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Abstract

Biological invasions represent a major threat to global biodiversity, yet alien invertebrates remain
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among the most understudied taxonomic groups despite their severe ecological and socio-economic

impacts. At European level, the EU Regulation 1143/2014 emphasizes the need for coordinated

Academic editor: Alain Roques monitoring and management of invasive alien species, but implementation is hindered by the scarcity
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To tackle these shortcomings, we compiled a comprehensive, FAIR-compliant dataset detailing
alien invertebrate occurrences in Romania, using data from scientific literature (1865-2023), field

surveys (2020-2022), and citizen science observations (up to 2023). This dataset encompasses 23415

Copyright: © Cristina Preda et al. records of 297 alien species, of which 212 are terrestrial (71.38%), 27 are freshwater (9.09%), and
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58 are marine species (19.53%). Our results show that 170 species (57%) were recorded by only one

License (Attribution 4.0 International - CCBY 40).  source, whether scientific literature, fieldwork, or citizen science, while the remaining 127 species
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(43%) were documented by two or more sources combined. Scientific literature yielded the highest
number of species (241), but 119 of these were not confirmed by our recent fieldwork or citizen-sci-
ence observations. Citizen scientists reported 60 alien species, eight of which were recorded solely
through this approach. The dataset also emphasizes spatial clustering around major urban areas in
Romania and waterways, reflecting introduction pathways and sampling bias. In terms of manage-
ment priorities, three species of EU concern, i.e., Faxonius limosus (Rafinesque, 1817), Procambarus
virginalis Lyko, 2017, and Eriocheir sinensis (H. Milne-Edwards, 1853), exhibit sparse occurrence
records despite their invasive potential.

By mobilizing existing data into standardized and openly accessible formats, we promote ev-
idence-based implementation of policies at national and international levels. Moving forward,
comprehensive management of biological invasions requires enhanced coordination among re-
searchers, citizen scientists, and policymakers, supported by interoperable information systems

that facilitate rapid data flows.

Key words: Black Sea, citizen science, Danube River, Fastern Europe, freshwater, invasive, marine,

terrestrial

Introduction

Biological invasions represent one of the most significant threats to global biodi-
versity, as alien species are responsible for population declines, habitat degrada-
tion, and local extinctions (Pysek et al. 2020). Recent estimates indicate that alien
species are responsible for over 1200 local extinctions worldwide. At the same
time, projections suggest a 36% increase in the number of alien species by 2050,
with arthropods, particularly insects, likely to dominate future invasions (See-
bens et al. 2021; Bacher et al. 2023; Roy et al. 2024). Furthermore, the economic
and environmental costs of alien invasions are significant but probably severely
underestimated, with terrestrial invertebrates alone costing the global economy
over $700 billion by 2020 and invasive insects accounting for 88% of the doc-
umented costs (Renault et al. 2022).

Invertebrates represent a particularly challenging group for invasion biology re-
search due to their taxonomic diversity, cryptic life histories, and capacity for rapid
population growth and dispersal (Cardoso etal. 2020). Alien invertebrates encompass
terrestrial, freshwater, and marine taxa that can cause severe ecological and economic
impacts through, e.g., predation, competition with native species, disease transmis-
sion, damage to crops, and deterioration of infrastructure (Roy et al. 2019). Exam-
ples include the spinycheek crayfish (Faxonius limosus (Rafinesque, 1817)) spreading
through Danube tributaries, the brown marmorated stink bug (Halyomorpha halys
(Stal, 1855)) causing severe agricultural damage, the Asian hornet (Vespa velutina
Lepeletier, 1836) threatening native pollinators and apiculture, and marine species
such as the veined rapa whelk (Rapana venosa (Valenciennes, 1846)) and the warty
comb jelly (Mnemiopsis leidyi A. Agassiz, 1865), disrupting Black Sea ecosystems
(Parvulescu et al. 2009; Haye et al. 2015; Robinet et al. 2017; Carisio et al. 2022).

Central and Eastern European (CEE) countries, including Romania, face partic-
ular challenges when tackling alien invertebrate invasions due to several converg-
ing factors that create regional vulnerability (Pysek et al. 2012). The region serves
as a historical trade hub with extensive terrestrial, freshwater, and marine transpor-
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tation networks, particularly the Rhine-Danube and the corridors linking the Pon-
to-Caspian region to the rest of Europe, which facilitate the rapid spread of species
across biogeographic and national boundaries (Bij de Vaate et al. 2002; Leuven et
al. 2009; Trichkova et al. 2014). For example, 44.4% of the alien macroinverte-
brates in the Rhine originate from the Ponto-Caspian region, acting as a major do-
nor of alien freshwater animal species in Europe (Leuven et al. 2009). Furthermore,
continental climate conditions create suitable environments for the establishment
of many temperate invasive species, while the high proportion of agricultural land-
scapes makes the region especially susceptible to crop-damaging invertebrate pests
(Hulme 2009). Economic transitions after the 1990s and European Union (EU)
accession of CEE countries have dramatically increased trade connectivity, intensi-
fying invasion opportunities (Pysek et al. 2012; Anastasiu et al. 2024).

To prevent the introduction of alien species that threaten ecosystems, habitats,
or native species, or to control or eradicate them as mandated by the Convention
on Biological Diversity (Convention on Biological Diversity 2014), the EU has
developed a comprehensive policy framework for invasive alien species. EU Reg-
ulation 1143/2014 establishes legally binding measures for the prevention, ear-
ly detection, rapid eradication, and management of alien species of EU concern
across Member States (Genovesi et al. 2015; Roy et al. 2019; Nunes et al. 2025).
At the core of the Regulation is the list of invasive alien species of EU concern,
which has expanded from 37 species in 2016 to 114 by 2025, demonstrating the
dynamic nature of invasions and a growing interest in the field (European Com-
mission 2025). The EU Biodiversity Strategy 2030 also sets ambitious targets to
reduce by 50% the number of Red List species threatened by invasive alien species
(European Commission 2020; Pindaru et al. 2023), in line with Target 6 of the
Kunming-Montreal Global Biodiversity Framework (Convention on Biological
Diversity 2022). A key management tool required by EU Regulation 1143/2014 is
the national Early Detection and Rapid Response (EDRR) system, which is based
on robust monitoring of alien species in Member States and supported by the
European Alien Species Information Network (EASIN) (Katsanevakis et al. 2015).

Romania’s research on alien species has evolved substantially, transitioning from
opportunistic first records of species and studies to systematic field surveys, data-
base development, exploring management options, and stakeholders™ perceptions
(Preda et al. 2012; Anastasiu et al. 2016; Preda and Groom 2021; Smith et al.
2022; Garcia-Lozano et al. 2025). A recent nationwide alien species field survey
(2020-2022) culminated in comprehensive databases documenting occurrence re-
cords for 396 alien plant species and 35 alien fish species (Anastasiu et al. 2024;
Dragan et al. 2024). However, research on alien invertebrates remains fragmented
and is published mostly in local journals, with limited data availability in major in-
ternational databases such as the Global Biodiversity Information Facility - GBIF
(Groom et al. 2019, 2025a; Price-Jones et al. 2022; Roy et al. 2024). Critical data
gaps persist, including limited research on marine species or invasive microorgan-
isms and pathogens, incomplete systematic surveys of invertebrates other than spe-
cific pest species, minimal research on impacts of invasive species at local or nation-
al scale, successes or failures of management initiatives, and insufficient integration
of citizen science contributions (Anastasiu et al. 2016; Cogalniceanu et al. 2020).

The absence of a comprehensive, standardized, and accessible database of alien in-
vertebrates in Romania represents a significant obstacle to effective management of
biological invasions, policy implementation, and scientific research. Such databases
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are essential for supporting the implementation of EU Regulation 1143/2014
(Katsanevakis et al. 2024; Groom et al. 2025b; Nunes et al. 2025). The integration
of multiple data sources, such as scientific literature, systematic field surveys, and
citizen science observations, provides the most comprehensive approach to docu-
menting alien species distributions and trends, while acknowledging the inherent
biases and uncertainties associated with different data types (Pocock et al. 2024).
This study aims to address critical knowledge gaps on the status of alien invertebrates
in Romania and to promote further research on biological invasions. To this end, we
provide (1) a comprehensive FAIR-compliant dataset of alien invertebrate species in
Romania, integrating occurrence records from three sources, i.e., scientific literature
(1865-2023), systematic nationwide field surveys (2020-2022), and citizen science
observations (up to 2023) (Groom et al. 2017; Reyserhove et al. 2020); and (2) an as-
sessment of the dataset in terms of data quality, reliability, and complementarity of dif-
ferent data sources, taxonomic and geographic gaps in knowledge, and sampling biases.

Methods

Data collection

Alien invertebrate occurrences in Romania were documented using three main
sources: scientific literature published up to the end of 2023; fieldwork conducted
between 2020 and 2022, and research-grade citizen science data available on iNat-
uralist.org up to the end of 2023. Harmful organisms listed in Regulation (EU)
2016/2031 of the European Parliament and of the Council and Commission Imple-
menting Regulation (EU) 2019/2072 of 28 November 2019 establishing uniform
conditions for the implementation of Regulation (EU) 2016/2031 were excluded
from this database. We considered as alien only human-introduced species (IPBES
2023), including taxa native to other parts of Europe (e.g., Ponto-Caspian, Mediter-
ranean) where their introduction to Romania was clearly human-mediated.

Data from the scientific literature were obtained by searching the Google Schol-
ar database using keywords in Romanian and English (i.e., “invasive species”,
“alien species”, “introduced species”, “non-native species”, “allochthonous”, “specii
invazive”, “specii straine”, “specii introduse”, “specii alogene”, “specii alohtone”,
and “Romania”). Literature not indexed by the Google Scholar database was re-
trieved by checking the papers for additional references and authors’ knowledge on
specific taxa or realms. We identified 488 relevant items published between 1866
and 2023, i.e., 374 journal articles, 77 books and book chapters, 21 conference
papers, and 16 theses and reports (Suppl. material 1).

Data extracted from published sources were supplemented by a nationwide intensive
fieldwork campaign carried out between 2020 and 2022 (MEFW 2022). The field-
work was also used to validate the records reported in the scientific literature. Different
sampling methodologies were employed during fieldwork, specific to each realm, i.e.,
terrestrial, freshwater, and marine ecosystems (Popa et al. 2020, 2022, 2023; Adam et
al. 2022, 2023b, 2023a; Popescu Mirceni et al. 2022, 2023; Surugiu et al. 2022).

The survey of terrestrial invertebrates was conducted in 64 quadrats of 5 x 5 km,
randomly selected within priority introduction pathways, and in 166 quadrats of
10 x 10 km, randomly distributed across Romania (four quadrats per county and
two quadrats in the capital’s metropolitan area). The priority introduction path-
ways were identified in the desk-study stage from published records and expert
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knowledge, and corresponded to ports and other transport hubs, urban green areas,
plant nurseries, agricultural and horticultural land, and storage facilities. Additional
data were collected from areas the authors considered suitable for specific taxa (i.e.,
convenience sampling). This stratified design ensured good spatial coverage at the
national level, together with a focused effort on known hotspots of alien species. The
survey was conducted by experts with knowledge of specific taxa (the authors of this
paper and collaborators), who visited each randomly selected quadrat once during
the optimal phenological window for the target group. Fieldwork was distributed
over three sampling seasons (2020-2022) and concentrated from spring to autumn
(approximately April-October), with peak effort in late spring and summer, when
most taxonomic groups are most active; sampling was extended into the cold season
for overwintering or year-round taxa (e.g., synanthropic Coleoptera and Blattidae in
heated indoor habitats, certain Heteroptera in their overwintering shelters). Meth-
ods were taxa-specific and combined active and passive techniques: sweep-netting
along linear transects (typically five 250 m transects, 10-20 m wide), beating of
foliage in the shrub and tree layers, hand-collection and aspiration with pooters, pit-
fall, Malaise, yellow-pan, light and pheromone traps, sieving and Berlese—Tullgren
extraction of leaf litter and soil, direct searches of bark, deadwood, fruit, galls and
host-plant tissues, and inspection of synanthropic microhabitats (dwellings, store-
houses, beehives, stored produce); aquatic stages of Culicidae were sampled from
natural and artificial water-holding containers using limnological hand-nets and
phytoparasitic nematodes were extracted from rhizosphere soil and plant tissues.
Collected specimens were preserved in 70-96% ethanol or dry-mounted, and iden-
tified to species level in the laboratory under stereomicroscopes. A full taxon-specific
sampling protocol is detailed in Adam et al. (2022).

Occurrence records for alien freshwater invertebrates were collected from the
same quadrats used for the survey of terrestrial invertebrates, supplemented with
convenience sampling in rivers, lakes, reservoirs, and wetlands representative of the
main invasion corridors. As with terrestrial invertebrates, the methodology, exact
location, and timing of the observations were taxon-specific. Species inhabiting both
freshwater and terrestrial habitats were assigned to the freshwater survey. Sampling
combined linear-transect and fixed-point methods, including hand dredges along
defined sections, grab dredges for deeper soft substrata, visual surveys with bathy-
scopes in clear shallow waters, kick-sampling and sweeping of submerged vegetation
with a limnological net, scraping of hard substrates for sessile fauna, baited traps for
decapods, and plankton-net tows for planktonic stages and bryozoan statoblasts; sed-
iment was washed through stacked sieves to retrieve macroinvertebrates and meio-
fauna. Popa et al. (2020) describe the survey methodology in detail.

Sampling of alien marine invertebrates was performed by investigating hotspots
identified in the scientific literature along the Romanian coast of the Black Sea
(ports, marinas, the Danube—Black Sea Canal, lagoons, and bays). Additional data
were obtained from areas considered suitable for specific taxa (convenience sam-
pling). The survey was conducted by experts with expertise in specific taxonomic
groups (the authors of this paper and their collaborators), who visited each sam-
pling area at least once. Each station was surveyed by combining SCUBA-based
visual transects, dredging of soft substrata along linear transects and at fixed points,
manual collection and scraping of epibiosis on hard substrata, quadrat counts for
large sessile or vagile species, and plankton-net tows in the surface layer for mero-
plankton and zooplankton; environmental parameters (temperature, salinity) were
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recorded in situ, and biological material was sieved, fixed and preserved in the
field for laboratory identification. A detailed taxa-specific sampling methodology
is available in Surugiu et al. (2022).

To complement the literature data and our nationwide field surveys, we incor-
porated records of alien invertebrate occurrences contributed by the citizen science
community. Research-grade observations reported on iNaturalist.org through the
end of 2023 were retrieved from the Global Biodiversity Information Facility (GBIF),
retaining only records identified to the species level and validated by the iNaturalist
community of users (GBIF 2025; iNaturalist community 2025). These records cov-
ered all three realms and were particularly valuable for widespread or conspicuous
taxa, as well as for filling geographic gaps not covered by the systematic field surveys.

All entries in the database were curated to comply with GBIF Darwin Core
Archive (DwCA) and checked for accepted species names using GBIF Backbone
Taxonomy (GBIF Secretariat 2023) and Catalogue of Life database (Bdnki et al.
2025). For each entry, we filled in the fields indicated in Table 1 for the occurrence
database and in Table 2 for the species checklist.

Table 1. Occurrence database structure.

Column label
occurrence ID
accepted Name Usage
accepted Name Usage ID
scientific Name

Kingdom
Phylum
Class

Order
Family
Genus

recorded By

event Date

basis Of Record

continent
country Code
County

municipality

Habitat

decimal Latitude
decimal Longitude

coordinate Uncertainty
In Meters

biogeographical Region
higher Geography

water Body

NeoBiota 108: 21-52 (2026), DOI: 10.3897/neobiota.108.175337

Column descriptions
A unique alphanumeric identifier.
The full accepted scientific name with authorship and date information, according to Catalogue of Life (Bénki et al. 2025).
Taxon id in Catalogue of Life (Bdnki et al. 2025).
The full scientific name, with authorship and date information, according to GBIF Backbone Taxonomy (GBIF Secretariat 2023).

The full scientific name of the kingdom in which the dwc:Taxon is classified, according to GBIF Backbone Taxonomy
(GBIF Secretariat 2023).

The full scientific name of the phylum or division in which the dwc:Taxon is classified, according to GBIF Backbone
Taxonomy (GBIF Secretariat 2023).

The full scientific name of the class in which the dwc:Taxon is classified, according to GBIF Backbone Taxonomy (GBIF
Secretariat 2023).

‘The full scientific name of the order in which the dwc:Taxon is classified (GBIF Secretariat 2023).
The full scientific name of the family in which the dwc:Taxon is classified.
The full scientific name of the genus in which the dwc:Taxon is classified.

Name or username of the persons who were the primary observers (for HumanObservation or MachineObservation) or
citation of document included in Suppl. material 1 if the source is published literature (MaterialCitation).

Year of record or publishing date if Material Citation.

The specific nature of the data record: MaterialCitation if retrieved from the literature, HumanObservation if derived from
our fieldwork (authors’ and collaborators’ observations), and MachineObservation if retrieved from GBIF/iNaturalist.org.

The name of the continent in which the dcterms:municipality occurs.
ISO 3166-1-alpha-2 country code.
ISO 3166-2 code of the county.

Name of locality at LAU2 level (LAU — NUTS 2024), according to Eurostat, or blank if no spatial overlap with a LAU area
(e.g., Black Sea).

Realm: freshwater, terrestrial, marine.

Geographic latitude in decimal degrees, exact location if citizen science and human observation, or centroid of ETRS 10 x
10 km cell grids if published literature.

Geographic longitude in decimal degrees, exact location in case of Citizen Science and Human Observation data, or
centroid of ETRS 10 x 10 km cell grids if the source was published literature.

100 m if GPS data, 5000 m if data was derived from the literature without geographic coordinates but with indication of
a settlement, 50000 m if data was derived from the literature without geographic coordinates and without indication of a
settlement but of a region.

Name of European Biogeographical Region included in the Habitats Directive (European Topic Centre 2008).
Land unit name according to Posea and Badea (1984).

Name of the nearby water body if the species belongs to the aquatic realm.

26



Cristina Preda et al.: Alien invertebrates in Romania

Table 2. Alien species checklist database structure.

Column label
species ID

accepted Name Usage

accepted Name Usage ID

Kingdom
Phylum

Class

Order
Family
Genus
Habitat

first Record
last Record
ias EU

ias RO
native Range Detailed
native Range

introduction Pathways

references

Column descriptions
A unique alphanumeric identifier.
The full accepted scientific name with authorship and date information, according to Catalogue of Life (Bdnki et al. 2025).

Taxon id in Catalogue of Life (Bédnki et al. 2025).

The full scientific name of the kingdom in which the taxon is classified, according to Catalogue of Life (Binki et al. 2025).

The full scientific name of the phylum or division in which the taxon is classified, according to Catalogue of Life (Binki et

al. 2025).

The full scientific name of the class in which the taxon is included according to Catalogue of Life (Bdnki et al. 2025).
The full scientific name of the order in which the taxon is classified (Bdnki et al. 2025).

The full scientific name of the family in which the dwe:Taxon is classified.

The full scientific name of the genus in which the dwe:Taxon is classified.

Realm: freshwater, terrestrial, marine.

First record in database.

Last record in database.

TRUE, if the species is included in the List of species of Union concern in 2025 (European Commission 2025).
TRUE, if the species is included in the provisional List of species of interest for Romania (MEFW 2022).

The native range at a continental or ocean level, with regional details if available.

The native range standardized at a continental or ocean level.

The most probable pathway of introduction in Romania, as reported in the literature included in Suppl. material 1 or
in taxonomic databases; based on the categories included in the Convention on Biological Diversity (Convention on

Biological Diversity 2014).

The main sources used to extract the information.

Data analysis

We used exploratory data analysis to examine the sources of data (literature, field-
work, and citizen science), occurrences and species by realm, and occurrences and
species accumulation by year and realm. Furthermore, for each realm, we used
contingency analyses and Venn diagrams to represent the source of data by spe-
cies. Additionally, alien invertebrate species were ranked by the number of records.
Exploratory data analysis was performed using R 4.5.2 (R Core Team 2026) and
packages dplyr (Wickham et al. 2014) for descriptive statistics, ggplot2 for oc-
currence and species accumulation curves (Wickham 2016), and ggvenn (Linlin
2023) for Venn diagrams.

We also mapped species occurrence records at a spatial resolution of
100 km? (10 x 10 km) using LAEA ETRS 89 grid cells (EPSG:3035) projec-
tion, the standard grid for reporting species distribution in the EU. Data with-
out coordinates (e.g., occurrence records included in literature) were assigned
to a single ETRS 89 grid cell based on the author’s knowledge of the species’
habitat requirements and the visual help of Google Earth satellite imagery
(Google Earth 10.75.0.1, Google LLC). Occurrence records were mapped as
the number of occurrences (as a measure of sampling effort and abundance
of alien species) and species richness per 10 x 10 km grid cells. Furthermore,
using Global Moran’s I statistic for spatial autocorrelation, we tested if the
number of occurrences per 10 x 10 km is spatially clustered (Z > 0) or dis-
persed (Z < 0) more than expected (Getis and Ord 2010). We also tested for
regional sampling bias, using optimized Hot Spot Analysis Getis-Ord Gi* sta-
tistic available in ArcGIS Pro (ESRI 2025b). The distance threshold was set at
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4 km to include the surrounding eight 10 x 10 km grid cells. The metric can
identify areas where sampling effort was significantly lower (GiZScore < -1.96;
i.e., coldspots of occurrences) or higher (GiZScore > 1.96; i.e., hotspots of
occurrences) than expected by chance. Spatial analyses were performed using
ArcGIS Pro 3.5 (ESRI 2025a).

Throughout this dataset, one occurrence is defined as one georeferenced de-
tection of a species at a sampling unit on a given date, regardless of the number
of individuals observed. For example, the records of Corythucha arcuata at the
national scale correspond to distinct georeferenced reports, typically one per sam-
pling station within an infested oak stand, and not to numbers of individuals nor
to numbers of infested trees. This convention follows the Darwin Core occurrence
concept (Wieczorek et al. 2012) and is consistent with how occurrence records are
structured in the Global Biodiversity Information Facility (GBIF).

Occurrence data are included in the GBIF database (https://ipt.pensoft.net/re-
source?r=alieninvro, Preda et al. 2026) and the checklist of alien invertebrates as
supplementary data (Suppl. material 2).

Results
Alien species richness

The current database of alien invertebrate occurrences includes 23415 records,
mostly representing our observations during fieldwork (19159, 81.82%). Roughly
10% of the records in the database were extracted from the literature (2259) and
8.53% (1997 entries) from citizen scientists” observations reported by the iNatu-
ralist community.

Most occurrences in our database are from the terrestrial realm (21115 entries,
90.18%), while records from freshwater habitats account for 1434 occurrences
(6.12%) and marine observations for 866 entries (3.70%). The nationwide field-
work performed between 2020 and 2022 contributed mostly to improved knowl-
edge regarding the terrestrial alien invertebrates (Fig. 1A).

In terms of alien species richness, we identified 297 alien invertebrates reported
from Romania (Suppl. material 2), of which 212 are terrestrial (71.38%), 27 are
freshwater (9.09%), and 58 are marine species (19.53%). The earliest occurrence
record dates from 1865, when Mann (1866) reported the tobacco moth Ephestia
elutella (Hiibner, 1796) from Eastern Romania, Tulcea county. The number of alien
species reported from Romania started increasing in 1970 for all realms (Fig. 1B),
with a sharp accumulation beginning in 2000 for terrestrial invertebrates and, to a
lesser extent, for freshwater and marine invertebrates.

Out of the 297 alien invertebrate species reported from Romania (Suppl. mate-
rial 2), 170 were documented only by one source (scientific literature, fieldwork, or
citizen science), while a combination of sources reported 127. Scientific literature
reported 241 species, of which 119 were not confirmed by our recent fieldwork or
citizen scientists’ observations. The citizen science data included 60 alien species,
of which 8 species were detected exclusively using this approach. During the three
years of fieldwork, we detected 166 alien invertebrate species, of which 43 were not
previously reported in the literature or by citizen scientists. A detailed analysis of
reported species by source and realm is presented in Fig. 2.
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Figure 1. Number of alien invertebrate occurrence records reported from Romania between 1865 and 2023 by realm (A) and accumula-

tion of new alien species by realm (B).

A B C

0 0 (0.0%) 38

(29 2%) (0.0%) ! l (65.5%)

AO A0 A0
Figure 2. Number of alien species by data source: CS = citizen science, PL = published literature, AO = observations made by the authors

and collaborators. A. Terrestrial alien invertebrates; B. Freshwater alien invertebrates; C. Marine alien invertebrates.

In the terrestrial realm, insects are the most documented group, specifically he-
mipterans like aphids, scale insects and leathoppers, represented by 39 species in
the database (i.e., Aphididae - 17 species, Diaspididae - 8 species, Cicadellidae - 7
species, and Coccidae - 7 species), lepidopterans like leaf miners and pyralid moths,
represented by 16 species (Gracillariidae - 8 species, Pyralidae - 8 species), leaf bee-
tles (Chrysomelidae - 9 species), wasps and ants (Eurytomidae, Sphecidae, and For-
micidae - 3 species each). For the aquatic realms, most alien species recorded in
the database for freshwater habitats are mollusks, like ramshorn snails and clams
(Planorbidae — 3 species, and Cyrenidae — 2 species), and crustaceans, like copepods
and barnacles, in marine ecosystems (Paracalanidae — 5 species, Oithonidae — 3 spe-
cies, Monstrillidae — 3 species, Balanidae — 3 species). The complete list of species
included in the database is provided in Suppl. material 2. A selection of the top 10
species based on the number of occurrences in each realm is presented in Table 3.
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Table 3. Top 10 alien invertebrate species reported from Romania by number of occurrences and realm.

Percentage of records

! . Year of first record
in the respective realm

Class: Order: species Number of records

Terrestrial species

Arachnida: Trombidiformes: Aceria erinea (Nalepa, 1891) 2185 10.35 1940
Insecta: Coleoptera: Harmonia axyridis (Pallas, 1773) 1866 8.84 2001
Insecta: Diptera: Obolodiplosis robiniae (Haldeman, 1847) 1255 5.94 2007
Insecta: Lepidoptera: Parectopa robiniella Clemens, 1863 1231 5.83 1988
Insecta: Hemiptera: Panaphis juglandis (Goeze, 1778) 1053 4.99 2002
Insecta: Hemiptera: Halyomorpha halys (Stdl, 1855) 950 4.50 2002
Insecta: Hemiptera: Corythucha arcuata (Say, 1832) 934 4.42 2015
Insecta: Hemiptera: Nezara viridula (Linnaeus, 1758) 756 3.58 2010
Insecta: Lepidoptera: Macrosaccus robiniella (Clemens, 1859) 711 3.37 1912
Insecta: Hemiptera: Mezcalfa pruinosa (Say, 1830) 696 3.3 2009
Freshwater species
Bivalvia: Myida: Dreissena bugensis Andrusov, 1897 817 56.97 2004
Malacostraca: Decapoda: Faxonius limosus (Rafinesque, 1817) 159 11.09 2008
Bivalvia: Unionida: Sinanodonta woodiana (1. Lea, 1834) 119 8.3 1979
Bivalvia: Venerida: Corbicula fluminea (O. E. Miiller, 1774) 112 7.81 1997
Gastropoda: Pulmonata: Physella acuta (Draparnaud, 1805) 61 4.25 1961
Polychacta: Terebellida: Hypania invalida (Grube, 1860) 53 3.70 1935
Gastropoda: Pulmonata: Ferrissia californica (Rowell, 1863) 19 1.32 1946
Monogenea: Dactylogyridea: Onchocleidus similis Mueller, 1936 11 0.77 1951
Malacostraca: Decapoda: Macrobrachium nipponense (De Haan, 1849) 10 0.70 2021
Rhabditophora: Tricladida: Girardia tigrina (Girard, 1850) 10 0.70 1977
Marine species
Gastropoda: Neogastropoda: Rapana venosa (Valenciennes, 1846) 113 13.05 1973
Polychaeta: Spionida: Polydora cornuta Bosc, 1802 95 10.97 1955
Bivalvia: Myida: Mya arenaria Linnaeus, 1758 90 10.39 1967
Hexanauplia: Balanomorpha: Amphibalanus improvisus (Darwin, 1854) 83 9.58 1927
Bivalvia: Arcida: Anadara kagoshimensis (Tokunaga, 1906) 81 9.35 1998
Tentaculata: Lobata: Mnemiopsis leidyi A. Agassiz, 1865 69 7.97 1989
Malacostraca: Decapoda: Rhithropanopeus harrisii (Gould, 1841) 64 7.39 1950
Nuda: Beroida: Beroe ovata (Bruguiére, 1789) 44 5.08 1998
Polychaeta: Sabellida: Ficopomatus enigmaticus (Fauvel, 1923) 36 4.16 1962
Polychaeta: Spionida: Dipolydora quadrilobata (Jacobi, 1883) 18 2.08 2003

Only three of the species in the database are currently included on the List of
Union concern according to the EU Regulation 1143/2014, i.e., the spinycheek
crayfish Faxonius limosus (Rafinesque, 1817), the Chinese mitten crab Eriocheir
sinensis (H. Milne-Edwards, 1853), and the marbled crayfish Procambarus virgin-
alis Lyko, 2017. Additionally, five species of invertebrates were proposed by the
Romanian Ministry of Environment (internal report) as alien species of interest
for Romania: the Varroa mite, Varroa destructor (Anderson & Trueman, 2000), the
Spanish slug, Arion vulgaris (Moquin-Tandon, 1855), the Chinese pond mussel,
Sinanodonta woodiana (1. Lea, 1834), the tiger mosquito, Aedes albopictus (Skuse,
1894), and the blue crab, Callinectes sapidus (Rathbun, 1896).
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The spinycheek crayfish, £ limosus, has been recorded 159 times at the nation-
al level, the Chinese mitten crab, E. sinensis, 7 times, and the marbled crayfish,
P virginalis, only once. The reports for the species of national concern are also
scarce, i.e., 212 reports for V. destructor, 184 reports for A. vulgaris, 119 reports
for S. woodiana, 122 reports for A. albopictus, and only four reports for C. sapidus.

When considering native ranges and pathways of introduction of alien inverte-
brates in the terrestrial realm, roughly half of the species originate from Asia and
North America, 34.91% and 24.06%, respectively. Other regions of interest for ter-
restrial invertebrates include Africa (11.32%) and other parts of Europe (12.26%),
and to a lesser extent Central America, South America or Australia. For 9.43% of the
terrestrial species in the database, the native range is uncertain (cryptogenic). Taxa
are most commonly introduced as contaminants of various commodities (56.60%)
and as stowaways (31.13%). Other pathways of introduction, such as release in na-
ture, escapes from confinement, or unaided, have been less documented. For fresh-
water alien species, two major donor regions are North America (48.15% of native
ranges) and Asia (37.04%), followed by Europe (11.11%). Only one of the species
recorded, the New Zealand mud snail, Potamopyrgus antipodarum (Gray, 1843),
is native to New Zealand, as its common name suggests. Most introductions of
freshwater alien species seem to be unintentional, either as stowaways (37.04%) or
spreading using interconnected waterways (Spread: Corridor - 22.22%). Other im-
portant pathways include contaminants of various transports (14.81%) and releases
in nature (14.81%), and to a lesser degree, documented escapes from confinement
(3.7%). Marine alien species originate mostly from the Atlantic Ocean (56.90%)
and the Pacific Ocean (25.86%), and less from the Indian Ocean (3.45%). The
vast majority of species were likely introduced as a result of maritime shipping, as
stowaways (Vector: Transport-Stowaway - 87.93%). In comparison, contaminants
of various commodities account for only 6.9%. The relationship between native
ranges and main pathways of introduction for each realm is shown in Fig. 3.
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Figure 3. The number of alien species by introduction pathways and native geographical region using a chord diagram in terrestrial
(A), freshwater (B), and marine (C) realms. Abbreviations denote: EC = Commodity: Escape from confinement; TC = Commodity:
Transport-Contaminant; SC = Spread: Corridor; SU = Spread: Unaided; TS = Vector: Transport-Stowaway; RN = Commodity: Release
in nature; AmS = South America; Med = Mediterranean region; AmC = Central America; NZ = New Zealand; Pacific = Pacific Ocean;

Atlantic = Atlantic Ocean; Indian = Indian Ocean.
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Alien species distribution

Reported occurrences of alien terrestrial invertebrate species are strongly clustered
(Global Moran’s I test = 0.34, Z = 17.86, p < 0.001) (Fig. 4A). The number of oc-
currences per cell varies between 0 and 701, with a few areas classified as hotspots
by using Getis-Ord Gi* spatial statistic, i.e., Bucharest, Vaslui, lasi, Galati, Con-
stanta, Craiova, Cluj-Napoca, Timisoara and Sibiu (Fig. 4B). Alien species richness
per grid cells overlapped hotspots of occurrences, with the highest richness ob-
served in three regions of Romania, i.e., surroundings of Bucharest (Southern Ro-
mania), Cluj-Napoca (Western Romania) and Vaslui (Eastern Romania) (Fig. 4C).

Freshwater alien species occurrence records show the same clustered pattern
as in the case of terrestrial species (Global Moran’s I test = 0.15, Z = 9.63, p <
0.001). The number of occurrences per 10 x 10 km ETRS grid cell varies between
0 and 143, with the highest number recorded along the Danube river near Braila
(Eastern Romania) and Orsova (Southwestern Romania), and near Oradea in the
Northwestern part of Romania (Fig. 5A). Getis-Ord Gi* spatial statistic analysis
indicates hotspots of occurrences along the Danube river, at Iron Gates Natu-
ral Park, Calarasi-Galati area, Giurgiu, and Danube Delta. Other hotspots were
identified near Oradea in the Northwestern part of Romania, and near Comana
Natural Park, close to Bucharest (Southern Romania) (Fig. 5B). When analyzing
species richness, the highest number of species was recorded near Orsova on the

Danube River and Sfantu Gheorghe in the Danube Delta (Fig. 5C).
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Figure 4. Spatial distribution of alien terrestrial invertebrates in Romania at 10 x 10 km grid cell resolution. A. Alien records per grid cell;

B. Hotspots of occurrence records; C. Alien species richness per grid cell.
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Figure 5. Spatial distribution of alien freshwater invertebrates in Romania at 10 x 10 km grid cell resolution. A. Alien records per grid

cell; B. Hotspots of occurrence records; C. Alien species richness per grid cell.
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Figure 5. Continued.
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Marine alien species occurrence records are also distributed in clusters (Global
Moran’s I test = 0.61, Z = 37.43, p < 0.001). The number of occurrences per 10 x
10 km ETRS grid cells varies between 0 and 118, with the highest numbers recorded
near Constanta, in the southeastern part of Romania (Fig. 6A). Getis-Ord Gi* spatial
statistic analysis indicates hotspots of occurrences on the northern part of the Roma-
nian Black Sea coast, south of Gura Portitei in the Danube Delta at the interface be-
tween the Danube Delta and the Black Sea (Fig. 6B). When analyzing species richness,
the highest number of species is found near Constanta and Mangalia harbors (Fig. 6C).

Discussion

Our current database contains records of 297 species of alien invertebrates, which is
approximately 30% fewer than the number of alien invertebrate species previously
reported in a national overview nearly a decade ago (Anastasiu et al. 2016). This
apparent decline, however, rather than reflecting effective management measures
applied at the national level or containment strategies, is largely artificial and is
the net result of two opposing trends: (i) increased accessibility of occurrence data,
which has indeed added newly arrived and previously overlooked species, offset by
(ii) stricter taxonomic curation, harmonized definitions of ‘alien’ (sensu Latombe
et al. 2017; Essl et al. 2018), and the removal of unverifiable historical records.
Ground-truthing and consolidation of disparate records have also contributed to a
more conservative estimate, in line with international calls for harmonized species

reporting (Latombe et al. 2017; Essl et al. 2018; Bacher et al. 2025).
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B. Hotspots of occurrence records; C. Alien species richness per grid cell.
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The comparison of our checklist with the data available for Romania in the
pan-European inventory of alien terrestrial arthropods compiled by Roques et
al. (2010) revealed similar species richness (205 terrestrial arthropod species in
the present study vs. 200 in Roques et al. 2010), and the two lists overlapped
in approximately half of the cases. The remaining differences are attributable
to three main factors. First, some species were excluded from our checklist be-
cause we did not consider taxa regulated under Regulations (EU) 2016/2031
and 2019/2072 (e.g., Chaetosiphon (Pentatrichopus) fragaefolii (Cockerell,
1901), Eriosoma lanigerum (Hausmann, 1802)). Second, several species were
considered native to Romania and were therefore not included (e.g., Caloptilia
roscipennella (Hibner, 1796), Trichogramma brassicae Bezdenko, 1968). Taxa
native to other parts of Europe were retained as alien when their arrival in Ro-
mania was clearly human-mediated (e.g., species of Mediterranean origin), in
line with current definitions of alien species (IPBES 2023). Third, the presence
in Romania of several species could not be verified from the available records
(e.g., Saissetia oleae (Olivier, 1791) (Coccidae), Rhopalosiphoninus latysiphon
(Davidson, 1912) (Aphididae), and Psyllipsocus ramburii Selys-Longchamps,
1872 (Psocidae)); these taxa are listed in Suppl. material 3 and remain to be
confirmed. In addition, Suppl. material 3 includes a further 37 taxa reported
as present in Romania in other published sources but for which no supporting
information or locality data could be retrieved; we encourage researchers to
investigate these records in future studies.
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The temporal trajectory of alien invertebrate introductions in Romania shows
a pattern consistent with broader European and global trends. The earliest docu-
mented alien invertebrate in our database, the tobacco moth Ephestia elutella, was
reported from Tulcea county in 1865 (Mann 1866). For more than a century, new
records accumulated slowly, with only a modest increase during the second half of
the 20™ century. After 1970, the number of reported alien species began to rise no-
ticeably across all realms, with a particularly sharp increase after 2000, driven large-
ly by terrestrial invertebrates and to a lesser extent by freshwater and marine taxa.
This steep growth can be partly explained by actual increases in propagule pressure
linked to intensifying trade, transport, and land-use change, especially in the con-
text of Romania’s pre-accession and accession to the European Union in 2007,
which facilitated the movement of goods and organisms along liberalised transport
and commercial corridors (Roques et al. 2016; Seebens et al. 2017, 2021).

At the same time, the recent acceleration possibly reflects an artificial increase
due to improved taxonomic expertise, increased availability of digitised museum
and literature records, and the rapid growth of citizen science platforms, which
have greatly enhanced species detection and reporting in the past two decades
(Pocock et al. 2017, 2024; Groom et al. 2019). Similar dynamics have been ob-
served across Europe, where more comprehensive monitoring and data mobiliza-
tion efforts have contributed to sharp apparent increases in alien species richness
(Latombe et al. 2017; Haubrock et al. 2023; Colling et al. 2025). Thus, the data
likely reflect both real ecological processes linked to biological invasions and an
expanding observation effort. The pattern for Romania remains consistent with
global trajectories: biological invasions are accelerating and remain unsaturated,
with invertebrates among the groups with the greatest establishment rates world-
wide (Seebens et al. 2017; Bacher et al. 2023). Approximately 82% of the occur-
rence records in our database originate from fieldwork, performed primarily in
terrestrial habitats. As expected, the marine habitats remain the least systematically
surveyed, reflecting both logistical constraints and taxonomic challenges. Inverte-
brates are notoriously difficult to monitor and identify, often requiring specialized
taxonomic expertise, sustained research efforts, and substantial financial resources
(McGeoch et al. 2012; Seebens et al. 2020). Nevertheless, recent years have seen
increasingly valuable contributions from citizen scientists, particularly within ur-
ban and surrounding areas (Pocock et al. 2024). In our dataset, 2.7% of alien spe-
cies were documented exclusively through citizen science initiatives, underscoring
the growing relevance of this participatory approach. These efforts could be further
amplified through thematic events such as BioBlitzes, organized locally or as part
of larger initiatives like the City Nature Challenge, which offer opportunities to
raise awareness, engage non-specialist observers, and enhance early detection ca-
pacity (Pocock et al. 2017; Groom et al. 2019). Our results show that 170 species
(57%) were recorded by only one source, whether scientific literature, fieldwork,
or citizen science, while the remaining 127 species (43%) were documented by
two or more sources combined. Scientific literature yielded the highest number
of species (241), but 119 of these were not confirmed by our recent fieldwork or
citizen-science observations.

Alien invertebrates represent the second most diverse group of alien species in
Romania, after vascular plants (Cogalniceanu et al. 2020; Anastasiu et al. 2024).
Among these, insects, mollusks and crustaceans account for the largest numbers,
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consistent with European trends (Roques et al. 2009; Ragkousis et al. 2023). Three
alien invertebrates included on the List of Invasive Alien Species of Union concern
are established in Romania, i.e., Faxonius limosus (Rafinesque, 1817), Procambarus
virginalis Lyko, 2017, and Eriocheir sinensis (H. Milne-Edwards, 1853). Fortu-
nately, despite recent amendments to the list (European Commission 2025), the
number of Union concern species present in Romania has not increased. However,
we should mention the reporting of a land planarian in western Romania in 2023
through one of the citizen science platforms (Lorincz 2024) that was later identi-
fied by platform users as Obama nungara Carbayo, Alvarez-Presas, Jones & Riu-
tort, 2016, one of the species added to the List of invasive alien species of Union
concern in 2025. To our knowledge, this record currently relies on a single obser-
vation without a collected specimen, requiring further investigations. Neverthe-
less, the example illustrates the growing importance of citizen science in the early
detection of emerging invasive species. Similar contributions have proven valuable
for documenting first occurrences, extending distribution ranges, and providing
large-scale spatiotemporal data (Pocock et al. 2024). At the same time, such cases
highlight the need for careful validation and integration of citizen-science data
with expert taxonomic assessments and physical vouchers, ensuring scientific accu-
racy and management relevance. Strengthening collaborations between research-
ers, institutions, and citizen science platforms could improve both the reliability of
records and the responsiveness of national monitoring schemes. This should serve
as a reminder that the risk of introduction is always high and that urgent mea-
sures are needed to strengthen early warning systems and cross-border data sharing
(Groom et al. 2017, 2019; Price-Jones et al. 2022).

One of the three species of Union concern established in Romania, the spiny-
cheek crayfish, Faxonius limosus, native to North America, was first recorded in
Romania in the early 2000s in the lower Danube River basin (Parvulescu et al.
2009; Schrimpf et al. 2013). Since then, the species has expanded its range into
connected waterways, including tributaries and canals (Popa et al. 2020). F limosus
is a vector for the crayfish plague, Aphanomyces astaci, which poses a severe threat
to native European crayfish such as the idle crayfish, Austropotamobius biharien-
sis, a species endemic to Apuseni Mountains in the western part of Romania, or
Astacus astacus, already in decline across Europe due to habitat loss and pollution
(Parvulescu 2019, Mojzisovd et al. 2022; Roessink et al. 2022).

The Chinese mitten crab, Eriocheir sinensis, rapidly established and subsequently
spread throughout much of Europe following its accidental introduction into Ger-
many in 1912 from its native range in eastern Asia (Herborg et al. 2003). In Ro-
mania, the species was first reported in the late 1990s (Gomoiu and Skolka 1998)
and later confirmed from the Danube Delta (Otel 2004; Micu and Micu 2006).
It is likely distributed along the entire lower sector of the Danube, consistent with
records from neighbouring Serbia (Skraba et al. 2013) and Bulgaria (Trichkova
et al. 2017). As a catadromous species, adults migrate downstream to brackish
and marine waters to reproduce, while juveniles disperse upstream into freshwater
habitats, capable of traveling hundreds of kilometers (Herborg et al. 2003). The
species is omnivorous and exerts multiple ecological impacts. Competition and
predation on benthic invertebrates, along with burrowing activity, can alter com-
munity composition and sediment dynamics, as well as contribute to riverbank
erosion (Rudnick and Resh 2005; Hinfling et al. 2011). Migratory behaviour also
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redistributes biomass across ecosystem boundaries, potentially influencing nutri-
ent fluxes (Rudnick and Resh 2005). E. sinensis has been identified as a carrier of
the crayfish plague pathogen Aphanomyces astaci, raising additional concerns for
native crayfish populations (Schrimpf et al. 2014, 2017).

The marbled crayfish, Procambarus virginalis, has emerged as a prominent
invasive freshwater taxon in Europe, and its presence has been confirmed in
northwestern Romania, where established individuals were first documented
from semi-natural ponds near Oradea city (Parvulescu et al. 2017). Its ability to
reproduce from a single individual, coupled with rapid growth, high fecundity,
and broad ecological tolerance, underpins its exceptional colonisation potential
and explains the frequent, multi-site introductions associated with the aquarium
trade (Maiakovska et al. 2021). Across invaded regions, P virginalis has demon-
strated strong ecological impacts: it can reach high population densities, alter
benthic invertebrate assemblages, compete with native crayfish and other macro-
invertebrates, and modify nutrient and sediment dynamics in small water bodies
(Andriantsoa et al. 2019; Soto et al. 2024). From a biosecurity perspective, the
marbled crayfish poses a high invasion risk due to its clonal reproduction and
widespread availability in the pet trade, prompting regulatory responses in mul-
tiple jurisdictions (Sdnchez et al. 2024).

Together, these species highlight the increasing role of alien crustaceans in alter-
ing ecosystem processes, outcompeting native species such as Astacus astacus and
Austropotamobius torrentium, and complicating conservation efforts. The co-occur-
rence of multiple invasive decapods with overlapping ecological niches underscores
the need for integrated monitoring and management strategies across the Danube
catchment and at the EU level.

Spatial analysis of alien invertebrates’ occurrence in Romania reveals several
hotspots of species richness in and around major urban and transport hubs such
as Bucharest, Constanta, Cluj-Napoca, lasi, Sibiu, and along the Danube River.
These patterns underscore the critical role of international ports and infrastruc-
ture, highways and railway networks, as introduction gateways (Hulme 2009;
Memedemin et al. 2016; Latombe et al. 2017). In the case of Constanta, Roma-
nia’s largest Black Sea harbor, its status as a national hotspot for alien marine and
brackish-water invertebrates has been previously documented (Memedemin et
al. 2016). Interestingly, many of these hotspots overlap with prominent academ-
ic and research centers, most clearly seen in the case of terrestrial invertebrate
alien species, suggesting the possibility of a ‘botanist effect’, a sampling bias
whereby more records are available in well-studied areas (Ruiz et al. 2000; Pysek
etal. 2013). While this bias is an inherent challenge in alien species distribution
studies, the observed clustering likely reflects a combination of true introduction
patterns and research effort. The absence of some species from our dataset should
be interpreted with caution, as opportunistic data can carry well-documented
taxonomic, spatial, temporal and detectability biases that can distort apparent
distributions and trends (Isaac and Pocock 2015; Boakes et al. 2016; Troudet
et al. 2017) and should ideally be cross-checked against structured surveys for
more robust and comprehensive assessments of biodiversity (Arvidsson and Birk-
hofer 2026). Opportunistic records consistently over-represent conspicuous,
large-bodied, common and easily identifiable species, while inconspicuous or
hard-to-recognise taxa are systematically under-reported (Callaghan et al. 2021;
Koch et al. 2023; Diaz-Calafat et al. 2024).
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Conclusion

Despite significant progress in documenting alien invertebrates in Romania and
centralizing data, there is still no comprehensive official national list of alien spe-
cies. Such a list should be publicly accessible and regularly updated, ideally adher-
ing to global biodiversity data standards to ensure agreement with FAIR principles
(Reyserhove et al. 2020; Price-Jones et al. 2022; Roy et al. 2024). The list could
be maintained by the Romanian Ministry of Environment, with the contribution
of researchers to ensure scientific rigor, on existing platforms that provide the nec-
essary infrastructure, such as GBIF (Robertson et al. 2014). This would reduce
the current fragmentation of data systems and facilitate coordinated responses to
biological invasions (Groom et al. 2017, 2025a).

Monitoring efforts in Romania are in line with EU Regulation No. 1143/2014
on the prevention and management of invasive alien species, yet management ac-
tions remain sporadic and under-resourced. Increased funding, capacity building,
and integrated governance are urgently needed to improve implementation and
functionality of specialized legislation, as well as harmonization between relevant
legal frameworks and the mandates of different ministries (Genovesi et al. 2015).

Moving forward, research should focus on ecological and socio-economic impacts
to address current knowledge gaps and the prioritization of species for management
interventions, following structured approaches such as the DOSI scheme (Disper-
sal-Origin-Status-Impact; Haubrock et al. 2025). Proactive measures are essential for
detecting emerging alien species with high invasive potential, such as Vespa velutina.
Close monitoring and assessments of their impacts, distribution, and establishment
status would support timely, early-stage management (Robinet et al. 2017; Nunes et
al. 2025). Establishing long-term monitoring schemes and early detection systems,
alongside pilot management projects that test eradication and control measures, will
be key to strengthening Romania’s capacity to address invasive alien species effective-
ly. Mobilizing resources at national and EU levels will be essential to ensure that the
suggested measures are sustainable and scalable.
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