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PRESENCE OF INVASIVE ALIEN VASCULAR PLANT TAXA IN
THE SELECTED NATURA 2000 SITES IN CROATIA

Marina SKUNCA'*, Sanela DAMJANOVIC?, Oleg ANTONIC?

SUMMARY

The Natura 2000 (N2000) ecological network, one of the most important tools for preventing further biodiver-
sity loss in the European Union and the world’s largest coordinated network of protected areas, is affected by the
spread of invasive alien vascular plant taxa (IAPs). The aim of this research was to gain first insights into (1) the
presence of IAPs in the selected Croatian N2000 sites designated under the Habitats Directive, and determine
(2) potentially the most vulnerable sites. IAPs were recorded in 233 out of 373 of the selected N2000 sites (62%),
while 76 of the total 77 IAPs recorded at the time for entire Croatia (99%) were documented in at least one site.
In all but one N2000 site in which they were recorded, the IAPs had potentially suitable habitats for the estab-
lishment and spread of their populations. Additionally, 92% of the IAPs had potentially suitable habitats in all
N2000 sites where they were recorded. In 94% N2000 sites where IAPs were recorded and target habitats were
present, at least one recorded IAP could potentially threaten the target habitat(s). Eight species were considered
as the potentially most worrisome IAPs recorded in Croatian N2000 sites, while ten sites were identified as the
potentially most vulnerable. Avenues for additional research were identified, which could contribute to the
improvement of management strategies and the conservation of target species and habitats in Croatian Natura
2000 sites.
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INTRODUCTION

Invasive alien vascular plant taxa (IAPs) are naturalised
plant taxa that exhibit considerable reproductive and
dispersal capabilities, which result in significant impacts
on native taxa and habitats, various ecosystem services
and/or human health (Richardson et al. 2000, Miti¢ et al.
2008, Nikoli¢ et al. 2014). As per Nikoli¢ (2024) a total
of 77 IAPs, belonging to 28 families, have been recorded
to date in the flora of Croatia. These taxa are predom-
inantly recorded in areas that have been subjected to
direct anthropogenic impact, e.g. discontinuous urban
areas, managed broad-leaved forests, complexes of culti-
vated and arable lands, pastures, transitional woodlands
and shrubs (Nikoli¢ et al. 2014). Invasive alien taxa are
generally considered one of the main drivers of biodi-
versity loss (e.g. Brondizio et al. 2019), while the costs to

the European economy are estimated at billions of euros
annually (e.g. Haubrock et al. 2021).

The Natura 2000 (N2000) ecological network is a net-
work of terrestrial and marine nature protection sites
in the European Union. It consists of Special Areas of
Conservation (SACs) and Special Protection Areas
(SPAs), which are designated under the Habitats Direc-
tive (Council Directive no. 92/43/EEC) and Birds Direc-
tive (Council Directive no. 79/409/EEC; 2009/147/EC),
respectively. The network’s primary objective is the
conservation of so-called target species and habitats, as
listed in the annexes of the Directives. The network cur-
rently covers around 18% of the European total land area
across 27 Member States. It is regarded as a vital tool for
preventing further biodiversity loss in the EU, and the
world’s major coordinated network of protected areas
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(Guerra et al. 2018, Natura 2000 Barometer 2024). Pro-
claimed in 2013, the N2000 spans three biogeographical
regions in Croatia (continental, alpine and Mediterra-
nean region) and consists of 745 SACs and 38 SPAs, cov-
ering almost 37% of the country’s total land area (Official
Gazette n0.80/19, no. 119/23, Natura 2000 Barometer
2024).

The N2000 sites are not immune to the spread of IAPs.
Some authors (e.g. Gallardo et al. 2017, Guerra et al.
2018) propose that they may be, in fact, more susceptible
to invasion than nationally designated protected areas.
This is attributed to the fact that variable human activ-
ities are allowed in most of the N2000 sites, as well as
relatively recent designation and large area of these sites
(e.g. Gallardo et al. 2017, Guerra et al. 2018, Baquero et
al. 2021, Ayllon et al. 2022). Therefore, data pertaining to
the presence and impact of IAPs on the N2000 network
is considered crucial for developing effective strategies
to counteract their detrimental impacts on native taxa
and habitats of Community interest. In recent years, sev-
eral studies have been carried out to comprehensively
investigate the occurrence of IAPs in N2000 sites at the
regional or national level (e.g. Guerra et al. 2018, Lazzaro
et al. 2020, Ayllon et al. 2022). The factors influencing
this occurrence have also been examined (e.g. Dimitra-
kopoulos et al. 2017, Guerra et al. 2018, Christopoulou et
al. 2021, Baquero et al. 2021, Ayllon et al. 2022), as well
as the ecological impacts of IAPs on N2000 habitats (e.g.
Lazzaro et al. 2020). However, basic distribution data is
still lacking, as is exhaustive research into the effects of
IAPs on the N2000 sites, target species and habitats, or
a common approach for protecting the N2000 network
(Rouget et al. 2016, Guerra et al. 2018, Lazzaro et al.
2020). Despite the growing number of research, map-
ping, monitoring, and policy-related projects focused on
the invasive flora in Croatia over recent decades, both
on site-level and nationally, the presence and impact of
IAPs on the N2000 is still largely investigated as part
of the general floristic research or focused on a limited
number of taxa and a geographically limited area (e.g.
Novak and Novak 2018 or project “The LIFE CONTRA
Ailanthus - Establishment of control of the invasive
alien species Ailanthus altissima in Croatia LIFE19 NAT/
HR/001070”).

This research aimed to gain first insights into the occur-
rence of IAPs in Croatian N2000 sites and the potentially
most vulnerable sites. Additionally, prospective avenues
for additional research were identified, which could con-
tribute to the improvement of management strategies
for the sites and the conservation of target species and
habitats.
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MATERIALS AND METHODS

The research was carried out using the MS Excel 365 and
Quantum GIS (QGIS) 3.10.10. (A Coruna).

Data on invasive alien plant taxa

The georeferenced dataset on the spatial distribution of
IAPs in Croatia was obtained from the Flora Croatica
Database module "Allochtonous plants” (Nikoli¢ 2024).
The level of precision of the coordinates is indicated for
each observation in the database, with values ranging
from very low (0 — Croatia and 1 - region) to very high
(11 - GPS, ca. 5-50 m). Only data with a precision of 7 or
higher was considered, with 7 representing a precision of
100 to 200 m (Nikoli¢ 2020).

Based on the collected data, an Excel spreadsheet was
created for each of the 77 taxa. The data sets were trans-
formed, harmonised and combined to create a point
shapefile layer ("IAPs shapefile’) projected into the
national coordinate system: Croatian Terrestrial Ref-
erence System for the Epoch 1995.55 (HTRS96, i..
EPSG:3765 - HTRS96/ Croatia TM in QGIS), which was
used in subsequent analyses in QGIS. The errors result-
ing from the transposition of coordinates were corrected,
while the data with incomplete coordinates or localities
outside the Croatian borders were deleted. In the analy-
ses, each taxon was considered individually, whether it
was included in the database as a species or as a subspe-
cies (as in the case of the taxa Angelica archangelica L.
and Erigeron annuus (L.) Desf.).

N2000 site selection

The study area comprised the N2000 sites designated
in the Republic of Croatia under the Habitats Directive
(Council Directive no. 92/43/EEC). A list of proposed
Sites of Community Importance (pSCI), Sites of Com-
munity Importance (SCI) and Special Areas of Conser-
vation (SAC) (in total 745 sites), their target species and
habitats were obtained from the then-current Regula-
tion on the Ecological Network and the Competencies
of Public Institutions for Ecological Network Manage-
ment (Official Gazette no. 80/19). Given the ecology of
IAPs, sites listing only marine or subterranean habitats
or taxa were excluded from the analyses. On the other
hand, sites featuring the target habitats ”1130 Estuaries”
and 1150 Coastal lagoons” — complex habitats under
the substantial freshwater influence, and often including
surrounding terrestrial elements — were included. Over-
all, the study area consisted of 373 selected N2000 sites.

The Web Feature Service (WES) layer of the N2000 sites
was obtained from the Bioportal (2021) and saved as a
polygon shapefile. Sites excluded from the analyses were
removed and 200 m buffer was added around each site
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to match accuracy of georeferenced IAPs data. Although
this may have resulted in the inclusion of the IAPs local-
ities situated just beyond the boundaries of the sites, we
have elected to exercise caution and maintain the buffer
zone, given the relatively high probability of the intro-
duction or spread of those IAPs. The resulting "N2000
shapefile” was used in the subsequent analyses. Each
site was analysed individually, regardless of any overlaps
with other sites.

QGIS shapefile preparation and data analysis

The main objectives were to establish a relationship
between (a) data on IAPs and selected N2000 sites, and
(b) habitats impacted by the IAPs and (target) habitats
identified in the sites.

The habitats impacted by a certain IAP represent those
with the highest potential (suitability) for the taxa to
establish and spread its population, as described in the
literature and FCD (e.g. Nikoli¢ et al. 2014, Nikoli¢ 2024,
Vukovi¢ et al. 2019, project “The LIFE CONTRA Ailan-
thus - Establishment of control of the invasive alien
species Ailanthus altissima in Croatia LIFE19 NAT/
HR/001070”). Their descriptions were translated to the
Level 1 habitat codes listed in the National Habitats Clas-
sification (NHC; Appendix 1 of then-current Official
Gazette no. 27/21) and added to the "IAPs shapefile”

To evaluate the relationship between IAPs and the
potentially suitable target habitats, the N2000 habitat
codes were cross-walked to the corresponding NHC
Level 1 habitat codes in the "N2000 shapefile”, in accor-
dance with the List of Endangered and/or Rare Habitat
Types of National and European Significance Present in
the Republic of Croatia (Appendix 2 of Official Gazette
no. 27/21). Moreover, to ascertain the general presence
of potentially suitable habitats for the establishment and
spread of IAPs, the "N2000 shapefile” was overlapped
with the Map of Natural and Seminatural Non-For-
est and Freshwater Habitats of the Republic of Croatia
(Bardi et. al. 2016), and the column with the NHC Level
1 habitat codes of the present habitats was also added
to the "N2000 shapefile”. Only "dominant” habitats were
considered, i.e. those which covered over 85% of the area
of a polygon in which they were recorded. NHC Level 1
habitat codes were used due to the limited country-spe-
cific information on the habitats affected and the incom-
plete data, available at the time in the FCD and additional
literature, on the specific habitats or vegetation in which
a particular IAP was recorded.

Two analyses were carried out using the two shapefiles
prepared in the preceding steps: the final "IAPs shapefile”
and the final "N2000 shapefile” An IAP was considered
to have potentially suitable habitat for the establishment

and spread of its population in a given N2000 site if it had
the NHC code of the impacted habitat identical to the
NHC code of the habitat(s) occurring in the N2000 site.
The same was true for the target habitats of each N2000
site. Other target habitats, which were not suitable for
IAPs, were not considered in subsequent analyses.

RESULTS

Of the 77 taxa of IAPs in Croatia, 76 were recorded in at
least one N2000 site. The selected N2000 sites where IAPs
were or were not recorded are shown in Figure 1.

IAPs are present in 62% of the selected N2000 sites (n
= 373). Only three sites recorded more than 50% of the
then total Croatian invasive alien flora, 58 N2000 sites
recorded more than 20%, while the lowest percent-
age (10% and less) was found in the highest number of
N2000 sites (132).

IAPs presence in the selected N2000 sites

Conyza canadensis (L.) Cronquist was the most recorded
IAP, closely followed by Erigeron annuus (L.) Desf. and
Robinia pseudoacacia L., and not so closely by Ambro-
sia artemisiifolia L. The first three species were recorded
in ca. 59% of the selected N2000 sites where IAPs were
recorded (n =233), while A. artemiisifolia in 54%. On the
other hand, five IAPs were recorded in only one N2000
site (0.43%), while Sicyos angulatus L. was not found in
any N2000 site.

In 232 out of 233 N2000 sites, the recorded IAPs had
potentially suitable habitats for the establishment and
spread of their populations. The only exception was the
Blatina site (HR2001009), a small lake near Sobra on the
island of Mljet, where no suitable habitat was detected
for the only recorded species, C. canadensis. Further-
more, 92% of the IAPs had potentially suitable habitats
in all N2000 sites where they were recorded. The excep-
tions, in addition to C. canadensis, were A. artemisiifolia
(124 out of 125 sites), Bidens subalternans DC. (34 out of
35 sites), Conyza bonariensis (L.) Cronquist (28 out of 29
sites), Galinsoga parviflora Cav. (47 out of 48 sites), and
Sorghum halepense (100 out of 102 sites).

In the total sample of 373 N2000 sites, a total of 69
target habitats were identified. However, no IAPs were
recorded in five N2000 sites where one or more of the
following four target habitats were designated: ”7110*
Active raised bogs”, 7150 Depressions on peat sub-
strates of the Rhynchosporion”, 791D0* Bog woodland”,
”92D0 Southern riparian galleries and thickets (Ner-
io-Tamaricetea)”. These target habitats are generally
characterised by a limited distribution in Croatia. Of all
the N2000 sites where IAPs were recorded, 183 sites had

designated target habitats (65 habitats in total). In three



No IAPs recorded in N2000 sites
(IAPs nisu zabiljeZzene u N2000 podrucju)
IAPs recorded in N2000 sites

(IAPs su zabiljezene u N2000 podrucju)
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Data sources:

> N2000 sites - Adapted from Bioportal, 2021: Web portal
of Nature Protection Information System - Web Feature
Service (WES) layer of the Natura 2000 sites. Institute for
Environment and Nature, Ministry of Economy and
Sustainable Development of the Republic of Croatia.
Retrieved April 23, 2021 from http://www.bioportal.hr/

> National border - Nikoli¢, T. (2013): National border,
coastline with islands. In Nikoli¢, T. ur.: Flora Croatica
Database. Spatial data - public shapes (hirc.botanic.hr/fcd).
University of Zagreb, Faculty of Science, Department of
Botany and Botanical Garden, Zagreb.

Figure 1 Presence of invasive alien vascular plant taxa (IAPs) in the selected Natura 2000 (N2000) sites (n = 373;

including 200 m wide buffer around each site).

of those N2000 sites, the dominant habitats identified in
the habitat map (Bardi et. al. 2016) did not match the
NHC codes corresponding to the target habitats: ”3180*
Turloughs” (occasional Lake Blata, HR2000594), ”6240*
Sub-Pannonic steppic grasslands” (cemetery in Bilje,
HR2000728) and 76220* Pseudo-steppe with grasses
and annuals of the Thero-Brachypodietea” (the island of
Susak, HR2000888). Thus, out of 180 N2000 sites where
IAPs were recorded and target habitats were present,
in 170 sites at least one recorded IAP could potentially
threaten the target habitat(s).

A quantitative overview of each IAP in terms of the
number and proportion of sites in which it was recorded,
as well as of potentially suitable (target) habitats iden-
tified across the sites, is provided in Table 1. Based on
the obtained results, eight potentially most worrisome
IAPs for over a quarter of the Croatian N2000 sites were
identified.

N2000 sites in the context of IAPs presence

Of the 76 TAPs recorded in a total of 233 N2000 sites, the
highest number of IAPs (around 53%) was recorded in

the proximity of the rivers Neretva (HR5000031), Sava
(HR2001311) and Kupa (HR2000642). A further 18
N2000 sites were recorded over a third of the total inva-
sive alien flora, with the higher percentages (over 45%)
found in Gorski kotar and northern Lika (HR5000019),
Velebit Nature Park (HR5000022) and the upper course
of the Drava River (HR5000014). In 32 N2000 sites only
one IAP was recorded.

In 228 out 0f 232 N2000 sites (98%), all the recorded IAPs
had potentially suitable habitats for the establishment and
spread of their populations. The exceptions are four sites:
Lake Sovsko (HR2001512, 8 taxa out of 11 recorded), the
settlement of Meja near Bakar (HR2001487, 9 out of 10),
Cavtat islands Bobara, Mrkan and Supetar (HR2001047,
2 out of 6) and Lake Blatina near Sobra on the island of
Mljet (HR2001009, 0 out of 1). Not surprisingly, the six
sites with the highest number of IAPs in general are also
the ones with the highest number of IAPs with poten-
tially suitable habitats, with the identical proportion of
IAPs recorded. In 31 N2000 sites, only one IAP with
potentially suitable habitats was recorded.
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Table 1 Presence of invasive alien vascular plant taxa (IAPs) in the selected Natura 2000 (N2000) sites. Abbreviations: N2000 (a) = the number
of N2000 sites where a particular IAP has been recorded; SH (a) = the number of N2000 sites where a particular IAP has suitable habitat(s); TH
(a) = the number of N2000 sites where the target habitat(s) represent potentially suitable habitat(s) for a particular IAP; N2000 (b), SH (b) and
TH (b) = a proportion of the total number of N2000 sites where IAPs have been recorded (%) (n = 233). The taxonomic nomenclature follows
the Flora Croatica Database (Nikoli¢ 2024).

Abutilon theophrasti Medik. 42 18.0 42 18.0 7 3.0
Acer negundo L. 44 18.9 44 18.9 36 15.5
Ailanthus altissima (Mill.) Swingle 84 36.1 84 36.1 60 25.8
Amaranthus albus L. 17 1.3 17 1.3 12 5.2
Amaranthus blitoides S. Watson 5 2.1 5 2.1 2 0.9
Amaranthus deflexus L. 25 10.7 25 10.7 17 7.3
Amaranthus hybridus L. 29 12.4 29 12.4 13 5.6
Amaranthus retroflexus L. 101 43.3 101 43.3 33 14.2
Ambrosia artemisiifolia L. 125 53.6 124 53.2 17 1.3
Amorpha fruticosa L. 55 23.6 55 23.6 49 21.0
Angelica archangelica L. 4 1.7 4 1.7 4 1.7
Angelica archangelica L. subsp. archangelica 1 0.4 1 0.4 1 0.4
Artemisia annua L. 8 3.4 8 3.4 6 2.6
Artemisia verlotiorum Lamotte 43 18.5 43 18.5 29 12.4
Asclepias syriaca L. 46 19.7 46 19.7 30 12.9
Aster squamatus (Spreng.) Hieron. 25 10.7 25 10.7 21 9.0
Bidens frondosa L. 59 25.3 59 2% 43 18.5
Bidens subalternans DC. 35 15.0 34 14.6 22 9.4
Broussonetia papyrifera (L.) Vent. 24 10.3 24 10.3 16 6.9
Carpobrotus edulis (L.) N.E.Br. 4 1.7 4 1.7 3 1.3
Cenchrus longispinus (Kneuck.) Fernald 1 0.4 1 0.4 1 0.4
Chamomilla suaveolens (Pursh) Rydb. 14 6.0 14 6.0 3 1.3
Chenaopodium ambrosioides L. 5 2.1 5 2.1 5 2.1
Conyza bonariensis (L.) Cronquist 29 12.4 28 12.0 21 9.0
Conyza canadensis (L.) Cronquist 138 59.2 135 57.9 45 19.3
Conyza sumatrensis (Retz.) E. Walker 25 10.7 25 10.7 8 3.4
Cuscuta campestris Yunck. 1 4.7 " 47 & 1.3
Datura innoxia Mill. 13 5.6 13 5.6 5 2.1
Datura stramonium L. 47 20.2 a7 20.2 25 10.7
Diplotaxis erucoides (L.) DC. 8 1.3 3 1.3 0 0.0
Duchesnea indica (Andrews) Focke 7 3.0 7 3.0 6 2.6
Echinocystis lobata (Michx.) Torr. et A. Gray 57 245 57 245 42 18.0
Egeria densa Planch. 1 0.4 1 0.4 1 0.4
Eleusine indica (L.) Gaertn. 36 15.5 36 15.5 24 10.3
Elodea canadensis Michx. 6 2.6 6 2.6 5 2.1
Epilobium ciliatum Raf. 1 4.7 " 4.7 4 1.7
Erigeron annuus (L.) Desf. 137 58.8 137 58.8 68 29.2
Erigeron annuus (L.) Pers. subsp. annuus 7 3.0 7 3.0 6 2.6
I\E{]l?:grgg (%n%;lge(rll_i.t)ZPers. subsp. septentrionalis (Fernald et 5 21 5 21 4 17
6V"I‘l|]|§n)”{7\?:gné’nuli Z(L.) Pers. subsp. strigosus (Miihlenb. ex 4 17 4 17 3 13
Euphorbia maculata L. 31 13.3 31 13.3 12 5.2
Euphorbia prostrata Aiton 32 13.7 32 13.7 10 4.3
Galinsoga ciliata (Raf.) S.F. Blake 31 13.3 31 13.3 17 1.3
Galinsoga parviflora Cav. 48 20.6 47 20.2 28 12.0
Helianthus tuberosus L. 61 26.2 61 26.2 38 16.3
Impatiens balfourii Hook. f. 6 2.6 6 2.6 4 1.7
Impatiens glandulifera Royle 17 1.3 17 1.3 13 5.6
Impatiens parviflora DC. 10 4.3 10 4.3 8 3.4
Juncus tenuis Willd. 26 11.2 26 11.2 19 8.2
Lepidium virginicum L. 22 9.4 22 9.4 18 1.7
Ludwigia peploides (Kunth) P.H. Raven 4 1.7 4 1.7 2 0.9
Mesembryanthemum crystallinum L. 10 43 10 43 7 3.0

Mesembryanthemum nodiflorum L. 1 0.4 1 0.4 1 0.4
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Nicotiana glauca Graham 4
Oenothera biennis L. 15
Opuntia ficus-indica (L.) Mill. 16
Oxalis pes-caprae L. 1
Panicum capillare L. 21
Panicum dichotomiflorum Michx. 22
Parthenocissus quinquefolia (L.) Planchon 55
Paspalum dilatatum Poir. 2
Paspalum paspalodes (Michx.) Scribn. 13
Phytolacca americana L. 37
Reynoutria japonica Houtt. 36
Reynoutria sachalinensis (F. Schmidt) Nakai 2
Reynoutria x bohemica Chrtek et Chrtkova 31
Robinia pseudoacacia L. 137
Rudbeckia laciniata L. 21
Solanum elaeagnifolium Cav. 4
Solidago canadensis L. 39
Solidago gigantea Aiton 93
Sorghum halepense (L.) Pers. 102
Tagetes minuta L. 6
Veronica persica Poir. 49
Xanthium spinosum L. 16
Xanthium strumarium L. subsp. italicum (Moretti) D. Love 65

Out of 76 IAPs that were recorded in the N2000 sites,
75 taxa were present in the sites where the target habi-
tats represent their potentially suitable habitats. The only
exception was the ruderal weed Diplotaxis erucoides (L.)
DC, for which the target habitats designated in three
N2000 sites - the island of Murter (HR2001050), the
Krka estuary (HR3000171) and the lagoon of Morinje
(HR3000460) do not represent the potentially suitable
habitats. In 26 N2000 sites, target habitats represent
potentially suitable habitats for only one IAP.

A quantitative overview of each N2000 site in terms of
the number and proportion of IAPs recorded, as well
as the number of IAPs with potentially suitable (target)
habitats identified in the given site, is provided in Table 2.
Based on the obtained results, ten most vulnerable Cro-
atian N2000 sites for over a third of the total recorded
IAPs have been identified.

Table 2 The number and proportion of the invasive alien vascular
plant taxa (IAPs) recorded within the selected Natura 2000 (N2000)
sites. Abbreviations: IAPs (a) = the number of IAPs recorded at a
given N2000 site; IAPs-SH (a) = the number of IAPs with potentially
suitable habitat(s) in a given N2000 site; IAPs-TH (a) = the number
of IAPs for whom the target habitat(s) represent potentially suitable
habitat(s) in a given N2000 site; IAPs (b), IAPs-SH (b) and IAPs-TH (b)
= a proportion of the total number of IAPs recorded at N2000 sites
(%) (n = 76).

IAPs-SH IAPs-TH
N2000 sites
HR2000132 15 19.7 15 19.7 6 7.9
HR2000364 29 38.2 29 38.2 20 26.3
HR2000369 6 7.9 6 7.9 0 0.0

15.9
15.5
0.9
13.3
58.8
9.0
1.7
16.7
39.9
43.8
2.6
21.0
6.9
21.9

N2000 sites

HR2000371
HR2000372
HR2000394
HR2000415
HR2000416
HR2000420
HR2000426
HR2000427
HR2000437
HR2000438
HR2000440
HR2000441
HR2000447
HR2000449
HR2000450
HR2000451
HR2000459
HR2000463
HR2000465
HR2000544
HR2000545
HR2000546
HR2000570
HR2000571
HR2000572
HR2000573
HR2000580
HR2000583
HR2000586

137
21

39
93
100

49
16
65

18
28
28
30
25
22

18

1
"

O o N = = = ® o o ™ ©

=
[=2]

31

1.7 4 1.7

6.4 6 2.6

6.9 13 5.6

0.4 1 0.4
9.0 14 6.0
9.4 2 0.9

23.6 50 21.5
0.9 1 0.4
5.6 g 3.9

15.9 33 14.2
15.5 28 12.0
0.9 1 0.4
13.3 24 10.3
58.8 80 34.3
9.0 17 1.3
1.7 2 0.9
16.7 34 14.6
39.9 77 33.0
42.9 17 1.3
2.6 5 2.1

21.0 29 12.4
6.9 14 6.0
21.9 44 18.9

IAPs-SH

23.7 18 23.7 18 23.7
36.8 28 36.8 28 36.8
36.8 28 36.8 16 21.1
891 30 39.5 22 28.9
32.9 25 32.9 19 25.0
28.9 22 28.9 17 22.4
10.5 8 10.5 6 1.9

13.2 10 13.2 10.5

23.7 18 23.7 7 9.2
11.8 9 11.8 5 6.6
14.5 1 14.5 6 1.9
14.5 1 14.5 5 6.6
10.5 8 10.5 3 810
5.3 4 5.3 4 5.4
11.8 9 11.8 6 2%
10.5 8 10.5 5 6.6
1.9 6 1.9 3 810
15.8 12 15.8 5 6.6
38.2 29 38.2 0 0.0
10.5 8 10.5 6 1.9
1.3 1 ('S 0 0.0
1.3 1 1.3 0 0.0
1.3 1 1.3 0 0.0
2.6 2 2.6 1 1.3
8
10.5 8 10.5 5 6.6
6.6 5 6.6 0 0.0
21.1 16 21.1 12 15.8
31.6 24 31.6 24 31.6
40.8 31 40.8 25 32.9
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1APs-SH 1APs-TH 1APs-SH 1APs-TH

N2000 sites N2000 sites
HR2000591 2 2.6 2 2.6 2 26 HR2001050 19 250 19 250 12 158
HR2000592 20 263 2 263 10 132 HR2001058 8 105 8 10.5 6 7.9
HR2000593 13 174 13 171 6 7.9 HR2001070 30 395 30 395 0 0.0
HR2000594 3 3.9 3 3.9 0 0.0 HR2001085 14 184 14 184 6 7.9
HR2000596 7 9.2 7 9.2 2 26 HR2001086 10 132 10 132 3 3.9
HR2000601 8 105 8 105 8 10.5 HR2001097 7 9.2 7 9.2 7 9.2
HR2000604 1 145 1 145 5 6.6 HR2001115 12 15.8 12 15.8 12 15.8
HR2000605 3 3.9 3 3.9 3 3.9 HR2001215 15 19.7 15 19.7 0 0.0
HR2000609 7 9.2 7 9.2 4 5.3 HR2001216 20 26.3 20 26.3 0 0.0
HR2000616 12 158 12 158 9 1.8 HR2001228 13171 13 17 0 0.0
HR2000619 n 145 N 145 6 7.9 HR2001243 8 105 8 105 0 0.0
HR2000623 27 355 27 35 8 105 HR2001257 4 83 4 5.3 0 0.0
HR2000632 2 26 9 26 2 26 HR2001260 5 6.6 5 6.6 5 6.6
HR2000635 13 1710 13 171 8 105 AR b e s 18
HR2000637 13 171 13 174 2 26 il vl O - S .
HR2000641 19 250 19 250 12 158 HR2001278 4 53 4 5.3 z 26
HR2000642 40 526 40 526 39 513 HR2001279 3 39 3 33 2 26
OO 5 a0 5 o0 ; ¥ HR2001280 2 2.6 2 2.6 2 26
TR " s M . . 00 HR2001281 14 184 14 184 3 3.9
S— : i . - " i HR2001285 6 7.9 6 7.9 0 0.0
T : 6.6 : 66 0 00 HR2001286 1 13 1 1.3 0 0.0
HR2000780 : 6.6 : 66 3 29 HR2001288 6 7.9 6 7.9 0 0.0
HR2000799 ) . ) 26 ) 26 HR2001292 7 9.2 7 9.2 6 7.9
HR2000871 ) ’6 ) 26 ) 26 HR2001293 18 237 18 237 12 158
e B T T
HR2000888 1 13 1 3 0 0.0 HR2001305 2 2.6 2 2.6 2 26
:Ezggggg 246 354.32 245 354.32 206 304.?2 HRZ001307 00395 %0 39528 303
HR2000910 , 02 , 0 ) 00 HR2001308 30 395 30 395 11 145

HR2001309 2 289 2 289 22 289
HR2000929 31 408 31 408 31 408 HR2001311 m 539 41 539 4 539
HR2000931 5 6.6 5 66 0 00 HR2001313 21 276 21 216 15 197
AL 9 ) . i) ! L HR2001314 16 211 16 211 1 145
HR2000933 12 158 12 158 0 0.0 TR : > : > : ¥
T [ eme Wy HR2001319 8 105 8 105 4 53
HR2000937 [ e . L HR2001320 2 26 2 26 0 00
HR2000942 18 237 18 237 18 237 e . .- . a6 5 i
HR2000943 2 28 2 26 2 26 HR2001325 3 39 3 3.9 2 26
HR2000344 L 13 L 13 0 0.0 HR2001326 18 237 18 237 9 118
HR2000946 6 19 6 19 6 1.9 HR2001327 3 3.9 3 3.9 0 0.0
HR2001004 4 5.3 4 53 0 0.0 HR2001328 18 237 18 237 8 105
HR2001005 6 7.9 6 1.9 0 0.0 HR2001329 2 289 2 289 1 145
HR2001009 1 1.3 0 0.0 0 00 HR2001335 19 250 19 250 13 171
HR2001010 8 10.5 8 10.5 2 2.6 HR2001336 4 5.3 4 5.3 0 0.0
HR2001011 1 1.3 1 1.3 1 1.3 HR2001338 1 1.3 1 1.3 1 1.3
HR2001012 22 28.9 22 28.9 15 19.7 HR2001339 5 6.6 5 6.6 2 2.6
HR2001016 5 6.6 5 6.6 5 6.6 HR2001343 3 3.9 3 3.9 1 1.3
HR2001017 3 3.9 3 3.9 0 0.0 HR2001345 8 10.5 8 105 5 6.6
HR2001021 1 1.3 1 1.3 1 13 HR2001346 12 158 12 158 7 9.2
HR2001031 15 197 15 197 9 1.8 HR2001347 9 118 9 118 3 3.9
HR2001042 6 7.9 6 7.9 3 3.9 HR2001348 1 13 1 1.3 0 0.0
HR2001045 5 6.6 5 6.6 1 1.3 HR2001349 8 105 8 105 0 0.0
HR2001046 5 6.6 5 6.6 1 13 HR2001350 17 224 11 224 0 0.0
HR2001047 6 7.9 2 2.6 2 26 HR2001351 13 174 13 171 1 14.5



N2000 sites

HR2001352
HR2001353
HR2001354
HR2001356
HR2001357
HR2001358
HR2001359
HR2001360
HR2001361
HR2001362
HR2001363
HR2001364
HR2001365
HR2001367
HR2001378
HR2001379
HR2001383
HR2001385
HR2001387
HR2001389
HR2001390
HR2001391
HR2001392
HR2001393
HR2001394
HR2001396
HR2001399
HR2001404
HR2001405
HR2001407
HR2001408
HR2001409
HR2001410
HR2001412
HR2001413
HR2001414
HR2001415
HR2001416
HR2001420
HR2001421
HR2001425
HR2001428
HR2001429
HR2001433
HR2001483
HR2001484
HR2001485
HR2001486
HR2001487
HR2001500
HR2001501
HR2001505
HR2001506
HR2001509
HR2001510
HR2001511

21

25.0
22.4
5.3
2.6
9.2
1.3
1.9
9.2
3.9
5.3
2.6
1.9
10.5
13.2
21.6
13.2
819
9.2
22.4
17.1
6.6
3.9
10.5
5.3
3.9
1.3
1.3
1.3
1.3
1.3
10.5
13.2
3.9
9.2
23.7
21.6
10.5
10.5
15.8
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14.5
13.2
6.6
2.6
5.3
25.0
22.4
5.3
2.6
9.2
1.3
1.9
9.2
3.9
5.3
2.6
1.9
10.5
13.2
21.6
13.2
319
9.2
22.4
17.1
6.6
3.9
10.5
5.3
3.9
1.3
1.3
1.3
1.3
1.3
10.5
11.8
3.9
9.2
23.7
21.6
10.5
10.5
15.8
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36.8
14.5
810
13.2
40.8
15.8
13.2
13.2
14.5
2.6
22.4
211
0.0
13.2
5.3
2.6
810
11.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
10.5
18.4
7
810
1.9
10.5
10.5
2.6
1.3
2.6
1.3
1.3
0.0
0.0
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0.0
0.0
0.0
0.0
2.6
6.6
11.8
0.0
3.9
1.9
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IAPs-SH IAPs-TH

N2000 sites

HR2001512 1" 14.5 8 10.5 5 6.6
HR3000124 1 1.3 1 1.3 1 1.3
HR3000126 20 26.3 20 26.3 8 10.5
HR3000167 2 2.6 2 2.6 1 1.3
HR3000171 25 329 25 329 10 13.2
HR3000351 5 6.6 5 6.6 3 3.9
HR3000430 17 224 17 224 10 13.2
HR3000433 7 9.2 7 9.2 1 1.3
HR3000450 1 1.3 1 1.3 0 0.0
HR3000460 19 25.0 19 25.0 8 10.5
HR4000001 9 11.8 9 11.8 9 11.8
HR4000002 3 3.9 3 3.9 3 3.9
HR4000004 1 1.3 1 1.3 1 1.3
HR4000005 6 7.9 6 7.9 3 3.9
HR4000006 3 3.9 3 3.9 2 2.6
HR4000008 1 1.3 1 1.3 1 1.3
HR4000009 1 1.3 1 1.3 1 1.3
HR4000010 6 7.9 6 7.9 5 6.6
HR4000017 5 6.6 5 6.6 5 6.6
HR4000018 1 1.3 1 1.3 1 1.3
HR4000028 10 13.2 10 13.2 10 13.2
HR4000029 2 2.6 2 2.6 2 2.6
HR4000030 12 15.8 12 15.8 6 7.9
HR5000014 35 46.1 35 46.1 35 46.1
HR5000015 24 31.6 24 31.6 9 11.8
HR5000019 37 48.7 37 48.7 1 14.5
HR5000020 21 21.6 21 21.6 21 21.6
HR5000022 36 47.4 36 474 35 46.1
HR5000025 21 21.6 21 27.6 10 13.2
HR5000028 1 1.3 1 1.3 1 1.3
HR5000030 i 9.2 7 9.2 7 9.2
HR5000031 41 53.9 4 53.9 85 46.1
HR5000037 2 2.6 2 2.6 2 2.6
HR5000038 6 7.9 6 7.9 6 7.9

DISCUSSION

Eight potentially most worrisome IAPs recorded in
Croatian N2000 sites

When considering the potentially most worrisome IAPs
recorded in Croatian N2000 sites, the focus was both on
the IAPs recorded in over a third of the sites and those
that could potentially threaten the target habitats in over
a quarter of the sites. Consequently, eight IAPs were
identified: A. altissima, A. retroflexus, A. artemisiifolia, C.
canadensis, E. annuus, R. pseudoacacia, S. gigantea and S.
halepense. These eight species can be found throughout
the country, although some might be prevalent in
certain biogeographical regions — e.g. S. gigantea prefers
continental region, while A. altissima shows greater
aggressiveness in the Mediterranean (Novak and Novak
2018).
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There are several secrets to their success and the rela-
tively high number of their records in the N2000 sites:
high propagule pressure (e.g. A. altissima, A. retroflexus,
A. artemisiifolia, C. canadensis); combination of gener-
ative and vegetative reproduction (e.g. A. altissima, S.
gigantea, S. halepense); pioneer character (e.g. R. pseu-
doacacia); high adaptability to a range of environmental
conditions (e.g. A. altissima, A. artemisiifolia, R. pseudo-
acacia); quick growth or vegetative spread (e.g. A. altis-
sima, R. pseudoacacia, S. halepense); and a wide range of
seed dispersal vectors (e.g. S. halepense) to name a few.
In addition, R. pseudoacacia has long provided a wide
range of ecosystem services: it was deliberately cultivated
as a park tree, but also for fuel, erosion control, afforesta-
tion of devastated and burned areas, construction wood
and bee pastures (Nikoli¢ et al. 2014, Lazzaro et al. 2020,
Nikoli¢ 2024). It is our understanding that at least five of
these eight species have been considered as transformers
(sensu Richardson et al. 2000, Miti¢ et al. 2008, Niko-
li¢ 2024) in other regions of Europe: A. altissima (e.g.
Torok et al. 2003), A. artemisiifolia (e.g. Protopopova et
al. 2014), C. canadensis (e.g. Protopopova et al. 2014), R.
pseudoacacia (e.g. Torok et al. 2003, Lazzaro et al. 2020)
and S. gigantea (e.g. Torok et al. 2003).

None of these eight species were included on the Croa-
tian Black List (Official Gazette no. 13/24), as they are all
widely distributed within the country and it is unlikely
that their listing on the Black List would effectively
prevent, minimise or mitigate their harmful effects.
Conversely, although they adhere to a similar set of cri-
teria, the list of Invasive Alien Species of Union Con-
cern includes the species A. altissima (Regulation (EU)
1143/2014 and Commission Implementing Regulations
(EU) 2016/1141, 2017/1263, 2019/1262, 2022/1203).
Four species were mentioned in the reviews listing the
most problematic (European) IAPs: e.g. DAISIE’s “the
100 most invasive alien species in Europe” (A. altissima,
A. artemisiifolia, R. pseudoacacia; Vila et al. 2009), the
“worst invasive plants in protected areas of the world”
(A. altissima, R. pseudoacacia; Foxcroft et al. 2017), the
149 worst alien species for Europe” (R. pseudoacacia, A.
artemisiifolia; Nentwig et al. 2018), and on the EPPO List
of Invasive Alien Plants (EPPO 2024), which includes
taxa considered most threatening to the Euro-Mediter-
ranean region’s taxa and ecosystems (A. altissima, A.
artemisiifolia, S. gigantea).

Ten Croatian N2000 sites potentially most vulnerable
in terms of IAPs presence

While three Croatian N2000 sites each recorded more
than half of the Croatian invasive flora, and the addi-
tional 18 sites recorded more than a third, when con-
sidering the potentially most vulnerable N2000 sites, the
focus was on those sites with potentially suitable target
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habitats for the highest number of IAPs. Consequently,
ten sites were identified: Sava River near Hru$éica
(HR2001311), Kupa River (HR2000642), Danube River
downstream of Osijek and Vukovar (HR2000372), wider
area of the Krka National Park (HR2000918), the canyon
of the Cetina River (HR2000929), the Mosor Mountain
(HR2001352), the island of Krk (HR2001357), the upper
course of the Drava River (HR5000014), Velebit Nature
Park (HR5000022) and the Neretva Delta (HR5000031).
Interestingly, only two out of the ten potentially most
vulnerable N2000 sites recognised invasive taxa as a
negative threat and included it in the Standard Data
Form, as defined by the Commission Implementing
Decision 2011/484/EU. One ranked invasive non-native
taxa as a threat of high importance (the Neretva Delta,
HR5000031), while the other ranked them as a threat of
medium importance (Velebit Nature Park, HR5000022)
(Bioportal 2024).

Riparian zones are among the most endangered ecosys-
tems, exposed to increasing natural and anthropogenic
pressures that facilitate the spread of IAPs. Indeed, some
authors have suggested that the plant communities of the
riparian zones are among those most susceptible to inva-
sion (e.g. Zedler and Kercher 2004, Dimitrakopoulos et
al. 2017). Nikoli¢ et al. (2013) reported that a variety of
invasive taxa were found in the major river valleys. Addi-
tionally, over half of the IAPs identified in Croatia at that
time were recorded in inland waters or in the immediate
vicinity of inland waters, while almost a third occurred
within inland wetlands. Therefore, it is not surprising
that seven out of ten potentially most vulnerable Croa-
tian N2000 sites are connected to the (wider) river areas
(HR2001311, HR2000642, HR5000014, HR2000372,
HR2000929, HR5000031 and HR2000918). It is also
noteworthy that a significant number of those sites are
situated in close proximity to urban centres. Major ones
include Zagreb (Sava) and Varazdin (Drava), both of
which are situated at the intersection of the main con-
tinental transport corridors. Smaller regional centres
include Osijek (Drava), and industrial towns such as
Karlovac (Kupa), Sisak (Kupa and Sava) and Slavonski
Brod (Sava). In addition, some of the floodplains, as
well as wider areas in the vicinity of certain rivers (e.g.
Drava, Danube, Krka, Neretva) and encompassed by
the aforementioned N2000 sites, have been transformed
into agricultural lands, one of the most invaded habitats
(Nikoli¢ et al. 2013).

Once regarded as a relatively resilient ecosystem in the
face of recently introduced taxa, the European Mediter-
ranean biogeographical region is nowadays considered
to be particularly endangered by IAPs, with a high level
of invasion predicted for its coastal zone (Foxcroft et al.
2013, Nikoli¢ et al. 2013, Dimitrakopoulos et al. 2017,
Radovi¢ et al. 2018). Nikoli¢ et al. (2013) reported that
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the majority of recorded introductions and naturalisa-
tions in the last 20 years occurred in Croatias Mediter-
ranean region, particularly on the islands, which tend to
harbour more alien taxa than the equivalent mainland
sites. One of the ten potentially most vulnerable Croa-
tian N2000 sites (HR2001357) is indeed located on the
island in the northern Adriatic - the island of Krk. The
Standard Data Form (Bioportal 2024) reports a long his-
tory of human habitation and a wide range of traditional
activities, including extensive sheep grazing and the
exploitation of timber. This is coupled with a direct link
to the mainland via bridge, industrial and transportation
areas (e.g. the floating LNG terminal, Valbiska ferry port,
international Rijeka Airport and Marina Punat), as well
as numerous touristic places located on the coast.

It would appear that montane regions have thus far been
spared the fate of their lowland counterparts. This is most
likely due to the fact that high-elevation and steep areas
are often sparsely populated, isolated, situated a consid-
erable distance from alien taxa hotspots, and have lim-
ited vehicular traffic and low levels of active landscape
maintenance (Dimitrakopoulos et al. 2017). Nikoli¢ et al.
(2013) observed that IAPs occurred in a relatively wide
altitude range in Croatia, but predominantly below 1100
m a.s.l. As altitude increased, the number of taxa rapidly
decreased, with only a few taxa observed at elevations
above 1300 m (a few localities on the Velebit Mountain
and the Gorski kotar area), and no invasive taxa observed
above 1500 m. It was therefore somewhat unexpected to
find that two of the ten potentially most vulnerable N2000
sites were situated in mountainous areas (HR2001352 and
HR5000022). The former includes the Mosor Mountain
(highest peak Veliki Kabal at 1339 m a.s.l), a part of the
central Dalmatian Dinarides mountain range. The Mosor
Mountain extends from the town of Split, a major urban
centre and a seaport in the northwest, to the lower course
of the Cetina River in the southeast (Bioportal 2024). The
latter covers the majority of the Velebit Mountain (high-
est peak Vaganski vrh at 1757 m a.s.l) and the valley of
the karst Zrmanja River, and represents the largest nat-
ural protected area in Croatia (Bioportal 2024). The
high number of IAPs observed in these two sites may be
attributed to a number of factors. Both sites encompass
also wider, lower-elevation areas, including those in close
proximity to the rivers Cetina and Zrmanja, respectively.
They have been inhabited for centuries and are popular
hiking destinations, attracting a considerable number of
visitors — an important vector promoting alien taxa intro-
ductions to protected areas (e.g. Dimitrakopoulos et al.
2017). Relatively well-developed network of roads and
pathways, particularly in the lower parts and at the sites’
borders, may facilitate the spread of IAPs to less popu-
lated and more isolated areas of these sites (e.g. Dimi-
trakopoulos et al. 2017). Stock breeding with pasturing
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represented once the most significant economic activity
in the Mosor Mountain area, yet the pastures in the region
are now largely abandoned and under succession (Koren
et al. 2020). However, agriculture is still somewhat pres-
ent in both areas (Bioportal 2024), while the fragments of
transhumance can still be observed in the mountain areas
of Velebit. Finally, the frequent occurrence of forest fires
in the Mosor Mountain area, particularly on the southern
slopes (Koren et al. 2020), may increase the potential for
invasion during at least the first few post-fire years (e.g.
Brooks and Lusk 2008).

It can be observed that all ten N2000 sites share a number
of common characteristics: they are large sites, generally
floristically well-studied, situated in close proximity to
urban areas and well connected to them. Furthermore,
they attract a significant number of local, regional, and
in some cases, international visitors on an annual basis.
This is in accordance with previous studies (e.g. Gallardo
et al. 2017, Guerra et al. 2018), which reported that the
number of IAS was higher in larger N2000 sites with
higher accessibility, and which was often related to the
probability of receiving visitors in these areas for nature-
based tourism or recreation.

A road ahead

To paraphrase Foxcroft et al. (2013), the threat or vulner-
ability based on the presence of the IAPs is only part of
the story. Indeed, there is a complex network of research
trajectories that should be pursued in the future.

The preliminary analysis indicates that the ranking of
the most vulnerable N2000 sites may differ consider-
ably if the size of a site is considered. This would likely
result in the prioritisation of smaller sites - e.g. a coastal
lagoon situated in Drasnice cove (HR3000351), small
grassland near the settlement of Klasni¢i (HR2001383),
Lake Sovsko (HR2001512) and the Odra River near the
settlement of Jagodno (HR2001031); which are generally
more vulnerable due to the larger edge/total area ratios
(e.g. Foxcroft et al. 2013).

A deeper, regional and local grasp of the IAPS’ behaviour
(e.g. Lazzaro et al. 2020) and impact (e.g. Hulme et al.
2013, Rouget et al. 2016, Foxcroft et al. 2017, Guerra et
al. 2018), which is (1) translated into a robust scientific
base, (2) accompanied by a quantitative, systematic and
comparable assessment methodology, and (3) coupled
with information on so-called invasion debt (sensu
Rouget et al. 2016) could greatly assist in informed deci-
sion-making and proactive management. The impact of
climate change on the growth and spread of IAPs in the
N2000 sites also requires further investigation (e.g. Fox-
croft et al. 2013, Gallardo et al. 2017).

The actual presence of the IAP in question in a given
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N2000 site, habitat type or target habitat could be
assessed by using the observations with a precision of 11,
which corresponds to the maximum spatial (GPS) preci-
sion (precision between 5 and 50 m; Nikoli¢ 2020). How-
ever, this could lead to further underestimation of the
numbers and distributions of IAPs in Croatian N2000
sites and threats to the (target) habitats, as the dynam-
ics of their invasion already render the differentiation of
poorly sampled areas from truly absent areas challenging
for invasive alien flora (Radovi¢ et al. 2018). By compar-
ing our lists of the N2000 sites where the IAPs were and
were not recorded, we could already suspect some of the
findings were more the result of the unsystematic sam-
pling or unprecise location than true absence of IAPs in
the site. It is anticipated that the use of high-precision
observations for these purposes would be more appro-
priate at the site level, and that they would currently be
confined to N2000 sites where detailed research of the
vascular flora has already been underway.

Our results suggest only potential presence of poten-
tially suitable (target) habitats in a given N2000 site for
a certain IAP. Further and more targeted research could
assist in both connecting IAPs to the affected habitats on
higher NHC levels, but also in assessing the true impact
of a given IAP on the invaded habitats. It is anticipated
that the situation will be somewhat improved in the
future as a result of an increased input of precisely geo-
referenced data to FCD (e.g. Radovi¢ et al. 2018).

Distinctions in the potential for invasion (in terms of
both possibilities and opportunities) of IAPs across the
three Croatian biogeographical regions: continental,
alpine and Mediterranean should be further explored
to facilitate more reliable comparisons between taxa
and provide a clearer basis for threat assessment at the
national and international levels.

CONCLUSIONS

Although our study identified several knowledge gaps, it
could be argued that these largely reflect the gaps in plant
invasion science which have been identified in other Euro-
pean countries and at a global level. We conclude that, to
adequately identify the most problematic IAPs and assess
the vulnerability of Croatian N2000 sites, a broader set of
criteria and additional floristic research (at certain sites)
is necessary. A deeper country-specific insight into the
ecology of certain IAPs and their interdependence with
the range of environmental variables is essential. It is our
hope that the findings presented here will provide a basis
and inspiration for further, more targeted research in the
future. Such research could make a substantial contribu-
tion to the improvement of site management and the con-
servation of the target species and habitats.
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