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Summary   This program of research investigated
the invasion of the environmental weed bridal creeper,
Asparagus asparagoides (L.) Wight, in south-western
Australia. The overall aim was to test whether the
Fisher-Skellam model, that has been used successfully
to describe the spread of mammals and diseases, is
suitable for simulating the spread of environmental
weeds. The model has two main parameters - one de-
fines the biological characteristics and population dy-
namics of the invading organism and the other defines
aspects related to diffusion.

The net population growth rate (R) of Asparagus
asparagoides was typical of a plant in advanced stages
of invasion and was equal to 2.17 - effectively a dou-
bling in size every year.  Diffusion of the weed in south-
western Australia was mostly through zoochory involv-
ing the native Silvereye (Zosterops lateralis: Aves).
The Fisher-Skellam model predicted the velocity of
spread (V) for A. asparagoides to be equal to 225 m/
yr for dispersal by Silvereye into a homogeneous en-
vironment.  This rate of spread was greater than esti-
mates calculated from A. asparagoides distribution data
in Bold Park (V = 191 m/yr) and Yanchep National
Park (V = 20-80 m/yr), and differed substantially from
estimates obtained using survey methods (0.6 m/yr to
5.2 km/yr).

Modelling techniques and sensitivity analysis provide
a framework for identifying critical A. asparagoides
life cycle stages.  They also provide a method for simu-
lating required levels of control to reduce the growth
of weed populations to levels below 1, resulting in
population decline and effective weed control.  In par-
ticular, the model may prove to be an effective moni-
toring tool given recent approval for release of the first
A. asparagoides biological control agent.

INTRODUCTION

The introduction, establishment and spread of envi-
ronmental weeds results in dramatic changes to the
structure and diversity of native ecosystems and con-
stitutes a topic that has intrigued ecologists since the
middle of this century (Elton, 1958; Lubina and Levin
1988; Drake et al., 1989; Kareiva, 1996; Higgins and

Richardson, 1996).  As a consequence, researchers in
the general field of weed invasions have recently turned
to modelling invasion processes as it is generally agreed
that a predictive theory is required to help the contain-
ment and sustained management of invasive plant spe-
cies (Drake et al., 1989; Rejmanek and Richardson,
1996).  Despite the resurgence in interest in modelling
biological invasions, most research has focussed on
animals, insects and diseases and very little effort has
been directed at modelling the invasion of introduced
plant species.  This is the case even though the effects
of exotic plants on ecosystem structure and function
are well-documented (Higgins, Richardson and Cowl-
ing, 1996).

The theoretical framework for modelling invasion proc-
esses using the combined nature of population growth
models and spatial diffusion processes was first ap-
plied by Skellam (1951) to describe the outbreak of a
muskrat population in central Europe.  Many applied
studies have since been carried out to determine the
velocity of spread of invasive organisms using what
has become known as the general epidemic model or
Fisher-Skellam model (Reynolds, 1985, Anderson and
May, 1986; Williamson and Brown, 1986; Andow, et
al. 1990).  For example, Lubina and Levin (1988) used
the Fisher-Skellam model to predict the velocity of in-
vasion of the California sea otter, Enhydra lutris, off
of the west-coast of the United States of America.  Pub-
lished and unpublished data were used to predict the
velocity of range expansion and change in distribu-
tion.  Along with estimates of population growth rates,
hypotheses were developed as to why the population
spread further and more quickly in one direction com-
pared to the other.  It was concluded that estimated
differences in the diffusion coefficients and habitat
dependent differences in mortality accounted for the
observed differences in spread (Lubina and Levin,
1988).  They also point out that estimates of velocity
of invasion are easier to calculate for uniform, one-
dimensional habitats.

The application of the Fisher-Skellam model to ana-
lyse plant invasions has not received the same degree
of attention as its application to the spread of invasive

ANALYSING THE VELOCITY OF WEED INVASION:
BRIDAL CREEPER IN SOUTH-WESTERN AUSTRALIA

Chris Stansbury
CRC Weed Management Systems,

Department of Geography, University of Western Australia, Crawley, WA 6907



Twelfth Australian Weeds Conference

211

mammals and diseases (Carter and Prince, 1981; White,
1985; Hastings, 1996; Higgins and Richardson, 1996;
Cousens and Mortimer, 1995).  Three studies that have
applied the model theory to invasive plants include the
work of Skellam (1951), by Birks (1989) and a more
recent study by Lonsdale (1993).

In the case of Asparagus asparagoides (L.) Wight
(=Myrsiphyllum asparagoides) in south-western Aus-
tralia, the velocity of invasion seems to be influenced
by environmental conditions and dispersal vectors.  The
aim of this study is to use the Fisher-Skellam model to
analyse the velocity of range expansion in the south-
west of Australia.  Estimates for the velocity of spread
calculated using the Fisher-Skellam model are com-
pared with predictions calculated for the greater south-
west of Western Australia (WA) using survey methods
(Stansbury and Scott, 1999), and with independently
collected data on A. asparagoides density and distri-
bution in two regional parks in Perth, WA.  Results are
also compared to rates of spread estimated for other
weed species.  In conclusion, the modelling process is
discussed in terms of its use in assessing the effective-
ness of control programs, particularly in light of re-
cent approval for the release of the first biological con-
trol agent.

METHODS

The model  The Fisher Skellam model has two main
parameters - one which describes the organisms in-
trinsic rate of increase and the other describes the pat-
tern of diffusion.  The intrinsic rate of growth, r, is
assumed to be exponential and is a function of birth
and death processes as well as immigration and emi-
gration.  Diffusion, D, is conceived in the same way as
the theory of Brownian motion - organisms arriving in
a new environment initially build up in numbers to a
critical level then disperse.  Dispersion is random with
individuals moving from areas of high density to areas
of low density until density is uniform (Skellam, 1973).
The environment is also assumed to be homogenous.
The model takes the form of a partial differential equa-
tion and is expressed as:

∂n/∂t = rn(1-n/K)+D(∂2n/∂x2+∂2n/∂y2)  (1)

where, n(x, y, t), is the density of organisms at spatial
co-ordinates x, y and at time t, and K, takes into con-
sideration the carrying capacity of the environment.

The model allows for the velocity of range expansion,
V, to be calculated in one dimension using the

formulae (Andow et al., 1990; Van Den Bosch,
Hengeveld and Metz, 1992; Higgins and Richardson,
1996):

V = √4.r.D (2)

Estimating the main parameters  The first aspect of
the weed’s population that needs to be quantified is
the intrinsic rate of increase, r (= log

e
R), where R rep-

resents the net reproductive rate.  The net reproduc-
tive rate was estimated using matrix methods (Enright
and Ogden, 1979; Caswell, 1989; Shea and Kelly,
1998).  Life cycle data compiled by Raymond (in prep.)
was summarised and presented in the form of a life
table (Table 1), and a transition matrix and column
vector (Hartshorn, 1975) (Figure 1).

Table 1. Life table for Asparagus asparagoides (L.)
Wight, adapted from Raymond (in prep.).

Row Life cycle 1 2 3 4
stage s sl ic mc
(per m2)

1. Total 323 214 87 8
individuals

2. Survival 0.67 0.59 0.59 1
rate

3. Number of 216 126 51 8
live
individuals

4. Proportion 0.20 0.69 0.16 0
moving to
next stage

5. Proportion 0 0.31 0.84 1
remaining
in same stage

6. Proportion 0 0 0 1
of total seed
 input

7. Number of 0 0 0 1616
seeds

s = seeds, sl = seedlings, ic = immature creepers, mc =
mature creepers.

In summary, the major diagonal of the matrix, M (Fig-
ure 1), represents the proportion of individuals remain-
ing in that stage class and is the product of rows 2 and
5 in the life table.  The sub-diagonal represents the
proportion that progress to the next stage class and is a
product of rows 2 and 4 in the life table.  The column
vector, N

(t),
 represents the four possible life cycle stages

that individuals pass through (see Table 1) (Enright
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and Ogden, 1979; Caswell, 1989).  For the purposes
of model simulation the A. asparagoides population
started with 202 seeds.

M N
(t)

0 0 0 1616 202

0.13 0.18 0 0 0
0 0.41 0.50 1 0
0 0 0.09 1 0

Figure 1. Transition matrix (M ) and column vector
(N) for an A. asparagoides population

Columns in the transition matrix (Figure 1) show the
fate of the four life history stages of the weed.  Rows
in the matrix correspond to life history stages at a sub-
sequent time (t) and show the sources of individuals
in the population (Maxwell, Wilson and Radosevich,
1988).  The transition matrix and the population col-
umn vector are combined through matrix algebra to
create a succinct description of population change over
time.  The result of the multiplication is another col-
umn vector (Poole, 1974).  It is expressed as:

N
 t+1

 = MN
t

(3)

Equation 3 indicates that at the next observation time

(t+1)
, the population size and number of individuals in

each life history stage [N 
(t+1)

] is a result of the transi-
tions (M) of individuals contained in life history stages
at the current time [N

 (t)
].  The procedure predicts the

size of future plant populations and the number of in-
dividuals in each of the pre-defined life-cycle stages
(Maxwell, Wilson and Radosevich, 1988).  If the popu-
lation growth model is run over a number of time in-
tervals, population structure eventually stabilises and
growth reaches a constant rate where:

N 
t+1

 = R(N
t
) (4)

Where R is a latent root (eigenvalues) and N the asso-
ciated latent vector, the dominant latent root of M is
equal to er, where r is the intrinsic rate of natural in-
crease in the Lotka (1925) equation (in Enright and
Ogden, 1979) [originally shown by Leslie (1942) and
Lewis (1945)]:

Nt = N
o
ert (5)

where, R = 1, then r = 0 and the population is stable
since births and deaths are perfectly balanced.  Where

R > 1 the population is increasing at a constant rate,
and where R < 1 the population is declining (Enright
and Ogden, 1979).

Diffusion (D) is represented by the variation in dis-
tances which individuals are dispersed.  It is equiva-
lent to the variance of the marginal dispersal density
(Van den Bosch, Hengeveld and Metz, 1992) and can
be calculated using the formulae provided by Andow
et al. (1990).  It is expressed as:

D = M
s
(t)/4t = 2M

D
(t)2/xt (6)

where; M
s
(t) is the mean squared displacement, and,

M
D
(t) is the mean displacement of recaptured organ-

isms ‘t’ time units after their release (from Skellam,
1973).

The mean squared displacement was calculated from
published data compiled by Catterall, Kikkawa and
Gray (1989) and Rooke (1983) on the movements and
social habits of the main dispersal agent of A.
asparagoides, the Silvereye (Stansbury, 1996;
Raymond, in prep.).  The maximum dispersal distance
was calculated from Silvereye flight speed data and
from A. asparagoides fruit/seed gut passage rates de-
termined by Raymond (in prep.).  Random number ta-
bles were generated that represented the distribution
of dispersal events from one source plant.  This pro-
vided the data necessary for calculating the mean
squared displacement (MSD) or variance, ± standard
deviation, for A. asparagoides seeds dispersed by
Silvereye (Cousens and Mortimer, 1995).

RESULTS

Population growth  The resulting population growth
curve, of what has been termed the ‘first generation
model’ (Maxwell, Wilson and Radosevich, 1988) rep-
resents exponential growth (Figure 2).  For A.
asparagoides, fluctuations in the rate of increase abated
after approximately 16 time intervals after which the
annual rate of increase, R, was equivalent to 2.167 ±
0.032 /yr (Figure 3) - effectively a doubling in total
population numbers every year.  The intrinsic rate of
population growth, r was equivalent to 0.775 ± 0.013.
The proportion of individuals in each life history stage
for the modelled population was significantly differ-
ent from the proportion in each life history stage for
actual numbers observed in the field (χ2 = 11.8, df, 3,
p < 0.01)(Table 2).  The difference may be due  to
environmental conditions experienced at the sites.
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Figure 3.  Model simulation over 27 time intervals
highlighting the abatement of fluctuations and the es-
tablishment of a constant rate of population increase,
R

Table 2. The proportion of individuals observed in each
life cycle stage for an A. asparagoides population by
Raymond (in prep.) (from Table 1) compared with
expected proportions from model predictions.

Proportion of total population

Seeds Seedlings Immature Fruiting
creepers adults

Observed 89.73 6.99 2.83 0.44
Expected 92.15 6.18 1.55 0.13

Figure 4.  Distribution of small scale Silvereye move-
ments (>1000 events) between fruiting Ficus trees on
Heron Island, eastern Australia (from Catterall,
Kikkawa and Gray, 1989)

Diffusion  The distribution of potential A.
asparagoides dispersal distances for Silvereye move-
ments are represented in Figure 4.  The dispersal curve
is typical for a plant spread by zoochory (dispersal by
animals) and represents a negative exponential curve.
Based on randomly generated dispersal events and
equation 6, the standard deviation, σ, of distances that
A. asparagoides seeds are dispersed by Silvereye is
equal to 256 m.  The MSD (mean squared displace-
ment) or variance, σ2, equals 65 536 m; the diffusion
coefficient, D (mean distance2 per unit of time) equals
16 384 m; and the mean distance, Md, that seeds are
dispersed equals 90.5 m.

Velocity of spread  The predicted velocity of inva-
sion, V, for A. asparagoides, based on mean values
for r and D and using equation 2 is equal to 225 ± 4.4
m/yr.

Sensitivity of r and D  Sensitivity analysis showed
that the diffusion coefficient, D, is less sensitive to
changes compared to r and is perhaps a key to the suc-
cess of A. asparagoides as an environmental weed
(Figure 5).
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Figure 5.  The velocity of spread (V) of A.
asparagoides based on 40, 60, 80 and 98% decreases
in the value or r and D in the Fisher-Skellam model

Figure 5 shows that if dispersal is reduced by 98% the
velocity of invasion only falls by 91% and the velocity
of spread still reaches 32 m/yr.  If r is reduced by the
same amount the velocity of spread is reduced by
100%.  This indicates that biological control programs
need to target r, which in turn will reduce the amount
of fruit available for distant dispersal by birds.

DISCUSSION

The Fisher-Skellam model predicted that the velocity
of invasion (V) for A. asparagoides was equal to 225
m/yr for dispersal by Silvereye into a continuous ho-
mogeneous environment.  This velocity of spread was:

• within 15% of velocity estimates calculated
from the distribution of the weed in Bold Park
(191 m/yr) and estimates calculated from dis-
tance and time data for Yanchep National Park
(20 to 80 m/yr) (Stansbury, 1999),

• substantially less compared to regional esti-
mates obtained using survey methods (5.2 km/
yr) (Stansbury and Scott, 1999), and

• higher than velocity estimates calculated from
survey respondents estimates in the increase
in patch size (0.6 m/yr) (Stansbury and Scott,
1999).

The differences are primarily due to the Fisher-Skellam
model assuming a continuous homogeneous habitat by
one dispersal agent.  It does not allow for the incorpo-
ration of multiple dispersal agents and spread into a
mosaic of different environments.  When a number of
diffusion processes are operating at different scales the
expansion wave becomes irregular and the velocity of
wave expansion varies over time (Hengeveld, 1989).

The differences in spread velocities calculated here are
primarily due to variation in spatial and temporal scales
used to calculate diffusion.  Andow et al. (1990) sup-
ports this observation by explaining that the Fisher-
Skellam model can underestimate velocities of spread
by an order of magnitude if model parameters are esti-
mated at inappropriate hierarchical levels.

Spread at a local scale (0.60 m/yr) (Stansbury and Scott,
1999) was substantially less compared to spread from
Silvereye dispersal data.  This is most likely to be due
to:

• descriptions of spread only representing veg-
etative growth,

• they also incorporated the effects of weed con-
trol [up to 50% of survey respondents indicated
that they had carried out some form of weed
control reducing the velocity of spread and
where less control was being implemented lo-
cal velocities of spread were higher.  This also
highlights the need to be able to incorporate
the effects of control methods into the Fisher-
Skellam model, and

• observations of changes in patch size are also
less likely to take into consideration dispersal
by birds.

Spread on a regional scale (5.2 km/yr) was greater than
velocity calculated from Silvereye dispersal data. This
was possibly due to:

• extra-long-distance dispersal as an ornamen-
tal plant,

• an overall increase in the length of the disper-
sal tail, and

• an increase in the probability of survival and
plant density at the end of the dispersal tail.

Spread calculated from distribution records in Bold
Park (191 m/yr) and from distance time records in
Yanchep National Park (20 to 80 m/yr) (Stansbury,
1999) were less than spread calculated from Silvereye
dispersal data.  This was likely to be due to:

• weed density and distribution records failing
to include weed outbreaks that occur at the tail
of the dispersal curve beyond the boundary of
the Park, which

• effectively reduces the range extent and mean
dispersal distance.
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In summary, the invasion of A. asparagoides can be
viewed on three scales:

• on a local scale (vegetative spread),

• on a habitat scale (spread by Silvereye), and

• on a regional scale (spread by humans as an
ornamental or longer distance avian dispersal
by a wider ranging fruit eating bird).

The disparity between predictions using data on diffu-
sion from three sources highlights that the Fisher-
Skellam model can only represent spread into a con-
tinuous homogenous environment by one dispersal
agent and that the scale needs to be identified prior to
simulation.  It is also clear that when dealing with
spread on a broad geographical ‘regional scale’; the
role of environmental heterogeneity is less significant
(Skellam, 1973).

The velocity of spread relative to other weeds  The
velocity of spread on a ‘local scale’ for A. asparagoides
(0.6 m/yr) is similar to velocities of vegetative spread
calculated for other weed species.  For example,
Howard (1991) estimated the velocity of vegetative
spread for Bromus sterilis (using the Fisher-Skellam
model) to be approximately 0.62 m/yr (in Cousens and
Mortimer, 1995) and Schippers et al. (1993) estimated
a velocity of vegetative spread for Cyperus esculentus
of 0.7 m/yr.

The velocity of spread calculated for A.
asparagoides on a ‘habitat scale’ using bird dis-
persal data (225 m/yr), is also comparable to veloci-
ties calculated on similar spatial scales for other in-
vasive plant species.  For example, Lonsdale (1993)
predicted a velocity of spread for M. pigra of 18.3
m/yr, for wind dispersed seeds, and a velocity of 76
m/yr or greater, for spread by water through flood-
ing.  Higgins, Richardson and Cowling (1996) com-
pared estimates of the velocity of spread of pine trees
(Pinus sp.) using the Fisher-Skellam model and
SEIBS (Spatially Explicit Individual Based Simu-
lation) models.  Fisher-Skellam models yielded es-
timates of 3-26 m/yr where as SEIBS models yielded
estimates ranging from 0-44 m/yr.  These velocities
are less than those calculated for A. asparagoides,
largely due to the type of dispersal that is involved.
In both cases dispersal was passive (i.e. falling seeds
or wind/water dispersal) and seeds carried by wind
are less likely to land in a suitable environment com-
pared to avian dispersal.  Bass (1996) used modi-
fied Leslie matrices and demographic data to esti-
mate the invasiveness of Crataegus monogyma and

Prunus mahaleb in New South Wales.  Both species
produce fruit dispersed by pied currawongs and
noisy friarbirds respectively.  C. monogyna had a
net growth rate (R) equal to approximately 1.14, a
mean dispersal distance of many kilometers and
spread 80-120 m/yr.  P. mahaleb had a net growth
rate of approximately 1.71, a mean dispersal dis-
tance of 100 m and spread 20 m/yr.

The importance of active dispersal is highlighted by
Birks (1989), who analysed the spread of a number of
tree species on a ‘regional scale’ in the British Isles
using Holocene isochrone maps constructed from ra-
diocarbon-dated pollen diagrams.  Many of the spe-
cies studied had upper and lower limits to their veloc-
ity of spread.  Upper limits represented the maximum
velocity under ideal conditions, whereas lower limits
represented reduced velocities of spread caused by
spatial factors such as physical barriers and/or tempo-
ral changes in climate/habitat.  Pollen records showed
that during peak periods of spread (10 500BP), oaks
(Quercus sp.) spread at velocities of up to 500 m/yr.
Velocities slowed to approximately 50 m/yr around
8000BP, possibly due to low summer temperatures
(Birks, 1989).

Conclusions  The simulations described in this pa-
per show that the Fisher-Skellam model is suitable
for analysing spread into a continuous homogenous
environment by one dispersal agent.  From the above
simulations it is clear that, for the Fisher-Skellam
model to be suitable for simulating the velocity of
spread of A. asparagoides, recalculation of popula-
tion growth and diffusion is necessary at each time
step according to temporal and spatial heterogene-
ity.  Separate diffusion models also need to be used
for local spread (vegetative and down slope spread),
habitat spread (bird-dispersed seeds) and regional
spread (long distance bird dispersal and human aided
dispersal).  Population growth rates also need to be
adjusted when control methods are implemented.

Modelling techniques and sensitivity analysis provide
a framework for identifying critical A. asparagoides
life cycle stages.  They also provide a method for simu-
lating required levels of control to reduce the net growth
rate of the weed to levels below 1, resulting in popula-
tion decline and effective weed control.  In particular,
the model may prove to be an effective monitoring tool
given the recent approval for the release of the first A.
asparagoides biological control agent.
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