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Abstract:
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In August 2022 four fire ant species were included in the list of Invasive Alien Species of European Union

concern. These species are venomous, stinging pests that are dangerous for human health in the invaded
countries and have profound adverse impacts on the native biodiversity as well. Although they are not
currently present in Bulgaria, there is a high risk of being introduced and becoming established. Our study
outlines the potential Bulgarian territory and adjacent regions which may be affected by two of the fire
ants (Solenopsis invicta and Wasmannia auropunctata) by 2050. Digital maps of their potential spread
are made in a geographic information system (GIS) environment. In accordance with our results and the
extremely expensive fight against these pests, we give concrete recommendations to Bulgarian national
institutions for preventing the potential invasion.
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Introduction

Impact of the invasion

Climate change and subsequent organismal inva-
sions are among the main threats to biodiversity
(Bertelsmeier et al. 2016). Ants are highly sensitive
to these changes and a recent study has assessed the
socio-economic and environmental impacts of alien
species of ants in the world outlining 31 of them
are highly invasive (Gruber et al. 2022). In August
2022, four fire ant species were included in the list

"Corresponding author: vera_antonova@yahoo.com

of Invasive Alien Species of Union concern (Sole-
nopsis invicta Buren, 1972 — red fire ant, S. richteri
Forel, 1909 — black fire ant, S. geminata (Fabricius,
1804) — tropical fire ant and Wasmannia auropunc-
tata (Roger, 1863) — Little fire ant). The Union list
has been prepared according to Article 13 of Regu-
lation Ne 1143/2014 of the European Parliament and
of the Council of 22 October 2014 on the preven-
tion and management of the introduction and spread
of invasive alien species. These fire ants are pests,
highly impacting human and animal health as vec-
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tors of pathogens or causing allergic reactions and
even death through their venomous stings (Wang et
al. 2020, Angulo et al. 2022). Their invasion causes
a severe reduction of diversity and abundance of
native arthropods and changes the ecosystem pro-
cesses as well as physical and chemical properties
of soil (Holway et al. 2002, Xi et al. 2010, Wang et
al. 2020). Invasive fire ants are generalist feeders,
preferring invertebrates, seeds and other plant parts
(Wang et al. 2020). Wasmannia auropunctata and
S. invicta have a venomous sting that gives them a
greater ability to subdue large invertebrate and even
vertebrate prey (Holway et al. 2002).

Distribution

The four mentioned fire ants originate from the trop-
ical and subtropical parts of South America. They
have spread accidentally to other continents — North
America, South Asia, Australia, Africa and Europe
mainly through international trade of contaminated
goods, soil, seedlings, fruits, ornamental plants etc.
or as hitchhikers in containers, vehicles, machinery
and organic packing material (CABI 2024). Ant
queens may survive between 13 and 95 days using
their own reserves before the first workers emerge
(Markin et al. 1972). The probability of survival
increases with fast transportation especially via air-
planes (Boer & Vierberger 2008).

In Europe, Wasmannia auropunctata has ac-
tively spreading colonies in Southern Spain (Mala-
ga) (Espadaler et al. 2018, 2020) and France (Tou-
lon) (Blight et al. 2023). This species is one of the
“100 of the world’s worst invasive species” (Luque
et al. 2014). It has been reported once from green-
houses in Great Britain (1907), Germany (1952)
and the Netherlands (1988) but has not established
in these countries (Wetterer 2013a). Recent studies
reported W. auropunctata for Cyprus (Demetriou et
al. 2022, 2023Db).

Solenopsis invicta is also one of the “100 of
the world’s worst invasive species” (Luque et al.
2014). In Europe, recently a mature colony was re-
corded from Sicily (Italy) mainly in agricultural and
suburban habitats (Menchetti et al. 2023, 2024). It
has also been collected once from the Netherlands
by the phytosanitary services (Boer & Vierbergen
2008) but there are no data on its establishment in
the country (Morrison et al 2004, Wetterer 2013b).

Compared to other invasive fire ant species,
Solenopsis geminata has a wider distribution in the
world (Wetterer 2011). In Europe, single records
are known from Great Britain in 1932 (Donisthor-
pe 1943), Greece (Collingwood 1993, Salata &
Borowiec 2018, Demetriou et al. 2023a), Nether-
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lands in 1992 (Boer & Vierbergen 2008). Records
from Italy are dubious (Borowiec 2014, Schifani
2022) but the risk of invasion is considered very
high (Schifani et al. 2024). However, there is no evi-
dence of permanent establishment of the species in
these countries.

So far, Solenopsis richteri has not been report-
ed from Europe (CABI 2024).

The myrmecofauna of Bulgaria consists of 195
species according to the recent checklist of Lapeva-
Gjonova & Antonova (2022). Among them, only
four species are alien to the country, however, no in-
vasive fire ant species have been reported yet. They
are much more in the southern neighbour, Greece -15
(Demetriou et al. 2023a). However, the climate suit-
ability increases due to climate change and Menchet-
ti et al. (2023) included Bulgaria in the distribution
models for spreading S. invicta. With the existence of
the European colonies and the similarity of favoura-
ble habitats for Wasmannia auropunctata, we discuss
the probability of both species being introduced and
potentially establishing in the next years.

Climate and habitats

In their native Neotropical ranges, the invasive fire
ants prefer warm and humid (over 500 mm of pre-
cipitation per year) climate with mild winters. In
the temperate climate they can survive at summer
average temperatures > 10°C and winter average
temperatures > 0°C, while dry summers and dry
winters are tolerated (CABI 2024). Solenopsis in-
victa cannot survive at minimum annual tempera-
tures below -12.3°C to -17.8°C (CABI 2024). Cold
climates appear to be unsuitable for the successful
invasion and establishment of W. auropunctata in
native ecosystems (CABI 2024). In its occurrence
area in Europe Marbella (Malaga), the minimum
monthly average temperatures vary between
13.5°C and 17.8°C, the maximum monthly aver-
age temperatures are in the range 17.8°C — 22.2°C
and the mean total yearly precipitation is 703 mm
(Espadaler et al. 2018). Minimum and maximum
critical thermotolerances of the species have been
identified through laboratory experiments and in-
cluded in species distribution models (SDMs) by
Foucaud et al. (2013). Although SDMs using cli-
matic factors are undoubtedly useful, they do not
account for human disturbances that influence
local microclimates which may aid in triggering
natural adaptations within the species (Federman
et al. 2013, Foucaud et al. 2013, Montgomery et al.
2022). In South America, interactions of W. auro-
punctata with other ant species, including a diverse
fauna of Solenopsis and the impact of parasitoids
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(Folgarait et al. 2020), may contribute to its more
restricted distribution.

Solenopsis invicta is highly adaptable. It can
live in a variety of habitats, especially anthropo-
genic. Solenopsis invicta and W. auropunctata
settle on any type of soil but prefer urbanized and
disturbed soils. They are found in open spaces, or-
chards, scrub, irrigated agricultural land, forests,
around water bodies, garbage piles, roadsides,
lawns, gardens, school yards, parks, golf courses,
building foundations, drains and culverts, exposed
rocks, fences, logs, loose gravel, pots, poles, wood-
en structures and pallets (CABI 2024). Nests gener-
ally occur in sunny open areas and are especially
common in disturbed and irrigated soil, dikes and
dams. Newly mated S. invicta queens often move to
pastures (Taber 2000).

The spread of fire ants is constrained by cli-
mate and habitat suitability. Hung & Vinson (1978)
estimated that S. invicta had spread by 48 km/year
in Texas between 1957 to 1977. Other factors like
interspecies relationships with the native ant species
(Morrison 2000, Nie et al. 2022), food resources,
water bodies availability etc. are also crucial.

So far, the four invasive fire ants of European
concern have not been reported for Bulgaria. Some
authors consider that from 2050 to 2100 the climate
in Europe could become suitable for them (Byeon
et al. 2020, Menchetti et al. 2023). Currently, it is
debatable if the climate of Bulgaria allows the dis-
placement of IFA (Invasive Fire Ants) outside per-
manently heated buildings (greenhouses, buildings).
Our study aims to outline and detail the most suitable
territories in Bulgaria where S. invicta and W. auro-
punctata may be established in nature until 2050 us-
ing climatic, land cover and habitat preferences data
in a GIS environment. As S. geminata and S. richteri
have not established colonies in Europe, yet, we do
not consider those species here.

Material and methods

Study area

Bulgaria is located on the Balkan Peninsula in
South-Eastern Europe. The climate of Bulgaria is
temperate continental with a transition towards the
subtropical climate of Mediterranean type (Repub-
lic of Bulgaria 2018). The mean annual temperature
for the period 1901-2020 is 10.7 C (Climate Risk
Profile: Bulgaria 2021). Over the past century, the
region has experienced gradual warming, while the
intensity and length of heat waves have increased
in the Mediterranean region (Lelieveld et al. 2012).
Average annual temperature consistently surpassed

historical records of average temperature and con-
tinues to hit record highs. For the period 1988-2016,
the average annual air temperature for areas up to
800 m a.s.l. increased on average by 0.8°C (Climate
Risk Profile: Bulgaria 2021). Precipitation in Bul-
garia averaged 646.19 mm from 1901 until 2021,
with the lowest annual precipitation of less than
500 mm recorded in the north-eastern part, at the
Black Sea coastal area and in parts of the Upper
Thracian Lowland (Climate Risk Profile: Bulgaria
2021). The total precipitation depends on the circu-
lation patterns, site elevation and the specificity of
local orographic features (Alexandrov et al. 2004).
There has also been an observed increase in the fre-
quency of extreme rainfall and precipitation events,
particularly the number of days with high precipita-
tion (volume above 100 mm). Snowy months have
decreased, with a marked thinning in snow cover
(Republic of Bulgaria 2018).

Software

The ArcGIS 10.8 (ESRI, Redlands, CA, USA) was
used for creating the predictive maps of the IFA spe-
cies. For modelling their distribution, data for their
climatic, topographic and habitat requirements were
used.

Digital maps of the potential distribution of IFA

Since there have been no data on the presence of IFA
in Bulgaria and the bordering parts of its neighbour-
ing countries, to obtain a digital map of the poten-
tial distribution of IFA, a deductive approach was
applied using environmental data as well as expert
opinion on the environmental requirements of [FA
in scientific publications. We have defined the habi-
tat suitability for IFA as a combination of environ-
mental factors, i.e., altitude <500 m a.s.l., minimum
winter temperature, maximum summer temperature,
sources of moisture in habitats (average annual pre-
cipitation, distance to lotic and lentic waters, irriga-
tion systems, irrigation canals, irrigation pumping
stations), Corine Landcover class 1, five-point envi-
ronmental suitability scale grid for S. invicta data by
Menchetti et al. (2023).

Input GIS data

We used the following databases. JICA geodatabase
(JICA Core DB.mdb) 12 layers: settlements points,
settlements polygons, BG border, dikes, irrigation
system, pump station, lentic waters, lotic waters, Ir-
rigation channels, altitude classes, DEM 50 m, topo-
graphic map 25000; Copernicus (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/sis-temperature-
statistics?tab=form): winter minimum temperatures
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for 2050 in Bulgaria, 99" percentile, representative
concentration pathways (RCP) 8.5, average ensem-
ble members. Other layers and GIS modifications
used are given in Online Resource 1.

Other climatic data

We focused on minimum annual temperatures, annu-
al precipitation and the most typical elevation prefer-
ences of the species. The climatic data for rainfall
and minimum temperatures for the period of 30 years
in the past were taken from https://www.meteoblue.
com/en/weather/historyclimate/ site for comparison
of the invaded European cities with the Bulgarian
ones. Additionally, the freely available climatic data
from Copernicus site through ERAS5-Land dataset
(Muiioz-Sabater et al. 2021) were used. The data for
the future temperature projections in Europe were
taken from Hooyberghs et al. (2019).

There are 15 natural habitats cited by the Red
Data Book, suitable for IFA according to the litera-
ture survey (see Online Resource 2). The sum of the
number of habitats in the corresponding square is
given in the legend of Fig. 2 from 1 to 12.

Results

The georeferenced map of Bulgaria included in the
model of Menchetti et al. (2023) suggests that the
climate is suitable for Solenopsis invicta even now-
adays (Fig. 1a), especially around the big ports at
the Black Sea (Burgas and Varna cities) and parts
of the South Black Sea coast (degrees 3 and 4). The
climate would become more suitable until 2050 for
broader areas in Bulgaria and adjacent regions (de-
grees 3, 4 and 5, Fig. 1b). Suitability degrees on a
scale of 1 to 5, according to the colour legend in
the raster georeferenced map of Menchetti et. al.
(2023), showed a substantial change from 2023 to
2050 (Table 1, Fig. 1a, 1b). The most favourable
territories in Bulgaria until 2050 include the whole
Black Sea coast, most of the Upper Thracian plain,
part of the southern foot of the Balkan Mountains,
the humid parts of East Rhodopi Mts and the south-

westernmost regions near the border with Greece
(around Kulata Village). The southern adjacent
territories (northern parts of Greece and Turkey,
especially around Alexandroupolis, Thessaloniki,
Kavala and Istanbul) would offer the most suitable
habitats (codes 4 and 5). The potential for invasion
overlaped with the most diverse natural habitats up
to 500 m a.s.l. in the Upper Thracian plain (South
Bulgaria) (compare Fig. 1b and Fig. 2). The latter
area is rich in humidity sources like standing bod-
ies of water, flowing bodies of water, irrigated lands,
pumping stations (Fig. 3). The Upper Thracian plain
has an area of 6,030 km?, with an average altitude of
168 m a.s.l.. In its most irrigated part around Plovdiv
City, an area of 3,800 km? includes 5,000 km of ir-
rigation canals. The total irrigation area in Bulgaria
up to 500 m a.s.l. is about 16 687 km? and could
serve as a potential introduction site of S. invicta.

A comparison of the average monthly precipi-
tation between Syracuse and Malaga for 30 years
(with proven colonies of S. invicta and W. auropunc-
tata, respectively) and the southernmost Bulgarian
cities Petrich and Svilengrad is shown in Fig. 4. The
region of Petrich has comparatively higher precipi-
tation than Syracuse and Malaga. The precipitation
for Malaga is higher than in Svilengrad only for
April and November.

A monthly comparison between Syracuse and
Svilengrad by low night temperatures and precipi-
tation is shown in Fig. 5. Except for January, the
precipitation in Svilengrad has higher values than
in Syracuse. Syracuse has higher monthly average
temperatures on the coldest nights by 3 to 5°C. The
climatic projections for 2050 for almost the entire
territory of Bulgaria (without the highest mountains
over 1800 m a.s.l.) suggested minimum winter tem-
peratures over 0°C (Fig. 6), i.e., high enough to allow
colonies of S. invicta and W. auropunctata to survive
the winter. Within this territory, the areas containing
the highest number of natural habitats listed in the
Bulgarian Red Data Book (Biserkov et al. 2015) fall
within the Upper Thracian plain and East Rhodopi
Mts (Fig. 2). The most favourable habitats for fire

Table 1. Approximate area (km?) of the most suitable territories for Bulgaria and adjacent regions according to the

European model of Menchetti et al. (2023).

Extent Habitat suitability Degree 3 Degree 4 Degree 5
xten
Year/dimensionality km?> | number | km? |number | km? | number
Bulgaria and adjacent 2023 6 746 284 1 805 76 0 0
regions 2050 60387 | 2542 8789 370 4513 190
) 2023 973 41 285 12 0 0
Bulgaria (only)
2050 27271 1148 3468 146 0 0
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Fig. 1. Hypothetical suitable area for Solenopsis invicta under current (2023) and future (2050) environmental conditions
in Bulgaria and adjacent territories according to Menchetti et al. (2023). a Suitable area for 2023. b Suitable area for 2050.
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Fig. 6. Forecast for winter minimum temperatures for
2050 year in Bulgaria and adjacent territories accord-
ing to Copernicus Climate Change Service (https://cds.
climate.copernicus.eu/cdsapp#!/dataset/sis-temperature-
statistics?tab=form)

ants by 2050 defined based on our literature survey
for both species (anthropogenic area in red and agri-
cultural areas in yellow) are shown in Fig. 7 on the
Corine Land Cover map.

Discussion

Climate suitability

We assume that the invasive species’ ecological
niche remains unchanged when projections are
made for the potential distribution. Of course, there
are many factors which may shift even the native
niche of a species, including interspecific relation-
ships, genetic modifications, etc. We used temper-
ature and precipitation as variables as they are the
main ones affecting the distribution of ants (Holl-
dobler & Wilson 1990) and particularly S. invicta
and W. auropunctata (Ward 2009, Espadaler et al.
2018, Byeon et al. 2020).

Temperature is a key variable in determining
foraging in S. invicta. Porter & Tschinkel (1987)
found soil temperature at 2 cm depth was the best
predictor of foraging. The foraging activity of S. in-
victa is also dependent on season, with a drop-in ac-
tivity over cooler months and on habitat, with less ac-
tivity in shadier (cooler) habitats (Porter & Tschinkel
1987). Low temperatures appear to be a key limiting
factor for the northward expansion of the range of S.
invicta in the USA. Ecological models predict that
the species will fail to establish in regions where the
soil stays at near-freezing temperatures for more than
a couple of weeks (CABI 2024). Projected trends
show that temperatures in Bulgaria will continue to
increase: under a high-emission scenario (RCPS.5),
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Fig. 7. Potentially suitable areas for invasive fire ants by
Corine land cover habitats class 1.

the regional climate model estimated that monthly
temperatures are expected to increase by 2.2°C in
the 2050s and 4.4°C by the 2090s; the winters will
be less cold and the number of summer days above
25°C and tropical nights will increase (Climate Risk
Profile: Bulgaria 2021). Therefore, even the mini-
mum winter temperatures over 0°C by 2050 would
be high enough to allow alive colonies in the field
in almost the whole Bulgarian territory except the
highest mountains (over 1800 m a.s.l., the compact
highest parts of Rila and Northern Pirin Mts.). Evi-
dence is the report of S. invicta colonies observed at
elevations > 1220 m a.s.l. in the Blue Ridge Escarp-
ment, North Carolina (Lytle et al. 2020) at an aver-
age annual temperature of 11.7°C. Of course, this is
a projection made using only one of the abiotic fac-
tors and the precipitation within the potential habitats
could be quite important as well.

Humidity can be considered as a limiting factor
of modest importance due to its large spatial fluctua-
tions. In Bulgaria, changes in precipitation are highly
variable across the country due to the diverse land-
scape and different types of soils. High-altitude areas
receive the highest precipitation in the country and
can reach an average of over 1,000—1,100 mm per
year. The temperature rise will increase the water
deficit in soils with low capacity for moisture preser-
vation (especially in South-Eastern Bulgaria where
the amount may be below 500 mm/year) (Republic
of Bulgaria 2018). According to Vinson (1997) and
Morrison et al. (2004), continental areas (such as
Bulgaria) receiving more than 510 mm of precipita-
tion per year could support S. invicta. In contrast, ar-
eas with less precipitation would probably only sup-



Invasive Fire Ants Potential Area of Distribution in the South-Eastern Balkans by 2050

port colonies near permanent water sources such as
lakes, rivers, springs or regularly irrigated areas. De-
spite significant annual variability of precipitation in
Bulgaria, under a high-emission scenario (RCP8.5),
monthly precipitation is expected to decrease by 4.4
mm by the 2050s compared to the period 1986-2005
and by 10.2 mm in the 2090s (Climate Risk Profile:
Bulgaria 2021). In a suitable habitat by temperature
regime, the dry patches have a low chance of be-
ing invaded by IFA. However, in the specific con-
ditions of South-Eastern Bulgaria (Fig. 1b — Upper
Thracian Plain up to 500 m a.s.l. and the Black Sea
coast), there are many polygons with increased soil
moisture in the landscape matrix (Fig. 3 and the area
without transparency mask in Fig. 7). Considering to
Vinson (1997) and Morrison et al. (2004), most suit-
able habitats for the invasive ants in Bulgaria could
be along river valleys and around water reservoirs
(Fig. 3 and Fig. 7) because they maintain a wetter
microclimate even in dry periods. In addition, such
areas support a high biodiversity of invertebrates,
which are potential prey for the invasive ants. One
of the hypotheses is that the current distribution of a
species reflects its optimal climatic conditions (Liu
et al. 2020), while other claim that the species are
adaptive and may display a “niche shift” as W. auro-
punctata or S. invicta (Bertelsmeier et al. 2016). As
seen in Fig. 4, Malaga and Syracuse have even lower
precipitation in the driest months of the year than the
Bulgarian cities. That is a premise to assume that the
areas of Struma Valley near Petrich and Maritsa Val-
ley near Svilengrad are very suitable for the entry
and establishment of colonies of W. auropunctata or
S. invicta (Fig. 3 and Fig. 7).

For the distribution model of S. invicta, Men-
chetti et al. (2023) used the following categories of
habitats: forests (including original categories ‘de-
ciduous broadleaf trees’, ‘mixed/other trees’ etc.),
natural open vegetation, urban habitats, cultivated
and managed vegetation and barren land. We includ-
ed similar categories of CORINE I level landcover
habitats when making the detailed map (Fig. 7). The
most favourable areas are the red polygons of arti-
ficial habitats and then the yellow territories — the
agricultural land (50% of the territory of Bulgaria)
as about 29.5% is irrigated (FAO 2017), which in-
creases the probability of maintaining vital colonies
as well for W. auropunctata (Federman et al. 2013).

Entry pathways

Six categories of principal pathways for alien spe-
cies have been described in CBD (2014). Transport-
contaminant (by international trade) and Transport-
stowaway (by transport vectors) are the most likely

ways for IFA invasion (Wong et al. 2023). Globally,
there are no active control practices against ants for
example traveling incidentally in aircraft luggage.
Many airports in the Mediterranean region are sur-
rounded by suitable IFA habitats, including irrigated
gardens and parks, thus facilitating invasion. The
fire ants need soil as a substrate in which to create
a nest. A variety of degraded habitats occur with
a wide range of climatic conditions, such as most
airports in Southern Europe offer, e.g. in Spain (Es-
padaler et al. 2018). It is still unknown how exactly
S. invicta has reached Sicily, although Menchetti et
al. (2023) point to cargo ports, the nearest at a dis-
tance of 13 km. The Italian haplotype is common
in the Southern U.S., mainland China and Taiwan
— potential source territories of the IFA invasion.
China is the most likely source of species introduc-
tion to the Balkans, as local Bulgarian media report
that the transport corridor from China through Cen-
tral Asia to Europe via Bulgaria has recently gained
strategic importance. As seen above, the main intro-
duction points of IFAs could be the Sofia airport,
Burgas and Varna ports and the border passes near
Petrich and Svilengrad. The main pathways of intro-
duction and further spread of IFA in Bulgaria could
be the transportation of soil, plants, contaminated
plant material in nurseries, vehicles, containers and
bulk cargo, organic packaging material, machinery/
equipment, etc. Ants are difficult to detect in cargo
transport, particularly small fire ants (W. auropunc-
tata workers have a length around 1.5 mm and the
queens are less than 3 mm).

Recommendations

Based on our results and the extremely expensive
fight against these pests, stricter early warning, bor-
der and phytosanitary control protocols, as well as
rapid response measures are necessary especially
for the border regions as they face the highest prob-
ability of invasion and subsequent spread of IFAs.
If some of the IFA species are noticed in the Balkan
region, quarantine measures could be executed to
restrict the risk of long-distance spread, e.g. through
nursery stock, as in the USA (USDA 2015). Aware-
ness raising, identification tools and educational ma-
terial for customs control officers to enhance rapid
response and early warning systems for preventing
new arrivals and further spread of alien ants would
be of great importance. Continuous monitoring of
possible occurrence of invasive fire ants in Bulgaria
mainly in nurseries, greenhouses and botanical gar-
dens should be carried out frequently. The four spe-
cies of invasive fire ants must be included in the list
of pests in Ordinance No. 8 of 27.02.2015 on phy-
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tosanitary control as well as in the Bulgarian Plant
Protection Act, offering a swifter identification and
management.

Acknowledgements: The study is funded by Executive Envi-
ronment Agency of Bulgaria, project “Monitoring of the distri-
bution of invasive alien species of Union concern in Bulgaria”,
Contract No. 4561/01.03.2024) and partly by National Science
Fund (Ministry of Education and Science), Bulgaria under
Grant contract MCCATF number KP-06-61/6-14.12.2022. We
are grateful to Dr. Enrico Schifani, Dr. Jakovos Demetriou and
both anonymous referees for their critical comments on the ear-
lier version of the manuscript.

References

Alexandrov V., Schneider M., Koleva E. & Moisselin J.-M.
2004. Climate variability and change in Bulgaria during
the 20th century. Theoretical and Applied Climatology 79
(3-4): 133-149.

Angulo E., Hoffmann B. D., Ballesteros-Mejia L., Taheri A.,
Balzani P., Bang A., Renault D., Cordonnier M., Bellard C.,
Diagne C., Ahmed D. A., Watari Y. & Courchamp F. 2022.
Economic costs of invasive alien ants worldwide. Biologi-
cal Invasions 24 (7): 2041-2060.

Bertelsmeier C., Blight O. & Courchamp F. 2016. Invasions of
ants (Hymenoptera: Formicidae) in light of global climate
change. Myrmecological News 22: 25-42.

Biserkov V., Gussev Ch., Popov V., Hibaum G., Roussakova
V., Pandurski I., Uzunov Y., Dimitrov M., Tzonev R. &
Tsoneva S. (Eds) 2015. Red Data Book of the Republic
of Bulgaria. Volume 3. Natural habitats. IBEI — BAS and
MOEW, Sofia, 422 p.

Blight O., Thomas T., Jourdan H., Bichaton J. Y., Colindre L.
& Galkowski C. 2023. Detection and early impacts of
France’s first established population of the little fire ant,
Wasmannia auropunctata. Biological Invasions: 1-5.

Boer P. & Vierbergen B. 2008. Exotic ants in the Netherlands
(Hymenoptera: Formicidae). Entomologische Berichten 68
(4): 121-1209.

Borowiec L. 2014. Catalogue of ants of Europe, the Mediter-
ranean Basin and adjacent regions (Hymenoptera: Formi-
cidae). Genus 25 (1-2): 1-340.

Byeon D. H., Jung J. M., Park Y., Lee H. S., Lee J. H., Jung S. &
Lee W. H. 2020. Model-based assessment of changes in the
potential distribution of Solenopsis geminata (Hymenop-
tera: Formicidae) according to climate change scenarios.
Journal of Asia-Pacific Biodiversity 13 (3): 331-338.

CABI 2024. CABI Compendium. CABI International. CABI
Compendium - Home | CABI Digital Library

CBD 2014. Convention on Biological Diversity. Pathways of
introduction of invasive species, their prioritization and
management. https://www.cbd.int/doc/meetings/sbstta/
sbstta-18/official/sbstta-18-09-add1-en.pdf

Climate Risk Profile: Bulgaria 2021: The World Bank Group, 28 p.

Collingwood C. A. 1993. A comparative study of the fauna of
five Greek islands. Biologia Gallo-Hellenica 20: 191-197.

CORINE Landcover 2018. European Environment Agency
(EEA) under the framework of the Copernicus programme.
https://land.copernicus.eu/pan-european/corine-land-
cover/clc2018

186

Demetriou J., Georgiadis C., Roy H., Martinou A., Borowiec
L. & Salata S. 2022. One of the World’s Worst Invasive
Alien Species Wasmannia auropunctata (Hymenoptera:
Formicidae) Detected in Cyprus. Sociobiology 69(4):
€8536. https://doi.org/10.13102/sociobiology.v69i4.8536

Demetriou J., Georgiadis C., Koutsoukos E., Borowiec L. &
Salata S. 2023a. Alien ants (Hymenoptera, Formicidae) on
a quest to conquer Greece: a review including an updated
species checklist and guidance for future research. NeoBi-
ota 86: 81-122. https://doi.org/10.3897/neobiota.86.98157

Demetriou J., Georgiadis C., Martinou A. F., Roy H. E., Wetterer
J. K., Borowiec L., Economo E. P., Triantis K. A. & Salata
S.2023b. Running rampant: the alien ants (Hymenoptera,
Formicidae) of Cyprus. NeoBiota 88: 17-73. https://doi.
org/10.3897/neobiota.88.106750

Donisthorpe H. 1943. Myrmecological gleanings. Proceedings of
the Royal Entomology Society of London (B)12: 115-116.

Espadaler X., Pradera C. & Santana J. A. 2018. The first
outdoor-nesting population of Wasmannia auropunctata
in continental Europe (Hymenoptera, Formicidae). Ibero-
myrmex 10: 1-8.

Espadaler X., Pradera C., Santana J. A. & Rios Reyes A. 2020.
Dos nuevas poblaciones europeas de la pequefia hormiga
de fuego, Wasmannia auropunctata (Roger, 1863)
(Hymenoptera: Formicidae) en Andalucia (Espafia). Bo-
letin de la SAE, 30189-192.

FAO 2017. Country Fact Sheet. URL: http://www.fao.org/nr/
water/aquastat/data/cf/readPdf.html?f=BGR-CF_eng.pdf

Federman R., Carmel Y. & Kent R. 2013. Irrigation as an impor-
tant factor in species distribution models. Basic and applied
ecology 14 (8): 651-658.

Folgarait P. J., Plowes R. M., Gomila C. & Gilbert L. E. 2020.
A small parasitoid of fire ants, Pseudacteon obtusitus
(Diptera: Phoridae): native range ecology and laboratory
rearing. The Florida Entomologist 103 (1): 9-15. https://
www.jstor.org/stable/48610623

Foucaud J., Rey O., Robert S., Crespin L., Orivel J., Facon B.,
Loiseau A., Jourdan H., Kenne M., Masse P. S. M., Tindo
M., Vonshak M. & Estoup A. 2013. Thermotolerance ad-
aptation to human-modified habitats occurs in the native
range of the invasive ant Wasmannia auropunctata before
long-distance dispersal. Evolutionary Applications 6 (4):
721-734.

Gruber M. A. M., Santoro D., Cooling M., Lester P. J., Hoffmann
B. D., Boser C. & Lach L. 2022. A global review of so-
cioeconomic and environmental impacts of ants reveals
new insights for risk assessment. Ecological Applications
32 (4): €2577.

Holldobler B. & Wilson E. O. 1990. The ants. Berlin: Springer-
Verlag. 732 pp.

Holway D. A., Lach L., Suarez A. V., Tsutsui N. D. & Case T.
J. 2002. The causes and consequences of ant invasions.
Annual Review of Ecology and Systematics 33: 181-233.

Hooyberghs H., Berckmans J., Lefebre F. & De Ridder K. 2019.
Temperature statistics for Europe derived from climate pro-
jection. Copernicus Climate Change Service (C3S) Climate
Data Store (CDS). DOI: 10.24381/cds.8be2c¢014 (Accessed
on 12-06-2024)

Hung A. C. & Vinson S. B. 1978. Factors affecting the distribu-
tion of fire ants in Texas (Myrmicinae: Formicidae). The
Southwestern Naturalist 23 (2): 205-213.

Lapeva-Gjonova A. & Antonova V. 2022. An updated checklist



Invasive Fire Ants Potential Area of Distribution in the South-Eastern Balkans by 2050

of ants (Hymenoptera, Formicidae) of Bulgaria, after 130
years of research. Biodiversity Data Journal 10: €95599.

Lelieveld J., Hadjinicolaou P., Kostopoulou E., Chenoweth J.,
El Maayar M., Giannakopoulos C., Hannides C., Lange
M. A., Tanarhte M., Tyrlis E. & Xoplaki E. 2012. Climate
change and impacts in the Eastern Mediterranean and the
Middle East. Climatic Change 114: 667-687.

Liu C., Wolter C., Xian W. & Jeschke J.M. 2020. Most invasive
species largely conserve their climatic niche. Proceedings
of the National Academy of Sciences 117 (38): 23643-
23651.

Luque G. M., Bellard C., Bertelsmeier C., Bonnaud E., Genovesi
P., Simberloff D. & Courchamp F. 2014. The 100th of
the world’s worst invasive alien species. Biological inva-
sions 16: 981-985.

Lytle A.J., Costa J.T. & Warren R. J. 2020. Invasion and high-
elevation acclimation of the red imported fire ant, Solenop-
sis invicta, in the southern Blue Ridge Escarpment region
of North America. PLoS ONE 15 (5): €0232264. https://
doi. org/10.1371/journal.pone.0232264

Markin G. P., Collins H. & Dillier J. H. 1972. Colony found-
ing by queens of the Red imported fire ant, Solenopsis
invicta. Annals of the Entomological Society of America
65: 1053-1058.

Menchetti M., Schifani E., Alicata A., Cardador L., Sbrega E.,
Toro-Delgado E. & Vila R. 2023. The invasive ant Sole-
nopsis invicta is established in Europe. Current Biology 33
(17): R896-R897.

Menchetti M., Schifani E., Alicata A., Cardador L., Sbrega E.,
Toro-Delgado E. & Vila R. 2024. Response to Genovesi et
al.: Ant biosurveillance should come before invasion. Cur-
rent Biology 34 (2): R51-R52.

Montgomery M. P., Vanderwoude C., Lintermans M. & Lynch A.
J.2022. The Little Fire Ant (Hymenoptera: Formicidae): A
Global Perspective. Annals of the Entomological Society
of America 115(6): 427-448.

Morrison L. W. 2000. Mechanisms of interspecific competition
among an invasive and two native fire ants. Oikos 90:
238-252.

Morrison L. W., Porter S. D., Daniels E. & Korzukhin M. D.
2004. Potential global range expansion of the invasive fire
ant, Solenopsis invicta. Biological Invasions 6: 183-191.

Munoz-Sabater J., Dutra E., Agusti-Panareda A., Albergel C.,
Arduini G., Balsamo G., Boussetta S., Choulga M., Har-
rigan S., Hersbach H. & Martens B. 2021. ERA5-Land: A
state-of-the-art global reanalysis dataset for land applica-
tions. Earth system science data 13 (9): 4349-4383.

Nie L., Bamisile B. S., Li Y., Ran H., Wang S., Wang L. & Xu
Y. 2022. Interspecific competition predicts the potential
impact of little fire ant Wasmannia auropunctata (Roger)
(Hymenoptera: Formicidae) invasion on resident ants in

southern China. Insect Science 30 (5): 1518-1530.

Porter S. D. & Tschinkel W. R. 1987. Foraging in Solenopsis
invicta (Hymenoptera: Formicidae): effects of weather
and season. Environmental Entomology 16 (3):802-808.

Republic of Bulgaria 2018. Seventh National Communication on
Climate Change. United Nations Framework Convention
on Climate Change. URL: http://unfccc.int/files/

Salata S. & Borowiec L. 2018. Taxonomic and faunistic notes
on Greek ants (Hymenoptera: Formicidae). Annals of
the Upper Silesian Museum in Bytom Entomology 27:
1-51.

Schifani E. 2022. The new Checklist of the Italian Fauna: Formi-
cidae. Biogeographia - The Journal of Integrative Bioge-
ography 37: ucl006. https://doi.org/10.21426/B637155803

Schifani E., Giannetto D. & Vilizzi L. 2024. Invasion Risk
of Established and Horizon Non-Native Ants in the
Mediterranean: A Screening for Italy. Insects 15 (11), 875.
DOI:10.3390/insects15110875

Taber S. W. 2000. Fire Ants. College Station, Texas: Texas AandM
University Press, 308 p.

USDA 2015.2013%201FA%?20nursery%20doc%?20updated%020
jan%202015.pdf (usda.gov)

Vinson S. B. 1997. Invasion of the red imported fire ant (Hy-
menoptera: Formicidae): spread, biology, and impact.
American Entomologist 43 (1): 23-39.

Wang L., Zeng L., Xu'Y. & Lu Y. 2020. Prevalence and manage-
ment of Solenopsis invicta in China. NeoBiota 54: 89-124.
https://doi.org/10.3897/neobiota.54.38584

Ward D. 2009. The potential distribution of the red imported fire
ant, Solenopsis invicta Buren (Hymenoptera: Formicidae),
in New Zealand. New Zealand Entomologist 32: 67-75.

Wetterer J. K. 2011. Worldwide spread of the tropical fire ant,
Solenopsis geminata (Hymenoptera: Formicidae). Myr-
mecological news 14 (1): 21-35.

Wetterer J. K. 2013a. Worldwide spread of the little fire ant, Was-
mannia auropunctata (Hymenoptera: Formicidae). Ter-
restrial Arthropod Reviews 6 (3):173-184.

Wetterer J. K. 2013b. Exotic spread of Solenopsis invicta Buren
(Hymenoptera: Formicidae) beyond North America. Socio-
biology 60: 50-55. https://doi. org/10.13102/sociobiology.
v60i1.50-55

Wong M. K., Economo E. P. & Guénard B. 2023. The global
spread and invasion capacities of alien ants. Current Biol-
ogy 33 (3): 566-571.

XiY,LuY. Y, Zeng L. & Liang G. W. 2010. Influence of Sole-
nopsis invicta Buren on the physical and chemical proper-
ties of soils in litchi orchards. Journal of Environmental
Entomology 32: 145-151.

Received: 04.10.2024
Accepted: 03.03.2025

187






