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Abstract

Control of plant invasions requires regional knalge of invasive species’
distribution and the factors that promote theiregpk We studied the distribution of
invasive alien plants in Denmark at two spatialesg'site’ and ‘municipality’) based
on habitat descriptions and species lists from 23li®s recorded within
environmental assessments for planned infrastreichnojects and conservation
management. We created a GIS database of theasiesupplemented the field data
with information on traffic routes, water courseslaocio-economic indicators from
the respective municipalities. The percentage wvhdied sites within a municipality
decreased with increasing tax percentage and ieased with (sub-)urbanity. The
number of invasive species at the sites was pe$jtivorrelated with resident plant
diversity, disturbance and proximity to traffic tea. We conclude that current plant
invasions in Denmark are mainly an anthropogeniub-{sirban phenomenon. The
results are discussed with respect to the utilitgrovironmental assessment data for
studying plant invasions and improving controlmfasive species.
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Introduction

Studying factors that control the invasibility ofbitats has become an
important issue of ecological research with the afrdeveloping general theories and
improving the efficiency of management. Experiméatad correlational studies have
led to a number of hypotheses about the relatipnsgiween local environment and
invasibility, and recent years have seen some teftor combine these into unifying
theories where habitat disturbance and native spetihness play a key role (1, 2, 3).
Furthermore, it has been recognized that invasawasalso influenced by landscape
structures, such as river systems and road cosiidbat can facilitate the spread of
invasive species (4, 5, 6, 7). In human-dominaaeddcapes biological invasions may
also be correlated with socio-economic factorshsag population density, land-use,
trade and urbanity (8, 9, 10, 11).

Management plans for alien invasive species reduiosvledge of the factors
that promote their spread (9). However, the redasignificance of the various factors
for habitat invasibility is likely to vary amongftiérent sets of non-native species (cf.
12) and different geographical regions and scalesimprove the management of
biological invasions, we need empirical studiest thee regionally specific and
consider subsets of non-native species that areerdly invasive, i.e. show
exponential population growth and spread.

Some studies have used grid-based data of plawtespalistribution from
national floristic monitoring programs (e.g. 12,,184). However, a substantial
limitation of such data sets is that they are radtitat-specific but lump species and
environmental data within spatial grid cells. Thubey do not allow direct
investigation of invader—environment relationsha®d, particularly, they preclude
spatially-explicit analyses of potential effectsdiépersal corridors. These limitations
can be solved by using site-specific datasets ¢baer large spatial ranges (e.g.
counties or countries). Unfortunately, such dataaet rare in the fields of ecological
science and invasive species management. A pransoarce of suitable data are
environmental impact assessments which are prodimcedsociation with building
projects and conservation management. Such datanassively collected in many
countries without being used for integrated ecalalganalyses, because the value has
not yet been recognised by ecologists or the data wot easily accessible.

The aim of this study was to explore the potenti@ue of environmental
assessment data for testing theoretical predictmingabitat invasibility, and for
providing an improved knowledge basis for regiomahnagement programs of
invasive species. The concrete objectives welte @ssess invasion frequencies of the
most invasive plant species in Denmark in diffefesibitat types, and (ii) to identify
environmental and socio-economic factors that ¢ateewith habitat invasibility at
two spatial scales (‘sites’ and ‘municipalities’).

Materials and methods

Database

We used a data set from environmental assessmiettits consultancy COWI
A/S comprising 2343 sites across Denmark that \gergeyed in the period 1997—
2006 (Figure 1). We focused on terrestrial inlandasions and, therefore, excluded
sites located within 3 km of the coastline. Theaaref the study sites ranged from 0.1
to 10 ha with occasional larger areas. The fieldeys produced comprehensive lists
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of vascular plant species and descriptions of Himtats that were used to assign the
sites to eight broad habitat types (Table 1). Shas comprised more than one habitat
type were excluded. Further, we used the habitstrgeions for classifying the sites
into ‘undisturbed’ and ‘disturbed’ habitats. Thedisturbed habitats were those that
had not been considerably altered by human or aladisturbance for several decades
indicating continuity of the respective vegetatitype. These included forests and
forest swamps, old plantations, natural bogs aked #hores. In contrast, those sites
that had undergone recent changes in land useherwite experienced vegetation
change were classified as ‘disturbed’, e.g. rudsitek and abandoned grasslands. We
had to leave 35% of the sites as unclassified lsecatimissing details in their habitat
descriptions.

Table 1.Categories of habitat types used in the assessshentasion frequencies in this study.

Sample
Habitat type Description size
Ruderal sites Abandoned industrial land, distuntaélevay and road 17
embankments, uncovered parking sites
Man-made habitats Artificial sites such as parkeyrts grounds, residential 14
areas
Heathlands Dwarf-shrub heath, usually dominate@dijuna 16
vulgaris, with varying cover of grasses or shrubs and trees
Forest plantations Afforestations with coniferouslieciduous trees 53
Deciduous woodlands Natural beech forests and ndee@uous forests without 184

larger occurrence of conifers

Grasslands Agricultural meadows and pastures, la@nbity pastures, 222
and abandoned grasslands which were formerly used a
meadows or pastures

Riparian habitats Pond and lake shores; banksefs; brooks and larger 496
ditches
Swamps Swamps, marshes, (partly-)drained bogs 243

7
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&
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Figure 1. Distribution of study sites in Denmark includingcords of the three most frequent invasive
alien speciedRosa rugosa, Pastinaca sativa andHeracleum mantegazzianum.



We constructed a GIS database of all sites andleamented the field data
with geodata at the site scale (geographical coatds, site area, proximity to roads
and water courses (<300 m), recreational valughemunicipality scale (deposition
of nitrogen and sulphur, human population and falensity, average income tax
percentage, land area tax), and by contrasting midgmish regions, the western
mainland Jutland and the eastern islands Sealarkiid&en. Some sites had to be
excluded because of missing or incomplete spetsdo that the effective data set
comprised 1639 sites.

Our study focussed on eleven terrestrial plantispewhich currently show
exponential population growth and invasive spreadDenmark based on expert
knowledge albeit without quantitative informatisee e.g. www.nobanis.org. These
species represent a broad diversity of life forfiab{e 2). We considered all other
plant species as ‘residents’, including non-natsgecies that have more or less
completed their invasion (e.@cer pseudoplatanus). We also made supplementary
analyses with all non-native species introducedraf600 (‘neophytes’, 73 species).
Nomenclature follows Flora Europaea (15), except Fallopia japonica (syn.
Reynoutria japonica Houtt.) andF. sachalinensis (syn.R. sachalinensis (F. Schmidt)
Nakai).

Table 2. Characteristics of the invasive study speciescigpeorder follows frequencies in 1639 study
sites; for comparison the preliminary frequenciestratified reference grid cells (25 km?) of th#aa
Flora Danica project are given (Per Hartvig, pecsnm.; www.botaniskforening.dk/1154.0.html). The
species’ frequencies of our study and of Atlas &IPanica were significantly correlated (Spearman R
=0.63, p =0.036).

Frequency (%)
Atlas
Life Study Flora
Species Family form* Origin sites Danica
Rosa rugosa Thunb. Rosaceae P perenn. Japan, China 10.6 92
Pastinaca sativa L. Apiaceae H monoc. Europe 8.4 50
Heracleum mantegazzianum Somm. et Lev.  Apiaceae H monoc. Caucasus 6.2 75
Petasites hybridus (L.) Gaertner et al. Asteraceae H rhiz. Centrabipa 4.7 51
Pinus mugo Turra Pinaceae P perenn. Central Europe 4.5 29
Prunus serotina Ehrh. Rosaceae P perenn. NE America 3.5 59
Solidago canadensis L. Asteraceae H rhiz. N America 3.1 42
Fallopia japonica (Houtt.) Ronse Decr. Polygonaceae  H rhiz. JapamaC 2.0 70
Impatiens glandulifera Royle Balsaminaceae T Himalaya 0.2 17
Solidago gigantea Ait. Asteraceae H rhiz. N America 0.1 46
Fallopia sachalinensis (F. Schm.) Ronse  Polygonaceae  H rhiz. Japan, China 0.1 22

Decr.

'H, hemicryptophyte; P, phanerophyte; T, therophyteonoc., monocarpic-plurennial; perenn.,
polycarpic-perennial; rhiz., rhizome perennial.

Data analyses

We set up two variables to measure habitat invietgibAt the municipality
scale, we calculated the percentage of sites tbat Wwvaded by at least one of the
invasive plant species (hereafter ‘invasion peiagel), while we used the number of
invasives at the site scale. To test the signiieanf predictor variables, we used R-
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2.4.1 (16) to calculate Poisson regressions, shw dependent variables were
approximately Poisson-distributed. We selected babtets out of the two sets of
potential predictor variables described above basedkaike’s information criterion
(AIC; 17) and, in case of close AIC values, decifledthe simpler model to follow
the principle of parsimony (18). We tested for icalrity among the predictor
variables by regressing each of them on all thergthedictors. The R2 values of these
regressions never exceeded 0.27 and, thus, indith#t there was no considerable
collinearity. For graphical analyses, we used thgice package in R (19) and
SigmaPlot 10.0 (copyright Systat Software, IncQ&0

Results

Habitats and species

The three most invaded habitat types of the presamey were ruderal sites,
heathlands, and man-made habitats including urlaakspyards and sports grounds,
with invasion percentages of up to 70% (Figure I&@)contrast, the least invaded
habitat types were riparian habitats and swampssti@ved invasion percentages of
around 20%.

Regarding all habitat typeRpsa rugosa (10.6% of 1639 sites) had the highest
frequency of the eleven study species, followedHagtinaca sativa, Heracleum
mantegazzianum, Petasites hybridus, Pinus mugo, Prunus serotina, Solidago
canadensis and Fallopia japonica in decreasing order (see Table Pnpatiens
glandulifera (0.2%), Fallopia sachalinensis and Solidago gigantea (both 0.1%) were
relatively rare.

Percentage of invaded localities

ruderal sites - |

heathlands - |

man-made -

forest plantations |

grasslands - |

deciduous woodlands |

riparian habitats -
swamps -

0 20 40 60 80

Figure 2. Percentage of invaded sites for eight habitatsyipeDenmark. All sites that contained at
least one invasive plant species were consideretetanvaded. Sample sizes: ruderal sites, 17;
heathlands, 16; man-made habitats, 14; forestatians, 53; grasslands, 222; deciduous woodlands,
184; riparian habitats, 496; swamps, 243.
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Figure 3. Relative frequency of invasive species in invasiéels of eight Danish habitat types. For full
plant species name see Tabld~allopia and Solidago ssp. were mergedmpatiens glandulifera was
omitted because of too few occurrences.

The proportions of the invasive species within tebiypes showed some
degree of variation (Figure 3). Heathland invasiomsre, for the largest part,
attributable tdPinus mugo, and in forest plantations, woody speciesnjugo, Prunus
serotina, Rosa rugosa) accounted for 80-90% of all observations. In casif
grasslands were prevalently invaded by tall herddsrdcleum mantegazzianum,
Pastinaca sativa, Petasites hybridus), and in man-made and ruderal siRastinaca
sativa was the most frequent invader.

Invasibility of municipalities and sites

The percentage of invaded sites within municipaditivas negatively
correlated with average tax percentage and thesealg® a regional difference with
lower invasion percentages on the mainland Jutlemapared to the islands of
Sealand & Funen (Table 3, Figure 4). Within regjadhg negative correlation of tax
and invasion percentage was significant on Sea&rféunen, but not in Jutland.
Including an interaction of region and tax percgetdid, however, not improve the
model significantly. The regional affiliation waghly correlated with the deposition
of nitrogen and sulphur (multiple R2 = 0.83), sattlthe lesser invaded Jutland
showed higher nitrogen but lower sulfur depositerels.

The number of invasives per site was positivelyalated with the number of
resident species, i.e. natives and fully naturdlineophytes, over all habitat types
(Table 4). Also within habitat types, the assooiatof invasives and residents was
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positive or neutral (Figure 5). Proximity to traffcorridors (<300 m to the state road
network) and disturbance were positively associat@tli the number of invasives
and, further, there was a trend of increasing numbginvasives toward the east and
the north of Denmark (Table 4). When we did thislgsis with the number of all
neophytes instead of only the invasive speciedpwed the same results apart from a
somewhat lesser significance of disturbance.

Discussion

Invasi ve species frequencies

The present study is one of the first showing gtetite differences in
frequency of invasive species based on environrhastessment datRosa rugosa,
which typically spreads along coastlines of nomheurope and northeastern America
(20), is the most frequent invasive plant in Dermand it has apparently become
invasive throughout the whole country. This resuuld probably be even clearer if
coastline sites had been included. On the othed,henpatiens glandulifera, Solidago
gigantea and Fallopia sachalinensis showed only rare incidences, although they are
common and widespread invaders in central Euroge evw.floraweb.de/neoflora;
www.iop.krakow.pl/ias). Apparently, they have net yeached phases of exponential
increase in Denmark which, however, could be exqaert near future.

In contrast to the majority of the study speciescWhare invasive in several
countries of Europe and on other contineRtaus mugo is invasive only in Denmark
and Norway (and considered potentially invasive liatvia and Lithuania;
www.nobanis.org) and outside Europe in New Zeal@1id. Its wide distribution in
Denmark is promoted by planting, especially on gasulls. Its spread has negative
implications for nature conservation as it oftevaides semi-natural heathlands.

Regarding the ranking of the study species accgridirfrequencies, our study
sites roughly compared to the 25 km? grid cellghef Atlas Flora Danica as indicated
by a significant Spearman rank correlation (TableFowever,Fallopia japonica
ranked considerably lower and, in contrd&&tjus mugo ranked higher than in Atlas
Flora Danica. Higher ranking at the smaller scatedy sites) indicates substantial
spread among sites in some parts of Denmark, whdngher ranking on the larger
spatial scale (Atlas grid cells) indicates a wided eeven distribution, but little
invasive spread among sites.
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Figure 4. Correlation between the municipal invasion peragatand average tax percentage for the
two main regions of Denmark. The correlation wasigicant within the region Sealand & Funen (r = -
0.42, p = 0.006, n = 40), but not within Jutlane #0.15, p = 0.399, n = 35).
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Table 3. Correlates of the percentage of study sites wighidanish municipality that were invaded by
at least one invasive species (Poisson regressimaelnmultiple R2 (McFadden) = 0.36; n = 75
municipalities).

Variable Estimate Std. error  t-value p-value
Region Jutland -1.146 0.192 -5.973 <0.0001
Tax percentage -0.289 0.097 -2.989 0.0038

Table 4. Correlates of the number of invasive species pter in Denmark. Both invaded and
uninvaded sites were included (Poisson regressiodem multiple R2 (McFadden) = 0.12; n = 766
sites).

Variable Level Estimate Std. error z-value p-value
Log resident 1.8190 0.2665 6.8270 <0.0001
Traffic routes proximate 0.6608 0.1805 3.6610 0.0003
Disturbance low -0.4825 0.1497  -3.2240 0.0013
Grid east 4.56E-06 8.92E-07 5.1120 <0.0001
Grid north 5.14E-06 1.62E-06 3.1710 0.0015
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Figure 5. Correlation between the number of invasive anchtlmaber of resident plant species per site.
Only sites invaded by at least one species aréeploThe slope of the regression line within habita
type was significant for forest plantations onlyoig3on regression, p = 0.047). Sample sizes:
deciduous woodlands, 49; forest plantations, 2asglands, 70; heathlands, 11; man-made habitats, 8;
riparian habitats, 115; ruderal sites, 12; swamps,

Invaded habitat types

The ranking of habitat types in order of invasi@ngentage was, by and large,
similar to those found in other central and nomhieuropean countries. However, the
high invasion percentage of heathlands and, orother hand, the low figures for
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riparian habitats were surprising. While many stsdound man-made habitats to be
more vulnerable to invasion than natural ones @2¢23), it appears that heathlands
in Denmark are open to invasion by woody speciagjqularly Pinus mugo, but also
Rosa rugosa andPrunus serotina. Invasions of semi-natural inland heath in Denmark
are probably facilitated by decreasing managemeudt iacreasing nutrient loads,
which trigger secondary successions leading tobsand woodland encroachment
(24). Early stages of succession offer good oppdras for invasive plant species
(25, 26).

Riparian habitats have frequently been recogniadzktparticularly vulnerable
to invasion (27, 28). However, we found a low ineaspercentage of Danish riparian
habitats. This might be because Danish rivers acties have relatively little natural
dynamics with short and infrequent inundation. Rerf most water courses are
adjacent to agricultural land and, therefore, rgrarhabitats are often intensively
managed (29). In a related grid-based study, waterses were a marginally
significant predictor of the distribution ¢dderacleum mantegazzianum in Denmark
(14).

Municipal invasion percentage

Contrasting our expectations, we did not find amnificant relationship
between the percentage of invaded sites within anpalities and human population
density or number of farms per area. However, cesults revealed regional
differences between Jutland and Sealand & Funed, arcorrelation with tax
percentage that together explained a fairly largeount of the variation in the
municipal invasion percentages (R? = 0.36). Thaoreyy differences were highly
correlated with the deposition of nitrogen and bulpthat can be interpreted as
correlates of agriculture and urbanity, respecyiveligh nitrogen deposition seems to
point toward a high intensity of agriculture (cf0,331) which, in this study, is
associated with comparatively low invasion percgesa In contrast, high sulphur
deposition indicates a high degree of urbanity 32, associated with high invasion
percentages. Thus, it appears that current invasadmon-native plant species in
Denmark tend to be mostly a (sub-)urban phenomewbile intensive agriculture
seems to reduce invasion at the municipality scale.

The municipal tax percentage which was negativelyetated with invasion
represents the average income tax percentage pditebmunicipality’s inhabitants
and, thus, reflects prosperity of the populatione An only speculate about the
mechanisms behind this negative correlation betwasperity and invasion. It
would be conceivable that prosperous municipaliéied citizens spend more money
on conservation, landscape management, and gardkmpak maintenance which
should result in lower amounts of ruderal and negkt land area and, consequently,
fewer plant invasions. Moreover, prosperous muaidies might also spend more on
the maintenance of roadsides which could reduae¢bgeidor function for the spread
of invasive species. Another explanation may beé well-off citizens choose to live
in rather undisturbed areas with high proportiohgaiural forests and low levels of
disturbance by large infrastructure projects etdtogether, the results of the
municipal invasion model indicate that plant iness are, for a good part, a socio-
economic issue as pointed out by Hobbs and Hungp(Bije

Steinvasibility
The site-scale invasion model showed that distusited have higher numbers
of invasives which is in agreement with other clatienal studies (e.g. 33) and with
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experimental studies that found facilitative eféecf small-scale disturbance for
establishment oRosa rugosa (34), Heracleum mantegazzianum (J. Thiele, unpubl.
data), and other species (35).

We found that the number of invasives per site éased in proximity
(<300 m) to traffic routes indicating that the nrajoads function as dispersal or
migration corridors for the invasive species in bank. However, we did not find
any significant corridor effect of water coursesiahhdissents from other studies that
found enhanced spread along river corridors of sives (e.g. 36, 27). Reasons for
this may be that the riparian habitats of this gtwhowed comparatively low
invasibility and that only some of the study spsc@ow affinity to flowing waters,
such as Heracleum mantegazzianum (14, 37), Fallopia ssp. (38), Impatiens
glandulifera (13) andPetasites hybridus (39), while the others are less associated with
rivers.

The positive correlation of resident and invasipecses numbers within and
across habitat types appears to contradict theickdgheory of biotic resistance (40).
However, it has been shown that correlations otiggenumbers largely depend on
spatial scales, and that correlations tend to b&tipe across habitat types and
negative at very fine spatial scales (few squarderse as a consequence of a
sampling effect (41). At intermediate scales, poasi studies showed variable
patterns (42). While we cannot preclude biotic stesice effects at smaller scales
within the sites, our study suggests that residedtinvasive diversity are controlled
by similar factors at the site scale within andoasrhabitat types which was also
found by several other studies (e.g. 23, 43).

The potential of environmental assessment data

Our study shows that large environmental assessdaatsets can be useful
for scientific studies of plant invasions. Evenupb the data set used here has some
disadvantages, as it is not a random sample andahmled sites are not evenly
distributed over the study region, we could idgnsbme environmental and socio-
economic factors associated with occurrences dadisive plant species and habitat
invasibility. Strong points of the data set are thmge number of sites, the wide
geographical range and the comparatively short spen between the earliest and
most recent records (1997-2006). Based on our exer made during this study we
would encourage other scientists to use similaa d@m environmental assessment
programs to tests invasion theory and to idenhiy generality or regional specificity
of environmental and socio-economic factors acgesgjraphic regions.

Per spectives for management

Since monetary resources are a limiting factor,isitmandatory to set
management priorities of species and areas todagett (44). Here, environmental
assessment data or similar data sets could giviiluséormation on the habitat-
specific frequencies of invasive species and feessing invasion risks, e.g. at the
municipality scale, as a basis for planning managegmprograms. A further
perspective could be to integrate environmentakssaent data into monitoring
systems of invasive species, e.g. by passing ospeees records to floristic mapping
projects or specialized invasive plant databasesllif, we could imagine that the
environmental impact assessments or conservatiamgeanent projects could be
combined with management measures of the invagieeies found in the records.
The usefulness of environmental assessment dakd stillibe enhanced by recording
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abundance estimates together with the speciesist$ would allow a more detailed
assessment of the local invasion intensity of pjexees.
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