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Abstract

Predicting the vulnerability of landscapes to bibi initial colonisation and the subsequent
spread of invasive species remains a major chalefige aim of this study was to assess
the relative importance of sub-patch level factmd landscape factors for the invasion of
the megaforlHeracleum mantegazzianumm particular, we tested which factors affect the
presence in suitable habitat patches and the quareentage within invaded patches. For
this purpose, we used standard (logistic) regrassiodelling techniques. The regression
analyses were based on inventories of suitabletdtapatches in 20 study areas (each
1 km?) in cultural landscapes of Germany. The c@ancentage in invaded patches was
independent from landscape factors, except forhpattape, and even unsatisfactorily
explained by sub-patch level factors included ie #mnalysis (R? = 0.19). In contrast,
presence oH. mantegazzianurwas affected by both local and landscape facideody
habitat structure decreased the occurrence pralyabithereas vicinity to transport
corridors (rivers, roads), high habitat connedfivippatch size and perimeter-area ratio of
habitat patches had positive effects. The sigmfteaof corridors and habitat connectivity
shows that dispersal ¢i. mantegazzianurthrough the landscape matrix is limited. We
conclude that cultural landscapes of Germany fonctis patch-corridor-matrix mosaics for
the spread ofH. mantegazzianumOur results highlight the importance of landscape
structure and habitat configuration for invasiveesgl. Furthermore, this study shows that
both local and landscape factors should be incatpdrinto spatially explicit models to
predict spatiotemporal dynamics and equilibriungs$aof plant invasions.
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Introduction

The landscape distribution and abundance of pla@ties may depend on sub-patch level
factors and on landscape factors (Freckleton antkivémn 2002; Ehrlén and Eriksson

2003). Sub-patch level factors affecting the oauce and abundance of plant species
within a habitat patch include habitat structursstudbances, resource supply (nutrients,
water, light etc.) and biotic interactions amongmé and between trophic levels (e.g.
competition, facilitation, herbivory; Lortie et aR004). They are key determinants of

recruitment, growth, and production of seeds orotgbropagules (e.g. Schemske et al.
1994). Additionally, current occurrences of plapeaies can be generally influenced by
habitat age or individual histories of habitat p&E (Eriksson et al. 2002; Deil and

Ludemann 2003; Ehrlén and Eriksson 2003). In aeratbmplementary fashion, landscape
factors, such as the connectivity of habitat patctieeir distance from dispersal corridors
as well as their size and shape, are primarilytedlao biogeographical processes
concerning dispersal of propagules and specie8tiabito reach patches of suitable habitat
(Lortie et al. 2004).

Among contemporary biogeographical and landscamdogical concepts, patch
size and isolation (or, conversely, connectiviti/spatially structured habitats play a major
role in explaining dispersal success and landsebpadance of plant (and animal) species
(e.g. Eriksson and Ehrlén 2001). In theory, displesaccess and the rate of invaded habitat
patches should decrease with increasing isolatvbeyeas patch size should have a positive
effect. Furthermore, corridors (e.g. roads, rivérsgdgerows etc.) may enhance dispersal
success by enabling movement of species and th@pagules between otherwise isolated
habitat patches (Tewksbury et al. 2002; Kirchnerakt2003). These concepts apply
especially to species with limited dispersal aleitwhich live in fragmented or ‘patchy’
habitats (de Blois et al. 2002). Such species nealgyipothesised to perceive landscapes as
patch-corridor-matrix mosaics.

To date, corridors have primarily played a role danservation biology for
improvement of dispersal success and gene flow g, persistence of declining native
species in fragmented habitats (Murphy and Loveiid 2004; Horskins et al. 2006). On
the other hand, however, corridors might also haegative effects by facilitating the
spread of diseases or species of concern, sualvasive non-indigenous species (Wiens
2002). In fact, studies investigating occurrendesam-indigenous plant species along road
or river corridors have confirmed that corridorsynggable or enhance migration of plant
species into new regions (Parendes and Jones &¥)Bard and Belnap 2003; Pauchard
and Alaback 2004; Hansen and Clevenger 2005). Altay, it can be hypothesised that
both invasive and native plant species in disdnatatat patches may be affected by habitat
configuration with respect to patch size, isolatfonconnectivity) and corridors.

Factors affecting invasion processes and landsdispr&outions of invading species
are of fundamental scientific and practical interdsr invasion biology and the
management of invasive species. Yet, despite praslemnfluences on plant invasion
processes, only little research has explicitly stigated the effects of landscape structure
(With 2004). Apart from theoretical or modellingudtes of dispersal of (invasive) plant
species in fragmented landscapes (e.g. Collinghadh Huntley 2000; King and With
2002), especially empirical studies of the effaftéandscape structure on plant invasions
are hitherto rare (but see Deckers et al. 2005tuBaevige et al. 2006; Stephenson et al.
2006). Thus, there is a need to empirically stutfgces of habitat configuration on the
spread and distribution of invasive plant speclasparticular, landscapes with ongoing
plant invasions provide a unique possibility toastigate relationships between landscape
structure and the spread of plant species.

As relationships between regional plant populatiand landscape structure may
depend on life-history traits (e.g. dispersal maddras, life span, seed production; Dupré



and Ehrlén 2002; Kolb and Diekmann 2005), it isisalvle to adopt a species-specific
approach. For our own empirical study, we chbigegacleum mantegazzianuBomm. et
Lev. (Giant Hogweed) as a model species. This spanvasive to central Europe appeared
to be particularly suitable because it presumaldg himited long-distance dispersal
capacity and occurs in discrete habitat patchés imative and invasive range.

The aim of this study was to test the relevancéhefpatch-corridor-matrix model
(Forman 1995) as well as local factors for the $mage distribution pattern of
H. mantegazzianuntSpecifically, we tested for correlation of (larsport corridors, (2)
habitat connectivity (complementary to isolatio(§) patch size and shape, (4) habitat
structure (herbaceous vs. woody habitats), (5)tathge, (6) land use, (7) soil productivity
and (8) topography with the presencéHofmantegazzianumm suitable habitat patches and
with the cover percentage of this species in indguches.

M aterials and methods

Study species

The study speciesleracleum mantegazzianuomm. et Lev. is a megaforb of the
Apiaceae family native to the Western Greater Csuga(Otte et al. 2007). It was
introduced to European botanical gardens in theteanth century and showed a massive
increase in several European countries in the fetbntcentury (e.g. PySek 1991; Tiley et al.
1996). Plant individuals produce around 20,000 sdkidils 2005) which are dispersed by
water (long-distance dispersal) and wind (shortattise dispersal). Between 60 and 90% of
wind-dispersed seeds drop within 4 m from the pgaptant (unpublished data). Further
mechanisms are dispersal with soil material, gardérse, and vehicles (Tiley et al. 1996;
Otte and Franke 1998).

Habitats of H. mantegazzianunare predominantly fresh to moist, nutrient-rich
abandoned grasslands, tall-herb stands, rudeesl sdad verges and riverbanks. Although
light-demanding, the species can grow fairly wedhéath tree rows, or in copses and
woodlands with sparse canopies (Thiele and Otte6R0dowever, the species cannot
properly develop and reproduce in regularly usedcalgural land (arable land, managed
meadows and pastures) or dense forests.

Thus habitats of the species in European cultaraddcapes form discrete patches
or narrow strips along transport corridors (riversds) situated in a virtually inhospitable
matrix of agricultural land and forests. Therefdde mantegazzianumualifies as a model
species for testing the patch-corridor-matrix moghelbitat isolation, patch size, distance
from corridors).

Field inventories

We investigated 20 study areas (each 1 km?) thesented the landscapes most heavily
invaded byH. mantegazzianunin Germany. As assessment of relationships between
environmental factors and invasion pattern is clifti in the early stages of invasion owing
to a lack of equilibrium with the new environmewg set the criterion that each study area
should contain at least three extensive standssiamds >25 m?) dfl. mantegazzianum
Thus, the study areas could be considered to ksniadvanced stage of invasion. The
selection of study areas was based on a Germarg/-gudstionnaire survey addressed to
the nature conservation authorities of all 440riditst Landkreis¢ in 2001 which we used
to rank districts according to invasion intensitgté of return 70.2%; Thiele and Otte, in
press). In order to identify potential study areas, conducted detailed interviews of the
authorities in districts with high or medium invasiintensity. Potential study areas as
indicated by the authorities were scrutinized aidfiexcursions and, finally, we did field
investigation in all areas meeting the criterionntrened above. Within these 20 study



areas (Table 1, see end of document), we mappedaalls oH. mantegazzianurwith a
GPS system (differential GPS, sub-meter accuraygitionally, we recorded habitat type
and land use of invaded sites as attribute datajhwderved asa priori’ ground-truth data
for subsequent mapping of invaded and uninvadedataiatches from aerial photographs.

Mapping of habitat patches

We acquired multitemporal series of aerial photppsafor all study areas for three dates:
1950s, 1970s and present day (approx. 2000). Patdife suitable habitats for
H. mantegazzianum were identified by interpretation of present-dayigitdl
orthophotographs and mapped in ArcView GIS 3.2 (@ibnmental Systems Research
Institute, Inc.). Suitable habitats were all habitgpes recorded during field inventories
except for managed grasslands which are margiratatse of H. mantegazzianurbut do
not play a role for the invasion (Thiele and Ot@@). Different habitat types (Table 2)
were mapped as separate polygons (Fig. 1). Diditsstorical aerial photographs served to
determine habitat age and history. If parts of esent-day habitat were different at an
earlier date (i.e. different habitat type or norpitet land-cover type) we subdivided the
habitat accordingly. We repeated this procedurdéth historical dates (1970s and 1950s)
which led to habitat patches based on least comgeametries (LCG) with a uniform
history over the time period covered by aerial pgoaphs. These LCGs, hereinafter
referred to as ‘habitat patches’, were used asctbjer later statistical analyses. Two or
several of these habitat patches could lie adjaéembing altogether one contiguous
‘aggregated habitat patch’ consisting of differleabitat types or histories (Fig. 2).

Table 2. Habitat types dfleracleum mantegazzianuwhich could be discerned in the mapping of habitat
patches from aerial photographs in 20 study ame&ermany. Habitat types were classified basedadwitat
structure into open and woody ones (> 10% tredautscover).
Open habitats

Abandoned grasslands, neglected

grassland and field margins, and tall-herb

stands

Open riverbanks
Open roadsides
Open railway embankments
Ruderal areas
Cable routes

Woody habitats
(Partly-) Shaded riverbanks
(Partly-) Shaded roadsides
(Partly-) Shaded railway embankments
Tree fallow
Afforestations
Copses
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Fig. 1. Map of habitat types ¢feracleum mantegazzianusnd other land-cover types in an exemplary study
area (Rhineland-Palatinate, Ahrweiler). Edges efdtudy area are 1 km.
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Fig. 2. Map ofHeracleum mantegazzianymesence in habitat patches (least common ge@setrCG) and
road and river corridors in an exemplary study §Rtsineland-Palatinate, Ahrweiler). Edges of thelgtarea
are 1 km.



Variables for statistical analyses

For analyses of the relationships between parameibH. mantegazzianunfandscape
distribution and environmental properties of habpatches, we compiled a set of two
dependent variables and 12 potential predictorabées. Dependent variables were (i)
presence oH. mantegazzianunn suitable habitat patches, and (ii) cover-petaga in
invaded habitat patches. It is possible that theuwence and cover percentage of
H. mantegazzianunm a particular habitat patch might be influentgdoccurrences in the
vicinity (auto-correlation). Therefore, we calceédt the average cover percentage of
H. mantegazzianunin adjacent habitat patches for every habitat lpais a potential
predictor variable. In order to take transpootridors into account, we mapped flowing
waters and traffic routes, which can serve as pas/ectors and narrow habitat strips for
H. mantegazzianupirom aerial photographs (Fig. 2). Similarly, wapped housing areas
and garden lots which might have served as antige@po seed sources. Then, we
calculated nearest-feature distances (edge to exddgedbitat patches from each of these
landscape elements. Distances were calculated atelyarfor the different landscape
element classes (traffic routes, flowing watersudiiog areas, etc.) and different sub-
categories of these (e.g. major roads, agricultaadis). For assessment of donectivity
of habitat patches, we calculated the area-informexkimity index of McGarigal and
Marks (1995) with a search radius of 100 m usirg ‘Broximity Analysis’ extension in
ArcView (S. Lang, Salzburg, AT). Prior to calcutais of the proximity indices, we
dissolved adjacent habitat patches to form aggeegadtches of contiguous habitat. As the
calculation of nearest-feature distances and pribdximdices may be flawed by boundary
effects (McGarigal and Marks 1995) habitat patchied landscape elements up to 500 m
outside of study areas were taken into accountebhar, we calculated thgatch sizesn
GIS and assessed thatch shapeavith the shape index in FRAGSTATS for ArcView 1L0.
(McGarigal and Marks 1995) for each LCG habitatpat

Obviously, suitability of habitat types fét. mantegazzianurdiffers depending on
habitat structure in particular the presence or absence of woodypoments (Thiele and
Otte 2006). Therefore, we classified habitat typgs completely open and woody ones
(tree or shrub cover >10%; Table 2). We derihatbitat ageon an ordinal scale for each
current habitat patch from the multitemporal seakserial photographs. Additionally, we
classified currenttand use of habitat patches into either ‘Fallow’ or ‘Mainince’.
Moreover, we obtained data on soil productivitynirdhe German soil rating survey
(ReichsbodenschatzungData of the soil rating survey are not availafde the whole
landscape but for agricultural land parcels onhalfée fields, grasslands). For this reason,
soil data were available for only 52% of all habpatches, while for the remainder average
values calculated over all rated patches were aseslibstitutes. Finally, we assigned each
habitat patch to a topographic unit (valley, sidpétop, plateau).

Statistical analyses

We conducted two separate analyses for the two ndiegme variables (i) presence
(n = 1555) and (ii) cover percentage (n = 333) gisippropriate regression models. Before
calculating final models, we identified ‘best suisseof predictor variables based on
Akaike’s Information Criterion (AIC). As presenceas/a binary variable, we tested for
effects of ‘best subset’ predictor variables withagistic Regression Model (LRM) which
we calculated in SAS 9.1 (© 2002-2003 SAS Institui@). For cover percentage, which
was a continuous variable, we calculated a GenBedgression Model (GRM) in
STATISTICA 6.0 (© StatSoft, Inc.). Cover percentageere logo-transformed prior to the
analysis in order to fulfil the assumption of nofitya Collinearity of the predictor
variables was tested for extensively by sets oftiplalregressions of each predictor on all



the others. The R2 values of these regression maueler exceeded 0.4. Thus, there was
no considerable collinearity in the models.

The cover oH. mantegazzianunm adjacent habitat patches was in the best ssibset
for both dependent variables. Therefore, the finablels were auto-regressive (Legendre
and Legendre 1998). We tested residuals of bothetadir spatial auto-correlation by
Mantel tests of spatial and residual distance wedriDistance matrices were calculated for
each study area separately as well as for randamplea of all objects over all study areas.
The Mantel tests revealed three out of the 20 saundgis with significant spatial correlation
of residuals for either model (LRM, GRM). Howevaaxcept for one instance, these
correlations were only marginally significant aneéuld not have been significant after
Bonferroni correction. For all other study areassiduals were spatially uncorrelated.
Similarly, random samples of patches over all stadgas showed no significant spatial
correlation of residuals for either model. Altogaththese tests showed that there was
generally no significant spatial auto-correlatidrnresiduals. Therefore, the autoregressive
models appeared to be valid.

Results

Logistic Regression Model (LRM) of presence

Tests of the overall model (Score test, Wald test)e highly significant and the C statistic
(86%) which measures association between obseme@doeedicted presence, as well as
McFadden’s R2 (0.29) indicated good model fit (BaB). Habitat patches with predicted
probabilities below 0.1 were invaded by mantegazzianurnm 3.4% of cases, while for
predictions >0.9 the percentage of presence w&¥B{ig. 3). The turning point from less
than 50% observed presence to more than 50% olospresence was between predictions
of 0.3 and 0.4. Therefore, we calculated the diassion table (observations vs.
predictions) with a cut-off value of 0.4 (Table 4jhe overall percentage of correct
predictions was 84.2%. The model performed espggomll in correctly predicting the
absence oH. mantegazzianuntspecificity: 93.8%), whereas prediction of presemwas
rather moderate (sensitivity: 49.7%).

Significant positive effects on the presenceHoimantegazzianurwere found for
H. mantegazzianuntover in adjacent patches, habitat connectivitd aatch size. In
addition, the significant positive regression cmafht of the shape index implied that
elongated or complex polygon shapes favolethantegazzianurpresence. Conversely,
increasing distances from transport corridors (gyagricultural roads) and woody habitat
structure had negative effects. Furthermore, tinxge a marginally significant interaction
between land use and topography (Table 3).

With respect to traffic routes, the negative disteffect or, respectively, positive
vicinity effect was significant only for agricultalr roads but not for major roads and
railways (railways occurred in only 7 out of 20dfuareas). The positive vicinity effect of
agricultural roads was especially marked within 100from the road, and declined
markedly beyond that range. Distances from agucaltroads were especially important in
the topographic unit ‘Hilltop’ which showed a highkignificant difference between
uninvaded and invaded habitat patches (Mann-Whithdyest, p <0.001), whereas in the
‘Valley' unit there was no difference at all, an8lope’ as well as ‘Plateau’ showed
intermediate but non-significant results. Howevergluding an interaction between
distance from agricultural roads and topographit did not significantly improve the
model. Rivers had positive effects on the occurgmobability up to approx. 300 m from
the riverbed. Beyond this threshold, predicted pholities of presence dropped below 0.2.
The interaction between land use and topographtandicated that fallow sites situated in
valleys were more prone to invasion Hymantegazzianurthan were other combinations



of these two predictors. In order to further ilhasé the relationships between predictor
variables and predictions, we compiled profileshabitat patches with high (>0.95) and
low (<0.05) predicted probabilities bf. mantegazzianumpresence, presented in Table 5.

Table 3. Logistic regression analysis of presernfcél@racleum mantegazzianum 1555 suitable habitat
patches.

odds odds
Predictor Factor levelEstimate SE Est. e df p ratio ratio

(¢) units

<
Intercept -1.9698 03029 134.0195 1533 50001 NA NA

<

HM cover in adjacent patches 0.8799  0.0790 271.7886 1 0.0001 2.4106 1
Habitat connectivity 0.0001 0.0001 12.3969 1 0.0004 1.1606 1000
<
Distance from rivers -0.0013 00002 37.9279 ! 0.0001 0.8776 100
Distance from agricultural roads -0.0051 0.0014 14.9017 1 0.0001 0.6029 100
Patch size 0.0001 0.0001 8.4215 1 0.0037 1.0598 1000
<
Shape index 04116 00941 187687 1 44451 15003 1
Habitat structure woody -0.3779 0.1226  9.6589 1 0.0019 0.4697 NA
Land use none 0.1064 0.1289 0.6944 1 0.4047 1.2373 NA
Topography NA NA  2.8582 3 0.4140 NA NA
none*valle
Land use*Topography y 0.5140 0.1791 8.6717 3 0.0340 NA  NA
fes @ df  p
Overall model evaluation
<
Score test 402.5020 21 0.0001
<
Wald test 2355080 51 0.0001

Explained variation: McFadden’s Rz = 0.29. Measifrassociation: C statistic = 86.0%.

Note All main effects but only significant interactiomvere included into this table. HMHeracleum
mantegazzianunNA = not applicable.
! Significance tested by the Wald test.

Table 4. Classification table: the observed and phedicted frequencies for presence and absence of
Heracleum mantegazzianumy logistic regression with a cutoff value of 0.4.

Predicted %
Observed
PresenceAbsence  Correct
Presence 169 171 49.71
Absence 75 1140 93.83
Overall %
correct 84.18

Note Sensitivity = 169/(169+171)% = 49.71%.
Specificity = 1140/(75+1140)% = 93.83%. False
positive = 75/(75+169)% = 30.74%. False
negative = 171/(171+1140)% = 13.04%.
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Fig. 3. Classified predicted probabilities by ldgigegression of presence lderacleum mantegazzianum
suitable habitat patches (abscissa) versus pegeiofaobserved presence (ordinate). Predicted pilitizs
were classified into even intervals of 0.0-0.1,1>0.2 etc.

Table 5. Profiles of suitable habitat patches witbh (>.95) and low (<.05) predicted probabilities
Heracleum mantegazzianymnesence by logistic regression. Profiles arergseparately for open and woody
habitat patches in each probability class. Valuegamtinuous predictors and predicted probabiliteee
averages over all cases in the respective prdfite. categorical predictors, the most frequent cateds

presented. Number of cases in profiles: Open >.95.2Voody >.95 = 31. Open <.05 = 21. Woody <.05 =
311.

HM

coverin  Distance from Predicted Observed
Habitat adjacent Agricultural ~ Habitat ~ Shape Patch Land Topo- occurrence presence
structure patches Rivers roads connectivity index size use graphy probability  [%)]
Open 10.69 420.6 50.5 1018.9 1.8 355%a&llow Valley 0.994 100
Woody 11.93 382.1 51.8 787.5 1.9 130CFallow Valley  0.993 87.1
Open 0.02 8547 2235 306.1 1.6 720.0 Maihllltop  0.029 1.3
Woody 0.03 9234 83.1 886.0 1.5 1299%Hhllow Slope 0.032 0

Note HM = Heracleum mantegazzianum

General Regression Model (GRM) of cover percentage

The GRM of cover percentage was highly significantl explained approx. 20% of the
variance (Table 6). Significant predictors wete mantegazzianuntover in adjacent
patches, habitat structure and shape index. Moreabere was an effect of soil
productivity which, however, was only marginallygsificant. Again high cover
percentages ofH. mantegazzianumn adjacent patches had a positive effect and,
furthermore, high soil productivity tended to favdugh cover percentage. As expected,
woody habitat structure had a negative effect orecpercentage. In contrast to the LRM
of presence, the shape index was negatively retatedver percentage, which means that
elongated or complex-shaped patches had Iblvenantegazzianumover percentages than
did isodiametric simple-shaped patches. Most ofettidained variance was attributable to
habitat structure anH. mantegazzianuroover in adjacent patches, whereas shape index,
and, especially, soil productivity had only mina@ntributions (see partial r2 in Table 6).



Table 6. General linear regression analysis of cpeecentage dfleracleum mantegazzianum333 invaded
habitat patches.

Predictor Flg\i?r Partial r2 Estimate SEB  F-ratio p
<
Intercept NA  0.7022 NA NA 73.0236 0.0001
HM cover in adjacent <
patches 0.0750 0.0284 0.2572 0.0499 26.6053 0.0001
- <
Habitat structure woody 0.0995 -0.1442 0.2977 0.0494  36.2559 0.0001
Shape index 0.0361 -0.0995 01763 0.0503 12.2858 0.0005
Soil productivity 0.0152 0.0033 0.1121 0.0498 5.0608 0.0251
Test MUI|:\EIZP|6 Corr. R? df MQ F-ratio p
Overall model
evaluation
<
Regression 0.2039 0.1942 4 3.8757 21.0058 0.0001
Residual 328 0.1845

Note HM = Heracleum mantegazzianuiA = not applicable.

Discussion

Modifiable areal unit problem (MAUP)

With spatially aggregated data, it is possiblelitam different results from the same set of
data depending on the areal units used for datageptation (scale effect), e.g. differently
sized grid cells or administrative boundaries, andhe aggregation of data categories
within those areal units (aggregation or zoning@lf This phenomenon is known as the
modifiable areal unit problem (MAUP; e.g. Jelinksid Wu 1996). In our study, the areal
units for statistical analyses were ecologicallgdatermined discrete spatial objects, i.e.
habitat patches, and the categorical grouping heasl biologically determined as the single
plant species under consideration, Heracleum mantegazzianuidence, the MAUP does
not directly concern our study. A similar effecutd) theoretically, occur due to the
varying size and shape of the habitat patchestanthtt that sometimes only a part of a
habitat patch has been invaded. Particularly, etetypatches lying perpendicular to
transport corridors or other habitat patches cbel@ potential source of error in the
correlational analysis of nearest neighbor distararel habitat connectivity, if the presence
of H. mantegazzianunvould be restricted to the averted ends of thehgst. However,

there were no such cases in out data set. Withiddgalata aggregation, we analysed
different sub-categories of predictor variablesssafely to identify the ones that correlate
with the dependend variables which we then includealthe final models. Thus, we can
exclude artifacts due to aggregation effects. imctusion, our study does not suffer from
MAU effects.

Presence

The LRM results confirm that both sub-patch lewaltbérs and landscape factors (distances
from transport corridors, habitat connectivity, ghasize and shape) influence presence of
H. mantegazzianumSub-patch level factors are essentially reladecruitment and
growth of H. mantegazzianunwhile landscape factors are related to dispgyeatesses.
The effect of habitat structure might be directtiributable to trees or shrubs in woody
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habitats (>10% tree or shrub cover), which constiai shading the effective patch area
suitable for recruitment and growth and, thus, cedine probability oH. mantegazzianum
seeds to reach ‘safe sites’. In addition, it waalkb be conceivable that lack of disturbance
and old successional age of woody habitats exeitect effects orH. mantegazzianum
presence through increased competition by (nataleherbs under such conditions (Thiele
and Otte 2006).

Effects of habitat configuration have predominantigen found for perennial
species that produce rather low numbers of seedlfhave rather poor capacities for long-
distance dispersal (Dupré and Ehrlén 2002; Kolb Brekmann 2005). In this light, the
high significance of all parameters of habitat ogunfation for H. mantegazzianum
presence is remarkable, because this specieast-adreading, monocarpic plurennial with
a huge seed production. Significant effects ofatiseés from transport corridors (rivers,
agricultural roads) indicate, on the one hand, thahantegazzianursuccessfully spreads
through long-distance dispersal and migration alsuch corridors, but, on the other, that
the species has often failed to reach habitat patdistant from them. Thus, limited long-
distance dispersal capability through the landscajérix seems to be one of the key
determinants of the landscape distribution pattérd. mantegazzianunat least up to the
current stage of invasion in the study areas.

The positive effect of rivers on the presence Hbfmantegazzianunextended
approx. 300 m from the riverbed. This thresholchcmled roughly with the largest extent
of inundation areas of the rivers in the study aaggesting that seeds might be dispersed
outside riverbeds during floods. The significanck rvers for H. mantegazzianum
distribution is in agreement with observational ds#s reporting the spread of
H. mantegazzianuralong river corridors (e.g. PySek 1991). With egpo traffic routes,
only the distance from agricultural roads (inclglidirt tracks) had a significant effect,
while distances from major roads and highways wmetesignificant. This might be due to
higher maintenance efforts in the latter categaofesaffic routes, where roadside mowing
is usually conducted on a regular basis (e.g. twigear), which greatly reduces growth
height and seed production (Thiele and Otte 2081, hence, largely prevents spread into
adjacent or nearby habitat patches. Nevertheldégs,ntigration ofH. mantegazzianum
along major roads has been observed in the Ruba, ABermany (Keil and Loos, pers.
comm.), and it can be assumed that it also ocdsesviere, even though regular roadside
maintenance decreases the opportunities for miograind spread. In general, road
corridors enhance the spread of many invasive atgenplant species regardless of the
intensity of use (e.g. Parendes and Jones 200(ftdodl and Koedam 2004; Pauchard and
Alaback 2004; Rentch et al. 2005).

The findings concerning transport corridors cormal® previous interpretations of
H. mantegazzianumecords which suggested that the species, apart fiver corridors,
has also spread along traffic routes (Caffrey 19B8jthermore, in a time series of aerial
photographs, Millerova et al. (2005) observed theeal ofH. mantegazzianunfrom
linear landscape elements (rivers, paths, roadajljimcent extensive habitat patches within
recent decades in the Czech Repubilic.

In addition to long-distance dispersal along tramsporridors which substantially
influences the landscape distribution, short-distadispersal affects the local distribution
pattern (sub-landscape level) as indicated by itp@ifcant effect ofH. mantegazzianum
cover in adjacent patches. After arrival at a née, she species can successfully spread
through contiguous aggregates of habitat patchgardéess of habitat type, structure or
history. Moreover, the species can ‘jump’ to coneddabitat patches in the vicinity (100
m buffer distance for proximity indices), by wind other means. In such conducive
situations of habitat connectivityJ. mantegazzianuncan attain high rates of presence.
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Miillerova et al. (2005) found an average rate médr spread of 10.8 m y&afor heavily
invaded landscapes in the Czech Republic.

The classification table of the observed and ptedigpresence and absence of
H. mantegazzianurehowed a high percentage of correct classificat@h2%; Table 4).
However, there was a great difference between dhneect prediction of absence (93.8%)
and the correct prediction of presence (49.7%)s&hesults suggest that there are factors
included in the model which strongly impeHe mantegazzianuraccurrence in a number
of generally suitable habitat patches. These imqetictors are obviously large distances
from transport corridors and disconnectedness dfitdia patches, which, given the
limitation of long-distance dispersal through thatnx, largely prevent invasion. On the
other hand, the high rate of predicted absenceatohes where the species was in fact
present suggests that the pattern of presencebsastially influenced by factors not
accounted for in the model, which help to overcdorwg-distance dispersal limitation.
Most probably, these are human factors such abetate sowing into the wild as a bee
plant and other human-related means of dispersaltfanslocation of dry umbels).

With respect to management, probability-of-occuteemaps (Rew et al. 2005) of
invasive species within invaded regions would esirable tool to make early detection
and application of preventive measures more efficey narrowing down the area to be
surveyed or treated, respectively. However, the kemsitivity (correct prediction of
presence) with the cutoff of 0.4 would lead to liatde probability maps. Therefore,
application of the model to construction of prolidbmaps does not appear to be advisable
for already invaded landscapes. Nevertheless, ety uninvaded landscapes, the model
might be appropriate to identify habitats that m@st likely to be invaded in the first place
afterH. mantegazzianurarrival. A promising extension of static LRM moslelould be to
incorporate parameters of landscape features tegetlih more detailed local data into
spatially explicit dynamic models in order to assesvasion dynamics and predict
equilibrium stages of invasive plant species.

Cover percentage

In contrast to presence, cover percentage was utmdtantially influenced by habitat
configuration (apart from patch shape, see beltnwgtead, habitat structure and the cover
percentage of. mantegazzianunm adjacent patches prevailed. These results stidjgeat
cover percentage depends, firstly, on local halmtatditions governing the recruitment,
growth and seed production, and, secondly, on gapapressure from adjacent patches.
The negative effect of woody habitat structure tomg that the cover percentage of
H. mantegazzianums constrained by woody components of the vegwmtatiand,
presumably, by increased competition from othdrhtaibs under low disturbance and old
successional age which characterize woody habi@bswversely, high soil productivity
seems to facilitate high cover percentagebl.ahantegazzianunwhich is plausible taking
into account the fact that the species has quitgla demand for nutrients and moisture
(PySek and PySek 1995; Tiley et al. 1996; Otternatike 1998; Thiele and Otte 2006).

With respect to habitat configuration, patch shape the only significant predictor
and had a negative effect on cover percentage,hwivees diametrically opposed to its
effects on presence. The negative effect implieat #longated and complex shapes
featured lower cover percentages Hfmantegazzianunwhich might be attributable to
elongated habitat patches along major roads facomparatively intense maintenance
management, which reduclels mantegazzianumover. PySek and PySek (1995) found that
adjacency to roads and flowing water was a sigmifidactor for the cover percentage of
H. mantegazzianunThis pattern, however, was not found in the prestaudy.

12



Conclusions

Our study confirms that the presence of plant ggesiay depend on both sub-patch level
and landscape factors. In particular, the resuftgphasize the importance of habitat
configuration for the landscape distribution ofrilapecies and for the spread of invasive
species.

The landscape distribution pattern of the invadileracleum mantegazzianuis
strongly mediated by dispersal processes which raeme transport corridors (rivers,
roads) and high connectivity of habitat patchesemhs dispersal through the landscape
matrix is limited. Therefore, cultural landscapdsQentral Europe function as patch-
corridor-matrix mosaics for the spread-bfmantegazzianum

Application of the LRM of presence for constructioh probability-of-occurrence
maps could provide a means for more efficient edelgction and prevention in previously
uninvaded landscapes. With respect to preventivasores, regular maintenance of
roadside habitats could impede further spredd.ohantegazzianumutside river valleys.

In contrast to presence, cover percentagd.shantegazzianumoes not depend on
landscape factors. We would suggest that sub-platedl factors, such as small-scale
disturbances and biotic interactions, are more mapb determinants of cover percentage.
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Table 1. Study areas: state, districarfdkreig, date of field record, coordinates, altitude,ib@aimate parameters, and habitat patch statisiosrdinates represent the south-
western corner of study areas according to the @ergeodetic system (‘Gauss-Kruger’). Altitudes #Hre average between the highest and lowest stamte@cleum
mantegazzianurwithin the respective study area. Climate parammetd A PREC = mean annual precipitation (mm). MAME = mean annual temperature. JAN TEMP =
mean January temperature. JUL TEMP = mean Julydeatyre. Temperatures are given in °C. Climate dfta to the nearest climate station and reprabenyears 1961-
1990 (Deutscher Wetterdienstww.dwd.de.

Coordinates Climate ~Invade
Date Habitat ¢
of MA MA JAN JUL patche patche AgQr.
District field Altitude pPRE TEM TEM TEM S s patche
State ('Landkreis") record  Egst North (masl) ¢ P P p (LCG) (Lcg) s
Rhineland-Palatinate  Altenkirchen 200410.500 5623.000 160 1041 85 0.3 16.7 59 15 28
Rhineland-Palatinate ~ Ahrweiler 20032588.300 5594.500 155 703 9.1 11 174 182 24 29
North Rhine-Westph. Ennepe-Ruhr- 2003 2593.800 5696.400 85 916 95 20 174 100 44 10
Kreis
North Rhine-Westph.  Euskirchen 2002545.800 5595.000 480 769 7.3 -0.1 15.1 33 7 9
North Rhine-Westph. Euskirchen 2002535.500 5589.000 500 937 7.3 -0.1 151 78 12 19
Bavaria Freising 2002 4465.500 5362.500 490 837 75 -2.1 16.7 61 14 13
Bavaria Garmisch- 2002 4430.200 5270.000 865 1565 6.5 -3.0 15.8 50 7 12
Partenkir.
Bavaria Garmisch- 2002 4443.500 5253.500 930 1437 6.7 -15 15.0 59 6 16
Partenkir.
Lower Saxony Gottingen 20033552.500 5710.500 235 768 8.7 0.3 171 21 7 5
North Rhine-Westph. Hagen 20023396.700 5687.000 170 1157 95 2.0 174 132 43 25
North Rhine-Westph. Hagen 20032600.100 5695.500 90 900 95 20 174 106 34 31
North Rhine-Westph. Hagen 20023397.000 5689.800 275 1043 95 2.0 17.4 111 9 11
Hesse Kassel 20033529.200 5684.000 290 811 8.1 -04 16.6 71 18 12
Hesse Lahn-Dill-Kreis 2003 3467.000 5595.500 260 713 7.7 -10 16.3 81 6 17
North Rhine-Westph. Olpe 20023421.500 5664.500 265 1185 8.1 0.3 16.0 81 9 24
Thuringia Wartburgkreis 2003 3569.500 5620.500 340 697 8.7 -0.1 17.6 6 2 1
Hesse Waldeck- 2003 3488.300 5668.500 260 727 7.4 -09 1538 64 36 20
Frankenb.
Hesse Waldeck- 2002 3477.800 5655.500 335 876 7.4 -0.9 1538 68 16 9
Frankenb.
Hesse Waldeck- 2002 3487.500 5661.200 285 735 74 -09 158 112 14 9
Frankenb.
Saarland St. Wendel 20032589.000 5482.100 380 809 9.1 0.6 18.1 84 17 35
¥ 1559 340 335



