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Abstract – Predicting alien species' establishment through climate matching may inform management
actions preventing future invasions. The aim of the current study was to evaluate the climate match of the
sailfin molly (Poecilia latipinna) worldwide, with emphasis on Europe and the Mediterranean. A literature
review indicated that the species presents a total of 100 non-indigenous occurrences in 29 countries
worldwide. Predominantly, it has been introduced within tropical/subtropical climatic zones, where it is
usually clustered near ornamental trade centers and malaria affected areas. Overall, sailfinmolly distribution
reflects a warm-stenothermic tolerance, however, there are validated populations outside the subtropical belt
in geothermally heated water bodies. Its invasion potential, assessed by Climatch tool, indicated a low
environmental match (5% of the assessed sites) within Europe, whereas in the Mediterranean this rose to
60%, though the species is recorded only at one location. This poor match of the model's output may reflect
its inability to take into account local environmental filters. Intolerance to prolonged temperature drops
appears to be the leading factor constraining sailfin molly establishment in Europe. Additional constrains on
its successful invasion, i.e. specialized habitat requirements, limited propagule supply or reduced
reproductive fitness, due to breeding manipulations of commercially available strains, are discussed.
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Résumé – Correspondance climatique de la distribution mondiale d'un poisson ornemental d'eau
douce hautement commercialisé, le molly voile Poecilia latipinna (Lesueur, 1821). La prévision de
l'établissement d'espèces exotiques par la correspondance climatique peut éclairer les mesures de gestion
visant à prévenir de futures invasions. L'objectif de la présente étude était d'évaluer la correspondnace
climatique du molly voile (Poecilia latipinna) dans le monde entier, en mettant l'accent sur l'Europe et la
Méditerranée. Une analyse bibliographique a révélé que l'espèce présente un total de 100 occurrences non
indigènes dans 29 pays à travers le monde. La plupart du temps, elle a été introduite dans les zones
climatiques tropicales/subtropicales, où elle est généralement regroupée à proximité des centres
commerciaux d'aquariophilie et des zones touchées par le paludisme. Dans l'ensemble, la distribution
du molly voile reflète une sténothermie pour les eaux chaudes, mais il existe des populations validées en
dehors de la ceinture subtropicale dans les plans d'eau réchauffés par sources chaudes. Son potentiel invasif,
évalué par l'outil Climatch, indique une faible concordance environnementale (5% des sites évalués) en
Europe, alors qu'enMéditerranée ce taux passe à 60%, bien que l'espèce ne soit signalée qu'à un seul endroit.
Cette mauvaise adéquation des résultats dumodèle peut refléter son incapacité à prendre en compte les filtres
environnementaux locaux. L'intolérance aux baisses de température prolongées semble être le principal
facteur limitant l'établissement du molly voile en Europe. D'autres contraintes liées à la réussite de son
invasion, c.-à-d. les exigences en matière d'habitat spécifique, le nombre limité de propagules ou la fécondité
réduite due aux manipulations de souches de reproducteurs disponibles dans le commerce, sont discutées.
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1 Introduction

Species invasion is a composite outcome of the interaction
of human drivers and natural drivers, with human drivers
determining dispersal possibilities and extent, while establish-
ment probabilities and rates are determined by natural drivers
(Marchetti et al., 2004; Lockwood et al., 2005; Ribeiro et al.,
2008) at different spatial and temporal scales (Marchetti et al.,
2004; Blanchet et al., 2009). There is now a general consensus
that human activity is a major vector of the invasion process
and, for some authors, the best predictor of invasion success
(Lockwood et al., 2005; Colautti et al., 2006; Korsu and
Huusko, 2009). At different stages of the invasion process
(Moyle and Marchetti, 2006), non-indigenous species have to
overcome several barriers (biotic and abiotic) in order to
invade successfully a new area. The first two steps of this
process are “the arrival stage” of the species to the invading
ecosystem through anthropogenic transport, and its “survival”
throughout it (Sakai et al., 2001; Moyle and Marchetti, 2006).
Thus, when suitable ecological conditions and habitats for a
species do exist at a large scale, non-native range expansion
may be constrained by the limited possibility of anthropogenic
transport and thus entry into new aquatic systems. Yet, the
quantification of human influences on freshwater fish
invasions remains a challenge, due to the lack of effective
indicators to express the degree of human activity (García-
Berthou, 2007). In order for a non-indigenous species to
become resident into a novel environment, propagule pressure
is critical in determining which introductions are going to lead
to establishment (Marchetti et al., 2004). High propagule
pressure usually, but not always, leads to high success rates of
colonization (Moyle and Marchetti, 2006) and the establish-
ment of a viable, self-sustaining population (Sakai et al.,
2001). Finally, spread and integration are local processes,
conditioned by the interplay between abiotic and biotic factors
(Moyle and Marchetti, 2006).

Mollies, members of the genus Poecilia (family Poecili-
dae), are small and short-lived livebearing fishes of the New
World with a distribution range from the southern United
States to Central America (Meffe and Snelson, 1989; Simpson
et al., 2015). They occupy temperate and tropical zones and
exploit a broad array of aquatic habitats (Meffe and Snelson,
1989). Some species or their hybrids are popular ornamental
fish, and their association with human mechanisms of transport
has resulted in numerous introductions worldwide (FAO,
2010; Froese and Pauly, 2014). The sailfin molly Poecilia
latipinna (Lesueur, 1821) is the species with the northernmost
native distribution range of all species of the genus. It is
endemic to the eastern coastline of North America, from North
Carolina, through the east coast of Florida to the Gulf of
Mexico (Meffe and Snelson, 1989). Due to its popularity as an
ornamental fish, but also in the assumption that it is an effective
biocontrol agent for preventing malaria by preying on
mosquito larvae, the sailfin molly has been introduced
throughout the world (Courtenay and Meffe, 1989) with 13
country-level introductions reported in the DIAS database
(FAO, 2010) and 17 introductions reported in the Fishbase
(Froese and Pauly, 2014). In Europe, and the wider
Mediterranean area, the only known population of the sailfin
molly has been reported in Greece (Lake Vouliagmeni),
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originally attributed mistakenly to P. sphenops (Chintiroglou
et al., 1996). Chintiroglou et al. (2004, 2008) refrained from
naming this taxon and referred to it as a member of the
subgenus Mollienesia (Mollienesia sp.). In subsequent
publications, Koutsikos et al. (2012) and Barbieri et al.
(2015) referred to this taxon as a sailfin molly, P. latipinna. A
recent study (Koutsikos et al., 2017) provided a definite
taxonomic identification of this molly population as sailfin
molly, based on morphological characters.

Aspects of the life-history, biology and ecology of the
sailfin molly in its native habitats have been described in
several studies (Snelson, 1980; Felley and Daniels, 1992;
Trexler et al., 1992; Nordlie, 2006). Briefly, it is a small
ovoviviparous species (maximum size 12.5 cm) that feeds
principally on algal material (Chick and Mlvor, 1997) and
typically lives up to three years. Its short generation time
promotes resilience, with minimum population doubling time
being less than 15 months (Froese and Pauly, 2014). It prefers
hard, alkaline waters and thrives in warm brackish wetlands;
however, it is euryhaline and can tolerate salinities from
freshwater to 80‰ (Nordlie et al., 1992). It is extremely
tolerant to oxygen deprivation (Timmerman and Chapman,
2004; Nordlie, 2006) with an ability to withstand pollution,
frequently becoming the dominant species when introduced in
very disturbed aquatic habitats (Felley and Daniels, 1992;
Gonzales and Moran, 2005). It is among the few species that
has been adapted to, and even thrive in, sulfidic habitats which
are toxic for most metazoans (Riesch et al., 2015).

Though sailfin molly is typically considered a warm-water
species (Corfield et al., 2008; Froese and Pauly, 2014), it
exhibits a fairly broad thermal tolerance, ranging from 4.0 to
40.0 °C (Nordlie, 2006; Fischer and Schlupp, 2009). However
it appears to be stenothermic in respect to breeding temperature
requirements (above 22 °C; Dawes, 1991). Its native distribu-
tion extends to an area that spans subtropical latitudes (such as
Florida, withCfa type in Köppen-Geiger climate classification,
Peel et al., 2007); consequently, it has been suggested that
temperature is the limiting factor that largely determines its
native geographic range (Dill and Cordone, 1997). However,
established populations occur also in California that has a
Mediterranean-type climate (Dill and Cordone, 1997). This
raises some doubt about the role of temperature as the main
limiting factor to its invasions. Temperature alone cannot
explain the poor representation of the sailfin molly in European
waters, especially around the Mediterranean, where summer
temperature in some areas would allow at least a seasonal
reproduction (Kalous et al., 2015; Perdikaris et al., 2016).
Moreover, photoperiod and salinity are critical environmental
factors affecting the life and reproductive traits of poeciliids
(Baird, 1974; Meffe and Snelson, 1989; Martin et al., 2009).
They are also affected by the synergetic effects of temperature
and photoperiod, which in general change concurrently
(Vinagre et al., 2009). The relationship between photoperiod
and latitude is well illustrated for the biological cycles of
various organisms (Lee, 1970). Finally, seasonality, as well as
overcast, also interact with photoperiodic cycles, varying
latitudinally (Francis, 1970; Lehner, 1987).

An important question in invasion biology is thus whether
large-scale climatic factors constitute the main determinant of
establishment success (and therefore can provide a good
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indication of potential establishment in a new area) or local
habitat characteristics are of greater importance. Relevant
literature shows that in general, established sailfin molly
populations show consistent associations with warm lentic or
slow-flowing lotic habitats that provide an abundant vegetative
food resource (salt marshes, estuaries and nearby marine areas,
slow-moving portions of rivers and quiet lowland streams,
canals and backwaters, and geothermally-heated wetlands).
For example, the sailfinmolly is extremely abundant and by far
the dominant fish species in the warm, brackish and weedy Al-
Hammar marsh of Iraq (Hussain et al., 2009), in the heavily
polluted by sewage and agriculture effluents Wadi Haneefah
Stream in Saudi Arabia (Al-kahem et al., 2007), in ponds and
other stillwater habitats in Hawaii (Englund 2000), and
hotspring-fed pools and wetlands in Nevada (Scoppettone
et al., 2005), New Zealand (McDowall, 1999, 2006), Canada
(Nelson and Paetz, 1992) and Greece (Koutsikos et al., 2017).
These examples indicate that the sailfin molly is conservative
with respect to its ecological requirements and can only
tolerate conditions for which it is evolutionarily experienced.

The aim of this study was to evaluate the current distribution
and potential establishment of the sailfin molly worldwide, with
emphasis on Europe and the Mediterranean, by exploring
climatically suitable areas available to the sailfin molly in
different target regions, through the use of climate matching.
The concentration (albeit fragmented) of its established
populations in tropical and subtropical zones and the pattern
of their spatial clustering are discussed, as well as possible
agents impeding its establishment in Europe and the
Mediterranean, such as low introduction effort and genetic
constraints associated with domestication. The role of favorable
local environmental conditions that may enable the species'
establishment, despite climate mismatch, is also explored.
2 Materials and Methods

To map the distributional range of the sailfin molly and to
evaluate the relative contribution of the invasive spread drivers,
worldwide occurrence records of the species were obtained
from two sources. The first source of information was scientific
publications (scientific articles, books, conference proceedings,
doctoral and master theses); however, a common and
significant obstacle for obtaining distributional data of alien
fish is that they are not easily accessible, since in many
occasions when introductions occur, they are either poorly
known or when they are reported, the data are not always
available. To overcome these limitations we extended our
publication review to include references from technical reports.
Another source of information was online databases, namely,
CABI � Invasive Species Compendium (CABI, 2014),
DAISIE � Delivering Alien Invasive Species Inventories for
Europe (DAISIE, 2008), DIAS� Database on Introductions of
Aquatic Species (FAO, 2010), FishBase (Froese and Pauly,
2014), IUCN/SSC Invasive Species Specialist Group (Global
Invasive Species Database, 2015), and NAS � Nonindigenous
Aquatic Species USGS (Nico et al., 2014).

In order to assess the establishment status of a sailfin molly
population in the current study the following criteria were used:
a populationwas recorded as “established”when this population
was explicitly registered as such in at least one source. A
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population was recorded of “unknown status” when there was
only a single reference to the presence of the species. A
population was recorded as “probably established” when it was
referred as such in at least one scientific source and/or there were
multiple references to its presence at a specific location. When
comparing the establishment status of the three Poecilia species
in Europe, a fourth category “probably not established” is used,
when it was referred as such in at least one scientific source.

We applied the Climatch v.1.0 (Bureau of Rural Sciences,
2008) in order to compare the climate match between the
native geographic range of the sailfin molly (source area) and
four different target areas: (a) validated introductions of the
target species on a global scale, (b) potential areas of invasion
worldwide, (c) potential areas of invasion in the European
continent and (d) potential areas of invasion in the
Mediterranean region. For the imported occurrence records
of validated introductions, Climatch automatically selected
100 of the nearest available meteorological stations to those
listed in the location file. The other three target areas utilised
data from 19,000, 1,753 and 240 climatic stations respectively,
of the WorldClim project database (Hijmans et al., 2005).

The ecological requirements of freshwater fishes are
primarily related to temperature and hydrology (Matthews,
1998). Hence, climatic matching conditions were represented
in the current study by the following variables: “Annual mean
temperature”, “Temperature during the coldest quarter of the
year”, and “Mean annual rainfall” for the accurate investiga-
tion of the potential spread of the evaluated species within the
target areas (Costa and Schlupp 2010; Kalous et al., 2015;
Kotovska et al., 2016; Patoka et al., 2017), with an Euclidean
algorithm. The first two variables were used in order to
represent temperature requirements, while the third one was
applied as a key component of the hydrological cycle, as well
as for its correlation to salinity and photoperiod, tightening up
further the climate-matching function. Climate-match values
range from 10 to 0, wherein 10 stands for the highest-level
match and 0 for the poorest match. Values that equal or are
higher than 7.0 indicate that temperature is not an
environmental barrier to survival.
3 Results

3.1 Current distribution

The non-native distribution of the sailfin molly can be
characterised as global but highly fragmented (Fig. 1). We
positively validated 100 non-native occurrence records
worldwide (see supplementary Tab. S1 and Tab. S2 that
provide relevant information on non-native occurrences by
continent and site details respectively). Of the 100 validated
introductions worldwide, 80 populations are confirmed
“established” and 14 “probably established”, while the status
of the remaining six is unknown (Fig. 1). More than half (60
occurrence records) are located in the American continent (51
established populations). Most validated introductions in this
continent fall within the south-western part of the United States
(41 occurrences), characterised byMediterranean-type climate
conditions (Fig.1, Tab. S1, S2).

In the other continents, the occurrence of the species is
sporadic with the introduced populations sparsely distributed
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Fig. 1. The global distribution of validated introductions of the sailfin molly (Poecilia latipinna) with establishment status noted. AU: Australia,
BS: Bahamas, BH: Bahrain, BR: Brazil, CA: Canada, CN: China, MP(US): Commonwealth of the Northern Mariana Islands, CO: Colombia,
DO: Dominican Republic, FJ: Fiji, GR: Greece, GU: Guam, HI(US): Hawaii, IN: India, ID: Indonesia, IQ: Iraq, IR: Iran, MX:Mexico, NZ: New
Zealand, OM: Oman, PK: Pakistan, PH: Philippines, PR: Puerto Rico, SA: Saudi Arabia, SG: Singapore, TH: Thailand, TW: Taiwan, US: USA,
VZ: Venezuela.
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and highly fragmented. There have been 23 validated
introductions (13 established populations) in Asia (with
several around the Persian Gulf) and 16 introductions (15
established populations) in Oceania (Fig. 1, Tab. S1, S2).
There are no validated introductions in Africa. Three previous
reports in Kenya were proved misidentifications (see Seegers
et al., 2003). Finally, there is only one validated introduction in
Europe, of an established population at the geothermal Lake
Vouliagmeni (Attica, southern Greece, Fig. 1, Tab. S1, S2).

The absence of established sailfin molly populations in
Europe, except the one in Greece, contrasts sharply with the
occurrence of two other closely related and ecologically
similar poeciliids, the guppy P. reticulata Peters, 1859 and the
shortfin molly P. sphenops Valenciennes, 1846, which have
been reported from 18 and six European localities respectively
(Tab. 1).

3.2 Potential establishment of the sailfin molly
through climate match

The climate match map of validated introductions of the
sailfin molly on a global scale (Fig. 2a, Tab. 2) showed that
62% of the meteorological sites matching validated popula-
tions scored ≥7.0, indicating no environmental barrier to
establishment. A small proportion (9%) indicated a very low
probability of establishment of the species (climatch scores
0-1). The respective localities, all in Northern US and Canada,
are all wetland habitats associated with hot springs in areas
with otherwise adverse climatic conditions for the species'
survival (Fig. 2a), with the favorable local conditions possibly
enabling the support of populations despite climate mismatch.
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Worldwide, the climate match map indicated no environmental
barrier to survival for 28% of the localities assessed
(score≥ 7.0, Tab. 2, Fig. 2b).

In the European continent, the climate match maps
indicated low probabilities of sailfin molly establishment
(Fig. 3) but much higher probabilities at localities around the
Mediterranean (Fig. 4). Specifically, on the European
continent, the probability of establishment of the sailfin molly
was 5% (Climatch scores ≥7.0). Conversely, in the Mediter-
ranean Basin, climatic conditions were more suitable for its
establishment, with 60% of the meteorological sites indicating
scores ≥7 of the Climatch scores (Tab. 2).
4 Discussion

4.1 Non-indigenous distribution patterns of sailfin
molly

The global distribution pattern of the sailfin molly outside
its native range points to temperature as the dominant
ecological factor influencing the probability of establishment.
Indeed, most validated introductions were recorded from
tropical and subtropical regions. In temperate climatic zones,
the occurrence of the species appears to be rare and highly
localized. In fact, the majority of recorded sailfin molly
occurrences outside the subtropical belt are in small
geothermally heated water bodies. Evidently, specific local
conditions may create pockets of environmental suitability,
allowing the species to overcome the climate barrier to
establishment (Scoppettone et al., 2005). Costa and Schlupp
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Table 1. Reported occurrences of Poecilia latipinna, P. reticulata and
P. sphenops in Europe.

Countries P. latipinna P. reticulata P. sphenops Reference

Albania U [4, 7, 9, 13, 20]

Austria [5, 10]
Bulgaria U [20]
Czech þ/� � [7, 9]
France U � [12]
Germany ● U [11, 15]
Greece ● [16]
Hungary þ ● [7, 9]
Ireland U [12]
Italy � þ [7, 9, 19]
Netherlands ● [5, 7, 9, 15]
Poland � [17]
Romania ● ● [5, 13, 18]
Russia ● [2, 9, 13, 15]
Serbia ● [20]
Slovakia ● � [7, 9, 13, 14]
Spain þ [3, 6, 7, 8, 15]
UK ● [5, 7, 9, 21]
Ukraine � [1]
Occurrence 1 18 6 –

● =Established,þ= Probably established, �= Probably not estab-
lished, U =Unknown
(1) Alexandrov et al., 2007, (2) Budaev, 1997, (3) Cobo et al., 2010,
(4) Crivelli, 1995, (5) DAISIE, 2008, (6) Dhora, 2010, (7) Elvira,
2001, (8) Elvira and Almodovar, 2001, (9) Froese and Pauly, 2014,
(10) Füreder and Pöckl, 2007, (11) Geiter et al., 2002, (12) Global
Invasive Species Database 2015, (13) IMPASSE, 2007, (14) Ko�sčo
et al., 2010, (15) Kottelat and Freyhof, 2007 (16) Koutsikos et al.,
2017, (17) Nowak et al., 2008, (18) Petrescu-Mag et al., 2008, (19)
Piazzini et al., 2010, (20) Piria et al., 2018, (21) Zieba et al., 2010.

N. Koutsikos et al.: Knowl. Manag. Aquat. Ecosyst. 2018, 419, 23
(2010) used abiotic variables from known occurrence localities
of the sailfin molly to model its potential distribution in South
and East United States. They asserted that minimum
temperature of the coldest month is the factor best explaining
establishment success; however, they noted that large-scale
climatic features may not sufficiently explain the presence of
the species at some locations (e.g. in central Texas).

Another distribution pattern evident from our data is the
spatial clustering of many introduced sailfin molly populations
with a human relevance. More specifically, higher occurrence
frequencies are observed in regions close to the native area of
the species, such as in the southwestern US, where it has been
established in five states (CABI, 2014), as well as in certain
Caribbean islands. This clustering seems to be human-
mediated, rather than having an ecological basis, and it is
likely to reflect differences in introduction rates. Ornamental
fish trade may be a major vector of introduction within the
more urbanized southwestern US, since there is a flourishing
ornamental fish production industry in the state of Florida
which accounts for approximately 95% of all ornamental fish
produced in the U.S.A. (Hill and Yanong, 2002). Outside the
US, relatively high occurrence frequencies were noted around
major centers of ornamental fish production and trade, as in the
islands of the south-western Pacific. Some non-native
Page 5 o
occurrences have been attributed to its intentional release as
a biocontrol agent for malaria, such as in the islands of the
central Pacific (for Hawaii see Englund, 1999) and possibly in
countries around the Persian Gulf, though at a much smaller
scale than mosquitofishes (Arthington and McKenzie, 1997;
Lintermans, 2004). However, the release of poeciliids by
hobbyists as a vector of introduction in rapidly developing
countries bordering the Persian Gulf cannot be excluded
(Esmaeli et al., 2017).

4.2 Potential agents impeding sailfin molly
establishment in Europe and the Mediterranean

The results from the current study indicate that temperature
is the dominant ecological factor influencing the probability of
sailfin molly establishment globally. The low representation of
the sailfin molly in the Mediterranean area cannot, however, be
solely attributed to climatic constraints, as it runs contrary to
the predictions of the Climatch tool, which indicated a 60%
suitability of the climatic conditions for establishment in this
region. It is well established that the sailfin molly is a tolerant
species with broad limits to a number of habitat factors
(Marchetti et al., 2004). Indeed, habitat descriptions in its
native distributional range indicate strong preference to
alkaline and brackish waters and rich submerged vegetation
(Nordlie et al., 1992). In the course of the current study, a
bibliographic search was conducted to retrieve data on
additional environmental factors (e.g. vegetation cover, flow
values, alkalinity) that possibly affect the establishment of
sailfin molly; however, available data on habitat conditions in
the introduced areas were extremely limited. Nevertheless, the
specific habitat requirements of the sailfinmolly appear to limit
the amount of habitat that is suitable for the species, even in
thermally-suitable areas. Thus, scarcity of suitable habitat (e.g.
lentic systems) and trophic conditions (e.g. vegetative food
supply), could account, at least partially, for the unexpectedly
low occurrence frequency of the sailfin molly in Europe and
the Meditteranean.

Overall, cold intolerance and release to unfavorable habitat
environments may preclude widespread establishment of the
sailfin molly, as well as of the shortfin molly and the guppy, in
European waters. However, it is reasonable to expect the
establishment probabilities of the sailfin molly to be higher
than that of the other two species, as the former occurs
naturally at higher latitudes and has lower thermal tolerance
ranges than the other two poeciliids (Dill and Cordone, 1997).

Apart from ecological factors, propagule pressure and
various other types of human involvement (e.g. breeding
practices) may affect the invasion process or may confound
interpretations of invasion patterns. Holčík (1991) and
Maceda-Veiga et al., (2013) indicated that the guppy, and to
a lesser degree the shortfin molly, are more commonly traded
as ornamental fish in Europe, compared to the sailfin molly.
Indeed, a recent study assessing the availability of ornamental
species in Greece (Papavlasopoulou et al., 2013) indicated that
P. reticulata had a >50% frequency of presence in Greek
aquarium stores, while the presence of sailfin molly in pet
stores was lower than 50%. Thus, a "lower release rate"
explanation, i.e. that the frequency differences in establish-
ment success stem from introduction effort differences rather
than from ecological constraints, is also likely. It is known that
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Fig. 2. (a) Climate match map of validated introductions of the sailfin molly (Poecilia latipinna) on a global range; (b) Climate match map of
areas with probability of establishment for the sailfin molly worldwide. Scores of ≥7.0 are interpreted as indicating no environmental barrier to
survival.
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releasing unwanted pet fishes is the main invasion pathway of
ornamental fish (Semmens et al., 2004; Copp et al., 2007;
Krishnakumar et al., 2009). Under the assumption that the
most popular and frequently traded fish have more oppor-
tunities to be released, trade data may be used as a surrogate for
introduction effort (Rixon et al., 2005; Gertzen et al., 2008).
Rixon et al. (2005) measured the frequency of occurrence of
ornamental fish species in a number of pet stores in Canada and
the US and showed that, among poeciliids, the guppy had a
higher frequency (95%) than the sailfin molly (80%) and the
shortfin molly (75%). These may explain, at least partially, the
highest number of European localities hosting feral guppy
rather than sailfin and shortfin molly populations.

Other explanations for the poor establishment rate of the
sailfin molly in Europe may be related to taxonomic
ambiguities. This is evident in previous misidentifications of
Poecilia species, as in the case of the Lake Vouliagmeni sailfin
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molly in Greece (Chintiroglou et al., 1996; see also Dill and
Cordone 1997 for P. sphenops confused with P. latipinna).
Poeciliids have a complex taxonomy (Breden et al., 1999),
which is further complicated by the ease of interspecific
hybridization (Kittell et al., 2005).

The differential vulnerability of colour morphs to several
predators (carnivorous fishes, water snakes, birds etc.) can be
invoked as an additional explanation for its poor establishment
success in Europe. Finally, reduced reproductive or physical
fitness due to breeding manipulations, and/or of long-fin males'
gonopodium, may also explain the low establishment rate of
the sailfin molly in Europe. Commercial strains of sailfin molly
are becoming progressively a fusion of various origins that
include artificially selected breeds and crosses with other
molly species (Fossa, 2004; Koutsikos et al., 2017) that may be
sterile, or have offspring with reduced capacity for survival and
sustained reproduction (Rodionova et al., 1996; Lampert et al.,
f 11



Table 2. Climatch scores for globally validated introductions, and for areas with probability of sailfin molly Poecilia latipinna establishment
worldwide, European and peri-Mediterranean scale. Scores of ≥7.0 (marked in grey) are interpreted as indicating no environmental barrier to
survival.

Climatch Score Global introductions Worldwide European continent Mediterranean region

0 8 9386 1106 2

1 1 372 114 9
2 0 381 128 5
3 0 437 141 9
4 4 550 89 7
5 2 870 64 28
6 22 1730 32 40
7 34 1875 28 69
8 18 2308 43 57
9 10 1091 8 14
10 1 0 0 0

Total 100 19,000 1,753 240

Fig. 3. Climate match map showing areas with probability of establishment for the sailfin molly (Poecilia latipinna) in Europe.
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2007). Artificial selection aims for improved ornamental traits,
and often disrupts the stabilised biological systems that ensure
normal development or the ability to survive and reproduce
under harsh environmental conditions. It is notable in this
context that the Vouliagmeni sailfin molly population in
Greece represents a relatively old introduction (early 1960's;
Koutsikos et al., 2017) before hybridisation became a
widespread practice in ornamental fish production. The same
is also evident for the establishments in Iraq, Hawaii and Texas
(US) in the early 20th century (Kennedy, 1937; Englund, 1999;
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Costa and Schlupp, 2010), as well as in Australia, Canada,
Nevada and California's Salton Sea (US) in the late 1960's
(Nelson and Paetz, 1992; Scoppettone et al., 2005; Corfield
et al., 2008; Martin and Saiki, 2009).

4.3 Potential establishment and impacts on native
biodiversity

The current study has shown that the probability of
establishment of the sailfin molly globally was moderate
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Fig. 4. Climate match map showing areas with probability of establishment for the sailfin molly (Poecilia latipinna) in the peri-mediterranean
region.
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(∼30%) and confined to the subtropics, where currently most
of the species' established populations are located. Bomford
and Glover (2004) and Bomford (2008) asserted “very high”
and “extreme” establishment risks for the sailfin molly in
Australian and New Zealand waters, using a combination of
variables, including climate match and history of establish-
ment elsewhere. One of the most commonly used variables is
the “previous establishment success rate”, estimated as a
proportion of successful introductions to the total number of
introductions made in other regions. However, the use of such
a variable may overestimate the invasion risk, when
establishment failures are poorly documented. This could be
the case for the sailfin molly, when assessed with this method,
as there are practically no records of failed introductions for
this species, except from the USA and New Zealand (Nico
et al., 2014; McDowall, 1999).

According to Gozlan et al. (2010), the majority of
ornamental fishes have very low probabilities of invading
Europe due to their ecological and physiological require-
ments. However, a recent Fish Invasiveness Screening Kit
(FISK) evaluation for several ornamental fishes (Kalous et al.,
2015), showed that a number of locations within southern
Europe are climatically matched to their native areas. In the
current study, the probability of establishment of the sailfin
molly on the European continent was generally very low
(below 7%). It is highly possible that failed sailfin
introductions have repeatedly occurred in Europe, mostly
pet releases in unsuitable habitats. However, the data are
anecdotal, or the introductions remain unrecorded. Overall, the
Page 8 o
risk of invasion spread of the sailfin molly in Europe is
assessed to be limited due to various reasons, discussed above,
as also evident by our Climatch data, despite probably high
release rates. In the Mediterranean Basin, in contrast, our data
indicated that climatic conditions are more suitable for the
species' establishment, with no environmental barrier to
survival to almost 60% of the assessed sites in the peri-
Mediterranean countries. Indeed, Perdikaris et al. (2016)
ranked the invasion risk of the sailfin molly in Greece as being
moderately high by applying FISK. These results highlight the
importance of rigorous surveying of those lentic habitats that
fulfill the species' habitat requirements, with special focus on
urban ponds and lakes, as potential release sites by hobbyists.

Ornamental poeciliids have been repeatedly blamed for
adverse impacts on native fish communities and other biota
(Englund et al., 2000; NACA, 2005; Corfield et al., 2008). On
the basis of published data reporting adverse ecological
impacts of introduced species, the sailfin molly has been
identified as one of the top 18 species with adverse ecological
effects (Casal, 2006), and is classified among the 14 most
invasive ornamental fish species (Froese and Pauly, 2014).
Possible effects of the sailfin molly on other native fauna and
other elements of the biota are expected to be mainly indirect,
e.g. effected through food web alterations or non-native
disease transmission (Arthur and Lumanlan-Mayo, 1997), as
the species is a non-aggressive fish, feeding primarily upon
algae and detritus and thus apparently not interacting
trophically with conspecifics. For instance, Kryss et al.
(2008) have assessed that Poecilia sp. hybrids introduced in
f 11
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Hawaiian waters have been the source of parasites that now
infest native gobies and have also impacted the water quality of
coastal ecosystems. It should be the aim of future studies to
evaluate the nature and magnitude of environmental impacts
caused by sailfin molly introductions.
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