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Abstract Harmonia axyridis (Pallas, 1773), also 
known as the harlequin ladybird, is an invasive non-
native species intentionally introduced to many coun-
tries as a biological control agent of agricultural 
pests. In Greece, H. axyridis was first introduced as 
a biological control agent in 1994, with releases tak-
ing place between 1994 and 2000. For many years 
there was no evidence to indicate that H. axyridis 

had established self-sustaining populations. In 2008, 
a citizen science campaign was initiated aimed at 
raising awareness regarding the invasive status of H. 
axyridis to farmers and agronomists. The campaign 
did not yield results, and it was discontinued in 2011. 
During this study, the distribution, phenology, and 
presence of H. axyridis in different habitat types and 
protected areas in Greece are investigated, using both 
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citizen science data and literature records. Records 
from iΝaturalist, the Alientoma database and social 
media examined herein demonstrate that H. axyridis 
has been established in Greece since 2010. Harmo-
nia axyridis is currently present in 13 administrative 
districts of Greece, most of them at a considerable 
distance from the initial release sites. The harlequin 
ladybird is present in urban and agricultural habi-
tats as well as seventeen NATURA 2000 sites. The 
adverse socioeconomic and environmental impacts 
of H. axyridis are briefly discussed alongside sug-
gestions for management activities. Based on our 
findings, we propose the establishment of a national 
monitoring scheme for H. axyridis and native lady-
birds that will also encourage public participation in 
recording ladybird observations and provide infor-
mation on the distribution, spread and impact of this 
invasive non-native species.

Keywords Non-native species · Biodiversity 
monitoring · Biological invasions · Citizen science · 
Harlequin ladybird · NATURA 2000 network

Introduction

The harlequin ladybird, Harmonia axyridis (Pallas, 
1773) has been released as part of biological control 
programmes globally against aphids and scale insects. 
This species was considered a suitable biological con-
trol agent as it is easy to rear (Adriaens et al. 2007; 
Roy et  al. 2016; Kulijer 2017), it can track prey in 
space and time (Koch 2003), and it has voracious 
feeding habits (Sloggett et al. 2011). However, there 
is also evidence that H. axyridis has adverse impacts 
on biodiversity and it is considered an invasive non-
native species (hereafter invasive species) (Roy et al. 
2012, 2016; Skuhrovec et al. 2021).

Harmonia axyridis has attracted the interest of 
researchers and the public because of its dramatic 
spread and adverse impacts on nature and people 
(Roy et  al. 2016; Kulijer 2017; Honek et  al. 2018; 
Haelewaters et  al. 2020; Skuhrovec et  al. 2021). In 
the invaded habitats, there is evidence that H. axyridis 
preys upon many native arthropods and has displaced 
native natural enemies (Koch 2003; Roy et al. 2016). 
It is also considered a household nuisance in some 
contexts because of the large numbers that aggregate 
in buildings particularly through the winter months 

and a pest of fruit production (Koch and Galvan 2007; 
Honek et  al. 2017). Furthermore, H. axyridis can 
affect human health, by causing urticaria and allergic 
reactions (such as rhino-conjunctivitis and asthma) or 
bite induced injuries (Goetz 2007; Roy et  al. 2016; 
Roques et al. 2018).

Harmonia axyridis has rapidly spread over Europe 
and the Balkan Peninsula over the last few decades 
(Brown et  al. 2007). However, there is very limited 
information regarding its phenology and distribution 
in Greece (Katsoyannos et al. 1997; Kontodimas et al. 
2008a, b). Harmonia axyridis was first released in 
four citrus growing areas of Greece in 1994 (Mara-
thon-Attica, Campos-Chios, Leonidion-Arcadia, and 
Chania-Crete) (Katsoyannos et  al. 1997). Initially, it 
was considered to be an effective biological control 
agent against aphids in two of the locations of initial 
release but subsequent introductions in 1995 were 
not successful in any orchards. In 1995–1999, more 
than 100 000 insectary-reared adults of H. axyridis 
were released in various cultivations (i.e., citrus, veg-
etables, beans, maize) and urban areas of central and 
southern Greece as well as the islands of Chios, Evoia 
and Crete. During this period, field surveys were con-
ducted every spring, just before the releases, to deter-
mine if H. axyridis had overwintered in the field. A 
month after each release field surveys were also con-
ducted in order to estimate the population size of the 
ladybird shortly after the release (Kontodimas et  al. 
2008a). Subsequent surveys conducted every spring 
from 2000 to 2007, yielded no records of H. axyridis 
in any of the locations where the predator had been 
released (Kontodimas et  al. 2008b). In earlier stud-
ies by Kontodimas et  al. (2008a, b) H. axyridis was 
reported as having failed to establish’ but the authors 
at the time stated that ‘absence of evidence is not 
necessarily evidence of absence’. Given the time lag 
between the releases of H. axyridis and its establish-
ment the authors stated the need for on-going surveil-
lance (Kontodimas et al. 2008a, b).

Citizen or community science is a valuable tool for 
recording invasive non-native species at wide geo-
graphical scales and for engaging non-professionals 
in scientific research (Dickinson et  al. 2012; Roy 
et al. 2018; Johnson et al. 2020; Lepczyk et al. 2020; 
Pataki et  al. 2021). Community science in entomol-
ogy can give valuable information regarding the dis-
tribution of insect species and their role in ecologi-
cal networks (Gardiner and Roy 2022; Groom et  al. 
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2021; Skuhrovec et  al. 2021). In an effort to collect 
data from the general public and farmers, in 2008, 
Martinou and Kontodimas published a popular sci-
ence article in Greek in a farmer’s magazine, describ-
ing the life-forms and other attributes of H. axyridis 
asking the readers to send photos or specimens to the 
Benaki Phytopathological Institute. However, that 
effort yielded no records. The first published records 
in the literature of established populations of H. axy-
ridis were documented in June 2017 in three locali-
ties in Northern Greece (Promachonas, Charopo and 
Asprovalta) by Ceryngier and Romanowski (2017), 
no other records exist in the literature. The aim of our 
study was to provide information on the establishment 
and spread of H. axyridis in Greece by reviewing the 
literature and examining the records on the iNaturalist 
platform, the Alientoma database and social media. 
Citizen science records and records from the scien-
tific literature were used to map the distribution of H. 
axyridis in Greece. These records were also used in 
order to identify the colour pattern polymorphism of 
adult individuals of the species in the country as well 
as the presence of the entomopathogenic fungus He. 
virescens. A literature search was also performed in 
order to identify the feeding habits of H. axyridis and 
its impacts on native biodiversity.

Material and methods

Distribution of Harmonia axyridis in Greece

Records of H. axyridis in Greece were obtained from 
citizen science observations made through the iNat-
uralist platform (iNaturalist 2021), the Alientoma 
database for non-native insects in Greece (Kalaentzis 
et  al. 2021) and data mining from the social media 
(i.e., Facebook). Citizen science observations were 
downloaded from iNaturalist and the Alientoma 
database up to September the 8th 2021. These data 
were supplemented by observations from the authors 
and published literature records by Ceryngier and 
Romanowski (2017). The localities of the initial 
releases were also catalogued and georeferenced 
(Katsoyannos et  al. 1997; Kontodimas et  al. 2008a). 
Each record represented a unique sighting of H. axy-
ridis on a given date and location reported by one 
person.

Distributional patterns in respect to land cover and 
the NATURA 2000 network sites

Citizen science data were used to investigate the 
occurrence of H. axyridis including in NATURA 
2000 sites. A total of 191 records were collected from 
iNaturalist (164) and Alientoma (27); only georef-
erenced records which had more than two decimal 
places were used for accuracy reasons [accuracy 
of 100  m, to coincide with the Corine Land Cover 
(CLC) mapping width of 100  m]. We used CLC 
datasets (CLC 2018—Copernicus Land Monitoring 
Service). CLC data provides information on the bio-
physical properties of the Earth’s surface. The CLC 
datasets used have a common nomenclature with 44 
classes in a hierarchical 3-level CLC nomenclature 
downloaded from the Copernicus Land Monitoring 
Service. The version used, covers the year 2018 with 
a minimum mapping width of 100  m. The projec-
tion used was EPSG: 3035-ETRS89-extended/LAEA 
Europe was used as assigned coordinate reference 
system (CRS). In addition, we identified the sites that 
are part of the NATURA 2000 European network 
(under Council Directive 92/43/EEC). These layers 
were then joined with the citizen science records (in 
total, 191 records) in order to explore the occurrence 
of H. axyridis in Natura 2000 sites and the land use 
classes in Greece. Finally, the administrative regions 
of Greece (Kallikratis Plan 2010—Law 3852/2010) 
were used to compare the distributional patterns of 
H. axyridis amongst areas of initial introductions and 
those where the species was not released.

Phenology, colour pattern polymorphism and 
parasitism by Hesperomyces virescens

Observations depicting more than one individual 
of different colour forms (melanic and non-melanic 
morphs; f. spectabilis, f. conspicua, f. axyridis and 
f. succinea) or life stage (i.e., larva, pupae or adult) 
were catalogued accordingly. All observations were 
verified from photographs submitted alongside each 
record, to confirm the species identification and study 
the colour pattern polymorphism of adult individuals. 
In addition, the presence of the entomopathogenic 
fungus He. virescens was assessed by examining citi-
zen science observations of H. axyridis for signs of 
parasitism by the fungus.
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Feeding habits

To assess the feeding habits and adverse impacts of H. 
axyridis on native biodiversity, a literature search was 
performed with the Scholar Google search engine, 
which, apart from peer-reviewed articles, included 
technical reports, etc. Eligibility criteria included any 
document with the following keywords anywhere in 
the article: < Harmonia axyridis > or < harlequin lady-
bird > AND “trophic preferences” AND “prey” AND 
“alternative food”. Publications related to H. axyridis 
presence, establishment and status in Greece were 
deemed to be of the highest relevance according to 
our scope, while references of each individual article 
were thoroughly searched for additional bibliography.

Statistical analysis

Plots were created in RSTUDIO Version 1.2.5042 
(R Studio Team 2021), by using the ggplot2 pack-
age (Wickham 2016), while maps were created using 
QGIS 3.18.2.

Results

Distribution of Harmonia axyridis in Greece

A total of 191 observations were reported by citi-
zen scientists (164 observations iNaturalist and 27 
observations Alientoma), in thirteen of the fourteen 
administrative regions of Greece (with the exception 

Fig. 1  Geographic regions in Greece and the reported pres-
ence of Harmonia axyridis (Pallas 1773). A Citizen science 
records (in green by the iNaturalist platform and in yellow by 
Alientoma), literature records by Ceryngier and Romanowski 
(2017) (in white), localities of intentional releases in nature 

by of Benaki Phytopathological Institute (Kontodimas et  al. 
2008a) (in red); B Sightings depict a wide range of distribu-
tion for H. axyridis in the country (most frequently reported 
depicted in deeper red colour) all records before 2000 are ini-
tial release location
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of the Monastic Republic of Mount Athos). The num-
ber of records per year has increased from three in 
2010 to 57 records in 2021 (Fig. 1B). More than half 
(51.83%) of the individuals observed by citizen scien-
tists were recorded in the years 2020 and 2021. Most 
citizen science observations were recorded in conti-
nental Greece from Thessaly (53), Central Macedonia 
(45) and West Macedonia (32), accounting for 69% 
of all observations made by the public (Fig.  2). In 
addition, data that were collected through a literature 
review were used for mapping the introductions, the 
spread and the distribution of the species. Our results 
showed that H. axyridis is present throughout Greece 
and not only at the locations of initial introductions 
(Kontodimas et  al. 2008a), or the locations studied 
by Ceryngier and Romanowski (2017) in northern 
Greece (Fig. 1A). However, it is not possible to know 
the exact year of H. axyridis establishment, as the 
records of iNaturalist for H. axyridis in Greece began 
in 2010.

Distributional patterns in respect to land cover and 
the NATURA 2000 network sites

Harmonia axyridis was observed in 18 different 
types of CLC (Fig.  4), with most records (35%, 
63 observations) within urban areas with transport 

networks, bare ground and vegetated land classi-
fied as discontinuous urban fabric (CLC 112), fol-
lowed by land principally occupied by agriculture 
(CLC 243) (24%, 44 observations). The adminis-
trative divisions “West Macedonia”, “Central Mac-
edonia”, “Thessaly” had most observations and the 
rest of administrative divisions were grouped due to 
the small number of records (the “rest of Greece”). 
Within these four categories, more than 50% of H. 
axyridis individuals were recorded in urban areas 
of West, Central Macedonia and the rest of Greece, 
mainly in continuous or discontinuous urban fab-
ric (CLC 112) as well as sport and leisure facili-
ties, industrial or commercial units etc. In Thessaly 
a major agricultural production area, 66% of the 
records (33 observations) fell within land princi-
pally occupied by agriculture (CLC 243) followed 
by urban habitat types (35%, 18 observations) 
(Fig. 4).

Despite the large percentage of observations cor-
responding to urban habitats, this study showed that 
harlequin ladybirds are present also in protected 
NATURA 2000 areas. That means that the spatial 
distribution of the species is not necessarily related 
to man-made habitats and areas with high anthropo-
genic pressures. Regarding the presence of H. axy-
ridis within the NATURA 2000 network, the species 

Fig. 2  Citizen science 
records of Harmonia 
axyridis (Pallas, 1773) in 
Greece per Administrative 
division (Kallikratis Plan). 
Administrative divisions 
where areas that intentional 
releases took place between 
1995 and 1999 (Konto-
dimas et al. 2008a, b) are 
coloured red. The number 
of citizen science observa-
tions per Administrative 
division and their percent-
ages to the total number of 
citizen science observations 
are given. Inset: Harmonia 
axyridis observed in Thes-
saly, Pilio by K. Kalaentzis 
and C. Kazilas
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was recorded in 17 sites, located in eight adminis-
trative divisions (Table  1). The highest number of 
observations (5 records) was recorded from lakes 
Volvi and Lagkada (Limnes Volvi and Lagkada, 
GR1220001), in Central Macedonia, followed by 
two records from the wider area of Ioannina (Evry-
teri Periochi Polis Ioanninon, GR2130012) in Epi-
rus (Table 1).

Phenology, colour pattern polymorphism and 
parasitism by Hesperomyces virescens

The vast majority of citizen science records were of 
adult individuals (87%, 189 photographic observa-
tions), followed by larvae (11%, 25 observations) 
and just four observations of pupae (2%) (Fig.  3C). 
Citizen scientists observed H. axyridis individuals 
throughout the year, except January (Fig. 3A, B). The 
species was mostly encountered from April to Sep-
tember although approximately ten living individuals 
per month were spotted from October to December 
(Fig.  3A). The highest frequency of individuals was 
recorded in May when all three developmental stages 
of H. axyridis were observed. During August, no 
larvae or pupae were detected, although adults were 

detected in the highest numbers (Fig.  3A). Copulat-
ing adults were recorded in April, June, August and 
September (Fig. 3B).

Similar to Ceryngier and Romanowski (2017), 
three main colour forms of adult H. axyridis have 
been recorded in Greece by citizen scientists. These 
are f. succinea that constituted 81.4% of observa-
tions, followed by f. spectabilis (almost 12.4%) and 
f. conspicua (almost 5%). Only two individuals of 
forma axyridis have been recorded, both from Mag-
nesia, Liri (Thessaly). In addition, our study showed 
that melanic morphs were more frequent in the north-
ern part of the country (i.e., Eastern Macedonia and 
Thrace and Thessaly); however only a few observa-
tions of the melanic morphs were recorded.

Concerning the parasitic entomopathogenic fun-
gus He. virescens, this species was first recorded in 
Greece in 2001 on two native ladybird species (Cast-
aldo et  al. 2004) and later it was found on H. axy-
ridis from three Northern Greek localities, namely 
Asprovalta, Charopo and Promachonas (Ceryngier 
and Romanowski 2017). Citizen science observations 
of infected H. axyridis were detected in Psili Ammos, 
Serifos Island and Servia Kozanis (Fig. 4). Thus, citi-
zen science can provide very useful data in recording 

Table 1  Citizen science observations of H. axyridis in NATURA 2000 sites

Site code Site name Number of 
CS observa-
tions

GR2130001 ETHNIKOS DRYMOS VIKOU—AOOU 1
GR2130013 EVRYTERI PERIOCHI ATHAMANIKON OREON 1
GR2130012 EVRYTERI PERIOCHI POLIS IOANNINON 3
GR1420004 KARLA—MAVROVOUNI—KEFALOVRYSO VELESTINOU—NEOCHORI 1
GR2130011 KENTRIKO ZAGORI KAI ANATOLIKO TMIMA OROUS MITSIKELI 1
GR1320002 KORYFES OROUS GRAMMOS 1
GR4110005 LESVOS KOLPOS GERAS, ELOS NTIPI KAI OROS OLYMPOS—POTAMOS EVERGETOULAS 1
GR1220009 LIMNES KORONEIAS—VOLVIS, STENA RENTINAS KAI EVRYTERI PERIOCHI 1
GR1220001 LIMNES VOLVI KAI LAGKADA—EVRYTERI PERIOCHI 5
GR1320001 LIMNI KASTORIAS 1
GR4220009 NOTIA SERIFOS 2
GR1330002 ORI VOREIOU VOURINOU KAI MELLIA 1
GR2320002 OROS CHELMOS KAI YDATA STYGOS 1
GR1250001 OROS OLYMPOS 1
GR1430001 OROS PILIO KAI PARAKTIA THALASSIA ZONI- SPILAIA MALAKI KAI SKEPONI 1
GR2130006 PERIOCHI METSOVOU (ANILIO—KATARA) 1
GR1250002 PIERIA ORI 1
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Fig. 3  Phenology of Harmonia axyridis in Greece; based on 
citizen science records. A Total number of individuals across 
all developmental stages (larva, pupa, adult) per month. B 
Monthly presence of different developmental stages through 

the year, months where copulation was observed are marked 
with black dots. C Percentage and number of observations (in 
brackets) of different developmental stages analysed

Fig. 4  Corine Land Cover types where H. axyridis has been 
observed by citizen scientists in Greece. Administrative divi-
sions other than West Macedonia, Central Macedonia and 

Thessaly grouped as “Rest of Greece” due to low number of 
observations (< 10 in each division)
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parasitic infections and the distribution of parasitic 
fungus on H. axyridis in Greece.

Feeding habits

The literature survey on the feeding habits of H. axy-
ridis in Greece revealed various aphids as prey of the 
harlequin ladybird, i.e., Acyrthosiphonpisum (Har-
ris, 1776), Aphis fabae (Scopoli, 1763), A. gossypii 
(Glover, 1877), A. spiraecola (Patch, 1914), Hya-
lopteruspruni (Geoffroy 1762), Macrosiphumrosae 
(Linnaeus, 1758), Myzus persicae (Sulzer, 1776), 
Nasonoviaribis-nigri (Mosley, 1841), Rhopalosi-
phumpadi (Linnaeus, 1758) and Toxopteraaurantii 
(Boyer de Fonscolombe, 1841) (Katsoyannos et  al. 
1997; Kontodimas et al. 2008a). On the side, citizen 
science records revealed an additional prey species, 
A. nerii (Boyer de Fonscolombe, 1841), observed in 
Magnesia, Liri (Fig. 4).

Discussion

Citizen science data mainly from the iNaturalist plat-
form show that the harlequin ladybird is widely dis-
tributed in Greece, inhabiting multiple islands and 
continental regions, most of them remote to the initial 
sites where it was introduced as a biological control 
agent (Figs.  1A, 2). Early research on the distribu-
tion of H. axyridis up to 2007 implied that the lady-
bird had failed to establish in the areas where it was 
released as a biological control agent (Kontodimas 
et al. 2008b) and an effort for a citizen science record-
ing scheme for this particular species in 2008 yielded 
no records (Martinou and Kontodimas 2008). How-
ever, citizen science records from as early as 2010 
show that H. axyridis has been present in three distant 
geographical areas at least since that year (Fig. 1B). 
In particular, H. axyridis was observed from Sivota 
Thesprotias (G. Kakiopoulos pers. comm.), Florina, 
Cheimatitida lake (G. Kakiopoulos pers. comm.) and 
Magnesia, Liri. In the following two years only one 
individual was recorded, while in 2013 observations 
steeply increased reaching 13% of total observations 
(26 sightings). Up to 2018, data were scarce, but a 
rapid increase over the following years was evident 
with three quarters (144 observations) of all records 
attributed to 2018–2021. The increasing interest in 
biodiversity monitoring by citizen scientists in recent 

years using new technologies such as GPS and smart-
phones, may account for this increase (Johnson et al. 
2020).

Records of H. axyridis in the administrative units 
of the initial introductions were scarce, with most 
records coming from Northern Greece. Most of the 
citizen science observations were from Thessaly, 
Central and West Macedonia (Fig.  2). Particularly, 
Central Macedonia (including Thessaloniki, the sec-
ond largest city in Greece, with more than a third of 
a million residents; World Population Review 2021) 
and Thessaly which is mainly agricultural land; the 
large number of cultivated areas could explain the 
increased number of observations (Fig. 4). The high 
number of records from these regions may also have 
been a consequence of biases inherent with citizen 
science methods such as increased recording inten-
sity in regions of high human population density 
(Isaac et  al. 2014). A large percentage of observa-
tions correspond to urban habitats (54%), suggest-
ing a recording bias towards human settlements and 
anthropogenic habitats. However, human popula-
tion density does not seem to explain completely the 
spatiotemporal biases in the observed patterns (Isaac 
and Pocock 2015) as the number of observations in 
Attica, which is populated by more than half a million 
people (World Population Review 2021), was low. In 
addition, our study shows the increased engagement 
of people, at high latitudes where population densi-
ties are low. Nevertheless, the presence of the species 
in Northern Greece since 2010 (Fig. 1B) and the cli-
matic suitability of the region, and the country in gen-
eral (Grez et al. 2016), in combination with the highly 
invasive behaviour of H. axyridis, suggest that the 
species is widely established in Thessaly, Central and 
West Macedonia. Similar to previous studies (Dick-
inson et al. 2012; Roy et al. 2016; Grez et al. 2016; 
Werenkraut et al. 2020), this study demonstrates that 
citizen science is a valuable tool for understanding 
the spatial distribution of invasive non-native species.

The citizen science records also show that H. 
axyridis is active for a long period of time through-
out the year (Fig.  3). Previous semi-field trials 
using outdoor cages showed that H. axyridis can 
have four annual generations in Greece (Katsoyan-
nos et  al. 1997). Although citizen science data can-
not adequately determine the number of generations 
per year for H. axyridis, it is evident that the species 
is active for a long period of time, with living adult 
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individuals being observed even during the winter 
months (December–February) (Fig.  3A, B). These 
findings are in accordance with earlier studies stat-
ing that H. axyridis can overwinter in Greece, but the 
phenomenon was rare, and populations were rather 
small (Kontodimas et al. 2008a, b). The vast majority 
of observations were of adult individuals (Fig.  3C). 
Noting the difficulties in identifying ladybird larvae, 
resources including simple identification guides for 
the immature stages of H. axyridis could be devel-
oped to promote recording across all life stages. 
Ladybirds are attractive and charismatic (Gardiner 
et al. 2021; Gardiner and Roy 2022), this is encourag-
ing as people could be invited to contribute records 
that could help scientists understand the future range 
expansion, phenology, and impacts of H. axyridis on 
ecological networks (Groom et al. 2021). Training the 
citizen scientists on ladybird identification and ecol-
ogy, could improve the degree of confidence. Existing 
recording applications could be promoted to citizen 
scientists in Greece for example the European Lady-
bird app (Skuhrovec et al. 2021).

Our study shows that more observations on the 
geographical and seasonal variation of melanic and 
non-melanic morphs of H. axyridis are needed to 
elucidate its seasonal patterns. In general, the non-
melanic morphs exist at low temperatures. Tempera-
ture determines the size and number of black spots 
and affects the size of red spots in melanic morphs 
(Honek et  al. 2020). Across the native range of H. 
axyridis non-melanic morph, succinea is found most 
often in hot, arid regions and melanic morphs being 
more frequent in cooler, more humid ones (Roy et al. 
2016). Our study showed that melanic morphs were 
more frequent in the northern part of the country 
(i.e., Eastern Macedonia and Thrace and Thessaly). 
However, the number of observations of the spe-
cies in southern Greece was much smaller compared 
to northern Greece (Fig.  1). In addition, only a few 
observations of melanic morphs were recorded; thus, 
the small size of observations might cause less accu-
rate results regarding the melanic and non-melanic 
morphs and the factors that affect their distribution in 
Greece.

The involvement of citizens in monitoring H. axy-
ridis in Greece has provided valuable data and this 
is the case in many other countries (Gardiner et  al. 
2012; Grez et al. 2016; Werenkraut et al. 2020). Most 
of the records were reported in urban areas and land 

principally occupied by agriculture. It seems that high 
human activity might be facilitating the invasion of 
the species (Hufbauer et  al. 2012; Grez et  al. 2016; 
Werenkraut et al. 2020) (Fig. 4). However, the obser-
vations could be biased towards these habitat types. 
The presence of the species in 17 NATURA 2000 
sites is concerning, considering the large number of 
endemic taxa and rich biodiversity that Greece holds 
(Sfenthourakis and Legakis 2001; Spiliopoulou et al. 
2021). The NATURA 2000 network covers 27.3% of 
the terrestrial area in the country (Spiliopoulou et al. 
2021). There is a large number of non-native insects 
established in Greece (Anagnou-Veronikiet al. 2008; 
Avtzis et al. 2017; Demetriou et al. 2021) and moni-
toring the spread of these, particularly in protected 
sites, could underpin strategic action. Monitoring H. 
axyridis in Greece is important because the harlequin 
ladybird could have adverse impacts on native spe-
cies and ecosystem function. However, several years 
of monitoring would be required before the long-term 
impacts can be reliably assessed (Kenis et al. 2010). 
The present work documents the distribution and 
phenology of the species in Greece and it is the first 
step towards improving our general understanding of 
the ecology of the species. In the future studying the 
impact of H. axyridis on native biodiversity and eco-
system services in Greece should be a priority.

Regarding the predation of aphids by H. axyridis, 
aphid prey can be easily overlooked or misidentified 
due to their small size. Thus, citizen science efforts 
could be taxonomically biased. Such biases could be 
minimised through structured surveys (Kelling et  al. 
2019). Nevertheless, the discovery of A. nerii as an 
additional prey species for H. axyridis from citizen 
science records highlights the importance of citizen 
science towards the study of ecological networks 
of alien species (Groom et  al. 2021). Future studies 
could incorporate citizen-science approaches in the 
monitoring of alien species and their ecology in addi-
tion to the monitoring undertaken by expert entomol-
ogists. Assessing the level of infections via parasitism 
can also be observed and recorded by citizen scien-
tists, providing data that are essential to ecological 
research.

Management implications

This study highlights the importance of public par-
ticipation in recording ladybirds showing that citizen 
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science schemes can provide valuable information on 
invasive non-native species in Greece. The current 
distribution and spread of H. axyridis in Greece at a 
multitude of remote localities where no releases had 
been made in the past and in protected areas, calls for 
action. National and regional monitoring schemes by 
experts in combination with efforts by citizen scien-
tists are essential in order to gain a better understand-
ing of the spread and the hotspots of activity of the 
invasive H. axyridis. Monitoring efforts could guide 
management plans, including control efforts where 
possible. Studies of the interactions of the harlequin 
ladybirds with native ladybirds and other beneficial 
species will enable us to gain a better understanding 
of the impacts of the harlequin ladybird on the native 
biodiversity.
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