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Summary   Once an incursion of a serious weed is 
detected, it is important to map its potential extent 
and undertake surveillance as part of early planning 
for eradication or containment. This paper describes 
landscape models for seed generation and seed disper-
sal from wind and water transport. Integrated models 
provide predictive maps of potential outbreaks from 
which an optimal search route is derived. The models 
answer questions on the most effective survey method 
for weed detection. The landscape models and optimal 
search are implemented in GIS to provide decision 
support tools to environmental managers.

Keywords    Weed invasion,  landscape models, 
 seed ecology,  GIS,  optimal spatial search.

INTRODUCTION
Once an incursion of a potentially serious weed spe-
cies has been detected, it is necessary to determine its 
full extent. This information is needed for decision-
making regarding the most appropriate response to the 
incursion. It is also necessary for planning purposes 
should eradication or containment be attempted. The 
surveillance effort is invariably resource limited so a 
sampling strategy that maximises the chance of detect-
ing the weed is required.

The work is part of a project within the CRC for 
Australian Weed Management to establish a frame-
work for the development of protocols that will be 
suitable for application to a range of weed growth 
forms occurring in landscapes of varying degrees of 
complexity. The framework will allow for a spatially 
explicit representation of probabilities of weed oc-
currence within real landscapes, as modelled within 
a GIS environment. We assume that a potentially 
reproductive patch of weeds is found in a landscape 
and the problem is to find further outbreaks before they 
become established. The main drivers for spreading the 
weed are natural transport processes including: wind, 
water and animal movement. Habitat capacity and 
disturbance are also important determinants. Simple 
mechanical models are used to predict the potential 
spread of a weed over a landscape. Search algorithms 
are then used to find the optimal patterns for travers-
ing the landscape to detect further invasions. We are 
currently in the early stages of work on this project, 
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so the methods and results presented in this paper 
should be viewed as work in progress. The outline for 
the paper discusses the overall approach, model design 
and preliminary outputs. 

METHODS
The cost to search for weed incursions over large 
areas is prohibitive, so a sampling strategy needs 
to be used. Weed surveys may be undertaken via ad 
hoc or systematic approaches. Applying a systematic 
approach for both weed detection and eradication is 
more cost effective than unplanned activities (Cacho 
et al. 2006). Targeted transects have been shown to be 
more effective than unbiased sampling approaches, 
such as random or an ordered sweep to cover an area 
(Rew et al. 2006). However, unless all processes for 
weed dispersal are considered in a targeted search, 
then biased surveys may miss significant incursions 
in other parts of the landscape (Shuster et al. 2005). 
From an understanding of landscape characteristics it 
is possible to concentrate searches in areas with high 
potential for weeds to establish and survive (Gillham 
et al. 2004).

Our approach follows a targeted search that 
optimally covers areas with high potential for weed 
incursion. Potential is assessed by landscape models 
to determine the distribution of seedlings. The optimal 
search pattern is solved by a combinatorial approach 
to find a surveillance route that covers the area with 
high potential that is targeted. The next section de-
scribes the design of a GIS tool to implement these 
components. We will use this tool to test efficiency 
of search strategies.

MODEL DESCRIPTION
Conceptually, the system is comprised of two compo-
nents: an integrated landscape modelling component 
and routing component (Figure 1).

Integrated models for weed reproduction and 
dispersal are run as a time stepped simulation (Figure 
2). This component of the system consists of a simple 
population model driven by a number of user inputs 
that affect various processes and result in map layers 
depicting theoretical seed shadows and weed distribu-
tions over time. Conceptually, algorithms track the 
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growth and dispersal of individual plants, but overall 
the model accounts for a plant population (Crossman 
2004). Briefly, the model starts with an initial weed 
distribution (age class density) map and information 
on plant fecundity, which are used to generate seeds 
available for dispersal. Based on one or more seed dis-
persal mechanisms, associated parameters (e.g. wind 
direction, terrain, drainage patterns, animal movement 
patterns) and dispersal functions, the model predicts 
seed shadows across the landscape over time.

Dispersal functions describe the theoretical 
number of seeds in relation to distance from the source 
and are used to avoid modelling the complexities 
potentially associated with determining the fate of 
individual seeds. Although the input seed dispersal 
function predicts seed dispersal without geographical 
influences, the model moderates the actual number 
of seeds dispersed to a particular location by taking 
geography into account. At this point, and for each 
generation the model is run, seed shadow maps are 
produced. After seed dispersal, and in accordance with 
user-input growth parameters, the seedlings establish 
and grow, producing an updated weed distribution 
(age class density) map. User-input growth parameters 
may be spatially explicit and describe the probability 
of establishment in specific parts of the landscape 
(e.g. establishment and growth differences due to soil, 
land cover, aspect etc.) Spatially explicit management 
interventions can also be introduced during this last 
stage to test the likely effectiveness of various control 
strategies. Finally, the output age class density map 
forms the input for the next generation.

To-date experimental models have been developed 
for wind and water dispersal; these are described in 
subsequent sections. Future work is planned for a 
habitat component to model animal dispersal (Cross-
man 2004). 

Wind dispersal algorithm   The movement of wind-
dispersed seeds across the landscape will depend on 
strength, duration and direction of wind, factors con-
trolled by meteorological conditions and the nature of 
the terrain itself. Wind-terrain relationships have been 
comprehensively explored by researchers involved in 
determining optimal locations for wind energy turbines 
(e.g. CSIRO Wind Energy Research Unit; Coppin et 
al. 2003), and these endeavours have led to a number 
of specialised software tools designed to model wind 
flow over local and regional terrains (reviewed by 
Coppin et al. 2003). Coppin et al. (2003) also pro-
vide a useful overview of the complex ways in which 
wind is affected by height above the surface, surface 
roughness, slope and local thermal effects. Algorithms 
for modelling the behaviour of wind over complex 

Figure 1.   Integrated landscape models to predict 
weed incursion and optimal surveillance route.

Figure 2.   Algorithm flow diagram for weed incursion 
and dispersal.
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topography have not been specifically developed for 
general-use GIS. However, some procedures are avail-
able that may be able to crudely simulate wind effects 
associated with terrain and surface roughness. 

The general approach to modelling dispersal (wind 
and other forms) is based on a dispersal function and 
estimating the aerial trajectory by wind in relation to 
terrain. Dispersal is computed as distance from a weed 
source and accounts for dispersal effects (e.g. direction 
and terrain influences for wind dispersal). In the case 
of wind direction, this means that destinations upwind 
of the source will have effective distances much less 
than their Euclidian distances while destinations 
downwind may have effective distances much greater 
than their Euclidian distances. Thus, when the dispersal 
function is applied many more seeds are dispersed to 
locations downwind than upwind. 

Riparian dispersal algorithm   Drainage is also a key 
means for dispersing seeds across a landscape, and 
riparian areas are highly sensitive to invasion (Renöfält 
et al. 2005). The movement of water-transported seeds 
in riparian zones depends upon water flows. In general, 
flow regimes will define the movement of seeds with 
a stochastic relation to the seeds becoming lodged or 
sediment-trapped along riparian zones. Colonisation 
is complex because riparian areas are highly diverse, 
and favourable environmental factors are required 
for weeds to establish (Parker et al. 1999, Renöfält 
et al. 2005).

Simplif ied hydrological models based upon 
sediment delivery (Newham et al. 2003) or spatial 
diffusion (Cumming 2002) may be combined with 
data on annual rainfall and landscape characteristics 
to predict flows. The probability for seedling coloni-
sation may be modelled as a stochastic process based 
upon establishment ratios within affected waterways 
and floodplains.

GIS implementation of dispersal models   The algo-
rithms have been implemented in ArcGIS using AML 
scripts. Data input includes a digital elevation model 
(DEM) and initial distribution map (weed source for 
mapped or hypothetical extent) as raster GIS layers. A 
model simulation starts for monthly time steps (Figure 
2). Adult weeds produce seeds that are then dispersed 
according to dispersal characteristics and terrain form. 
Algorithms for wind, water drainage and animal move-
ment are also executed to create a weed seed shadow 
that falls over parts of the landscape. A habitat model 
and population growth model are used to determine 
colonisation and subsequent events. Newly established 
weeds modify the weed distribution map and the proc-
ess continues to the next time step in the simulation. 

This is computationally intensive for individual-based 
models and work is under way to model populations 
based solely on population intensities. 

At present, algorithms have been developed to 
simulate the influences of drainage, wind direction and 
terrain but these require validation with other models 
and field observations. An example of GIS for a wind 
dispersed weed is shown in Figure 3.

Surveillance routes   The outputs from models are 
seed shadows and potential weed distribution maps 
over time. Airborne and ground surveys are expensive, 
so it is important to reduce costs by surveying targeted 
areas (or not visiting areas of low potential exposure) in 
an efficient manner. The problem of finding the cheap-
est round-trip route to visit (survey) all locations once 
is called a ‘travelling salesman problem’ in mathemat-
ics. There are many permutations for routes and heu-
ristic search methods are used to find the optimal path. 
We have used search algorithms based upon simulated 
annealing (Kirkpatrick et al. 1983) to provide a good 
approximate solution. The algorithm initially traces a 
random path to visit all cells in a landscape. It then 
randomly checks segment lengths and swaps paths 
(i.e. by joining segment endpoints) if the lengths are 
longer than swapped positions. Distances calculated 
are moderated by a cost function to give higher weight 
to connecting cells with high probability of a weed in-
festation. Simulated annealing progresses from coarse 
to fine tolerances for this swapping process and it can 

Figure 3.   Spread of a weed by wind dispersal starting 
at highlighted area in landscape and with winds in a 
predominant S–E wind direction.
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be shown that this approximates an optimal solution. 
The results of running simulated annealing for find-
ing a path through cells with the highest probability 
of an outbreak are given in Figure 4. These paths can 
be prioritised based upon the cost function.

DISCUSSION
The paper describes work in progress for a weed 
surveillance tool that guides a targeted search to find 
weed outbreaks before they become well established. 
Depending upon a dominant or combination of seed 
dispersal process, the tool runs landscape models to 
predict seed shadows and hence potential areas for 
further weed outbreaks. Landscape models for weed 
habitat colonisation and growth are combined with 
natural seed dispersal processes from wind and drain-
age. The tool identifies a spatial surveillance pattern 
to cover the affected area.

Prototype models for weed reproduction (Cacho et 
al. 2006) and wind and drainage dispersal have been 
developed in a GIS. Efforts will focus on simplifying 
the dispersal functions so they are easy for a user to 
apply and provide a good approximation to landscape 
effects of weed invasions. We plan to improve compu-
tational performance by using mean field representa-
tions of populations as opposed to the current approach 
of individual-based models. 
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Figure 4.   Map of probability of occurrence with a 
SW wind. Optimal search path shown for lines (50 
m wide bands) with greater than 10% probability of 
weed occurrence.




