
Abstract Mechanisms and consequences of

biological invasions are a global issue. Yet, one of

the key aspects, the initial phase of invasion, is

rarely observed in detail. Data from aerial pho-

tographs covering the spread of Heracleum man-

tegazzianum (Apiaceae, native to Caucasus) on a

local scale of hectares in the Czech Republic from

the beginning of invasion were used as an input

for an individual-based model (IBM), based on

small-scale and short-time data. To capture the

population development inferred from the pho-

tographs, long-distance seed dispersal, changes in

landscape structures and suitability of landscape

elements to invasion by H. mantegazzianum were

implemented in the model. The model was used

to address (1) the role of long-distance dispersal

in regional invasion dynamics, and (2) the effect

of land-use changes on the progress of the inva-

sion. Simulations showed that already small

fractions of seed subjected to long-distance dis-

persal, as determined by systematic comparison

of field data and modelling results, had an over-

proportional effect on the spread of this species.

The effect of land-use changes on the simulated

course of invasion depends on the actual level of

habitat saturation; it is larger for populations

covering a high proportion of available habitat

area than for those in the initial phase of invasion.

Our results indicate how empirical field data and

model outputs can be linked more closely with

each other to improve the understanding of inva-

sion dynamics. The multi-level, but nevertheless

simple structure of our model suggests that it can

be used for studying the spread of similar species

invading in comparable landscapes.

Keywords Individual-based modelling Æ
Invasion history Æ Local spread Æ Long-distance

dispersal Æ Land-use change

Introduction

Invasive species (sensu Richardson et al. 2000;

Pyšek et al. 2004) are characterized by remark-

able dynamics of spread that allow them to col-

onize large areas in regions where they are not

native, and occupy a wide range of habitats

(Chytrý et al. 2005). Biological invasions have

become a global issue, attractive from the scien-

tific point of view, and require urgent solutions

(Mooney and Hofgaard 1999; Davis 2003; Weber

2003). As other ecological processes, invasions

N. Nehrbass (&) Æ E. Winkler
Department of Ecological Modelling, Centre for
Environmental Research UFZ Leipzig,
Permoserstrasse 12, Leipzig 04318, Germany
e-mail: nana.nehrbass@ufz.de
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occur on temporal and spatial scales which are

difficult to monitor in empirical studies. To

overcome this limitation, models are used to

capture key processes of ecological systems and

describe scales beyond empirical reach (Grimm

et al. 1996). The results of such models are more

powerful if validated and supported by empirical

observations. Invasions by plants and animals

represent a unique opportunity to study spatio-

temporal dynamics on various scales, because

they occur at a rate and extent of spread currently

unparalleled by other species (Pyšek and Hulme

2005; Williamson et al. 2005).

Unfortunately, individual invasion events are

rarely captured from the very beginning (but see

Robinson 1965; Richardson and Brown 1986;

Lonsdale 1993; Müllerová et al. 2005). As the

crucial aspect of recognizing an invasive species is

the invasion itself, plant invasions are in majority

of cases studied post hoc (e.g. Fuller and

Boorman 1977; Perrins et al. 1993; Pyšek and

Prach 1993; Delisle et al. 2003), mostly using

floristic records (Weber 1998; Mandák et al. 2004;

Williamson et al. 2005). However, floristic data

do not provide information on the actual increase

in area covered by the invader over time, i.e., the

dynamics of an invasion (Higgins and Richardson

1996). In the last decade, computer image analy-

ses were used to monitor invasive species (see

Everitt et al. 1995 for a review); among them,

aerial photographs are the most convenient

remote sensing technique. As they provide

information about spatial extension, they are used

for quantitative assessment of infestation by alien

plant species (Everitt 1998; Stow et al. 2000;

Higgins et al. 2001; Rouget et al. 2003; Müllerová

et al. 2005). In areas where repeated aerial pho-

tographs were taken over time, records from be-

fore the invasion might be available and the initial

phase of the process captured. This is the case

with the invasive species H. mantegazzianum in

the Czech Republic. This species has white flow-

ers arranged in large conspicuous umbels, which

allow the identification of flowering individuals

on aerial photographs (Müllerová et al. 2005).

This study compares historical development of

an invading population of H. mantegazzianum,

reconstructed from aerial photographs, with

modelled dynamics of invasion. A time series of

more than 40 years (1957–2000) made it possible

to quantify the spatial extension of an invading

population from the founding individuals

(Müllerová et al. 2005). This invasion process was

reproduced by a spatially-explicit individual-

based simulation model. The model started from

a population-dynamic core model designed,

parameterized, and validated by using data from

recent local censuses, carried out in the same

study area (Nehrbass et al. 2006). As the data

used for parameterization were only from a

homogeneous habitat in the central parts of

H. mantegazzianum populations, changes in the

structure of landscape that occurred in the course

of invasion were implemented in the model and

so was the response of the invading species to

these changes. By conducting experiments in the

virtual environment we addressed the topics,

which are difficult to evaluate in a purely empir-

ical context: (1) the role of long-distance dispersal

in regional invasion dynamics, and (2) the effect

of land-use changes on the progress of invasion.

Methods

Study species

Heracleum mantegazzianum Sommier et Levier

(Giant hogweed, Apiaceae) is native to the wes-

tern part of the Greater Caucasus and invasive in

Europe, North America and New Zealand

(Weber 2003; Nielsen et al. 2005). In its invaded

range, H. mantegazzianum is a problem species,

because it forms stands with a high cover, replaces

resident vegetation, and produces photosensitive

sap that is toxic for humans (Tiley et al. 1996).

The rapid invasion of this species in Europe was

encouraged by its planting as a garden orna-

mental. In the study area (Slavkovský les, W

Bohemia, Czech Republic) the plant was intro-

duced as a garden ornamental in 1862 and was

first recorded in the wild in 1877 (Holub 1997).

From this region of introduction the species rap-

idly spread to other parts of the country (Pyšek

1991). Seeds are dispersed mainly by water and

humans, through planting and transport of con-

taminated soil; the species spreads effectively

along linear corridors such as roads and water-

ways (Collingham et al. 2000; Pyšek et al. 2002).
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Heracleum mantegazzianum is the tallest her-

baceous plant in Europe; flowering plants can

reach a height of upto 500 cm. It is a monocarpic

perennial, which usually flowers in the third year;

the lifespan, however, depends on habitat condi-

tions and can be extended to more than 10 years

(Pergl et al. 2006a). White flowers are arranged in

compound umbels with a terminal umbel of up to

80 cm in diameter (Tiley et al. 1996). In the study

area the plants flower from late June to late July

(Müllerová et al. 2005) and a single plant can

produce on average 20,500 fruits with a maximum

of 46,500 (Perglová et al. 2006). Seeds germinate

to high percentages after the morpho-physiologi-

cal dormancy has been broken during the period

of cold stratification (Moravcová et al. 2005). The

species forms a short-term persistent seed bank

(Krinke et al. 2005) and little fraction of viable

seed persist in soil for at least 3 years (Moravcová

et al. 2006).

The study area

The study area was located in the Slavkovský les

Protected Landscape Area, W Bohemia, Czech

Republic, where the species was first introduced

to the country. After World War II, inhabitants

were transferred from the area which became a

military zone with restricted access until the

1960s. The absence of regular land use, combined

with disturbances caused by military activities

increased the suitability of the landscape to the

invasion by H. mantegazzianum (Pyšek 1991).

As a result, the region is heavily invaded by

H. mantegazzianum (Pyšek 1991; Pyšek and Py-

šek 1995; Müllerová et al. 2005). The natural

vegetation consisted of beech and spruce forests,

peat bogs and pine forests on serpentine, which

have been replaced by managed wetlands with a

high diversity of flora, as well as by pastures and

spruce plantations (Kos and Maršáková 1997).

Analysis and interpretation of aerial

photographs

From aerial photographs available for 10 sites in

the study area (see Müllerová et al. 2005 for de-

tailed characteristics), the site Arnoltov was

chosen for the analysis in the present study. Five

observations (panchromatic, multi-spectral and

ortho-photographs) from 1953 to 2000 were

available for this site. Panchromatic photographs

(1957, 1973, and 1991) were provided by the

Military Topographic Institute, Dobruška, multi-

spectral (1987) by the Agency for Nature Con-

servation and Landscape Protection, Prague, and

ortho-photographs (2000) by Czech Office for

Surveying, Mapping and Cadastre. Images were

created from scanned aerial panchromatic pho-

tographs of the scale 1:22,500 with 60% overlap,

using a digital terrain model gained by vector-

ization of topographic maps 1:10,000. Orientation

points of images were identified by analytical

aero-triangulation in system ORIMA; ortho-rec-

tification was performed on digital photogram-

metric station Leica-Helava DPW 770, module

Mosaic, final pixel resolution 0.5 m (see Mülle-

rová et al. 2005 for more details).

Each photograph covered an area of 710 ·
710 m around the nascent focus, defined as the

place where the plants of H. mantegazzianum

were earliest recorded. We distinguished 18 dif-

ferent habitat types and classified them as suitable

or unsuitable for H. mantegazzianum, based on

the empirically observed habitat preferences in

the study area (Table 1). The analysis and inter-

pretation of aerial photographs allowed us to

identify stands as well as solitary individuals of

flowering H. mantegazzianum and their precise

position. The process of photo-interpretation

(Müllerová et al. 2005), consisted of: (i) scanning

of negatives in resolution 800 dpi; (ii) rectification

using orto-photographs (40–60 ground control

points distributed along the rectified photograph,

second order of transformation and nearest

neighbour rectification method; Lillesand and

Kiefer 1999); (iii) visualization of Heracleum

plants on images (image enhancement, filtering;

Jensen 1996) using Chips software (Chips

Development Team 1998); and (iv) on-screen

digitizing of Heracleum stands and individual

plants using CartaLinx software (Clark Labs

1998).

Area covered by flowering plants was extrap-

olated to give the cover of H. mantegazzianum in

the respective year, expressed by the number of

occupied cells. This measure was used for com-

parison with simulation results.
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Empirical field data

Biology and ecology of H. mantegazzianum

(Moravcová et al. 2005; Krinke et al. 2005; Pergl

et al. 2006b) and the history of invasion in the

study region (Müllerová et al. 2005) are inten-

sively studied. The data on population dynamics,

used in this study, were obtained from observa-

tions in permanent plots at 11 sites in 2002–2005

(Pergl et al. 2006b). The plots 10 · 1 m in size

were sampled twice a year (in spring and autumn)

and the characteristics of individual plants were

recorded: position, size and life stage. In the

present study only data from the autumn moni-

toring are used.

Model

To describe local population dynamics of H.

mantegazzianum a stochastic, spatially-explicit,

individual-based model (IBM) was developed.

Life-history rules, their parameterization and

validation were described in detail by Nehrbass

et al. (2006).

Habitat

From the original landscape a square of 700 ·
700 m was used in the model. Landscape was di-

vided into grid cells of 25 m2 (19,600 cells of

5 · 5 m). Within a grid cell habitat conditions

were assumed to be homogeneous for the species.

Each cell represented either a suitable or an

unsuitable habitat. Classification of grid cell as

suitable or unsuitable was based on the occur-

rence of H. mantegazzianum as recorded on

aerial photographs; habitats in which the species

occurred were classified as suitable, those from

which it was absent as unsuitable (Müllerová

et al. 2005; Table 1). Changes in habitat structure

over time were inferred from aerial photographs

and were implemented in the year when first re-

corded. Suitable cells had an empirically sug-

gested maximum carrying capacity of K = 200

individuals; for unsuitable cells we set K = 0. The

effect of carrying capacity was implemented by a

ceiling rule (Akcakaya et al. 1999): seedling

recruitment was only possible when maximum

capacity of the cell was not reached.

Time

The model was discrete in time. One time step

represented the interval from one flowering

period (autumn) to the next (one year).

Life history of plants

Plants were modelled as individuals. Thus,

demographic stochasticity was included in the

model. Each plant was characterized by the fol-

lowing set of traits: age, number of leaves, and the

Table 1 Land-use
categories identified on
aerial photographs and
their suitability for
invading Heracleum
mantegazzianum, based
on its presence or absence
in individual categories

Category Land-use type Suitability

1 Forest No
2 Individual trees Yes
3 Buildings No
4 Grazed and mown after grazing Yes
5 Meadows Yes
6 Arable fields No
7 Pastures Yes
8 Road or railway and its surroundings Yes
9 Planted trees (saplings) Yes

10 Open or young forest Yes
11 Water body No
12 Forest clearing Yes
13 Surrounding of buildings Yes
14 Surrounding of roads and other disturbed areas Yes
15 Pastures—buffers 5 m along forest categories (1, 2, 9, 10, 12) Yes
16 Unmanaged Yes
17 Pastures—buffers 5 m along meadows (cat. 5) Yes
18 Pastures—buffers 5 m along roads, buildings, etc. (cat. 3, 8, 13, 14) Yes
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length of the largest leaf. In a complete life-cycle

the plant grew for several years, flowered, pro-

duced offspring and died (Fig. 1). Growth of an

individual plant depended on its size in the pre-

vious year. The increase in leaf number followed

probabilities derived from empirical values (see

Nehrbass et al. 2006 for details) and changes in

the length of the largest leaf followed rules that

depended on the number of leaves.

As a monocarpic perennial plant H. mante-

gazzianum flowers at earliest in its second year

(Tiley et al. 1996; Holub 1997; Pergl et al.

2006a), the model thus considered plants 2 years

and older as capable of flowering. Flowering

probability was not only age-dependent, but also

determined by a combination of two size attri-

butes, i.e., the number of leaves and the length

of the largest leaf. The number of offspring

produced by a flowering plant was not correlated

with any trait of the maternal plant (Pergl et al.

unpublished). Seedling production per flowering

individual as a product of seed production and

establishment probability followed a fat-tailed

probability function with a mean value of

M = 2.57 (derived from empirical data). This

basic value held for a situation without any

establishment restriction in the target cell after

dispersal (see below). When the carrying capac-

ity of a cell was reached seedlings did not

establish. Additionally establishment failed when

the seedling met a cell within unsuitable habitat.

New plants were assigned randomly chosen

numbers of leaves, which in turn determined the

length of the largest leaf using empirically

retrieved values.

Flowering individuals died after setting seeds;

the survival probability of non-flowering individ-

uals depended on their size. Those individuals

that had reached a maximum age (7 years) died

without reproduction. As the underlying empiri-

cal data indicated that the sampled populations

are currently at the stage of stagnation and the

model parameterized with such data would give a

population-increase rate of RP� 1 we tentatively

reconstructed the historical invasion with a rate of

RP > 1 by reducing mortality to a size-indepen-

dent value of 0.2 for all individuals. As a result,

the mean rate of population increase in the model

was RP = 1.12. This gross value was subsequently

reduced by capacity control and habitat proper-

ties.

Dispersal

Seedlings were placed in the cell of origin (frac-

tion fH of the seedlings) or in neighbouring cells

(fraction fN). Due to a large cell size, this neigh-

bourhood dispersal was limited to eight immedi-

ately adjacent cells (Moore neighbourhood;

Czárán 1998). All cells within this radius were

considered to have an equal probability of new

plants to become established. Additionally, we

incorporated dispersal at random (with uniform

probability) over the whole simulation grid

(‘‘long-distance dispersal’’, fraction fL). Directed

dispersal along linear landscape elements (e.g.

field margins) was not considered.

Simulations

The aerial photographs covered the period 1953–

2000. The first observations of H. mantegazzia-

num on the photographs were for 1973. Hence,

Fig. 1 Flow chart of the individual-based model of
Heracleum mantegazzianum. Within one time-step (year)
different probabilities determine the fate of an individual
plant. Changes in landscape structure (i.e., if one land-use
type changed into another) were incorporated in the
model in the year when observed on aerial photographs.
Rhombs represent decisions, boxes are mandatory devel-
opments
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the simulation started in 1973 (t = 0) and ran for

37 time steps, ending with a projection of the

population in 2010. The scenarios started with 10

vegetative plants, which were to flower in that

year, in each cell that was recognized from aerial

photographs as occupied in 1973. Then the pop-

ulation developed according to the assumptions

on population dynamics, dispersal, and landscape

changes of the scenario. For each scenario, 50

repetitions were calculated. The number of grid

cells occupied by H. mantegazzianum in the

course of simulated invasion was used to compare

the scenarios with each other and with real his-

torical development.

Scenarios

(1) Standard scenario: The population devel-

oped following standard model rules as

described above. Landscape (habitat suit-

ability of the cells) was altered according to

the historical observations. Changes in

landscape characteristics were considered

from the year when they were first re-

corded: 1987 (t = 14), 1991 (t = 18), and

2000 (t = 27). Thus, landscape in the model

did not transform continuously, but in dis-

crete steps. Numbers of suitable habitat

cells and their changes are given in Table 2.

If the land-use type in a cell changed from

suitable to unsuitable all plants were

immediately deleted (‘‘died’’) and the cell

could not be re-occupied. The cells trans-

formed from ‘‘unsuitable’’ to ‘‘suitable’’

were made available for invasion following

the dispersal rules of the model. In the

standard scenario a seedling had a proba-

bility of fL = 2.5% to be randomly dis-

persed (see below for justification of this

value). For the other seedlings it was as-

sumed that 80% of them remained in the

cell of origin, giving fraction fH, and 20%

distributed into the immediate neighbour-

hood (fraction fN).

(2) ‘‘Long-distance dispersal scenario’’: To

estimate the effect of random (long-dis-

tance) dispersal on the rate of invasion,

different fractions of random dispersal fL (0

... 100%) were assumed, accompanied by

changes in local (fH) and near-neighbour-

hood dispersal (fN) according to fH = (1 –

fL)*0.8 and fN = (1 – fL) * 0.2. Land-use

changes followed the standard scenario.

(3) ‘‘Land-use change scenario’’: The effect of

land-use changes on the invasion was tested

by retaining the original land-use structure

from 1973 over the whole simulation period

without any changes.

Results

Historical data and model prediction

(standard scenario)

Historical data on habitat occupation by H. man-

tegazzianum inferred from aerial photographs

show a marked increase from 1973 to 2000: the

number of occupied cells increased by a factor 45

(Table 2). The average rate of increase in habitat

occupation was RC = 1.15, with clearly distin-

guishable periods. From 1973 until 1987 average

rate was 1.22, followed by a period of stagnation

(1987 until 1991 with an average rate of only

1.01), again followed by a period of increase

(RC = 1.12). These periods are characterized by

changes in land use. The stagnation period is

associated with (but probably not fully explained

by) a slight reduction of the number of suitable

habitat. The opening of new suitable habitat in

1991, accounting for an increase from 17% to

71% of the total area, resulted in a re-start of

population spread, but with a reduced rate com-

pared with the initial period.

In the simulation of population development

habitat cover increased with nearly the same

average rate of increase of RC = 1.16 for the whole

period. This value was adjusted by the choice of a

value for the percentage of long-distance dispersal

fL (see below). The simulation showed an average

decrease of the rate of spread: with RC = 1.19,

1.16, and 1.12, respectively, for the three periods

denoted above. This decrease in RC may reflect

the effect of local saturation of habitats. The

stagnation in the second period is hidden in this

overall decrease of RC, corresponding to only

slight reduction in the number of occupied cells in
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1987. The snapshots of Fig. 2 give an impression of

the historical development, together with the re-

sult of a simulation run. In both cases there was a

patchy spread, with some new populations arising

over the years that are clearly distinct from those

located in the centre of the plane in 1973. It should

be mentioned that in Fig. 2 the simulated cover

does not fully correspond to the data from Table 2

as in Fig. 2 only cells are shown in which at least

two individuals occurred.

Table 2 gives average percentages of correct

matching PM of historically occupied cells by the

simulated population. This percentage at first

decreased from its initial value of 100% to less

than 17%, but then increased again. The values

can be compared with a null measure, with the

probabilities for a really occupied cell to be ‘‘hit’’

by an occupied cell in the simulations if these cells

were distributed fully at random. Such values PR

are equal to the percentages of occupied cells in

the simulation and are given in Table 2. The PR-

values show that even under completely random

dispersal there will be a considerable degree of

matching. But, in 1991 the value PM resulting

from our model simulations is much lower and

reflects the situation after the sudden opening of

suitable area. In 2000 PM was almost equal to the

‘‘random’’ value PR. The results in Table 2 shed

some light on the long-term effects of historical

settings on the population development in the

landscape studied, but a detailed interpretation is

somewhat blurred by methodical problems asso-

ciated with comparison of field data with simu-

lated results.

Effect of long-distance dispersal (scenario 2)

Long-distance dispersal is the driving force of the

invasion. The higher was the probability fL for

new plants to disperse randomly over a long dis-

tance, the faster the population of H. mante-

gazzianum covered entire area of suitable

habitats (Fig. 3). From Fig. 3 the value fL = 2.5%

was adopted, which gave visually the best fit to

the observed occupation values.

With neighbourhood dispersal only, the rate of

invasion did not accelerate with time and the area

occupied by the species reached only 14% of

that recorded by historical data from aerialT
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photographs (Fig. 4). Already small percentages

of long-distance dispersal had a marked effect on

population increase (Fig. 5). The long-distance

dispersal created new foci for satellite popula-

tions which again vigorously increased due to

neighbourhood dispersal. The effect of higher fL-

values was less remarkable and vanished in the

course of population development due to satura-

tion in the closed simulation habitat.

Effects of land-use changes (scenario 3)

In the standard scenario the effect of changes in

landscape suitability was hidden in the overall

increase of habitat occupation, which was far

from saturation. Figure 4 shows that under the

time-independent landscape the occupancy of

grid cells was comparable to the scenario with

implemented changes in habitat suitability.

However, with increasing percentage of long-

distance dispersal and hence higher habitat cover

development periods following landscape changes

differed markedly (Fig. 3). Habitat destruction in

1987 affected parts of the already occupied cells.

Opening of new habitat in 1991 offered oppor-

tunities for population spread, until habitat limits

were reached. This development was interrupted

again by a reduction of suitable habitat in 2000.

Fig. 2 Exemplary model
simulation of the
population development
of Heracleum
mantegazzianum in the
study site Arnoltov
(710 · 710 m, pixel size
25 m2). White area
represents suitable
habitat, dark-grey area is
the matrix of unsuitable
landscape (see Table 1).
Population spread as
derived from aerial
photographs (light grey)
was compared with
simulated spread (grey;
only cells with more than
1 individual). Overlapping
areas are indicated in a
medium grey tone. The
series illustrates the
original setting in 1973,
incorporated landscape
changes in 1987, 1991 and
2000, and projected
development for 2006
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Thus, the effect of habitat changes was a function

of actual habitat saturation and hence of the

percentage of long-distance dispersal.

Discussion

Invasion as a multilevel process in landscape

and the importance of long-distance dispersal

Invasion of a species into areas where it was not

present before is a process with various temporal

and spatial facets (Heger 2004). The combination

of observations on different time and spatial

scales with the reconstruction of these processes

by computer simulation is a powerful tool for

studying the dynamics of plant invasions (Higgins

and Richardson 1999; Higgins et al. 2000; Buckley

et al. 2003a). Whereas the initial phase of the

invasion process is shaped by processes on a local

scale, further spread of a species is governed by

the possibility for long-distance dispersal, again

accompanied by population increase into neigh-

bourhood. Hence, the invasion process is a mix-

ture of multiplication and dispersal, but also of

stagnation and temporary decline.

Our study of the spread of H. mantegazzia-

num offered an opportunity to start from

short-time investigations (3 years) on a scale of

10 m2, focussing on the fate of individuals, and

continue with data capturing more than

27 years, based on presence or absence of the

species in plots of 25 m2 covering the area total

of approx. 0.5 km2. The latter data were ob-

tained from aerial photographs, which captured

the historical development of land-use. Our

model was also developed in two steps. The

basic small-scale model that described the

development of individuals as a multi-stage

process was parameterized and verified along

the short-time data set (Nehrbass et al. 2006). It

was able to reproduce essentials of population

structure: the proportion of flowering plants in

the population, size distribution and the distri-

bution of leaf numbers of individual plants. The

next modelling step extended the basic model

by two essential features; this was preceded by

a small adaptation of life-history characteristics

(reduction of mortality) in order to meet the

requirements of a population in a growth phase.

Besides the dispersal of seeds into the neigh-

bourhood of the parent plant (approx. 10 m),

long-distance dispersal over 10–500 m was

introduced for a given percentage of seeds, and

heterogeneous and temporally changing land-

scape was considered.

Fig. 3 Effect of long-distance dispersal on invasion in
exemplary simulation runs in the standard landscape
scenario. The categories of long-distance dispersal are
based on the percentage of the total number of offspring
involved in long-distance dispersal events. The changes in

land-use structure at t = 1987, 1991, 1996, and 2000 are
reflected indicated by abrupt changes in the displayed
trends. Squares indicate historical development observed
on aerial photographs
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After adjustment of only one parameter, the

fraction fL of long-dispersed seeds, the model

reproduced well the temporal dynamics of cell

occupation as observed on aerial photographs.

The fitted value for this percentage, 2.5%, is in

line with generally recognized importance of

multilevel dispersal processes for the dynamics of

spreading populations (Levin et al. 2003; Pyšek

and Hulme 2005). Although the overwhelming

majority of seeds remained in the neighbourhood

of the mother plant, this small fraction was much

more effective in spreading the population over

distances 1–2 orders of magnitude larger than

neighbourhood distances alone. This marked

effect of small fractions of long-dispersed seeds

on the filling of available area is due to a com-

bined action of both dispersal modes by which

plants growing far from their mother plant

establish new (sub-) populations that will spread

again into neighbourhood.

The extended model had also the potential to

reproduce the effect of landscape structure on

population development. The degree to which the

simulated population responded to the changes in

landscape structure, i.e., to changes in habitat

suitability, depended on the actual level of habitat

occupation, which in turn was a function of long-

distance dispersal. As long as only small parts of

suitable habitat were already covered, the open-

ing of new habitat was of minor importance, but

this importance was increasing with saturation

level. A reduction of suitable habitat could,

although not necessarily, affect parts of the pop-

ulation, depending on the actual spatial situation.

Some open problems

A complex endeavour, such as the analysis of the

spread of an invasive species in a real landscape

by a combination of different methods, inevitably

brings about some methodological problems.

Our adaptation of the life-history model to the

requirements of growing populations is based on

some assumptions (e.g., density dependence of

rates), which should be paid more detailed

attention. This adaptation resulted in a certain

value of the rate of population increase larger

than one (RP = 1.12), but the sensitivity of sim-

ulation results to the changes of this value has not

been yet investigated. There may be an interfer-

ence with the effect of the fraction of long-dis-

tance dispersal on landscape occupation.

Dispersal is a crucial element of the analysis. In

the present model all the seeds dispersed over

long distances were distributed at random with

uniform probability over the whole area, and

Fig. 4 Number of all occupied grid cells (5 · 5 m) in the
simulation model of Heracleum mantegazzianum (line
with SD). Land-use changes occurred in the years t =
1987, 1991, 1996, and 2000. Horizontal lines indicate the
maximum number of grid cells that can be occupied at
those times (except for scenario 3 where max. number
remains constant at the level of 1973). Observed spread
(squares) lies slightly above the values for the standard
scenario (scenario 1, full line). The populations without
long-distance dispersal (scenario 2, long broken line) only
exhibit moderate increase. Populations in non-changing
landscapes are showing the same increase in number of
occupied cells as those in a shifting scenario (scenario 3,
short broken line). Detailed values for the historical data
are presented in Table 2
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none were lost due to crossing the boundaries of

the simulation area. For the initial state of pop-

ulation spread, as in our case, this simplified

assumption about long-distance dispersal may be

justified. Nevertheless, stratified dispersal (e.g., a

combination of two exponential functions in the

dispersal kernel) with components that reflect

different dispersal mechanisms with different

mean distances need to be introduced to make

the model more satisfactory (Bullock et al. 2002;

Clark et al. 2003). Formally, stratified dispersal

needs at least one more parameter, implementa-

tion of which is inevitable to capture the popu-

lation spread in a structured landscape in a more

realistic manner, especially in landscapes with

different degrees of fragmentation. Directed

transport, preferential transport along rivers,

roads and field margins, or transport towards

certain targets should be included, because linear

structures enhance directional dispersal (Colling-

ham et al. 2000; Buckley et al. 2003b; Hansen and

Clevenger 2005). However, our empirical findings

did not prompt us to such a model extension

which would lead to some ad hoc-rules. These

again would diminish the general character of the

modelling approach as they are unlikely to be

easily transferable to other scenarios (but see

Lonsdale 1993).

The special character of data acquired from

aerial photographs brings about another special

problem. The use of aerial photographs to

reconstruct invasions of herbaceous plants is a

recent achievement, encouraged by the develop-

ment of powerful computer tools (Everitt et al.

1996; Stow et al. 2000; Müllerová et al. 2005).

Although H. mantegazzianum is a plant with a

prominent appearance, only flowering and early

fruiting individuals can be safely recognized on

aerial photographs (Müllerová et al. 2005); the

total number of cells occupied by flowering or

non-flowering individuals was extrapolated by

computation procedures. However, our model

simulations of population spread suggest that

many cells harbour individuals in vegetative stage

but no flowering plants. The model was based on

the assumption that most of these cells were at

the edges of fully developed stands and covered

by the extrapolation procedure. However, solitary

plants apart from closed stands were not detected

by aerial photographs. Such plants may form only

ephemeral but also new permanent stands. In the

latter case they essentially contribute to the

spread, even if their absolute number may be low

as suggested by the low proportion of seed that

are dispersed to long distances. A detailed eval-

uation of the results provided by the model can

help to quantify this ‘‘detection’’ problem and

indicates two possible solutions. From the field

perspective, it is systematic ground-truthing of

photographic results. From the modelling per-

spective, the output needs to be designed so that

it mimics more closely the procedure of extrapo-

lation from flowering individuals to complete

stands, as used in the analyses of aerial photo-

graphs. Such an output is to be used for all direct

comparisons of the model performance with data

from aerial photographs, especially for parame-

terization and model validation. The simulation

using all occupied cells, especially with focus on

the dynamics of emerging stands, provides infor-

mation beyond the possibilities of empirical field

research. Improvement of the correspondence

between aerial-photograph data and simulation

outputs would make it possible to extend the

model and precise the present analysis of the

coincidence between occupied cells observed in

the field and simulated by the model.

Conclusions

The reconstruction and analysis of invasion pro-

cesses is often hampered by the fact that infor-

mation about past events is scarce. The series of

aerial photographs provided unique insight into

the local dynamics of spread of H. mantegazzia-

num over the whole course of invasion on a time

scale of decades. A simulation model consisting of

only a few components: population dynamics;

neighbourhood dispersal; long-distance dispersal;

and dynamic landscape structure, and combined

with empirical field data proved to be a conve-

nient tool for analysing such long-term longitu-

dinal data. It allowed to quantify what is the role

of long-distance dispersal and changing landscape

in shaping the spread of invading populations.

The model included some aspects of reality

in a very crude manner. However, even this
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simple design can be applied to the invasion of

H. mantegazzianum in similar situations. More

importantly, after some modifications and

re-parameterization, it could also be used to study

other species. Prominent candidates for a com-

bination of aerial photography and modelling are

species with prominent features and growing in

dense stands (e.g., Rhododendron ponticum or

Pueraria montana; Weber 2003). The present

study demonstrates how studies on population

dynamic can contribute to understanding large-

scale processes of plant invasions.
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We also thank our reviewers for their extensive comments
on previous versions of the article.

References

Akcakaya HR, Burgman MA, Ginzburg LR (1999)
Applied population ecology. Sinauer Associates Inc.,
Sunderland, MA

Buckley YM, Briese DT, Rees M (2003a) Demography
and management of the invasive plant species
Hypericum perforatum. II. Construction and use of an
individual-based model to predict population
dynamics and the effects of management strategies.
J Appl Ecol 40:494–507

Buckley DS, Crow TR, Nauertz TR, Schulz KE (2003b)
Influence of skid trails and haul roads on understory
plant richness and composition in managed forest
landscapes in managed forest landscapes in Upper
Michigan, USA. For Ecol Manage 175:509–520

Bullock JM, Moy IL, Pywell RF, Coulson SJ, Nolan AM,
Caswell H (2002) Plant dispersal and colonization
processes at local and landscape scales. In: Bullock
JM, Kenwart RE, Hails RE (eds) Dispersal Ecology,
Blackwell Publishers, UK, pp 279–302

Chips Development Team (1998) Chips 4.3, the Copen-
hagen Image Processing System. University of
Copenhagen, Copenhagen
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republiky. Agentura ochrany přı́rody a krajiny, Praha,
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bank in an invasive alien Heracleum mantegazzia-
num and its seasonal dynamics. Seed Sci Res
15:239–248

Levin SA, Muller-Landau HC, Nathan R, Chave J (2003)
The ecology and evolution of seed dispersal: a
theoretical perspective. Annu Rev Ecol Evol Syst
34:575–604

Biol Invasions

123



Lillesand TM, Kiefer RW (1999) Remote sensing and
image interpretation, 3rd edn. John Wiley & Sons,
New York

Lonsdale WM (1993) Rates of spread of an invading spe-
cies: Mimosa pigra in northern Australia. J Ecol
81:513–521
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