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Abstract

Biological invasions are one of the main drivers of modern human-induced species losses. Research on the
distribution of alien species and their pathways of introduction is essential for understanding and tackling
the invasion process. A comprehensive overview on invasive alien plant (IAP) species in Romania is lack-
ing. With this paper, we aim to contribute to filling this gap and to provide a visualization of national
patterns regarding plant species invasions, geographical origins and pathways of introductions. Based on
plant species occurrence records in the published literature and herbaria we compiled a national database
of 102 invasive and potentially invasive alien plant species. We georeferenced 42776 IAP species occur-
rences and performed an analysis of their spatial patterns. The spatial analyses revealed a biased sampling,
with clear hotspots of increased sampling efforts around urban areas. We used chord diagrams to visualize
the pathway of introduction and geographical origins of the IAP species, which revealed that species in
Romania originate mainly in North and Central America, while the dominant pathway of plant intro-
duction was horticulture. Our results provide an important baseline in drafting management and action
plans, as invasive alien plant species represent a priority for the European Union through the Biodiversity
Strategy for 2030, and a good starting point for various analyses as the database is further developed and
regularly updated.
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Biological invasions are one of the main drivers of modern human-induced species
losses (Li et al. 2016; Essl et al. 2020; Pysek et al. 2020; Seebens et al. 2021). The estab-
lishment of invasive alien species (IAS) alters habitats, communities and ecosystems’
functioning (Hulme 2015; Bellard et al. 2016), the effects ranging from changes in the
physio-chemical environment to increasing the risk of disturbances, such as fires, and
contributing to the loss of native biodiversity (Ehrenfeld 2010; Schirmel et al. 2016;
Catford et al. 2018). In time, many IAS lead to the decline of abundance of native
species (Alyokhin and Sewell 2004) or even to local extinctions, especially when the
competition for resources is high (Gallardo et al. 2019).

Invasive alien plants (IAPs) can impact the environment in multiple ways (Barney
et al. 2013) and contribute to a wide range of impacts on the economy and human
well-being (Diagne et al. 2020). Some IAPs have been shown to disrupt community
assemblages (Pysek et al. 2009) or to alter the biogeochemical processes in an area
(Ehrenfeld 2003). In agriculture, IAPs can lead to the loss of crops and productive land
(Ruiz and Carlton 2003). Furthermore, they can lead to disease outbreaks for people
and wildlife (Kumar Rai and Singh 2020). In past decades, the risks associated with
invasive species have increased because human activities altering the environment have
escalated rapidly (Keller etal. 2011). In Europe alone, the costs associated with damage
and control of the IAP species ragweed (Ambrosia spp.) and water-primrose (Ludwigia
spp.) are estimated to be around 20 USD billion (Haubrock et al. 2021). Most costs
are supported by agriculture and forestry, as IAPs are considered agricultural or forestry
weeds. However, highly allergenic species to humans, such as the ragweed Ambrosia
artemisiifolia, lead to high medical costs (Richter et al. 2013).

A good practice in reducing the ecological and social-economic impacts of alien
species is to prevent their introduction (Keller et al. 2011). To do this, monitoring
species movements and their geographic distribution is necessary to understand
and track the effects of biological invasions (McGeoch et al. 2012; McGeoch and
Latombe 2015). Occurrence databases represent one of the most simple tools to
identify and monitor the distribution of alien plants (Latombe et al. 2017). Re-
ports on biodiversity targets and trends in biological invasions have also been de-
veloped using lists of alien and invasive alien species with the aim of informing
policy (Hulme et al. 2009). Compiling inventories of alien taxa including details
on status and distribution are important for biological invasion research. An up-to
date inventory represents an essential tool for conducting risk assessments as well
as for guiding policy, management and action plans regarding biological invasions
(Hulme et al. 2009).
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Globally, the emphasis has been put on the identification and analysis of intro-
duction pathways of IAS as a key step for managing invasive species based on the
precautionary principle (Pysek et al. 2011). The main pathways of introduction and
transport of alien species are directly or indirectly associated with anthropogenic activi-
ties; the species being introduced intentionally (deliberately) or unintentionally (ac-
cidentally). The main introduction pathways of IAS are strongly associated with inter-
national trade. The intensification and diversification of commercial activities, and the
intensification of transports increase the likelihood of introducing IAS on the territory
of certain states (Keller et al. 2011). They can be brought as goods subject to trade or
transported by chance on a certain type of goods involuntarily (Hulme 2009; Seebens
et al. 2017). To address this issue, decision-makers from various institutions identified
the need to develop policies to prevent the spread of IAS, focusing on transcontinental
transport and trade (Wotkowycki and Banaszuk 2016).

Due to its geographical position in the center of Europe (Rey et al. 2007) and
intensive trade with other states, Romania is prone to biological invasions (Anasta-
siu and Negrean 2007; Sirbu et al. 2011; Skolka and Preda 2011; Preda et al. 2012;
Anastasiu et al. 2017; Stanescu et al. 2020; Urziceanu et al. 2020). According to the
Biodiversity Strategy for 2030, managing IAPs is a priority for the European Union
(European Commission 2020). As a result, Regulation (EU) No. 1143/2014 focuses
on invasive alien species and aims to prevent and limit their negative effects on the en-
vironment. Despite the urgency of managing biological invasions, current knowledge
on the distribution of alien species in Romania is limited. There are several regional
or species-specific studies (Sirbu and Oprea 2010; Szatmari 2012; Zimmermann et al.
2015; Kucsicsa et al. 2018); however, a comprehensive database of alien plant species
occurrences at national level is lacking. In order to contribute to filling this gap, the
present study aims to review the published records of invasive and potentially invasive
plant species in Romania and provide an open-access spatial database, including an
overview of the main pathways of introduction.

Methods

To compile a database with invasive and potentially invasive plants species in Romania,
we conducted an extensive literature review covering the 1778-2018 time-period. We
identified almost 800 alien plant species in Romania but selected only a set of species
for the current study (see Suppl. material 1: Appendix S1 for a detailed list). Following
the terminology used by Richardson et al. (2000) and Pysek et al. (2004), our selec-
tion refers to alien plants considered invasive, i.e., a subset of naturalized plants that
have the potential to spread over large areas, or potentially invasive i.e., naturalized
and casual alien plants that may become invasive in Romania. The potentially invasive
category refers to alien plants that have established self-sustaining populations (i.e.,
naturalized) or whose presence has been casually recorded in Romania, without form-
ing such populations (i.e., casual) according to Anastasiu and Negrean (2009) and
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Sirbu and Oprea (2011b). Nevertheless, having a history of invasiveness in other Eu-
ropean countries, the latter category was considered important for detailed assessments
by national experts (e.g., based on the input of all academic botanists in the country,
covering all university centers), during a workshop aiming at identifying alien species
of national concern, as a part of a national program to support the implementation of
Regulation (EU) 1143/2014 on invasive alien species. Therefore, invasive and poten-
tially invasive are considered a single group (hereafter IAP species).

Information regarding the occurrence records of alien plant species included in the
database was extracted from 1174 published documents, i.e., 980 articles, 150 books,
29 PhD theses, six research reports, six conferences proceedings, and three herbarium
data (see Suppl. material 3: Appendix S3 for a detailed list). The occurrence records
were checked for taxonomic and geographic quality. The records that could not be geo-
referenced (e.g., occurrences assigned only to mountain ranges, historical provinces,
and hydrographic basins) or records with unspecified taxa within genera, were not
included in the current version of database. The species taxonomy considered in the
present paper is based on GBIF Backbone Taxonomy (GBIF Secretariat 2021).

For each species included in our database, we added information on taxonomy, the
native range and the pathways of introduction according to Sirbu and Oprea (2011a).
The introduction pathways were standardized based on the main categories described
in the Convention on Biological Diversity (CBD 2014): release in nature, escape from
confinement, transport-contaminant, transport-stowaway, corridor, and unaided. Each
main category includes several sub-categories. For example, the intentional release of
alien species in nature can be due to various reasons such as erosion control and dune
stabilization or landscape/flora/fauna “improvement” in the wild. The categories used
in this study are detailed in Table 1. Finally, we used a chord diagram (Gu et al. 2014;
Turbelin et al. 2017) to visualize the introduction pathways and geographical origin of
the alien plant species included in the database.

To aggregate IAP species occurrence records, we followed the approach established
by Cogilniceanu et al. (2013). Valid occurrence records were aggregated at a Universal
Traverse Mercator (EPSG 9807) spatial resolution of 25 km? (UTM 5 x 5 km) using
the UTM index of localities and Google Maps/Google Earth (Alphabet Inc., Santa
Clara CA). Georeferenced data points were transferred to ArcGIS 10.3 (ESRI, Red-
lands CA) and visually inspected for errors.

Spatial patterns in IAP species occurrences were analyzed using spatial autocorrela-
tion of species records per 5 x 5 km grid cell at the national level. We used Global Mo-
ran’s | test to evaluate the overall spatial pattern of occurrences reported from Romania
(Fortin and Dale 2005). The test indicates if reported occurrences at grid cell level are
significantly clustered (Z > 0), to random (Z = 0) and dispersed (Z < 0) across Roma-
nia. To assess the local patterns of sampling bias, we used the Getis Ord Gi* spatial
statistic. This analysis identifies clusters of occurrence records with values numerically
higher than expected by chance within a specified searching distance (Ord and Getis
1995). The distance threshold for the aggregation patterns was set up to 7100 m to
include the neighboring eight grid cells for each UTM grid of interest (Cogalniceanu
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Table I. List of abbreviations used to describe the geographical origins of the alien plant species and their

pathways of introduction.

Acronym Description of acronym
Geographical origins

A+P Asia + Pacific

E Europe

M Mediterranean

AN+C America (North + Central)

AS America (South)

T Tropics

A Americas (North + Central + South)

¢} Other regions and/or unknown origin

Pathways of introduction

RE_eros RELEASE IN NATURE: Erosion control/ dune stabilization (windbreaks, hedges, ...)

RE_land  RELEASE IN NATURE: Landscape/flora/fauna “improvement” in the wild

RE_othr ~ RELEASE IN NATURE: Release in nature for use (other than above, e.g., fur, transport, medical use),
or other intentional release

ES_agri ESCAPE FROM CONFINEMENT: Agriculture (including Biofuel feedstocks)

ES_fore ESCAPE FROM CONFINEMENT: Forestry (including afforestation or reforestation)

ES_hort ESCAPE FROM CONFINEMENT: Horticulture, Ornamental purpose other than horticulture

ES_faci ESCAPE FROM CONFINEMENT: Pet/aquarium/terrarium species (including live food for such
species), Botanical Garden/zoo/aquaria (excluding domestic aquaria), Research and ex situ breeding (in
facilities)

ES_othr ESCAPE FROM CONFINEMENT: Other escape from confinement

TR_habi ~ TRANSPORT CONTAMINANT: Transportation of habitat material (soil, vegetation, ...)

TR_seed TRANSPORT - CONTAMINANT: Seed contaminant

TR_mult TRANSPORT - STOWAWAY: Vehicles (car, train, ...), Ship/boat ballast water or other means of transport

UN_intr ~ UNAIDED: Interconnected waterways/basins/seas

UN_natu UNAIDED: Natural dispersal across borders of invasive alien species that have been introduced
through pathways 1 to 5

etal. 2013). The Getis Ord Gi* test returns a Z-score for every cell, which, depending
on the level of aggregation, describes spatial clusters of high or low sampling effort. We
identified clusters of grid cells where the sampling effort was significantly higher (hot-
spots of occurrence, GiZScore > 1.96) or lower (cold spots of occurrence, GiZScore
< 1.96). TAP species richness was mapped at a spatial resolution of 50 x 50 km UTM
grid cells. Aggregating species richness at a coarser resolution reduced the potential bias
in sampling effort and allowed for a better understanding and visualization of regional
patterns (Graham and Hijmans 2006).

The altitudinal distribution of each species was assessed by extracting the range and
mean altitude per grid cell from the SRTM digital topographic database (Jarvis et al.
2008) using ArcGIS Desktop Zonal Statistics geoprocessing tool. Due to the size of grid
cell (25 km?), the altitudinal distribution of a given record might be over- or underes-
timated. Grid cells intersecting the Romanian border were excluded from the analysis.

The data underpinning the analysis reported in this paper are deposited at
GBIF, the Global Biodiversity Information Facility, and are available at https://doi.
org/10.15468/gg846v.
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Results

Distribution and taxonomy of invasive and potentially invasive alien plant spe-
cies in Romania

Following the extensive literature review, we identified 102 alien plant species to be
included in the invasive or potentially invasive categories, as described in the Methods
section (invasive, naturalised, casual cf. Richardson et al. 2000; Pysek et al. 2004; Ana-
stasiu and Negrean 2009; Sirbu and Oprea 2011b). The rate of accumulation of IAP
species occurrence records shows a slow increase between 1778 and 1940s, with peaks
in 1866 (29 occurrences) and 1898 (25 occurrences), followed by a steady increase
with a maximum in 2009 (82 occurrences) (Fig. 1). Regarding the new IAP species
discovered in Romania, we observed a maximum of nine new plant species reported in
1816, followed by seven new plant species reported in 1866 (Fig. 2). In the 20* cen-
tury, the data in the literature indicates a maximum of four new alien species recorded
per year in the 1950s and one species per year in the 2000s.

The documented IAP species cover 41 families, with most species belonging to Aster-
aceae (23%), followed by Amaranthaceae (12%), Poaceae (6%) and Fabaceae (5% of spe-
cies) families. Eight species in our database had more than 1000 occurrence records each
(i.e., Erigeron canadensis, Erigeron annuus subsp. annuus, Ambrosia artemisiifolia, Ama-
ranthus retroflexus, Xanthium orientale subsp. italicum, Robinia pseudoacacia, Galinsoga
parviflora, and Xanthium spinosum), while eight species had less than ten occurrence
records (i.e., Verbesina encelioides, Grindelia squarrosa, Ambrosia tenuifolia — previously
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Figure 1. Yearly number of invasive and potentially invasive alien plant species occurrence records re-

ported from Romania (blue) and accumulation of occurrence records (red).
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Figure 2. Number of new invasive and potentially invasive alien plant species reported during the 1778—
2018 period from Romania (blue) and accumulation of species (red).

erroneously reported as Ambrosia psilostachya, according to Karrer et al. (2021), Heracle-
um sosnowskyi, Heraclewm mantegazzianum, Cabomba caroliniana, Myriophyllum aquati-
cum, Rbhaponticum repens). Most occurrence records were registered for species belonging
to the Asteraceae family (see Suppl. material 1: Appendix S1 for a detailed list).

Furthermore, eight of the IAP species whose presence was recorded in Romania up
to (and including) 2018, are listed as invasive alien species of Union concern according
to the Regulation (EU) No. 1143/2014 of the European Parliament and of the Council
(i.e., Ailanthus altissima, Asclepias syriaca, Cabomba caroliniana, Elodea nuttallii, Heracle-
um sosnowskyi, Humulus japonicus, Impatiens glandulifera and Myriophyllum aquaticum).
Cabomba caroliniana and Myriophyllum aquaticum were reported from one location, a
Nature 2000 site, the thermal lake Petea in Bihor County (the western part of Romania),
currently without water. Only one record of Heracleum sosnowskyi in the wild was availa-
ble from the literature, but recent field work efforts confirmed the presence of the species.

The current version of the database includes 42776 occurrence records belonging
to 102 taxa. The altitudinal range of IAP species recorded in Romania (average altitude
in 25 km?” grid) varied between 0 and 2288 m. Only eight IAP species (e.g., Bidens
[frondosa, Erigeron canadensis, Erigeron annuus subsp. annuus, Galinsoga quadriradiata,
Impatiens parviflora, Juncus tenuis, Robinia pseudoacacia and Rudbeckia laciniata) occur
in grid cells with average altitude above 2000 m, while most species were recorded in
grid cells with average altitude between 0 and 500 m (Fig. 3). The number of IAP spe-
cies decreased with increasing altitude, the correlation being negative and statistically
significant (r = -0.099, p <.000).
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Species occurrences

0 500 1000 1500 2000
Elevation (m)
Figure 3. Altitudinal range of IAP species recorded in Romania (mean altitude of UTM 5 x 5 km grid
cell). Box = interquartile range, horizontal line = median, whiskers = 1.5 x interquartile range, points =
outliers, the vertical width of violin = density of the data.

Spatial patterns in invasive and potentially invasive alien plant species occurrences

Almost half (47%, i.e., 4764 grid cells) of the 9978 UTM 5 x 5 km grid cells covering
the Romanian territory include reports of IAP species sightings. Global Moran’s I test
revealed a clustered pattern in the number of IAP species (Z = 30.50, p < 0.001) and
of species occurrences (Z > 1.96, p < 0.05) per UTM 5 x 5 grid cell, thus suggesting a
strong bias in the sampling effort at national level.

Results of the Getis Ord Gi* spatial statistic revealed three hotspots of recorded IAP
species. We observed a strong clustering of records in cities and surroundings (e.g., lasi,
Sibiu, Bucharest, Cluj-Napoca, Zalau, Constanta and Galati). Among these hotspots, the
highest sampling effort was recorded in Iasi city and its surrounding area (mean Z = 24.17),
followed by Bucharest (mean Z = 12.71) and Sibiu (mean Z = 12.40) (Fig. 4). Addition-
ally, there are several smaller hotspots in Salaj County (in the northwestern part of Roma-
nia), in Vaslui and Galati counties (the eastern part of Romania), and around the cities of
Cluj-Napoca (in the western part of Romania) and Constanta (southeastern Romania).

Species richness aggregated at a 5 x 5 km grid, ranged from 2 to 59 species. The
highest number of IAP species was recorded around cities, namely Bucharest, Iasi, and
Sibiu (59 species per grid cell), followed by Cluj-Napoca (55 species per grid cell),
Constanta and Sulina (53 species per grid cell) (Fig. 5). Most of the grid cells with high
IAP species richness recorded are concentrated in particular regions of Romania i.e.,
the eastern part (e.g., lasi, Vaslui, Galati and Neamt counties), the center (e.g., Sibiu
County), northwest (e.g., Salaj County), and the southern part of Romania (Bucha-
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Figure 4. Hotspots of invasive and potentially invasive alien plant species sampling in Romania (in red).
The p-value was < 0.05 when Z scores took values between 1.96 and 33.87, suggesting a highly clustered
pattern in the number of IAP species occurrences per UTM 5 x 5 km grid cell.

rest), suggesting a more intensive sampling of IAP species when compared to other
regions. Grid cells with low richness values are mostly distributed in the southern and
western parts of the country, reflecting an under sampling of IAP species. When rep-
resented at a lower spatial resolution (50 x 50 km), IAP species richness ranged from
3 to 70 species per grid cell (Fig. 6). The same patterns can be observed on the map,
lower IAP species richness in the southern and western parts of the country and higher
in the eastern and central parts of Romania.

Geographical origins and pathways of introduction

The analysis on the pathways of introduction and the geographical origins of the IAP
species is illustrated in Fig. 7 (see Table 1 for abbreviations). For example, the intro-
duction pathway Escape from confinement — Forestry (ES_fore) contributed to the
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introduction of ten species in Romania, while the pathway Escape from confinement —
Agriculture (ES_agri) is responsible for only four species (n = 102). The majority of the
species in our database (62.7% species) had one pathway of introduction documented,
while for two species, Ailanthus altissima (Mill.) Swingle, and, Acer negundo L., we
identified six and seven pathways respectively.

The data shows that the geographical origin of most IAP species included in our
database is in Northern and Central America (56.1% of the species), followed by Asia
and Pacific (17.3% of the species) (Fig. 7). Most species (24.9% of the recorded spe-
cies) were introduced intentionally for horticulture or ornamental purposes (ES_hort
in Fig. 7). Examples are Prunus cerasifera, used in horticulture, and the species Ailan-
thus altissima, Amorpha fruticosa and Fraxinus americana used for ornamental purposes.
Out of the 102 recorded IAP species, 32 species entered Romania by natural dispersal
across borders (UN_natu), after being introduced to Europe through various other
ways, mainly from North and Central America. Examples of plants that dispersed
naturally are Symphyotrichum ciliatum and Veronica persica. Other important path-
ways of introduction are transportation as stowaway (TR_mult) and seed contaminant
(TR_seed), with 12.1%, and 10.4% of species being introduced through these path-
ways respectively.

Discussion

In this article we advance an important step towards establishing a comprehensive
national database of invasive and potentially invasive alien plant species occurrences in
Romania along with their distribution and pathways of introduction. The distribution
of species was compiled from documents published between 1778 and 2018. We in-
cluded in the database the records that fulfilled taxonomic and location quality criteria,
and provide an analysis of the accumulation rate of species and occurrences, a spatial
analysis of alien species diversity and a summary of introduction pathways.

The accumulation rate of invasive and potentially invasive alien plant species oc-
currences showed a steady increase after the 1950s, peaking in three time periods
(1968-1974, 1995-2000, and 2009). This pattern is likely due to local initiatives fo-
cused on biological invasions, that led to the publishing of scientific papers and books,
improving the knowledge of alien plants in Romania (Mititelu and Barabas 1972;
Negrean 1972; Ciocarlan et al. 1997; Coroi and Coroi 1997; Costea 1997; Stefan and
Oprea 1997; Anastasiu et al. 2009). However, since 1955, the number of occurrences
reported has more than doubled and it is unlikely it will decrease in the future (Seebens
et al. 2017, 2021). A similar rapidly increasing tendency after the 1950s has been
reported by Nikoli¢ et al. (2013) for Croatia. Peaks in the number of new recorded
species have also been reported by other studies, with some variation in the time mo-
ment of the peak, for example the peak reported to take place during the 1940s and
1960s in eastern Africa (Witt et al. 2018).

The number of occurrences varies among species. Asteraceae with 26 species repre-
sented the most dominant family in the IAP species list. Furthermore, the majority of
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Figure 7. Proportion of invasive and potentially invasive alien plant species” introductions by pathway

and geographic origins (see Table 1 for abbreviations).

the reported species are able to colonize disturbed and/or urbanized ecosystems in their
native range (see Suppl. material 1: Appendix S1). The horseweed, Erigeron canadensis,
is the species with the largest number of reported occurrences (3717 reported occur-
rences) at national level, having an altitudinal range varying between 3 and 2153 m.
Also frequently recorded are the common ragweed, Ambrosia artemisiifolia, and the
annual fleabane, Erigeron annuus subsp. annuus (more than 2000 occurrence records
each). These species have a wide altitudinal range (between 0 and 1252 m the former,
and between 0 and 2288 m the latter), inhabiting both lowlands and highlands. How-
ever, most IAP species from our database have been recorded between 0 and 500 m
altitude (see Suppl. material 2: Appendix S2).

The number of newly reported species varies greatly among years (see Fig. 2), and,
at least in the case of species reported in the 19* century, are linked to the publishing
of monographical works. For example, the high number of new IAP species reported
in 1816 is due to the works of Baumgarten (1816), who devoted his time to botanical
research and published four volumes on Transylvanian flora. In 1866, seven new IAP
species were added to the recorded flora of Transylvania by two other botanists (Fuss
1866; Schur 1860).

Most IAP species recorded in Romania originate in North and Central Amer-
ica (56.1%), followed by Asia and the Pacific (17.3%). Intentional introductions
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contributed only slightly more (52.0%) than unintentional introductions (48.0%)
to the presence of the IAP species in Romanian flora. Findings are in contrast with
observations made by Lambdon et al. (2008) for Europe, where he pointed out that
intentional introductions prevail over unintentional introductions. However, our find-
ings are in agreement with the study by Hulme et al. (2008) with respect to the fact
that horticulture and the use of alien plant species for ornamental purposes is the main
pathway of introduction for the largest and most diverse group of species.

Unintentional introductions by transportation of plants as contaminants and
stowaways play an important role in Romania. Globalization and economic devel-
opment facilitated the local, regional, and global transfers of invasive alien species
(Hulme 2009). For example, Lemke et al. (2019) demonstrated that the traffic volume
significantly affected dispersal distances and the lateral deposition of seeds of Ambro-
sia artemisiifolia on the roadsides in Germany. The same IAP species was repeatedly
reported in Romania, probably because it is conspicuous and highly allergenic. The
important role of the high traffic roads in the dispersal of IAP species (Mortensen et
al. 2009; Rauschert et al. 2017) is evident in Romania, as most of the 5 x 5 km grid
cells in which IAP species were recorded are crossed by, or have roads with, high traffic
volumes nearby (e.g., European routes E85, E81 and E60).

The horticulture industry, notably the ornamental horticulture, is also consid-
ered an important pathway for introducing and dispersing alien species (Drew et al.
2010). Botanical gardens and dendrological parks can also contribute to introducing
and spreading invasive alien species, especially in case of defective management and
design (Reichard and White 2001; Simberloff 2010). Our results revealed hotspots
of TAP species near major academic and research facilities, for example, lasi (eastern
Romania), Sibiu (central Romania), Bucharest (southern Romania), and Timisoara
(western Romania) (Fig. 4). In these areas, the higher-than-expected number of IAP
species occurrences per grid cell can be explained by the presence of major academic
and research facilities with biology/botany departments and large botanical gardens
and dendrological parks. Similar biased sampling effort explained by the work of local
researchers is Salaj County (Zalau, center of Romania).

Our analysis suggests data collection was conducted opportunistically rather than
systematically, an issue noticed before in Romania (Cogélniceanu et al. 2013) and in
other parts of the world (Hortal et al. 2007). To better capture the IAP species distribu-
tion in Romania and avoid the botanist effect on data (Pautasso and McKinney 2007),
researchers should start sampling more intensively areas away from major academic
and research facilities, and outside of popular protected areas.

Conclusions

The present study provides a systematic analysis of invasive and potentially invasive
plant species in Romania. Our findings based on the review of existing literature, show
the presence of 102 IAP species pertaining to 41 families. The number of occurrences
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has increased steadily after 1950s, with new species being continuously introduced.
Species originating mainly in North and Central America have been introduced almost
equally through intentional and unintentional pathways. Mapping the species occur-
rences has revealed several hotspots of IAP species which concentrate in urban areas
and their surroundings. The data collected in this study is made available through an
open-access spatial database. We suggest that this database is maintained, regularly
updated and used to build upon e.g., include all alien plants naturalized in Romanijan
flora and also other taxa. We consider it a valuable tool in biological invasions manage-
ment at national level, as well as regionally, and for setting conservation priorities for
species and sites, but also for further studies on impacts. In agreement with Regulation
(EU) No. 1143/ 2014 (EU Regulation 2014), data about the distribution and path-
ways of introduction is necessary in order to establish a surveillance system.

Ahrends et al. (2011) highlighted how resources for descriptive taxonomy and bio-
diversity inventories have substantially declined in the last decades. Limited financial
and logistic resources for field botany and taxonomy translated into a decrease in qual-
ity of biodiversity data, emphasizing that the funds oriented towards biodiversity re-
search and conservation are rather insufficient or inefficiently spent. Future inventory
activities must be oriented predominantly towards those counties/regions for which
the data in the published literature is lacking.
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Appendix S1. List of invasive and potentially invasive alien plant species in Ro-

mania

Authors: Culita Sirbu, Iulia V. Miu, Athanasios A. Gavrilidis, Simona R. Gradinaru,

Iulian M. Niculae, Cristina Preda, Adrian Oprea, Mihaela Urziceanu, Petronela Ca-

men-Comanescu, Eugenia Nagoda, Ioana M. Sirbu, Daniyar Memedemin, Paulina

Anastasiu

Data type: (docx. file)

Explanation note: List of invasive and potentially invasive alien plant species in Roma-
nia (* denotes an invasive alien species of Union concern pursuant to Regulation
(EU) No 1143/2014 of the European Parliament and of the Council).

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.75.84684.suppl1
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Appendix S2. Altitudinal range of invasive and potentially invasive alien plant

species recorded in Romania

Authors: Culita Sirbu, Iulia V. Miu, Athanasios A. Gavrilidis, Simona R. Gradinaru,

Iulian M. Niculae, Cristina Preda, Adrian Oprea, Mihaela Urziceanu, Petronela Ca-

men-Comanescu, Eugenia Nagoda, Ioana M. Sirbu, Daniyar Memedemin, Paulina

Anastasiu

Data type: (docx. file)

Explanation note: Appendix S2. Altitudinal range of invasive and potentially invasive
alien plant species recorded in Romania (mean altitude of UTM 5 x 5 km grid cell).
Box = interquartile range, horizontal line = median, whiskers = 1.5 x interquartile
range, points = outliers); The species ID corresponds to the IDs provided in Suppl.
material 1: Appendix S1.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
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Abstract

Salinity is an influential abiotic environmental factor in aquatic species, specifically in freshwater, where
salinization causes ecosystem degradation. Secondary salinization, that is increases in salinity due to an-
thropogenic activities, can affect both osmoregulation and behaviour in freshwater fishes. It is generally
believed that invasive species handle climatic change and environmental degradation better than native
species, which is one reason for their invasion success. However, how invasive and native species cope
with salinity changes remains little understood. Therefore, we investigated how low (500 pS/cm) and
high salinity (2000 pS/cm) conditions affected oxygen consumption and behaviour in the invasive round
goby (Neogobius melanostomus) and the native European perch (Perca fluviatilis). Our results showed that
in round goby oxygen consumption increased and swimming and non-swimming movements changed
in response to salinity increments, whereas European perch was not affected by salinity. Thus, it seems as
if the invasive round goby is more sensitive to changes in salinity than the native European perch. Our
results fit with the minority of studies indicating invasive species being less tolerant than some native spe-
cies to environmental changes. This finding could be explained by the adaptation of round goby to low
salinity due to its long establishment in River Rhine. Further, our results are also confirming that the effect
of salinity is species-specific. In addition, European perch and round goby show diametrically different
behavioural response to disturbance which could be an effect of holding different ecological niches as well
as their anatomical differences.
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European perch, exploratory behaviour, general activity, metabolic rate, risk behaviour, round goby
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Introduction

Salinization is one of the major causes of biological changes in river ecosystems (Vander
Laan et al. 2013). Salinity is a very important abiotic environmental factor influenc-
ing aquatic species, to the extent that aquatic species are normally divided into groups
based on living environment concerning salinity, such as freshwater, brackish water, or
seawater species. Increases in salinity can occur via natural accumulation of salts. This
is called primary salinization and the time-scale is typically very long (~100 000 years
with some variances) (Herbert et al. 2015). Secondary salinization, on the other hand,
is caused by anthropogenic activities such as vegetation clearance, intensive irrigation,
river regulation, mining and extraction, and de-icing salts, and for secondary saliniza-
tion the time-scale is much shorter than for primary salinization (decades or shorter)
(Herbert et al. 2015).

Secondary salinization can have adverse effects on aquatic animals because chang-
ing salinities could affect the metabolic cost of the organism (Hart et al. 1991). For
instance, many freshwater fish species have their optimal growth and typically lower
metabolic rates when exposed to intermediate salinities, while increased salinities seem
to reduce food intake and growth in fish (Beeuf and Payan 2001). However, fish con-
dition has been observed to increase in spite of the reduced food consumption rate
(Hintz et al. 2017). Increased riverine salinities as a result of road salt have been shown
to be toxic for fathead minnows (Pimephales promelas) (Corsi et al. 2010) and anthro-
pogenic increases of salinity in the Great Menderes Basin in Turkey have led to the
extinction of the previously most abundant fish, namely carp (Cyprinus carpio) and also
Wels catfish (Silurus glanis) (Kog 2008).

Various behavioural traits of freshwater fish are affected by salinity, although no
pattern seems apparent. For instance, with increasing salinity Eastern mosquitofish
(Gambusia holbrooki) decreased their aggressive behaviour and needed more time
to capture prey (Alcaraz et al. 2008). By contrast, in an invasive cichlid aggression
increased when exposed to brackish water compared to freshwater (Lorenz et al. 2016).
Exposure to increased salinity increased swimming activity in pikeperch (Sander
lucioperca) (Scott et al. 2008), and reduced anti-predator responses in fathead minnows
(Hoover et al. 2013). However, there are studies showing no effects of salinity upon
behaviour in other freshwater fish, such as in the Iberian barbel (Luciobarbus bocagei)
(Leite et al. 2019).

In general, it is considered that invasive aquatic species can handle environmental
change better than native species in freshwater ecosystems (Bates et al. 2013), with
invasive species being more tolerant to temperature fluctuation. The pattern seems
to be true for temperature tolerance in the River Rhine, because native fishes in the
Rhine seem to be more negatively affected by the temperature changes during the
last century (lower minimum and higher maximum) than invasive fishes (Leuven et
al. 2011). Salinity sensitivity difference between invasive and native freshwater fishes
has not been studied extensively. Invasive freshwater suckermouth armoured catfish
(Loricariidae: Prerygoplichthys) has been shown to tolerate brackish water in south-
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eastern Mexico (Capps et al. 2011), indicating that it could spread to a larger area.
There are also some reports concerning invasive species being less tolerant to salinity
than native species. For instance, the Aphanius iberus seems to handle salinity better
than Eastern mosquitofish, but it is however also sensitive and grows worse in higher
salinity environment (Sgarzi et al. 2020).

Based on this background, we wanted to investigate how an invasive fish and a
native fish from River Rhine responded to different salinities. The species, the native
European perch (Perca fluviatilis) and the invasive round goby (Neagobius melanostomus),
were chosen based on their prevalence in the Rhine, where secondary salinization via
mine water emission is extant (Wisotzky et al. 2018; Schulz and Cafedo-Argiielles
2019). Earlier studies have shown that both European perch (Overton et al. 2008;
Christensen et al. 2019a) and round goby have a wide range of salinity tolerance
(Karsiotis et al. 2012; Hempel and Thiel 2015). Further, European perch has a higher
standard metabolic rate, that is minimum metabolic rate needed to sustain life for a
specified temperature, (Ern et al. 2014; Christensen et al. 2019b), and round goby
has a lower standard metabolic rate (Behrens et al. 2017) in brackish water compared
to fresh water. Thus, we hypothesized that round goby would be less sensitive than
European perch to an environmentally relevant increase of salinity. Specifically, we
tested if oxygen consumption and/or exploratory behaviour, general activity and risk
behaviour of both species were affected by salinity increments that could occur both
naturally and following anthropogenic influences in the Rhine River.

Materials and methods

Experimental animals

The species chosen for this study, round goby and European perch, are not only inva-
sive and native respectively. The round goby is typically a benthivore and the European
perch a benthivore as juvenile and a piscivore as adult, thus having different ecological
niches (Herlevi et al. 2018). European perch and round goby were caught by electro-
fishing in the Rhine River system (the tributary river Lahn at a conductivity [salinity] of
611 pS/cm and the actual river Rhine at a conductivity [salinity] of 493 puS/cm) in Sep-
tember 2020 near Koblenz (50°21'12.85"N, 7°34'43.79"E) in Germany, and brought
in oxygenated containers to the holding facilities of University Koblenz-Landau (elec-
trofishing was done by The German Federal Institute of Hydrology during fish stock
assessments). During acclimation, the fishes were kept in two separate tanks (120 x 100
x 116 cm, filled to ~700 L) with de-ionized tap water amended for aquarium use (Borg-
mann 1996; Richter et al. 2018) with addition of common table salt (NaCl, Aquasale
Grobes Meersalz naturbelassen, Siiddwestdeutsche Salzwerke AG, Heilbronn, Germany)
to have a conductivity (salinity) of ~500 uS/cm, and from hereon we will use salinity
interchangeable for conductivity for our experiment to provide an easier comparison
to other studies. The tanks were kept at ambient temperature with enrichment (stones
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and plastic tubes), a photoperiod set to 14 h light/10 h dark, and fishes were fed with
dry fish feed granules (sera Vipagran Nature, sera GmbH, Heinsberg, Germany). The
fishes were kept in the tanks for at least 1 week before the experiment.

The methodology of this study was conducted in accordance with the Guidelines of
the European Union Council (86/609/EU). The experiments were approved by the Fed-
eral Investigation Office (Landesuntersuchungsamt, Koblenz, Germany; approval num-
ber: 23 177-07/G 20-20-062) according to § 8a of the German law for animal welfare.

Experimental set-up

Fish for the experiment were randomly selected, lightly anaesthetised using Tricaine
methanesulfonate (MS-222; -25 mg/L), measured, weighed, marked individually via
fin clip, which is typically temporary and thus would not affect the fish after the release
(Delcourt et al. 2018), and put into one of two aquaria on day 1 (body mass and length;
European perch: 6.51 + 1.71 gand 7.49 £ 0.63 cm [mean * standard derivation (SD),
N=24], round goby: 10.19 £ 4.91 g and 7.62 + 1.04 cm [mean + SD, N=24]). The
aquaria (120 x 50 x 50 cm, filled to ~150 L [25 cm] with the same de-ionized tap water
amended for aquarium use as in the tanks) were divided into three separate compart-
ments, one compartment was for filtration and oxygenation and the other two compart-
ments for the fishes (one for each species). The compartments for fishes were the same
size (48 x 50 x 25 c¢m, ~60 L de-ionized tap water amended for aquarium use) with gravel
as substrate and additional enrichment (round goby: plastic tubes based on Hempel and
Thiel (2015); European perch: plastic plants based on Magnhagen (2012)). Each com-
partment held 6 fish of similar size from the same species (10 L water per fish). Fishes
were fed 5% of their bodyweight with dry fish feed (sera Vipagran Nature, sera GmbH,
Heinsberg, Germany), and the aquaria had a photoperiod set to 14 h light/10 h dark.

The two aquaria were separated into two different acclimations, namely low salin-
ity condition (LS; 500 uS/cm) and high salinity condition (HS; 2000 pS/cm) based
on the normal level and expected level after mine water emission, and on day 2 salinity
change was initiated in the HS aquarium, whereas the LS aquarium was kept at the
original salinity of 500 pS/cm. The salinity change was done by dissolving common
table salt (NaCl, Aquasale Grobes Meersalz naturbelassen, Stidwestdeutsche Salzwerke
AG, Heilbronn, Germany) with water from the aquarium, and then pouring the so-
lution into the compartment for filtration and oxygenation. A maximum change of
500 uS/cm per day was used to minimize acute stress for the fishes, and the final
salinity of 2000 uS/cm for the high salinity condition was reached on day 4. Salinity,
temperature and pH were measured regularly. The experimental set-up was run twice
to acclimate 12 fish per group and species.

Oxygen consumption

After at least three days of habituation to the final salinity condition, oxygen consump-
tion in fishes was measured using an automated intermittent flow respirometer (Q-Box
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AQUA, Qubit Systems, Kingston, Canada). An individual fish was transferred to a
respiration chamber (3.8 x 15.3 cm, 140 mL), which was submerged in an oxygenated
acclimation water bath (LS or HS). The respiration chamber allowed the fish to move,
but the fish were not able to swim freely. Oxygen consumption was then measured over
eight 5-min periods when the chamber was closed (no circulation of water from the
water bath) separated by eight 2.5-min periods when the chamber was opened (circu-
lation of water from water bath leading to renewed oxygen), leading to a total time of
60 min. This means that, for practical reasons including trying to keep the fish holding
as short as possible, we measure something between routine metabolic rate (RMR)
and active metabolic rate (AMR) (White et al. 2016). After the oxygen consumption
measurement, the fishes were put back into the aquaria for behavioural tests the follow-
ing day. The oxygen consumption was measured on 4 fishes per day, and was done on
day 3-5 under low salinity conditions and on day 6-8 under high salinity conditions
between 08:00 and 15:00.

Behavioural tests

The day after the oxygen consumption measurement between 08:00 and 15:00, fishes
were transferred individually to behavioural test arenas. The arenas (66 x 45 x 23 cm)
were filled to - 25 L with treatment water from the aquarium and had an air stone in one
corner. In the arenas several different behaviours were quantified in the following order:

1. Exploratory behaviour (EB)
Fishes were filmed with a Raspberry Pi with a camera module for 10 min imme-
diately after the introduction of the fish into the tank (Cerqueira et al. 2016).
2. General activity (GA)
Fishes were filmed for 30 min after a 60 min habituation period after novel
environment behaviour (70 min post introduction).
3. Risk behaviour (RB)
Fishes were filmed for 30 min after the disturbance (start 100 min post intro-
duction). The disturbance was applied by dropping a 50 ml Falcon tube filled
with gravel into one side of the test arena (Millot et al. 2009).

From the films of the different tests, 10 minutes of each was analysed for behav-
iour. The following was quantified in all of the videos: 1) percentage of time swim-
ming, 2) percentage of time resting, 3) percentage of time hiding by the air stone or
the falcon tube (only in RB), 4) percentage of time spent in non-swimming movement
(moving less than a body length), 5) time to initiated swimming (s; with a maximum
of 600 s), and 6) time to hiding (s; with a maximum of 600 s). The general activity
and risk behaviour were quantified from the 10 minutes directly before and after the
disturbance respectively. Each fish was registered as performing one of the 4 behaviours
(swimming, resting, hiding, or non-swimming movement) at every moment. As in the
oxygen consumption test, 4 fishes were tested each day, on day 4-6 under low salinity
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conditions and day 7-9 under high salinity conditions. In total, two rounds were made
to reach an N of 12 for each species and treatment (a total of 48 fish). After the end of
the experiment, the fish were returned to the Rhine River system.

Statistical analyses

Normality of the data and homogeneity of variances were tested with Shapiro-Wilk
tests, and data were analysed using parametric tests (ANOVA) or non-parametric tests
(Kruskal-Wallis test or Wilcoxon signed rank test). Oxygen consumption was com-
pared between salinity conditions using a two-way repeated measure ANOVA (de-
pendent: oxygen consumption, factors: salinity and time) in each species. Behavioural
parameters were tested using Kruskal-Wallis test for the differences between salinity
conditions within a species, and using Wilcoxon signed rank test to test the difference
between before and after disturbance. Since the behavioural parameters are percent-
ages, only two parameters were tested per behavioural test and that were one of the ac-
tive and one of the inactive parameters. For exploratory behaviour and general activity
swimming and resting were tested, and for risk behaviour non-swimming movement
and hiding, based on the expected importance of the behavioural parameters depend-
ing on situation. Finally, the treatment effect upon the difference between before and
after disturbance was tested using Kruskal-Wallis test on the difference of behaviour
before disturbance with the behaviour after disturbance subtracted (as example: per-
centage of swimming during general activity - percentage of swimming during risk be-
haviour). For 2 fishes (one of each species) the video recording before the disturbance
was shorter than the recording after the disturbance (- 20 s) because of not turning on
the recording at the right time. These data were used in the statistical analysis anyway
by using percentage. The free software R for statistical computing (R Core Team 2020)
using the integrated development environment RStudio (RStudio Team 2019) was
used for all analyses. All data, if not stated otherwise, are presented as mean * SD.

Results

Environmental data

During the experiment pH (LS: 7.52 + 0.12; HS: 7.46 £ 0.04) and temperature
(LS: 21.4 + 1.0 °C; HS: 21.1 £ 0.4 °C) were similar between the salinity conditions,
whereas salinity differed between the low salinity condition and high salinity condition
(LS: 672 + 30 pS/cm; HS: 2130 £ 0 uS/cm).

Oxygen consumption

Oxygen consumption decreased over time in both round goby (two-way repeated
measure ANOVA; F, . = 9.187, P < 0.0001; Fig. 1) and European perch (two-way
repeated measure ANOVA; F =17.770, P < 0.0001; Fig. 2). In round goby there

7, 147
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was a significant effect of salinity condition (two-way repeated measure ANOVA;

122

= 6.445, P = 0.019; Fig. 1), with gobies under high salinity condition having a

higher oxygen consumption than gobies under low salinity condition. However, in
European perch there was no effect of salinity condition upon oxygen consumption

(two-way repeated measure ANOVA; F, |

= 0.774, P = 0.398; Fig. 2).
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Behaviour

Salinity condition affected exploratory behaviour immediately after transfer to the test
arena in invasive round goby but not in native European perch. This difference in ex-
ploratory behaviour was seen in percentage of swimming with gobies from high salin-
ity condition swimming more than those from low salinity condition (LS: 6 + 12%,
N =12; HS: 12 £ 13%, N = 12; Kruskal-Wallis chi-squared = 4.4622, df = 1, P=0.035;
Table 1). However, there were no other differences in hiding, resting, non-swimming
movement apparent, time to initiated swimming or time to hiding (Table 1). Euro-
pean perch from the different salinity conditions did not differ in any behavioural
parameters directly after transfer to the test arena (Table 1).

While general activity, measured 70 min after the transfer to the test arena, was
not affected by salinity conditions in either of the species (Table 1), the risk behaviour,
measured directly after a disturbance (100 min after transfer to the test arena), was
affected by salinity condition in round goby but not in European perch. Round gob-
ies from the high salinity condition were doing more non-swimming movement, that
is moving less than a body length, than gobies from the low salinity condition (LS:
0 + 0%, N = 12; HS: 1 * 2%, N = 12; Kruskal-Wallis chi-squared = 6.4022, df = 1,
P =0.011; Table 1). Beyond non-swimming movement in round goby, the rest of the
behavioural parameters were similar in both species during risk behaviour, regardless
of salinity condition (Table 1).

To test if the additional disturbance in a stressful situation affected the behaviour
in the fishes and whether that depended upon the salinity condition, the same behav-
iours were compared between before and after the disturbance. While for both species
the effects of the disturbance were evident, only for round goby the salinity condi-

Table . Behaviour across different situational contexts under two different salinity conditions in Euro-

pean perch and round goby.

Situation Species Condition Swimming Resting Hiding Non-swimming Initiated Timeto N
(%) (%) (%) movement (%) swimming (s) hiding (s)

Exploratory European perch  Low salinity 3 £ 4 45148 52149 0£o0 0£o0 211 +288 12

behaviour High salinity 6+ 10 G2+41 32+38 0£0 0£0  260+300 12

Round goby =~ Lowsalinity 6+12 45145 49 44 0x1 104 £ 198 265 +274 12

High salinity 12+ 13* 29 +£34 58+ 40 1+1 25+ 37 159 £208 12

General activity European perch Low salinity 0+ 0 42+51 58+51 0+0 600+0  250£309 12

High salinity 0£0 58 +51 42+51 0t+0 600+ 0 350 £ 309 12

Round goby  Low salinity  2+5 23+39 74+ 41 1+2 485 +207 131 +£233 12

High salinity 9+13 40+ 44 49 46 212 280 £ 262 239+293 12

Risk behaviour ~ European perch Low salinity 1+£2*  25+45 74+45 0£0 301 £312  152£270 12

High salinity 3+ 4 49+ 48 48+49 0+0 154 £269 206 291 12

Round goby ~ Lowsalinity ~1+1 16%38* 83+39"* 00 400+£295 51+173 12

High salinity 2+3 6120 91+24 1£2* 150 £271 38+ 124 12

Values are mean + S.D.

* Indicates that high salinity gobies behaviour is significantly higher compared to low salinity gobies (P < 0.05, Kruskal-Wallis test).

* Indicates that there is a significant change in behaviour after disturbance (risk behaviour) for the low salinity and high salinity condi-
tions combined compared to before disturbance (general activity) (P < 0.05, Wilcoxon signed rank test).
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tion affected the behavioural responses. Round gobies from high salinity condition in-
creased their resting after disturbance compared to gobies from low salinity condition
(Kruskal-Wallis chi-squared = 4.4005, df = 1, P = 0.036). Following the disturbance,
round gobies decreased resting (Wilcoxon signed rank test, V = 78, P = 0.003; Table 1)
and increased hiding (Wilcoxon signed rank test, V = 62, P = 0.038; Table 1), while
European perch increased swimming (Wilcoxon signed rank test, V = 0, P < 0.001;
Table 1). No other behaviours were affected.

Discussion

Based on previous research, with lower standard metabolic rate in round goby (Behrens
et al. 2017) and higher standard metabolic rate in European perch (Ern et al. 2014;
Christensen et al. 2019b) in brackish water compared to fresh water, we had expected
that the invasive round goby would be less sensitive to a higher salinity condition than
the native European perch. However, round goby in high salinity condition showed an
increase in oxygen consumption as well as changed behaviour compared to low salin-
ity condition, and none of these differences were apparent in European perch. Thus,
it seems as if the invasive round goby in the Rhine River system is more sensitive to
increases in salinity than the native European perch.

Interestingly, it seems as if invasive species can differ in behaviour depending on
time since colonization. For instance, in cane toad (Rhinella marina) anti-predatory
responses differ between their native and invasive range with invasive toads being less
likely to flee (Hudson et al. 2017). In addition, individuals from the invasive front
were less likely to flee compared to toads from long-colonized areas and individuals
even differed in morphology and locomotory traits between the invasive front and
long-colonized areas (Hudson et al. 2017; Hudson et al. 2020). Further, native cane
toad had higher stress responses than invasive cane toad at a similar climate (Kosmala
et al. 2020a), and invasive cane toad had adapted to invasive areas abiotic challenges
such as temperature (Kosmala et al. 2018), as well as moisture (Kosmala et al. 2020b).
Round goby has also been reported to differ in several traits between the invasion front
and long-colonized areas. Round goby at the invasion front were bolder, had a higher
dispersal potential and higher resting metabolic rate (RMR) than gobies from long-
colonized areas (present for approximately 10 years) (Myles-Gonzalez et al. 2015).
Further, some studies also indicate that round goby have rapid adaptive traits in novel
environments. For instance, it seems as if sperm velocity is adapting rapidly to novel
salinity levels (Green et al. 2020). It has also been reported that genetic differentia-
tion happened in fewer than ten generations of round goby in the southern Baltic Sea
(Bjorklund and Almqvist 2010). Further, there is evidence that round goby differs in
demography, morphology and feeding behaviour between an invasion front and a long
colonised area (Brandner et al. 2013). The sampling site for round gobies of this study
(Rhine-km ~590) can be considered a long-colonised area, because this species had

been detected in the Dutch Rhine delta 2004 and from higher up in Rhine (Rhine-km
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718) in 2008 (Borcherding et al. 2011). Consequently, the round goby used in this
study might be more sensitive to salinity because they are long established and there-
fore could have adapted to the environment as previously shown in cane toad. There
are some studies indicating that round goby could be sensitive to freshwater salinity
levels. For instance, heat shock protein 70 (hsp70) expression was highest in round
goby in freshwater (0%o) compared to 10 and 30%o salinities (Puntila-Dodd et al.
2021). However, it is still perplexing that European perch from the same area seem to
be more tolerant towards salinity, but other factors than sensitivity to abiotic factors
can also be important for the establishment of invasive species, such as sensory biology
(Abrahams et al. 2017).

Our results that round goby increased oxygen consumption following high sa-
linity condition were unexpected. Earlier studies have shown that round goby has a
wide spectrum of tolerance for salinity (0-20%o without problems) (Karsiotis et al.
2012) and growth rate did not change within the range of 0.1 to 15%o (Hempel and
Thiel 2015). Additionally, in contrast to our results, Behrens et al. (2017) reported
that standard metabolic rate (SMR) was lower at 10%o0 compared to 0%o salinity, but
found no differences in maximal metabolic rate (MMR) and aerobic scope (AS). There
are, however, several differences between this study and our study concerning meth-
odology. For instance, we used salinities of 500 and 2000 pS/cm, which are ~0.25%o
and 1.00%o respectively, which led to a lesser difference between salinity conditions.
Further, for practical reasons, we did not measure SMR or MMR, rather something
between routine metabolic rate (RMR) and active metabolic rate (AMR) (White et al.
2016). Additionally, in our experiment, the gobies were acclimated for a short time
(3-5 days) whereas in Behrens et al. (2017) the gobies were acclimated for at least 20
days. Thus, some of the different results could be attributed to methodological dif-
ferences. However, in the desert goby (Chlamydogobius eremius) oxygen consumption
was higher for gobies in higher salinities (35%o and 70%o) compared to gobies in 0%o
(Thompson and Withers 2002), which is similar to our results.

Further, our results show that high salinity condition does not seem to have any
significant effect on oxygen consumption in European perch. This result was unexpect-
ed because earlier reports have shown higher oxygen consumption, either in standard
metabolic rate (SMR) or maximal metabolic rate (MMR), in perch exposed to higher
salinities. For instance, European perch had a higher SMR in brackish water (10%o)
compared to fresh water (0%o) (Ern et al. 2014). Further, SMR seems to be increased
in 15%o0 compared to 0 and 10%o at 10 °C and 20 °C, but MMR seems to be lower at
5 °C in 15%o compared to 0 and 10%o (Christensen et al. 2017), however this was in
perch from brackish water. Salinity did not affect MMR in European perch from low
respectively high saline background (Christensen et al. 2019b), but SMR was higher at
10%o than in 0%o in perch from high saline background (Christensen et al. 2019b).
There are again several differences between these studies and our study. For instance,
we used a lesser difference between salinity conditions compared to the other studies.
As mentioned above, we measured something between routine metabolic rate (RMR)
and active metabolic rate (AMR) (White et al. 2016). This could make comparisons
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difficult. However, we suggest that our results with no difference between treatments
could be attributed to the freshwater origin of the perch as well as not measuring SMR,
and thus fitting in with perch from low saline background showing no differences in
SMR and MMR between 0%o and 10%o salinity (Christensen et al. 2019b).

In our study, we showed that oxygen consumption decreased during the exposure
time in both European perch and round goby. This indicates that the initiation of the
procedure, netting the fish from the aquarium and putting it into the respirometer
chamber, was stressful and that the fishes acclimated to the situation over time. Our
set-up was similar to White et al. (2016), which also had preliminary data suggesting
the first measurements were higher based on a stress response following the transfer to
the respirometer chamber. That respirometry can induce a stress response has also been
reported in rainbow trout (Onchorhynchus mykiss) (Murray et al. 2017). Further, the
respirometry chamber could also be considered to induce stress of confinement (Ellis
etal. 2012). Thus, we believe that we have measured an initial stress response following
the short chasing as well as confinement, but that the fishes acclimated and therefore
decreased their oxygen consumption to normal levels.

We had expected that both species would change their behaviour following salinity
increment. However, while in our study elevated salinity seemed to have no effect on
behaviour in European perch, in round goby there were several significant differences
between the salinity treatments. In general, the activity was increased at elevated salin-
ity in round goby. This could be an increase of activity to avoid the salinity by changing
location. Further, round goby has been proposed to use risky strategies during starva-
tion and winter conditions (Fortes Silva et al. 2019). Consequently, it seems possible
that they would also be using riskier strategy when exposed to elevated salinity, and
thus have an overall increased activity. There are several studies indicating behavioural
effects of salinity in freshwater fishes. For instance, male desert goby exert less aggres-
sive behaviour but do not change courtship behaviour at elevated salinity (Lehtonen
et al. 2016). Further, fathead minnows exposed to 8000 ppm salinity spent less time
moving compared to 4000 and 1000 ppm salinity (Hoover et al. 2013). Additionally,
the fathead minnows exposed to 4000 and 8000 ppm salinity could not distinguish
between low and high alarm cues shown through anti-predator behaviour, which min-
nows exposed to 1000 ppm salinity could (Hoover et al. 2013). Furthermore, sailfin
molly (Poecilia latipinna) prefer to remain in freshwater with predator cue in com-
parison to salt water (Tietze and Gerald 2016). Elevated salinity in combination with
elevated temperature negates the increased interspecific aggression following only el-
evated temperature in Eastern mosquitofish and Australian bass juveniles (Macquaria
novemaculeata) (Lopez et al. 2018). However, some fish do not change behaviour when
exposed to salinity such as Iberian barbel (Leite et al. 2019). Thus, our results are con-
firming that the effect of salinity in freshwater fishes do give disparate results, and that
each species should be studied to be able to predict how salinity would affect them, and
that the specific salinities should also be considered thoroughly.

There were also distinct differences between European perch and round goby in
their behavioural response to disturbance i.e., comparing risk behaviour with general
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activity. European perch increased their swimming and tended to rest less after dis-
turbance. On the other hand, round goby hid more and tended to swim less after
disturbance. Thus, it seems as if the responses to disturbance between the two species
are diametrically different, and could be interpreted as European perch trying to flee
the disturbance and round goby trying to hide from the disturbance. This could be an
effect of their differences in ecology such as being a benthivore and a piscivore, as well
as their anatomical differences.
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Abstract

Invasive species denialism (ISD) is a controversial and hitherto underexplored topic, particularly with
regard to its potential impacts on stakeholder engagement in support of invasive species management and
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Introduction

Science denialism, while not a new concept, is one which has seen heightened focus in
recent years in light of worldwide threats such as climate change or the recent SARS-
CoV-2 pandemic. Science denialism is described as an “unwillingness to believe in the
existing scientific evidence” (Bjérnberg et al. 2017) and as a form of pseudoscience
in opposition to science (Hansson 2017). Some have employed a more goal-oriented
meaning, using the term to describe individuals using rhetoric to give the impression
that scientific consensus has not been reached on a topic (Diethelm and McKee 2009),
for example claiming that the existence of climate change is still ‘up for debate’.

Like climate change and the SARS-CoV-2 pandemic, invasive species are a global
threat of great scientific, economic, and social concern and attention. These global
threats have also received a lot of attention in the academic literature arising from their
mitigation or management efforts further complicated by ‘denialism” narratives (Brulle
2020; Taylor 2020). Recently, some invasion ecologists have voiced concerns regarding
an increase in vocal opposition toward invasive species management and regulation
that they refer to as denialism and which they argue is rooted in a “rejection of undis-
puted scientific facts” (Russell and Blackburn 2017) and the attempt to cast doubt on
science through the use of rhetorical tactics—including misrepresenting or ignoring
empirical evidence, cherry-picking data, quote mining, and maligning experts with
accusations of bias (Ricciardi and Ryan 2018a, b). These concerns, however, are chal-
lenged by other researchers who argue that many disagreements in invasion science
stem from different values (Frank 2021) and the choice of language and militaristic
metaphors used to describe invasive species (Larson 2005; Janovsky and Larson 2019),
rather than a rejection of scientific facts, and that the term ‘denialism’ is an inappropri-
ate descriptor, particularly given its historical use as a pejorative with a troubled history
(Sagoff 2018). These authors have made arguments based on values, environmental
ethics, and metaphors, which interpret the significance and management implications
of biological and ecological facts differently. Many of these challenges have been re-
sponded to in the literature (Ricciardi and Ryan 2018b).

The existence of these alternative views on the nature of disagreements in invasion
science or ISD in general suggests that this term may have alternative framings among
invasive species practitioners and stakeholders as well, which warrants further explora-
tion. This understanding that multiple perspectives exist should, however, in no way be
understood as an equivocation of these positions, or an endorsement of these alterna-
tive views by the authors. The controversies present in the literature are outlined here
solely to demonstrate the potential variety of responses that one might expect to receive
in response to questions relating to invasive species denialism.

The controversy surrounding invasive species denialism (ISD) is worth consider-
ing, particularly in the context of invasive species management and policy. Manage-
ment of invasive species relies not only on researchers and decision-makers, but also
the involvement and cooperation of various stakeholders to ensure success (Shackleton
et al. 2019). Regardless of whether any of these groups might consider themselves
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to be denialists, the fact remains that at least some researchers, decision-makers, and
members of the public have been perceived by prominent invasive species researchers
as making denialist claims (Russell and Blackburn 2017; Ricciardi and Ryan 2018a).
The ongoing arguments about what constitutes ‘invasive species denialism’ and the
motivations behind it seen in the literature (Ricciardi and Ryan 2018a, 2018b; Sagoft
2018, 2020; Munro et al. 2019) demonstrate that this term is not universally under-
stood or defined and may pose a barrier to cooperation between those labelled versus
those doing the labelling.

It is therefore reasonable to question whether people who are critical of invasive
species management may have reasons for their positions other than denying scien-
tific claims. If such critics hold different values and preferences of where public fund-
ing ought to be spent on issues of environmental protection, their views would not
be accurately reflected by being labelled as simply science denialism. Engagement of
stakeholder groups, each with their own values and preferences, is an integral part of
invasive species management used to spread awareness of invasive species to the public
(Carter et al. 2021), improve research outcomes and inform ecological models (Sam-
son et al. 2017), and resolve conflicts arising during management efforts (Crowley et
al. 2017). It is therefore also reasonable to question whether misunderstandings or
differences in framing (Golebie et al. 2022) perspectives on invasive species may limit
stakeholder engagement in invasive species management and policy, in turn contribut-
ing to reduced ability to achieve those management goals.

Our study, therefore, asked how perceptions of invasive species denialism affect
stakeholder engagement with invasive species management. We considered four ques-
tions: 1) How is the concept of ISD framed by researchers, decision-makers, and the
public?; 2) What are the impacts of excluding those labelled as ISDs, if any?; 3) What
are the impacts of including those labelled as denialists, if any?; and, 4) If there are
negative impacts, how might these be mitigated?

By examining the ways in which ‘denialism’ is described by participants, we will
determine whether the meanings are as clear cut as a rejection of undisputed scientific
facts, or if this label is applied using other framings. By exploring the impacts of ex-
cluding and including individuals or groups labelled as denialists, we will explore some
of the hurdles to outreach and engagement that different framings can occasion. Fi-
nally, our study will outline the impacts on effective communication and outreach aris-
ing from the ‘denialism’ label itself, regardless of the intended or perceived meaning.

Methods
Data collection
Within the aquatic invasive species community in the Laurentian Great Lakes basin,

key informants were identified by the researchers and invited to participate in semi-
structured, in-depth interviews [University of Toronto Research Ethics Board Protocol
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#40500]. Key informants are those within a particular community who, based on their
knowledge, experience, and position in the community, are able and willing to com-
municate with the researcher about the topic of interest (McKenna and Main 2013).
These key informants included individuals with provincial, state, and federal govern-
ment agencies, those involved in public communication or outreach, and academic
researchers. Nine key informants, a sufficient size to reach coding saturation (Hennink
and Kaiser 2022), were interviewed between April and August 2021 using the Zoom
platform. Each interview took approximately 1-2 hours. Interview participants were
asked four questions pertaining to denialism: 1) Does the term ‘invasive species deni-
alism’ mean anything to you, and, if so, what does it mean?; 2) Are there particular
ideas or viewpoints that you would characterise as denialist?; 3) Do you believe that
individuals or groups are invasive species denialists?; and, 4) Have you ever had trouble
working with an individual or group due to believing that they were an invasive species
denialist, or because they believed you were an invasive species denialist?

Following the interviews, participants were invited to participate in a focus
group to further discuss as a group the perspectives on ISD previously shared
individually during the interviews. Five of the interview participants were willing
and able to continue participating further in the focus group. The focus groups
were conducted using an asynchronous e-Delphi format over the SurveyMonkey
(Momentive Inc. 2018) platform. The e-Delphi is an iterative process, whereby
topic experts are asked to discuss conflicting perspectives on a topic and come to a
consensus over several rounds of group feedback (Cole et al. 2013). The asynchro-
nous e-Delphi format over SurveyMonkey enabled participants to think over the
issues discussed and contribute their ideas at their own pace, and over a time frame
convenient for them, to alleviate ongoing online fatigue during the COVID-19
pandemic. The focus group lasted five rounds, sufficient to reach coding saturation
(Hennink and Kaiser 2022), with each round lasting one week. Participants were
asked about the importance of outreach in invasive species management, and to ex-
plore the impacts of both exclusion and inclusion of invasive species denialists on
that outreach. The group was also asked for recommendations for how to alleviate
some of these impacts, based on their own extensive experience in the Great Lakes
aquatic invasive species community.

Data analysis

Audio recordings of interviews were transcribed verbatim using Zoom software, and
then corrected manually to ensure accuracy. Anonymized interview transcripts were
uploaded onto the qualitative data analysis software NVivo, Version 12 (QSR Interna-
tional Pty. Ltd. 2018). Focus group responses each week were summarised by the fa-
cilitator and participants were asked to indicate whether they agreed with the summary
of the group’s positions, disagreed, or wished to add additional information or context.
The anonymised discussion data were then downloaded from the SurveyMonkey plat-
form into Microsoft Excel.
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Analysis of the interview and focus group responses involved a reflexive thematic
analysis, using an inductive and semantic approach (Braun and Clarke 2006). A re-
flexive thematic analysis recognises the importance of the researcher themself as an
“analytical resource” by following a six-phase process: 1) familiarising themselves with
the data; 2) systematic data coding; 3) using the data to generate themes; 4) reviewing
the themes; 5) naming and refining the themes; and, 6) writing the paper (Braun and
Clarke 2021). Inductive thematic analysis allows the data to drive framings, rather
than solely those within the existing literature. A semantic approach is one in which
the data are described based upon what the participants have said, then organised and
interpreted by the researcher (Braun and Clarke 2006). We used this approach because
it allows for the ways in which participants describe ISD and use those terms to be
captured and analysed without presupposing that they will line up with previously
published perspectives, or the researchers” expectations.

From the interviews, three framings of invasive species denialism were extracted
during the analysis. These framings are “invasive species denialism”, “invasive species
cynicism”, and “invasive species nihilism”. In the focus group that followed, three po-
tential impacts emerged as a result of excluding or including individuals or groups
believed to be denialists: 1) impacts relating to the accuracy of information; 2) impacts
relating to management decisions, goals, and outcomes; and, 3) impacts regarding rep-
resentation and perceived legitimacy. Finally, the focus group provided recommenda-
tions to mitigate some of the impacts discussed, which were to incorporate facilitators
into engagement efforts, providing balanced information, and to know when engage-
ment is no longer worth continuing.

Results

In this section, we begin by describing how interviewees interpreted ISD, which we
organised into three framings. Next, we report on the engagement impacts of ISD
followed by participant recommendations as they emerged during the focus groups.

Invasive species framings

Three framings of ‘invasive species denialism’” emerged from key interviews (Table 1).
These framings do not represent a definitive meaning of ‘ISD’ nor do we propose to set
boundaries on its potential meanings and implications. Rather, the emergent framings are
intended only to organise the perspectives presented by participants in a way that clarifies
different meanings and how they may shape interactions between stakeholder groups.

Invasive species denialism

“Does nuance equal denialism? I don’t believe so, but others might.” (Interview partici-
pant, environmental author and journalist)
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Table I. Framings of invasive species denialism from participant interviews, with paraphrased examples.

Denialism framings Forms of the framing Paraphrased examples
Invasive species Lack of understanding of Comparison to climate or medical denialism
denialism science Inability to understand science in general
Used to silence critics, frame arguments as non-scientific
Not believing in the existence Invasive species are not real / are not a problem
of invasive species It’s just movement from one place to another
This is natural / inevitable
Lack of understanding of Nature will solve the problem itself

invasive species science Refusal to believe in one’s role in the spread of invasives

This species does not require management
Not believing that management plans could go awry
Unreasonable expectations for management

Invasive species Nothing in it for them /Taking Action would be inconvenient
cynicism action perceived as costly
Species-centric values Species they care about have not been impacted
Inaction perceived as beneficial This species is providing food for other species
Invasive species Discussing invasive species is Who cares? / Why bother?
nihilism pointless Invasive species don’t matter

This is not worth talking about / This is a waste of time

Management efforts are futile This is a waste of money
This is a losing proposition / This is futile
We shouldn’t be doing anything about them
Optimism is a form of denialism

Uncertainty leading to inaction The uncertainty paralyzes us

This denialism framing reflects the framing commonly discussed in invasion ecology
literature (Table 1), and we therefore labelled it as invasive species denialism. This fram-
ing includes the description of the opiner as having a limited understanding of invasive
species science. The framing also mimics recent discussions about medical denialism
during the COVID-19 pandemic. For example, one participant explained: “/ve been
saying this, this whole pandemic too. Like not even just in terms of invasive species but like
in general. These people. It just like people that don’t believe in doctors or vaccines” (Inter-
view participant, invasive species public outreach). This framing is generally described as
lacking any understanding of science in general, and people perceived this denialism as
more generalised, rather than referring to specific people or events. This framing was also
described the least, with participants often stating that they had not personally had en-
counters with anyone holding these views and the majority voicing scepticism that such
people really existed. One participant voiced concern that this framing of ISD was used
both in the literature and the invasive species community to silence or blunt criticism of
the status quo. They said “//Jargely, my experience with that term was seeing it used by mem-
bers of the academic community to potentially either discredit or silence or blunt the impact of
those outside of the academy who were daring to suggest that it wasn't as black and white as
they were suggesting it was” (Interview participant, environmental author and journalist).

This framing of denialism was also used to describe those who may understand
science generally, but who either did not believe in invasive species or did not believe
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invasive species were a problem (Table 1). This type of denialism was described far more
often by participants, and encounters with individuals expressing these views were of-
ten described in terms of frustration or conflict. For example, “definitely the evolution
arguments of, you know, ‘its just how things are and this is a natural progression’. That to
me, thats a bit of denialism. And others saying that there are no impacts from invasives in
general, Gts just another fish’ or it5 just another plant, whats the big deal?’ I definitely hear
that on some occasions, yeah” (Interview participant, provincial/state government).

This framing also includes those who believed that invasive species were a problem
but who lacked an understanding of invasive species science (Table 1). This included
people who did not agree that a particular species required management, as well as
people who objected to suggestions that they or their industry were responsible for
spreading invasive species. For example, “/7he lakers] will tell you that, and quite rightly
so, that they don’t bring [invasive species] into the system, because it’s the ocean-going ves-
sels, the salties, that do. Which is true. But then theyll deny that they really have an effect
on it, knowing full well that they're moving them around the system. Theres no way under
the sun that a Zebra Mussel introduced in Lake St Clair would make it to Lake Superior
without it being moved by a ship. Internally, they move this stuff around all the time, but
theyre in denial about what they should do” (Interview participant, invasive species
communicator).

In addition, this framing also included the view of people who supported manage-
ment action to prevent or control aquatic invasive species, but who did not understand
the potential risks or possibility of failure. Many participants expressed frustration when
the public expected management efforts to be wholly without risk of environmental
harm, or to be 100% effective, despite the fact that that was not typically possible.

Invasive species cynicism

“Its pooh-poohing something that we know is a problem because you don’t want ro be
harmed personally” (Interview participant, invasive species communicator)

The second framing identified is characterised by a description of someone with a
lack of support for invasive species management but, in contrast to the previous fram-
ing, this view is not because the person lacked understanding of the science behind
it, but because of cynical motivations (Table 1). The key difference was whether the
individual voicing the denialist viewpoint was believed to understand invasive species
science. Invasive species cynics are people who are not interested in, or outright resist-
ing invasive species management because of perceived costs or benefits to themselves.
Participants describing these perspectives often referred to the impacts that these peo-
ple were potentially having on the environment and society and stated that those folks
appeared not to care. “I£s a cynical, Tm going to foist my costs off on society’ or I'm going
to profit at the expense of others who are going to be harmed by this. Thats what denialism
is all abour” (Interview Participant, invasive species communicator).

Participants also mentioned that some stakeholders were uninterested in invasive
species management because the native species they cared about had not been impact-
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ed by invasive species, “I think there are some cases where stakeholders do have a single
species focus and they are less concerned about the broader benefits of biodiversity and
ecosystem function” (Interview participant, federal researcher). Participants also per-
ceived some people as resistant to the idea that species required management because
these people had a particular use for them, for example “you know some of our gardening
plants are not native and trying to tell someone that their pretty flower is maybe a problem
is actually where I've noticed [denialism] the most” (Interview participant, federal science
advisor). In these cases, this framing of denialism again reflected a position of resist-
ance to invasive species management due to the perceived costs of action or benefits of
inaction, and so were also grouped into invasive species cynicism.

Invasive species nihilism

“From first-hand experience I would certainly say that there are [denialists] out there. And
[ think its not even limited to non-professional stakeholders. I think it goes really across all
members of society, including professionals” (Interview participant, provincial/state gov-
ernment invasive species manager).

The third framing of ISD described a lack of support for invasive species re-
search or management due to the perception that the whole endeavour was ulti-
mately futile (Table 1). This category was described the most often, and descrip-
tions tended to involve first-hand experiences. It included descriptions of denial-
ism that focused on invasive species research, prevention, management, or outreach
as ultimately futile, pointless, or without meaning. This was the form of denialism
most frequently described by participants, and one that participants most often
described having had first-hand, personal experiences of. People with this perspec-
tive were described by interview participants as approaching and informing them
about the ultimate futility of their management efforts and other invasive species
work in a variety of contexts.

Many saw nihilistic denialism posted to them online, saying “/ feel like we get a lot
of deniers on social media. Not a ton, but like any time we post things it’s like you get people
that just say, ‘ob just eat them’ or ‘who cares?, or like ‘there are bigger issues out there like
water pollution and water quality, why are you wasting your time and money on this?”
(Interview participant, invasive species outreach). Many participants also described
being approached in-person, saying

Lll be at public events, and you know every once in a while, youll have one or rwo
people that are like ‘why are we spending money on this? This is pointless, theres no point in
trying, theyre already here. And so, its not really disagreeing with the definition of invasive,
or early detection rapid response, but more so in the spending of dollars, especially public
dollars, on those efforts when to them, it seems futile, it seems pointless (Interview partici-
pant, invasive species public outreach).

Those people expressing these views were described by participants as being par-
ticularly concerned with the waste of financial resources on an endeavour that they did
not consider to be worthwhile.
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Participants also described experiences with these types of nihilistic framings of
their work not just in-person, but in professional settings, and even from colleagues.
When asked about ISD, one participant responded, sadly, that they believed others
perceived them to be the invasive species denialist because they continued to experi-
ence hope related to their own work, rather than believing the endeavour was hopeless.
They said:

[ suppose my amount of optimism is a form of denial... I've had people approach me
being like how on earth do you still do this work? Why do you do this? This is ridiculous! Its
a waste of your time!’. ['ve definitely had those people during conferences, and meetings, and
presentations confront me about this. And my response is, you know, I'd rather try than not.
Its worth the effort. So, I guess I'm sort of a denialist in that way (Interview participant,
provincial/state government invasive species management).

This belief that others may experience them as a denialist during the course of their
work in invasive species management was not limited to being told one’s work was
not worthwhile. Others involved in management decision-making also expressed the
possibility that their views may be considered denialist by stakeholders because they
did not support prioritising the detection of invasive species that were unlikely to be
prevented or controlled. For example, one participant stated:

[ believe that if we don’t have the resources to do anything about an invasive species, or
we're not willing to do anything about an invasive species, I don'’t believe in putting resources
into early detection. Like why bother spending resources if we're not going to do anything
about it? I know that can rub people the wrong way, and I might get labelled a little bir
with denialism (Interview participant, federal government science advisor).

Again, there was a linkage made between a perception of potential waste of re-
sources on management, and denialism. However, when this participant was asked if,
resources were unlimited, would they be willing to take action to prevent every invasive
species, they said that “/m/aybe if we had all the money in the world, and we knew that it
Just doesn't make efficient sense, or effective sense, or its a good use of the taxpayer dollars, we
might still not address something, right?” (Interview participant, federal science advisor).

Engagement impacts

Interview participants all agreed that engagement with stakeholders was a priority
for invasive species management. Furthermore, they all felt that stakeholder groups
should not be excluded on the basis of being perceived to be denialists. However,
participants also agreed that inclusion of people with different perceptions or values
regarding invasive species management could act as a barrier to communication or
action. To address this challenge in more detail, the focus group was asked to discuss
these issues as a group. They were asked to describe and come to a consensus regarding
some of the impacts of excluding folks believed to be denialists, as well as the impacts
of including them in engagement and outreach. They were also asked to come up
with some recommendations as a group to prevent or mitigate any of these impacts.
The impacts outlined and agreed upon by the focus group can be divided into three
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categories: 1) Impacts relating to the accuracy of information; 2) Impacts relating to
management decisions, goals, and outcomes; and, 3) Impacts regarding representation
and perceived legitimacy.

Impacts relating to the accuracy of information

Decision-makers engage stakeholder groups in invasive species management to inform, as
well as gather input about, invasive species occurrences and management practices. Focus
group participants raised concerns about excluding stakeholder groups for two main rea-
sons: that engagement might be biased and therefore lead to less effective outcomes; and
second, that unique and important knowledge may be missed if some stakeholder groups
are excluded. Focus group participants were particularly concerned that “exclusion of dif-
ferent stakeholder groups may lead to a biased or limited representation of different values and
perceptions” in the data they gather during engagement efforts for use by decision-makers,
making it less accurate and therefore less useful for effective management.

The inclusion of more diverse perspectives was conversely seen as potentially allow-
ing for improvement in the overall information available to researchers and managers.
For example, it was noted that some people seen as denialists may still have informa-
tion on novel invasion pathways that could be of value to managers. Furthermore, en-
gagement with as many people as possible was described as providing greater leverage
to promote changes in behaviour and practices.

Impacts relating to management decisions, goals, and outcomes

Participants often described outreach as potentially the only way to convince those
who were opposed to management efforts of its value. Exclusion of individuals or
groups without at least an initial attempt at outreach was therefore seen as generally
undesirable as it could undermine the ability to meet engagement and management
goals. As noted by one participant, “/e/xcluding engagement is a problem because poli-
ticians are not going to regulate a major industry without some justification, and if the
industry is not engaged with those working in [aquatic invasive species] policies, they have
no incentive at all to cooperate and seek mutually agreeable solutions”.

The primary concern of people in the focus group regarding inclusion of perceived
denialists in engagement efforts was that it could lead to delays in decision-making,
particularly when urgent decisions and actions are necessary. There were concerns that
such inclusion “may make the process more difficult or lead to decisions that are not sup-
ported by some decision-makers”. Their inclusion was also believed to require increased
time and effort as “repeated conversations and outreach will need to take place along with
the understanding that some stakeholders will never support the project”.

Impacts regarding representation and perceived legitimacy

Including diverse stakeholders was repeatedly emphasised as a priority, and any ex-
clusion was seen as a potential detriment to that. Exclusion of individuals or groups
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believed to be denialists was also described as “risking public outcry and loss of faith in
the process” of engagement. This was described not as necessarily harmful to a current
management project, but potentially harmful for future attempts at engagement if it
was perceived that only agreeable perspectives were included.

Because inclusion and representation of diverse stakeholders and values was seen as
a priority, the inclusion of denialists was seen as an inherently positive choice, despite
the aforementioned drawbacks. Some also noted the ethical importance of including
all those who had been, or may be, harmed by the invader to give them the chance to
learn more and prevent future harms.

Participant recommendations

The focus group consensus was that inclusion of diverse perspectives, values, and stake-
holders was a priority to them, even if those were believed to be denialists who may
impede ongoing management goals. Therefore, the recommendations they provided
regarding how to best proceed to mitigate potential impacts focused on those impacts
resulting from the denialists’ inclusion. Exclusion, at least directly from the outset, was
not presented as a viable option.

Include people trained to engage with stakeholders to facilitate engagement

This guidance was described as being important when engagement may become coun-
terproductive, either because participants are not actually interested in invasive species
management, or they are against management entirely. It was emphasised that “mizi-
gating this type of issue can be helped with a strong chairperson during the engagement
process overall. Having participant guiding principles, similar to the Canadian Science
Advisory Secretariat, helps the chair point to unproductive conversations”. The use of a
facilitator could also potentially ease the emotional burdens placed on the practition-
ers facing nihilistic comments regarding their careers or values by having a third party
take on that responsibility.

Provide clear, balanced information

This was viewed as particularly important for those considered denialists due to their
disbelief in the existence of invasive species, or invasive species science. A scepticism
toward invasive species science or researchers was described as stemming from hearing
‘one-sided’ information from science communicators. As explained by one participant

The best way to engage individuals who do not tend to agree with prevention or other
management of aquatic invasive species [AIS] is to show examples of situations where AIS
have led to important (i.e., damaging) ecological or social outcomes. To ensure credibility
and avoid the ‘sky is falling’ mentality, these should also be countered with situations
where AIS have not led to extreme impacts, which ensures that objectivity is retained.

This was seen as improving credibility of the communicator, and potentially allow-
ing sceptical participants to be convinced.
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In addition, this guidance was also viewed as important for those who lacked an
understanding of invasive species science, or management limitations or costs. Rather
than asking those who may not be informed on this topic, participants noted that “¢f*
fective engagement needs to be done with a series of structured management options that
clearly lay out potential management targets, their costs (ecological and economic), and
related uncertainties, which is a very large undertaking”. This was described as useful for
allowing stakeholders to understand the goals and limitations of management, and to
make choices that are possible to implement. They also emphasised that communica-
tors “should also ensure that balanced information makes it clear that invasive species
management may fail (i.e., management success is not a certain outcome, and we have to be
cognizant of this possibility when committing resources and seeking stakeholder support)”.
Ensuring that participants are aware that success is not guaranteed also enables them
to be better informed and make realistic decisions.

Know when to move on

It was noted that breakdowns in communication can occur for a variety of reasons, in-
cluding resistance due to holding denialist positions. It was therefore noted that “zhere
are times when you need to accept that, for whatever reason, the stakeholders aren’t ready to
hear what you have to say or to move forward on a project. Best to reduce engagement and,
perhaps, bring in others to try a different strategy”, and that “the manager might have to
accept that helshe can never ‘adjust’ all stakeholder expectations.” Focus group participants
noted that they had an ethical responsibility to represent all members of the commu-
nity they were serving, and that if the majority of folks were wishing to proceed with
urgent management action, it would not be ethical to prevent that through continued
engagement with folks who would not be convinced. Rather, it was recommended to
move on without the denialists in the interim and try to reach out to them again at a
later date, when urgent action was no longer required.

Discussion

This study has explored the meanings of ISD and its implications for invasive species
engagement and management. ISD has been shown to have a greater variety of mean-
ings and implications than previously explored in the literature. While the research
literature has previously discussed the framing of ISD as being a lack of understanding
of invasive species science, invasive species cynicism and invasive species nihilism are
arguably the most important for practitioners to understand. The latter were reported
far more often than views perceived as simply anti-scientific and with more poten-
tially complex impacts on engagement effectiveness and management outcomes. An
understanding of these ISD framings, particularly of the importance of cynicism and
nihilism in an ISD context, are therefore integral to stakeholder communication and
engagement efforts.
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Why is it important how invasive species denialism is framed?

The invasive species literature has mostly focused on discussing the existence and im-
plications of invasive species denialism as a form of science denialism. Our results
suggest that this view is an oversimplification with potential negative impacts on stake-
holder engagement and invasive species management communication.

General descriptions of denialists as anti-science do not address those people who
question invasive species based on public spending or on the likelihood of success/
failure of attempts to manage invasive species. All too often, academic technical ex-
perts interpret invasive species management as the operationalization of a scientific
understanding of the risks and solutions to invasive species. Our results suggest that
other views about invasive species are tied to questioning societal prioritisation of en-
vironmental protection, spending of public funds, and perceptions of the overall effec-
tiveness of management practices. Such views cannot simply be described as “science
denialist” as their objections are not solely about the science of invasive species. Rather,
often these views are concerned with policy implications and socio-economic impacts,
constituting societal domains of concern which are legitimate grounds for questioning.

Generalisations appear to serve a rhetorical purpose of dismissal of contrarian
views, something which was of some concern to at least one interview participant. This
dismissal has the potential for biasing engagement efforts, or of omitting important
input from the engagement process and resulting decision-making. It is notable that
when exploring their understanding of ISD, participant descriptions of a person who
lacks understanding of science were generalised and hypothetical, rather than an actual
experience. Conversely, discussions of ISD that fit within the cynicism or nihilism
frameworks were often of specific people or groups, rooted in first-hand experience.
This suggests two things: the idea of the contrarian science denialist appears more wide-
spread than the denialists themselves; and, denialism rooted in cynicism and nihilism
appears to be a more immediate concern, particularly given participants’ concerns with
potential impacts on those forms of ISD for future management and outreach efforts.
In both cases, a more nuanced view enables decision-makers and science communica-
tors to better hone their communication strategies and engagement processes.

While the first framing described as invasive species denialism reflects the viewpoints
commonly described in the invasion ecology literature of individuals or groups who do
not accept invasive species science, the existence of other framings, i.e., cynicism and
nihilism in ISD, is an important finding. Previous published work regarding ISD has
often framed it as rejecting invasive species science for contrarian reasons (Russell and
Blackburn 2017; Ricciardi and Ryan 2018a, 2018b). We have teased apart these as dif-
ferent aspects of ISD to show that these facets are not always seen together, or in every
case. Individuals who were described as not believing in invasive species, or believing
that we should not intervene because invasive species are natural, were not described in
the same way as individuals who did not care about their local ecosystem, or who were
perceived to be foisting their costs onto others. Our results also explored a form of ISD
rooted in perceptions of futility not captured in descriptions of those who are denialists
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to be cynical or contrarian. We have increased the resolution at which we can examine
ISD, as described by those involved in invasive species management and engagement.
This will better enable both researchers and practitioners to better understand the
potential meanings that these terms may hold to those they communicate with, as well as
to consider how the impacts of ISD on their work may differ depending on the framing
being employed. For example, outreach devoted to public education must take time to
determine precisely whether the community is open to education, and what exactly they
need to be educated about. For example, education devoted to defining invasive species
will not be as useful for convincing a laker stakeholder who already knows what invasive
species are that lakers are partly responsible for the transport and spread of invasive species.

‘Opening up’ and ‘closing down’: potential responses to cynicism

Cynicism is a broader societal problem and invasive species management must give
careful thought on how to handle this issue. On the one hand, there is a need to ‘open
up’ engagement to diverse views, including cynics, because it enables us to produce
more accurate science that is seen as legitimate, accountable, and allowing for social
empowerment (Stirling 2008). On the other hand, there is a need to ‘close-down’
engagement with cynics once the basis for their views is understood, discussed, and
considered within an expansive view of the values and priorities held by others.
Cynicism or apathy in climate denialism has been previously described not as linked
to a lack of scientific understanding, but to a culture of denialism where those who
benefit ignore the problem because “we don't really want to know” (Norgaard 2006).
Participants in this study also differentiated between those expressing cynicism toward
management and those who did not understand or believe the science. Much of inva-
sion science practices and recommendations are rooted not in objective data, but in sub-
jective, normative values (Munro et al. 2019; Latombe et al. 2022). The fact that one’s
values may lead one to ignore the problem of invasive species for cynical gain means that
conventional outreach and engagement, which tend to focus on education about inva-
sive species science, may not be sufficient to change behaviours. Rather, if encountering
invasive species cynicism, outreach may need to pivot to focus on the way that invasive
species may impact particular values. However, if indeed some people ‘don’t really want
to know’, it may be best to ‘move on’ as recommended by the focus group participants.

The Janus face of nihilism

Nihilism can lead to reflexivity and empathy for views that question the feasibility of effec-
tively controlling invasive species. Take the example of Sea Lamprey. Management of Sea
Lamprey has been touted as “a remarkable success” and “tremendously successful” (GLFC
2014; DFO 2018), yet at the same time eliminating Sea Lamprey is described as “impos-
sible” to the extent that management cannot be relaxed for “even a short time” in the same
publications. There is reason to question our ability to fully prevent new invasive species,
and what resistance to management really means, not because of a lack of science, but be-
cause of limited resources and different perceptions and evaluations of risks and impacts.
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On the other hand, nihilism can become debilitating for action when action is needed,
feasible and desired. It can also impact managers’ ability to do their work. Invasive species
nihilism should be particularly concerning to those involved in invasive species work in
that it was experienced by participants in their workplaces and was expressed toward them
not only from the public, but also from colleagues. Research into workplace wellbeing has
shown a connection between perceptions of one’s work as meaningless with experiences of
alienation, emotional exhaustion, and burnout (Bailey and Madden 2019). While research
has been conducted on the impacts of emotional exhaustion in fields such as health care
(Meltzer and Huckabay 2004), the emotional labour cost of those in the invasive species
community confronted with nihilistic comments on a regular basis about their work re-
mains unexplored. More research is needed to fully measure and comprehend the impacts
of invasive species nihilism on invasive species practitioners and their work. This research is
needed due to the prevalence of this form of ISD being experienced by participants during
the course of their work, and the potential for the impacts of emotional exhaustion or burn-
out affecting practitioners’ ability to manage invasive species or engage with stakeholders.

Nihilism is often expressed as something being a waste; a waste of resources, a
waste of effort, a waste of time. Some of our participants expressed that, even were
resources unlimited, they would still not support management of every invasive spe-
cies in the region. This suggests that it is not solely the limited nature of what is being
wasted, which is the underpinning concern for this form of denialism, but rather the
concept of waste itself; the perception that the effort of management is, at least in some
cases, itself wasteful and therefore not worth doing, even if what is being wasted were
unlimited. This idea of invasive species research and management being perceived as a
type of inherent waste should be examined further, particularly as it may relate to inac-
tion or resistance to other types of environmental research and management.

Strengths and limitations

This research has delved deeper into the growing and controversial topic of invasive
species denialism. To our knowledge, this is the first study to include Great Lakes com-
munity members to determine what the term “invasive species denialism” means to
them, and how it is being used by decision-makers or practitioners in the field. Our
results have shown that ISD is a term with different meanings with different connota-
tions. As a result, we have also shown that the implications of different types of ISD,
and the appropriate responses to each, differ as well. This research will contribute to
growing efforts to better understand the topic of ISD and provide solid strategies to
outreach and engagement professionals encountering different framings of ISD during
their work. More in-depth research is needed into how each of these different framings
specifically impact management, engagement, and policy in order to craft more finely
tuned recommendations for specific situations. We hope that our research has contrib-
uted to those future efforts by enabling the identification of these different framings
and providing general strategies to build upon.

This research was conducted amongst members of the aquatic invasive species
community of the Great Lakes basin. Therefore, it is unclear whether the framings of
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ISD employed by participants are due to a unique perspective of people in this region,
or whether they can be generalised to the overall invasive species community. More
research should be conducted specifically exploring the ways that other communities
describe the phenomena of ISD and its impacts to determine how widespread are these
framings, particularly that of invasive species nihilism, due to its novelty.

Conclusions

Familiarity with the framings of ISD are important both to understand the values and
motivations that drive those who espouse views perceived as denialist, as well as to
clarify how these individuals are either understood or dismissed in the environmental
decision-making process. An understanding of these framings is also vital to respond
to instances of ISD appropriately. Whether we are being confronted with anti-science
contrarianism, environmental cynicism, or outbursts of nihilism, should rightly in-
form our responses and our strategies to counter these positions.

Future research should examine the topic of invasive species nihilism in greater
detail. It is currently unknown how pervasive this phenomenon is in the broader in-
vasive species community and among the public. It is also currently unknown what
the impacts of exposure to these nihilistic framings of their work may be on those
involved in invasive species research and management. An awareness of those impacts
will help us to better understand the role of ISD in invasive species communication
and engagement.
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Introduction

Charles Elton’s 1958 monograph, “The Ecology of Invasions by Animals and Plants”,
documented the breakdown of Wallace’s biogeographic realms and discussed the biol-
ogy and impacts of invasive species on native communities, constituting one of the first
works calling scientific attention to biological invasions. This monograph resulted in
some, albeit insignificant, initial interest in biological invasions (Simberloff 2011a) but
has since become the single most cited source in the field of invasion science (Richard-
son and Pysek 2008) with > 8500 citations (via Google Scholar) at the time of writing.
Invasion science encompasses research in multiple disciplines examining facets of the
causes, consequences and management of non-native species (Richardson et al. 2011;
Richardson and Ricciardi 2011). Though Elton (1958) is often cited as the foundation
of invasion science as a distinct discipline, the field was catapulted into mainstream
ecology in the 1980s (Simberloff 2011a, 2011b) after the Scientific Committee on
Problems of the Environment (SCOPE) programme on biological invasions generated
research on the causes, impacts and management of invasive species (Mooney and
Drake 1986; Drake et al. 1989). Research on biological invasions subsequently grew
at an exponential pace, beginning in the 1990s (Richardson and Pysek 2008; Davis
2009; Simberloff 2011a), reflecting the need to address the management of the rapidly
increasing number of non-native species spreading globally. The initiation of several
journals solely dedicated to research on biological invasions (e.g. “Biological Invasions”
in 1999 and “NeoBiota” in 2011) and journals relaunching with substantial focus on
invasions (e.g. “Diversity and Distributions” in 1999) demonstrate the increased sci-
entific interest in understanding and managing invasive species.

Price (1963) is often cited as the foundational paper predicting the demise of
single-authored publications by 1980 after observing an increasing trend in multiple
authorship in chemical science. Many studies have duplicated Price’s observation of
the rise of multi-authored publications in a wide variety of disciplines, including, but
not limited to, economics (e.g. Hudson 1996; Kuld and O’Hagan 2017), the social
sciences and humanities (e.g. Ossenblok et al. 2014; Henriksen 2016; Verleysen and
Ossenblok 2017), medical sciences (e.g. Khan et al. 1999; King 2000) and natural
sciences (e.g. Regalado 1995; Nabout et al. 2015). However, the decline in single au-
thorship and rise of multiple authorship has not been consistent across fields. While
social sciences manifested declines in single authorship of 72% to 38%, pharmacol-
ogy manifested declines from 13% to 4% (Gorham and Kelly 2014). Research in the
fields of ecology and environmental sciences shows a similar overall trend in the rise of
multiple authorship (e.g. Weltzin et al. 2006; Gorham and Kelly 2014; Barlow et al.
2018), with a decline in single authorship from 35% to 5% between 1981 and 2012
(Gorham and Kelly 2014). Qiu and Chen (2009) examined some authorship patterns
in the field of invasion science; however, their temporal scope was limited to research
published between 1991 and 2007 and, although they calculated the average number
of authors per publication for each year, they did not examine the proportions of sin-
gle- and multi-authored papers. In light of the necessity of a transdisciplinary approach
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to and the complexity and the global nature of biological invasions (Diagne et al.
2020), the field of invasion science as a distinct field selects for multi-authored papers.

The declining trend in the proportion of single-authored papers is probably driven
by a complex interplay of multiple factors. Collaboration is likely, in part, a byproduct
of advances in transportation (i.e. deregulation of the airline industry reducing travel
costs) and technology (e.g. fax, long-distance phone calls, email, the internet, vide-
oconferencing) that facilitate communication amongst collaborators (Rosenblat and
Mobius 2004; Hamermesh 2013). The decline of single-authored papers also likely
reflects the increasingly collaborative and interdisciplinary nature of science. This trend
is often encouraged by funding sources (e.g. National Science Foundation, European
Research Council) and promoted by working groups and institutions (e.g. National
Center for Ecological Analysis and Synthesis, German Center for Integrative Biology
Research) in the field of ecology (Weltzin et al. 2006; Barlow et al. 2018). Interdis-
ciplinary teams with a wide range of skills (e.g. taxonomists, statisticians, ecological
modellers, field assistants, technicians) are often required to conduct ecological stud-
ies. Additionally, the increased number of co-authors may also be driven by changes
in the criteria for authorship. Technicians, data collectors, field assistants or research
students who, in the past, may have been included in the acknowledgements, are now
often co-authors (Weltzin et al. 2006; Gorham and Kelly 2014; Barlow et al. 2018).
Moreover, the notion of ‘publish or perish’ and publications as a currency for produc-
tivity in science may play a large role in increasing collaboration (Nabout et al. 2015).
Multiple authorship allows for a division of labour and costs, effectively decreasing the
amount of time and funding each individual author contributes in comparison to a
single-authored publication (Leimu and Koricheva 2005a), which may increase overall
perceived productivity. Furthermore, funding, hiring and promotion decisions are all
often influenced by collaborations (Katz and Martin 1997), and this fact may increase
the participation of scientists in multi-authored papers. No single factor drives the
decline of single-authored papers, but multiple factors act together to promote the rise
of multi-authored papers.

Collaboration is often assumed to result in higher quality research and impact
(Katz and Martin 1997; Franceschet and Costantini 2010). However, the evidence
for this presumption is not always clear. Scholars have examined the impact of col-
laboration on the quality and impact of research by relating the number of authors to
citations or citation rate. Citations are used as a proxy for scientific success, academic
impact and the relative importance of a publication and/or its author (Hamilton 1990)
despite studies (e.g. Leimu and Koricheva 2005b; Borsuk et al. 2009) demonstrating
bias and influence by other unrelated factors. Some disciplines show a negative or no
relationship between citations or citation rate and number of authors (e.g. Smart and
Bayer 1986; Rousseau 2001; Leimu and Koricheva 2005a; Bornmann et al. 2012),
while others show a positive relationship (e.g. Smart and Bayer 1986; Rousseau 2001;
Hudson 2007), including the field of ecology (e.g. Leimu and Koricheva 2005a; Borsuk
et al. 2009; Fox et al. 2016; Barlow et al. 2018). In the field of invasion science, Qiu
and Chen (2009) examined patterns in citations per publication by journal, country,
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institution and amongst the top ten most productive authors, while Pysek et al. (2006)
evaluated the most-cited publications for changes in citations over time, which jour-
nals published highly-cited papers and citation performance for specific sub-fields of
study. To our knowledge, no work has examined the relationship between citation rate
and number of authors in invasion science.

While some studies (e.g. Pysek et al. 2006; Qiu and Chen 2009) have addressed
authorship patterns and the impacts of collaboration on citation rate in invasion sci-
ence, no systematic review to date covers publications published from the rise of mod-
ern invasion science (i.e. 1980s) to the present. Here, we systematically review litera-
ture in the field of invasion science published between 1980 and 2020 to determine
how trends in co-authorship have changed over time and how patterns of authorship
relate to citation rate. We expected that the mean number of authors and proportion
of multi-authored publications will have increased over time and that there will be a
positive relationship between the number of authors and citation rate.

Methods

We queried Clarivate Analytics Web of Science Core Collections topics, which exam-
ines the title, abstract, author keywords and keywords plus for all records in the data-
base, between May and October 2021 for the following search terms: (“non-native” OR
“nonnative” OR “exotic speci*” OR “alien” OR “invas* speci*” OR “biolog* invas*”).
The results of this search (N = 76,239") were further refined by publication year (1980~
2020, inclusive) to coincide with the rise of modern invasion science and to exclude
irrelevant Web of Science categories (e.g. ‘Dermatology’; see Suppl. material 1: Ap-
pendix S1 for complete search query). We defined an invasion as a species introduced,
deliberately or accidentally, to geographic areas outside of their historical native range
(Simberloff 2011¢). We systematically screened the remaining results (N = 42,695")
following a co-developed set of rules. A publication was retained if it discussed an inva-
sion, range-expanding natives (Simberloff 2011¢) while addressing the issue of analogy
to an invasion and potential impacts, documented new records while discussing pos-
sible route of invasion and/or potential impacts, had a clear objective of quantifying the
proportion of non-native species in an area, documented the spread of an established
non-native species, examined the biology of a non-native species in its native or non-
native range and clearly linked the reported biology to the invasion or managing it and/
or was related to the management of non-native species. A publication was excluded
if it contained species occurrences for an area and mentioned only that a species was
introduced without further discussion regarding the invasion, examined the biology

*  Clarivate Analytics Web of Science continually updates the database such that content is added or

purged from the system and/or KeyWords Plus are recalculated which generates new sets of terms.
These features resulted in minor fluctuations in the number of records produced by the query over the
course of this systematic review as the most relevant results were continuously updated.
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of a non-native species in its native or non-native range without discussion of how the
biology related to the invasion or managing it, mentioned that the study organism was
non-native in the study area and that the research could be used for management with-
out any detail or obvious linkages between the research and management, indicated a
new record of a non-native species without further discussion regarding potential route
of invasion, impacts or control and any biocontrol publications that focused on non-
invasion related aspects (e.g. treatment of the biocontrol agent during importation).

A total of 27,535 publications met the criteria for inclusion. These publications
included three papers that have been retracted, 297 early view papers published in a
volume in 2021 and one early view paper published in a volume in 2022, which were
all excluded from further analyses. Bibliographic information for each publication
was exported via Web of Science Fast 5K, including the name(s) of the author(s),
publication type, publication title, journal or source title, total times cited, publica-
tion date, volume, issue, page number(s), early access date, digital object identifier
and accession number (a unique Web of Science identification number) when avail-
able and where applicable.

For each record, we tallied the total number of authors to calculate the mean
number of authors, maximum number of authors and the proportion of single-author
publications each year from 1980 to 2020. We excluded a single outlier published in
2020 with 642 authors from mean and maximum calculations, as well as the analysis
examining citations. We also summed the total number of papers each author co-
authored. We assumed that papers with an anonymous author (N = 56) were single-
authored and that authors with the same last name and first initial(s) were the same
author. We searched each record via Google Scholar and matched institutional affilia-
tions to the best of our ability in cases where multiple authors had the same last name
and first initial(s). Annual citation rates for individual publications were calculated
as the number of citations divided by the number of years since publication (sensu
Leimu and Koricheva 2005b). We calculated mean annual citation rates as the sum of
all citation rates across publications in a year divided by the number of publications
published in that year. To explore how the number of authors is related to citation rate,
we completed a generalised linear mixed model (GLMM) with the annual citation rate
(plus one) log-transformed as a response variable, number of authors (one, two, three,
four or more than four) as a fixed effect and age calculated as number of years since
publication as a random effect. We also examined the relationship between the number
of authors and the rate of self-citation. We randomly sampled 100 papers authored
by one, two, three, four, five, six to ten and eleven or more authors, respectively. We
accessed the entry for each randomly sampled paper on Web of Science, recorded the
total number of citations up to 20 June 2022 and recorded the number of citations
excluding papers authored by authors of the randomly sampled paper (i.e. we excluded
self-citations). All analyses were completed in R statistical software, version 4.0.5 (R
Core Team 2021) using the dplyr (Wickham et al. 2021), emmeans (Lenth 2021),
ggplor2 (Wickham 2016), ggpubr (Kassambara 2020), /me4 (Bates et al. 2015) and
MuMIn (Bartori 2020) packages.
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Results

The total number of publications related to invasion science published each year and
registered in Clarivate Analytics Web of Science Core Collections has exponentially
increased (Fig. 1) from three publications in 1980 to 2,535 publications in 2020, with
an average of 680.9 publications per year. The number of source titles (e.g. journals)
publishing papers each year has also increased exponentially from three source titles in
1980 to 495 source titles in 2020 (Fig. 2). A total of 1,218 source titles have published
invasion science literature between 1980 and 2020. The top five journals publishing
papers in invasion science during this period were “Biological Invasions” (N = 2653),
“PLoS ONE” (N = 723), “Diversity and Distributions” (N = 547), “Hydrobiologia”
(N = 432) and “Aquatic Invasions” (N = 397) (Table 1). Approximately 29.5% of
source titles have contributed only one publication between 1980 and 2020.

Patterns in authorship also changed over this period (Figs 3 and 4). A total of
53,685 authors contributed to 27,234 publications. Of these, 36,232 (67.5%) authors
contributed a single paper, 14,293 (26.6%) contributed between 2 and 5 papers, 1,833
(3.4%) contributed between 6 and 9 papers and 1,327 (2.5%) contributed 10 or more
papers. Amongst authors who have published a paper in any given year, the proportion
of those who have published a single paper versus those who have published two or
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Figure . Total number of publications (N = 27,234) in invasion science published between 1980 and 2020

and registered in Clarivate Analytics Web of Science Core Collections (see methods for screening criteria).
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publication in invasion science literature (N = 27,234) between 1980 and 2020 that were also registered

in Clarivate Analytics Web of Science Core Collections (see methods for screening criteria).

Table 1. The number of papers published by the 20 most productive source titles (e.g. journals) in inva-

sion science literature published between 1980 and 2020 and registered in Clarivate Analytics Web of

Science Core Collections (see methods for screening criteria).

Journal Number of Publications

1980-1990 1991-2000 2001-2010 2011-2020 Total
Biological Invasions 0 0 757 1896 2653
PLoS ONE 0 0 33 690 723
Diversity and Distributions 0 0 255 292 547
Hydrobiologia 0 23 104 305 432
Aquatic Invasions 0 0 66 331 397
Biological Conservation 7 43 164 181 395
Ecology 3 35 144 181 363
Occologia 3 29 123 180 335
Journal of Applied Ecology 2 17 109 194 322
Ecological Applications 0 30 149 138 317
Ecology and Evolution 0 0 0 313 313
Forest Ecology and Management 0 7 81 205 293
Invasive Plant Science and Management 0 0 64 202 266
Plant Ecology 0 8 94 160 262
Conservation Biology 3 47 126 84 260
Freshwater Biology 0 9 82 164 255
Marine Ecology Progress Series 0 5 102 128 235
Scientific Reports 0 0 0 231 231
Management of Biological Invasions 0 0 0 229 229
Journal of Ecology 0 8 79 139 226
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Figure 3. The mean (A) and maximum (B) number of authors on publications in invasion science (N
= 27,233) published between 1980 and 2020. A single outlier (with 642 authors) published in 2020

was removed.
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Figure 4. The proportions of single- and multi-authored publications (N = 27,234) in invasion science
published between 1980 and 2020 and registered in Clarivate Analytics Web of Science Core Collections
(see methods for screening criteria).
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more papers between 1980 and 2020 has remained relatively stable (Fig. 5). The mean
number of authors has steadily increased between 1980 and 2020 from - 1.3 to ~ 5.3.
Likewise, the maximum number of authors has increased from 2 in 1980 to 126 in
2020, not counting the outlier. Approximately 92.0% of publications (N = 25,045),
published in the invasion science literature between 1980 and 2020 were multi-au-
thored (Fig. 4; Table 2). The proportion of single-authored publications has decreased
from ~ 66.7% in 1980 to ~ 3.9% in 2020 and has fluctuated around 5% or less since
2013 (Fig. 4; Table 2). Conversely, the proportion of publications with five or more
authors has increased from 0% in 1980 to 48.3% in 2020 (Fig. 4; Table 2).

The mean annual citation rate across publications has increased from ~ 0.6 citations
per year in 1980 to ~ 3.6 citations per year in 2020 (Fig. 6). Approximately 28.7% of
publications accounted for 80% of total citations; these publications had a mean of 4.2
authors, while the remaining 71.3% of publications had a mean of 4.1 authors. A posi-
tive relationship exists between annual citation rates and number of authors. While the
number of authors predicted the annual citation rate (p < 0.001), the marginal coefhi-
cient of determination (i.e. considering only fixed effects) was 0.04, indicating high var-
iability in the data and a low fraction of variation explained by number of authors alone.
Examining the influence of number of authors on annual citation rate, we found that
multi-authored papers had significantly higher citation rates than did single-authored
papers (p < 0.0001; Fig. 7). Papers with four or more authors had significantly higher
citation rates than did papers with one, two, or three authors (p < 0.0001; Fig. 7); how-
ever, no significant differences existed in citation rates between papers with two authors
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Table 2. The proportion of single- and multi- authored publications (N = 27,234) in invasion science
published between 1980 and 2020 and registered in Clarivate Analytics Web of Science Core Collections

(see methods for screening criteria).

Year Percentage of publications by number of authors

1 2 3 4 5+
1980 66.7 33.3 0 0 0
1981 50.0 50.0 0 0 0
1982 40.0 60.0 0 0 0
1983 50.0 50.0 0 0 0
1984 100.0 0 0 0 0
1985 0 50.0 50.0 0 0
1986 63.6 27.3 0 0 9.1
1987 60.0 13.3 20.0 0 6.7
1988 60.0 10.0 0 10.0 20.0
1989 30.0 40.0 30.0 0 0
1990 57.9 26.3 15.8 0 0
1991 47.2 37.7 11.3 1.9 1.9
1992 38.0 42.0 8.0 8.0 4.0
1993 32.7 23.1 28.8 13.5 1.9
1994 22.2 50.0 18.5 5.6 3.7
1995 30.9 28.4 30.9 7.4 2.5
1996 35.6 31.1 20.0 6.7 6.7
1997 23.2 32.6 24.2 14.7 5.3
1998 30.9 315 21.3 10.1 6.2
1999 23.6 42.9 16.7 8.4 8.4
2000 22.9 35.4 17.5 14.3 9.9
2001 22.3 33.3 23.9 10.7 9.7
2002 21.5 31.2 24.3 12.3 10.7
2003 18.7 32.7 21.6 15.7 11.3
2004 18.9 29.0 25.2 14.1 12.8
2005 12.8 28.0 23.2 18.0 18.0
2006 11.0 30.7 24.3 14.9 19.2
2007 9.6 26.0 26.3 19.2 18.9
2008 9.6 26.6 27.2 17.1 19.5
2009 7.7 23.4 27.6 17.1 24.2
2010 7.8 23.6 24.0 19.1 255
2011 8.4 21.7 27.0 17.6 253
2012 8.0 23.1 22.7 21.2 24.9
2013 5.4 18.8 22.3 21.5 32.1
2014 5.3 19.6 23.7 21.1 30.3
2015 5.2 18.3 21.5 20.5 34.5
2016 4.7 16.3 21.0 19.5 38.5
2017 5.5 15.3 19.6 20.5 39.1
2018 3.7 14.5 19.1 18.5 44.2
2019 4.4 13.6 19.5 17.2 45.2
2020 3.9 11.8 18.9 17.1 48.3

and papers with three authors (p = 0.1078; Fig. 7). The average rate of self-citation
across all randomly sampled papers was 15.9% and was positively correlated with the
number of authors (Table 3). Papers with three or more authors had self-citation rates
three to four times higher than single-authored papers (Table 3) and papers with eleven
or more authors had the highest self-citation rate at 23.7%.
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Figure 6. The mean annual citation rate for publications (27,225) in invasion science published between

1980 and 2020 and registered in Clarivate Analytics Web of Science Core Collections (see methods for

screening criteria). Mean annual citation rate was calculated as the sum of citation rates across publications

published in a year divided by the number of papers published that year. Outliers for number of authors
(N = 1; 642 authors) and number of citations (N = 8; > 1900 citations) were excluded.
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Table 3. The percentage of total citations that are self-citations for randomly sampled papers authored by
one, two, three, four, five, six to ten and eleven or more authors, respectively, in invasion science literature
published between 1980 and 2020 and registered in Clarivate Analytics Web of Science Core Collections.
A total of 700 papers were randomly sampled evenly across author number groups.

Number of Total Number Number of Citations  Percentage of Total Citations Average Age of
Authors of Citations Excluding Self-Citations that are Self-Citations ~ Sampled Papers (Years)

One 5029 4763 5.3 13.4
Two 3862 3512 9.1 11.4
Three 2237 1775 20.7 10.4
Four 2931 2489 15.1 8.8
Five 3052 2359 22.7 8.2
Six to Ten 2595 2040 21.4 6.5
Eleven or More 4658 3552 23.7 5.6
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Figure 7. The back-transformed least square mean annual citation rate and standard error for publications
(N =27,225) with one (N = 2,188), two (N = 5,523), three (N = 6,032), four (N = 4,949) and five or more
(N = 8,533) authors in invasion science published between 1980 and 2020 and registered in Clarivate
Analytics Web of Science Core Collections (see methods for screening criteria). Annual citation rate was
calculated as the number of citations divided by the number of years since initial publication. Outliers for
number of authors (N = 1; 642 authors) and number of citations (N = 8; > 1900 citations) were excluded.

Discussion

This study examined patterns of authorship and how these relate to citations in the
field of invasion science. Our analysis indicates research activity has exponentially in-
creased since the rise of modern invasion science in the 1980s and the rate of increase
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in the number of papers published is almost 50 times higher than that recorded for the
biological sciences between 1990 and 2016 (Boltovskoy et al. 2018). Invasion science
is highly collaborative, with a very small proportion of single-authored publications
and two-thirds of authors publishing only a single paper between 1980 and 2020.
The proportion of multi-authored papers surpassed that of single-authored papers in
the early 1990s, coinciding with a sharply increased rate of publication. The steady
increase in the mean number of authors could signal the maturation (Clarke 1964) of
the field of invasion science, which is also supported by the growth of journals publish-
ing invasion science literature. Collaboration has a positive relationship with research
impact as measured by annual citation rate. Publications with four or more authors
have a significantly higher citation rates than those with one, two or three authors. The
higher citation rates amongst multi-authored papers in comparison to single-authored
papers may reflect benefits and higher quality of collaborative research, increased vis-
ibility owing to a larger network for dissemination or other factors.

Invasion science has become increasingly collaborative over the past 40 years. The
number of publications has exponentially increased and the increase in the mean num-
ber of authors per publication indicates the growth of the number of scientists working
in the field. Over 53,000 authors have contributed at least one publication in invasion
science, with only one-third contributing multiple publications between 1980 and
2020. Although Qiu and Chen (2009) documented an average of 3.2 authors per pub-
lication between 1991 and 2007, the fact that our data for the same time period show a
lower number is likely due to the increased scope of this analysis with additional search
terms, temporal breadth and, thus, sample size. Regardless, the increase in the number
of authors reveals the theoretical, analytical, temporal, spatial and financial scale of
biological invasions that requires multiple skillsets, expertise and division of labour or
cost. Similarly, as data on biological invasions have accumulated globally, collabora-
tive authors benefit from sharing data. Although it is nearly impossible to parse out
the frequency of data-sharing in collaborative papers, the increase in data publications
may provide some indication of this collaborative benefit. Our dataset included 27
publications categorised as data papers that were published between 2016 and 2020
(see Suppl. material 1: Appendix S2) with an average of 14.6 authors, while only two
were single-authored. Two of these publications accounted for the highest number of
authors in our dataset, with 126 and 642 authors. Sharing data, amongst other factors,
has likely played an important role in the rise of multi-authored papers.

Collaboration plays an important role in the invasion science literature. Fewer
than 10% of publications published between 1980 and 2020 were single-authored, a
trend comparable to patterns of multiple authorship in the biological sciences gener-
ally (Franceschet and Costantini 2010) and the field of ecology (Paine 2005; Gorham
and Kelly 2014; Barlow et al. 2018). The frequency of multi-authored publications in-
creased rapidly, with the first publication containing five or more authors appearing in
1986, indicating the early contribution of multiple authorship to the rise of the field.
By 1991, publications with two or more authors exceeded the proportion of single-
authored publications and, in 2020, close to half of all publications had five or more



70 Sara E. Campbell & Daniel Simberloff / NeoBiota 75: 57-77 (2022)

authors. The proportion of publications with two authors has decreased since 2007,
with three authors has decreased since 2012, with four authors has decreased since
2015 and with five or more authors has steadily increased. This pattern may reflect
the widespread notion that collaborative research results in higher quality science, par-
ticularly in light of the finding that manuscripts with four or more authors were more
likely to be accepted for publication (Tregenza 2002; Barlow et al. 2018).

The increasing complexity in the challenges and types of questions studied in inva-
sion science, ecology and science in general, increasingly requires synthesis of informa-
tion. The rise of synthesis in ecology is demonstrated by the establishment of synthesis
centres around the world beginning in the 1990s (Lynch et al. 2015) where researchers
assemble in working groups for intensive, collaborative research on a key topic or ques-
tion in the field. These groups often include individuals at different career stages with
different specialities, expertise, and skills (Baron et al. 2017). Although examining the
proportion of publications produced by working groups was outside the scope of our
analysis, working groups have, nonetheless, played an important role in research on
biological invasions, with SCOPE working groups initiating the rise of the field. Col-
laboration on SCOPE projects set an early precedent for synthesis and the necessity of
biologists, statisticians, modellers and managers to work together to address the growing
concern regarding biological invasions and their management (Simberloff 2011b). This
rise in synthesis is further demonstrated by the establishment of institutions like the
Centre for Invasion Biology in South Africa, which has produced 1,745 peer-reviewed
publications between 2004 and 2018; this work involved 4,237 authors from 110 coun-
tries across 1,729 of these publications (Richardson et al. 2020). Working groups and
institutions will likely continue to contribute to an ongoing decline in the proportion
of publications that are single-authored; examples in invasion science include, but are
not limited to, the European Information and Research Network on Aquatic Invasive
Species (ERNAIS), Global Invader Impact Network (GIIN), Global Invasions Research
Coordination Network, Global Naturalized Alien Flora database (GIoNAF), Mountain
Invasive Research Network (MIREN), Phragmites Network (PhragNet), Pacific Inva-
sives Partnership and Southern Hemisphere Network on Conifer Invasions.

The increase in the number of source titles publishing invasion science literature
signals the growth of the discipline. During the rise of modern invasion science, general
journals like “Ecology” published increasing numbers of papers on invasions and the
specialised journal “Biological Invasions” began in 1999. Another specialised journal,
“NeoBiota”, began in 2002 as conference proceedings and became a standard journal
in 2011. Although “NeoBiota” ranks below the top 20 journals publishing invasion
science literature, this is likely an artifact of the scope of Clarivate Analytics Web of
Science, as the earliest record in our dataset was published in 2015; similarly, the first
volume of “Biological Invasions” is also absent on Web of Science. Pysek (1995) found
that nine journals published 28% of plant invasion literature and 20 journals accounted
for almost 50% of plant invasion literature between 1974 and 1993. Although our
study examines literature across taxa from 1980 to 2020, we similarly found that the
top nine journals accounted for 22.6% of invasion science literature. However, the top
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20 journals published only 33.2% of papers and this pattern, coupled with the large
number of journals contributing only one paper to invasion science literature, indicates
the growth of the field beyond popular generalised journals like “Ecology”, as well as
specialised journals like “Biological Invasions” or “NeoBiota”. Qiu and Chen (2009)
examined the journals publishing invasion research from 1991 to 2007 and our analysis
documented more than twice the number of source titles. The ten most productive jour-
nals identified by Qiu and Chen (2009) were similar to the top ten in our study and all
were amongst the top twenty source titles identified by our analysis. The slight departure
in our analysis compared to Qiu and Chen (2009) probably stems from increased search
terms, a longer time series, the growth of the discipline and the launch of new scientific
journals. Despite the challenges associated with records registered in Web of Science,
the sheer number of journals publishing invasion science literature in 2020 indicates the
impact biological invasions have across ecosystems, taxa and sub-fields of study globally.
Analysis of citations and citation rates reveals important information on the maturity
of the field, citation density and the potential role of collaboration in the impact of re-
search. Here, we have shown that the mean annual citation rate steadily increased as the
field has matured, a pattern Pysek et al. (20006) also noted amongst highly-cited publica-
tions in invasion ecology. As the number of publications and scientists working in the
field has increased, the body of work available for citation has also grown. Garfield (2006)
termed a pattern of 20% of articles accounting for 80% of publications the “80/20 phe-
nomenon,” with the majority of publications receiving few or no citations. We found that
approximately 28.7% of publications accounted for 80% of total citations in the field
between 1980 and 2020. The number of highly-cited papers depends on the size of the
field, and the relative youth of modern invasion science as a distinct discipline may ex-
plain the slight departure of our results from the 80/20 indicator. We also found a positive
relationship between collaboration and impact as measured by annual citation rates. Pre-
vious research on the ecological literature has demonstrated that publications with four
or more authors (Leimu and Koricheva 2005b; Barlow et al. 2018) were cited more and
our analysis found multi-authored publications have a higher annual citation rate than do
single-authored publications. The positive association between collaboration and annual
citation rate could indicate a net benefit of collaboration on the quality of a publication
or, alternatively, researchers may perceive greater merit or credibility in multi-authored
publications and are more likely to cite them rather than a single-authored paper.
Multiple factors could account for a positive relationship between citations and
number of authors. Characteristics of the author(s) could influence the number of
citations a publication accumulates. Rather than a reflection of collaborative benefits,
multi-authored publications may accumulate more citations via self-citation (Herbertz
1995; Aksnes 2003; Leimu and Koricheva 2005a; Glinzel et al. 2006), even if self-
citations do not solely account for the positive relationship between citations and the
number of authors (Lariviére et al. 2015). Previous work has shown that citations by
others increases in parallel with self-citations (Leimu and Koricheva 2005a), and our
analysis of randomly sampled papers also demonstrates a positive relationship between
the number of authors and rate of self-citations. A potentially important factor might
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be citations by colleagues of authors who may be more familiar with the work; an
increased number of authors equates to a larger network and, potentially, citations by
that network. The positive relationship between citations and number of authors could
also reflect the common scientific practice of citing recent publications, which are
more likely to be multi-authored as the proportion of single-authored publications de-
clines. Citation rates may not necessarily always reflect research quality or real impact
(American Society for Cell Biology 2012; Pulverer 2015; Schmid 2017).

The positive association between annual citation rate and number of authors may
also be a by-product of technological advancements facilitating collaboration of scien-
tists amongst different countries and institutions, both of which have been shown to
be associated with increased citation rates (Narin et al. 1991; Katz and Hicks 1997;
Goldfinch et al. 2003; Leimu and Koricheva 2005a). Larger collaborative teams could
also promote the visibility of research, thus increasing citations; as the number of au-
thors increases, the number of research networks and individual researchers introduced
to the publication also increases (Franceschet and Costantini 2010). The emergence
of ‘citation farms,” whereby groups of scientists preferentially cite one another’s work
(Van Noorden and Chawla 2019), may also play a role in the relationship between
collaboration, number of authors and citation rates. Although there have been calls
for increasing interdisciplinarity in invasion science to advance the field (e.g. Vaz et al.
2017; Heger et al. 2021), socio-ecological research began in the 1990s and early 2000s
(Vaz et al. 2017), and some advances in interdisciplinary collaboration have occurred
in research on historical, economic and management aspects of biological invasions.
As interdisciplinary collaboration has been associated with increased citation rates in
some instances in ecology (Leimu and Koricheva 2005a), such a relationship could also
play a role in the effect of number of authors on citation rates in invasion science. De-
spite the potential role other factors — including, but not limited to, authors stages of
career, previous contributions to the field, open access status and type of contribution
(e.g. primary research, review, data paper) — may play in the annual citation rate of a
publication, we have demonstrated here a positive association with number of authors.

Conclusions

Price (1963) predicted the extinction of single-authored publications by 1980 and,
although this prediction coincided with the beginning of modern invasion science, the
field, nonetheless, shifted towards increasing multiple authorship almost immediately.
The field of modern invasion science responded to the complexity, idiosyncrasy and
urgency of biological invasions through increased collaborative research. The rise of
multiple authorship likely reflects a combination of multiple factors including per-
ceived scientific quality, division of labour and costs, technological advances in com-
munication and transportation and increasingly interdisciplinary teams. Collaboration
has a positive impact on the accumulation of citations, effectively conferring a higher
likelihood of increased research impact as measured by annual citation rates.
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The correct Fig. 4 is reproduced below.
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Figure 4. Hotspots of invasive and potentially invasive alien plant species sampling in Romania (in red).
The p-value was < 0.05 when Z scores took values between 1.96 and 33.87, suggesting a highly clustered
pattern in the number of IAP species occurrences per UTM 5 x 5 km grid cell.

The correct Fig. 5 is reproduced below.
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Figure 5. Invasive and potentially invasive alien plant species richness in Romania (5 x 5 km grid resolution).
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The correct Fig. 6 is reproduced below.
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Figure 6. Invasive and potentially invasive alien plant species richness in Romania (50 x 50 km grid

resolution).

The correct Fig. 7 is reproduced below.

Figure 7. Proportion of invasive and potentially invasive alien plant species” introductions by pathway

and geographic origins (see Table 1 for abbreviations).
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The correction does not alter the conclusions of Sirbu et al. (2022).
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