density, and paddock shape 
and size. Such an approach may also provide new insights into 
sheep behaviour, e.g. time of the day that sheep seek shade for 
protection from solar radiation? 
 
Figure 5 is a screenshot of a prototype ABM, developed using 
the open source NetLogo software (described by Wilensky, 
1999) and data derived from the DPI farm at Hamilton. The 
image shows cumulative time spent at particular locations. Data 
were extracted from GPS outputs for eight sheep over a period 
of approximately 24 hours at a 7 sec time interval. Green 
represents at least 1 time step, cyan more than 10 time steps, 
yellow more than 50, and red more than 100 time steps (red 
therefore shows preferred feeding areas). This output can 
therefore be used to identify areas that could be interpreted as 
preferred locations. Such data can be used to test and validate 
the behaviour of the ABM model and identify landscape 
features of interest to the sheep, such as shade. 
 

4.2 Animal Nitrogen Emissions 

In the case of gathering areas for excretion by sheep and cows, 
there is a distinction between urination sites and defecation sites 
(Betteridge, 2010a). By knowing their relative areas and 
locations, the estimated mass of excreta can be used to support 
computer models for the prediction of CSAs and, therefore, 
nitrogen (N) emissions. This would contribute to a mitigation 
strategy related to N emissions arising from grazing livestock, 
especially if mitigations are targeted at CSAs (Betteridge et al 
2011). The N losses are mainly in the form of gaseous losses to 
the atmosphere and leaching into the groundwater (Betteridge et 
al 2010a). Farmers require information on N losses in order to 
reduce emissions to meet local and international N leaching and 
greenhouse gas target levels.  
 
Using data from southern Hawkes Bay, New Zealand, Figure 
6(a) shows a 2-D plot of urination and defecation events, 
normalised by time, for monitored cows in a paddock in steep 
hill country (Betteridge et al, 2010a; Betteridge, 2010b). A 
sampling grid for the 0.5 ha paddock was used based on GPS 
data for urine sensor output and defecation data. The data set 
was acquired by post-grazing mapping of faeces by GPS of 15 
cows grazing the paddock over three days (each cell contains 
normalised data for time duration, representing cumulative time 
spent in each grid). Bright orange areas represent urination 
“hotspots”. The contour at the base plane represents the 
perimeter of the paddock boundary fence. 
 

The time duration-normalised urine and faecal data is plotted in 
Figure 6(a) and is shown as an isometric projection in Figure 
6(b). The relative prominence of the two dominant peaks rising 
over the background is more apparent in the case of Figure 6(b). 
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The twin peaks represent gathering sites for cows (narrow peak 
for urination and broad peak for defecation).  
 
Figure 6(c) shows side elevation of the urine and faeces peaks 
in Figure 6(b), showing the degree of separation -- with plateaus 
revealing some indication of relative areas. The area enclosed 
by the contour represents nearly 50% of the rectangular grid. 
This area is the fenced area of the paddock and about 30% of 
this area contains the excretion patches within grid cells. The 
patch for defecation was at least 15% larger than that used for 
urination. This exercise demonstrates the power of visual 
analytics – as trends and clusters not apparent in the numerical 
data arrays can be more easily detected. In Figure 6(d), the 
transect represented by the diagonal line shows the difference 
between the estimated positions of the centre-of-mass positions 
for each gathering area, A and B (urine and faeces, 
respectively).  
 
The information in Figures 6(a)-6(d) shows that, in this hill 
country environment, the locations of natural bodily functions 
were not randomly distributed, but subject to highly localised 
gathering points, with different sized areas involved. The areas 
involved provide inputs for a model-based approach for 
estimating nitrogen emissions due to urination (Betteridge, 
2010a). 
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Figure 6(a). Flat plane representation of sampled data in the 
form of a contour plot of normalised time duration for the 
gathering sites of cows. Bright orange areas represent gathering 
points for urination.  
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Figure 6(b). Isometric projection of time duration data with twin 
dominant peaks representing gathering sites for cows and areas 
of high excretion frequency and nitrogen emissions. 
 
 

5. SUMMARY AND CONCLUSION 

In addition to exploratory data analysis, the use of geo-visual 
analytics provides a means of coping with the real problem of 

information overload by providing a decision support aid for 
human perceptions of important features in the data. It was 
demonstrated that information processing may expose grouping, 
or clustering effects, not easily gleaned from numerous data 
tables, and allows for instant viewing of trend data. The use of 
geo-visual analytics was also applied to a problem relevant to 
rural production systems. An issue confronting farmers is that 
the daily load of natural excreta of livestock adds to the 
nitrogen emissions affecting the local environment (Betteridge 
et al 2010a). Farmers in New Zealand require information on 
nitrogen losses in order to reduce emissions to meet local and 
international standards. Geo-visual analytics can provide 
information on animal behaviour and data for models estimating 
the quantity of nitrogen emissions involved. Analysis by data 
visualisation and feature extraction showed that urine and faecal 
excreta were not randomly distributed and, where gathering 
areas exist, can represent regions of high negative 
environmental impact. But where behaviour can be predicted, or 
known through local knowledge, targeting and mitigation may 
become a cost effective strategy. Modelling animal behaviour 
may be facilitated if the geo-visual analytics is incorporated into 
the framework of an agent-oriented model. Tracking and 
analysing animal movements in the environment supports 
landscape design and farming practices with possible economic 

impacts (product quality, stock numbers and profit),  
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Figure 6(c). Side elevation of twin peaks showing degree of 
separation of two “apparent” stock camps for excretion sites. 
Estimation of peak full-width at half-maximum for each of the 
peaks provides two distinct patches or areas for comparative 
analysis. 
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Figure 6(d). Information in Figure 6(c) has been rotated, 
thresholded (t = 0.80) and binarised to separate the peaks from 
the background. The transect (yellow line) shows the difference 
between the estimated centre-of-mass positions for each 
gathering area, A and B.   
 
 environmental impacts (soil quality and management of 
nitrogen emissions) and animal welfare (including longevity). 
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APPENDIX 

Schematic diagram of an Agent Based Model (ABM) for 
simulating space-time behaviour of grazing animals. 
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