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Abstract
Invasive alien species are one of the greatest threats to biodiversity, ecosystems, human economy and
human health. Future climate change may result in niche expansion, contraction or range shift leading to
changes in their geographic distribution. The Giant African snail, Lissachatina fulica, is one of the 100
worst invaders. This study uses a species distribution modelling approach to assess current and future
potential global distribution for this pest species under two climate change scenarios (SSP2 and SSP5).
We tested the niche conservatism hypothesis for this pest species by comparing native niche versus
invaded niche. We also quanti�ed niche overlap and niche dynamics such as expansion, stable and
un�lling between the native and introduced ranges using PCA-env. Our results show that potentially
suitable niches in the present and future climate change scenarios increase signi�cantly. The results
suggest that Bio 13 and Annual Mean Temperature (Bio1) are the two most important drivers in
determining the potential distribution of this invasive species. Furthermore, we found evidence for niche
shifts due to niche expansion across the continents, thus occurring in climatically distinct regions. Finally,
the study identi�ed the areas of high invasibility which help in managing this invasive species. This study
has implications for understanding the range dynamics of L. fulica across continents despite having low
mitochondrial haplotype diversity in the invaded regions. 

1. Introduction
The invasive alien species are introduced to other parts of the world from their native ranges either
deliberately or accidentally (IUCN, 2017). They are one of the primary causes of biodiversity loss, leading
to changes in the structure and composition of the ecosystems (IUCN, 2017), ecosystem services, human
well-being, agriculture and economic growth (Simberloff et al., 2013). They also act as hosts to
pathogens and spread disease to humans, crops and native biodiversity (Barker, 2002; Simberloff et al.,
2013). In conjunction with habitat loss, invasive species have been associated with nearly 60 percent of
species extinctions in the last century (Bellard et al., 2016). With ever-increasing international trade,
human-induced habitat destruction and climate change, the pressure caused by invasive species is only
likely to increase in the future (Hulme, 2014).

Niche conservatism is the extent to which ecological niches are conserved through time and space
(Wiens et al., 2010). Many studies have looked into the niche conservatism perspective (Wiens et al.,
2005) and change in the fundamental or realised niche or both (Pearman et al., 2008) of the invasive
species to understand the speciation effect of climate change due to biological invasions (Hulme, 2017).
Several studies have suggested that climatic niche occupied by invasive species including plants
(Broennimann et al., 2007; Holt et al., 1990; Dietz and Edwards 2006), insects (Fitzpatrick et al., 2009;
Medley et al., 2010), �shes (Lauzeral et al., 2011) and amphibians (Tingley et al., 2014) may not be
conserved between their native and introduced regions (Goncalves et al., 2014). In the case of invasive
alien species, niche differences between native and introduced ranges are of three types, a) invasive
species colonising novel environmental conditions relative to their native range, i.e., niche expansion, b)
partial �lling of the native niche in the invaded range, i.e., niche un�lling and c) proportion of the invaded
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range overlapping with native niche, i.e., niche stability (Warren et al., 2008; Strubbe et al., 2015). One
commonly discussed topic in ecology is niche shifts during biological invasions (Guisan et al., 2014;
Broennimann et al., 2007). Generally, climatic niche shifts contradict the assumption of niche
conservatism, which implies that species retain their niches in space and time (Wiens, 2005). This
assumption underlies ecological niche modelling, the most commonly used approach for assessing the
impact of climate change on biodiversity (Rodda, 2011). Comparisons between species' native and non-
native climatic niches may identify species that have undergone adaptive evolutionary changes during
the invasion process (e.g. change of the fundamental climatic niche) and lead to a better understanding
of niche dynamics (Broennimann et al.,  2007). The reproductive ability of the invasive species might
in�uence the invasibility of the species. For example, asexual, parthenogenetic and hermaphroditic self-
fertilising species might be more aggressive than sexually reproducing ones. However, a recent meta-
analysis across taxa (both plants and animals) has shown no difference between them (Roman and
Darling 2007).

The adverse effects of invasive species may be intensi�ed by climate change (Pyke et al., 2008).
Negative impacts are further increased as invasive species are typically generalists with broad climatic
tolerances; they are considered likely to cope with change in the climate, enabling them to expand into
new areas (Walther et al., 2009). In recent times, there is growing evidence for the effects of climate
change on invasive species distribution and is considered one of the main drivers of future invasions
(Bellard et al., 2013). Studies involving various taxa have shown that climate change has serious impacts
on the niche expansion and niche shift in invasive species (Ahmed et al. 209; Atwater et al. 2018; Wan et
al., 2016). Forecasting responses of invasive species to climate change using ecological modelling or
species distribution modelling has been extremely useful (Dillon et al., 2010; Gilman et al., 2010; Pereira et
al., 2010; Salamin et al., 2010; Beaumont et al., 2011; Dawson et al., 2011; McMahon et al., 2011; Sarma
et al., 2015) and play a vital role in identifying potential future risk areas and help in developing sound
strategies to reduce future impacts on native biodiversity (Pereira et al., 2010; Parmesan et al., 2008). The
ecological niche modelling tool is widely used to predict the geographical distribution of a given species
based on correlations of species occurrence and suites of environmental and climatic variables (Philips
et al., 2006). The species distribution models are also used to select the areas to determine the risk of
species invasions under current and future climate scenarios (Guisan et al., 2013).

Lissachatina fulica, commonly known as the Giant African Snail, is one of the 100 worst invasive species
in the world (Lowe et al., 2000; Raut and Barker, 2002). The native range of L. fulica is Ethiopia, Kenya
and the United Republic of Tanzania (Bequaert, 1950a, in Raut and Barker 2002) and was introduced to
other tropical and subtropical regions with warm and mild temperatures and high humidity. Lissachatina
fulica is well adapted to various land use and land cover types such as agricultural areas, coastal areas,
wetlands, natural forests, riparian forests, scrublands, shrublands, forest edges, plantations and modi�ed
forests (Raut, 2002; Moore, 2005) and even urban areas. This species is found to transmit diseases
through spores (found in faeces) and is known to infect a variety of agricultural plants such as pepper,
coconut, papaya and vanilla (Mead, 1961, 1979; Turner, 1964, 1967; Muniappan, 1983; Schotman, 1989).
The snail L. fulica has a tremendous impact on native biodiversity, agriculture and horticultural crops and
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is known to feed on more than 500 native plants and crop species (Raut and Baker 2002). It also
competes with native snail species (Sharma et al., 2015). Thus, there is an urgent need to understand the
relationship between climate change and L. fulica distributions since it has a signi�cant impact on
biodiversity and the livelihoods of farmers. A handful of studies have assessed invasion patterns of L.
fulica using distribution models but are on a local or regional scale (Thiengo et al., 2007; Vogler et al.,
2013; Sridhar et al., 2014; Sarma et al., 2015). A couple of recent studies at the global level shows that L.
fulica has shown low haplotype diversity for mitochondrial markers in the invaded regions of the world
(Fontanilla et al., 2014; Vijayan et al., 2020). In this study, we model the potential global distribution of L.
fulica under present climatic conditions and future climate change scenarios using a maximum entropy
algorithm. The following are the objectives of this study: (1) identify the potential distribution of L. fulica
at a global scale (2) assess the impact of climate change on invasion patterns of L. fulica across
continents, (3) test niche conservatism in invaded range and under climate change scenarios and (4)
compare haplotype richness with habitat suitability derived from niche modelling in the invaded areas.

2. Materials And Methods
2.1 Distribution data: Global L. fulica occurrence data was compiled from Global Biodiversity Information
Facility (GBIF 2021, http://www.gbif.org), India Biodiversity Portal (IBP, www.indiabiodiversity.org),
iNaturalist (www.inaturalist.org), journals, published reports, (see Sarma et al., 2015) and �eld surveys by
the �rst author. The compiled database was plotted in QGIS ver 3.18 and manually checked and cleaned
for potential errors in geo-coordinates, duplicate records, and points falling outside the study region using
the CABI database. Finally, spatial thinning was applied (see below).

2.2 Climatic variables: To predict present distribution, we used Bioclimatic variables downloaded from
WorldClim database Ver 2 (http://www.worldclim.org/). For future scenarios, i.e., 2070 (average for
2061–2080), we used �ve general circulation models viz., BCC-CSM2-MR, CanESM5, CNRM-ESM2_1,
IPSL-CM6A-LR, and MRI-ESM2_0 for two shared socio-economic pathways - SSP2 (2.6) representing a
middle-of-the-road scenario (Strongly Declining Emissions) and SSP5 (8.5) representing Fossil-fueled
Development (Rising Emissions thus, high challenges to mitigation, low challenges to adaptation). SSP
data was downloaded from https://www.worldclim.org/data/cmip6/cmip6climate.html. All bioclimatic
variables used had a spatial resolution of 5 km, i.e., 2.5 Arc minutes.

2.3 Ecological niche modelling: Current and future invasion risk at global scales was predicted using the
maximum entropy principle implemented in MaxEnt algorithm v3.4.1k (Phillips, 2004, 2006). MaxEnt is a
machine-learning technique that estimates the probability of species distribution in a given study area
using a set of environmental variables and geocoded species presence data and provides an output on a
scale of 0–1 indicating low to high suitable areas. The MaxEnt algorithm is a widely used algorithm to
the model geographic distribution of species in particular invasive species. It has robust predictions that
any other algorithms, and is relatively easy to use. The following settings were used in MaxEnt for
species distribution modelling, namely cloglog output, 10,000 background points, 5,000 iterations,

http://www.gbif.org/
http://www.gbif.org/
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subsampling and 15 replicates with other default settings. In addition, the jackknife procedure was
selected to estimate the relative contribution of each variable in the �nal model.

Pearson's correlation was used to reduce multicollinearity and over parametrisation between different
environmental variables. When a pair of environmental variables with a correlation coe�cient greater
than |r| > 0.70, one of the two highly correlated variables were excluded from the analysis. Finally, only
nine variables (Bio 1, Bio 2, Bio 3, Bio 5, Bio 12, Bio 14, Bio 18, Bio 19.) were used for modelling (Table 1).
Occurrence records are often associated with sampling biases which tend to bias the models. Therefore,
distribution records were spatially thinned to 10 km2 using the SpThin package (Aiello-Lammens et al.,
2015) in R (R Core Team, 2017) to remove the effect of sampling bias. Spatial thinning retains the fewest
records while retaining the information necessary to build robust models (Pearson et al., 2007; Syfert et
al., 2013; Verbruggen et al., 2013; Boria et al., 2014; Fourcade et al., 2014). Of the 10,132 points, 8,956
were retained after thinning for further analysis. Habitat suitability models were developed using known
occurrence records from the invasive range (invasive model), native range (native model) and combined
invasive and native ranges (global model) as proposed by Warren et al. (2008) and projected for two
future climate change scenarios. This paper presents the models and analysis based on occurrence
records for the global model. We choose both native and invaded occurrence records because the model
has the advantages of using records that are likely to be in equilibrium with the native environment and
introduced region. This leads to robust models helpful in providing information on the expansion of the
realised niche (Broennimann and Guisan, 2008; Arcelino et al., 2015; Shabani and Kumar 2015; Wan et al.,
2017).

 
 
 

Table 1
Model performance for three types of analysis

Models 10% training threshold AUC Test AUC Train AUCDIFF pAUC

Global 0.456 0.909 0.907 0.001 0.923

Native 0.299 0.995 0.990 0.005 0.485

Non-native 0.448 0.908 0.905 0.003 0.922

2.4 Model evaluation: The model was evaluated by the Area Under Receiver Operating Curve (ROC),
popularly known as AUC (Swets 1988), by setting 25% of occurrence records for testing and 75% of the
records were used for training the modelling. The AUC values vary from 0–1, where values < 0.5 signify
that the model is worse than random, 0.5–0.7 signi�es poor performance, 0.7–0.9 signi�es moderate
performance, and > 0.9 signi�es high performance (Kumar et al., 2014). The �nal model obtained showed
high-performance values indicating that performance was good. pAUC and AUCdiff were calculated as per
Lira-Noriega et al. (2020).
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2.5 Niche shift analysis: To test for potential shifts for L. fulica in native and introduced continents
(Africa, Asia, North America, Oceania and South America), we performed Principal Component Analysis
(PCA-env) approach as proposed by Broennimann et al. (2012). PCA method transforms environmental
variables into two-dimensional space projected onto 100x100 PCA grids of cells bounded by minimum
and maximum PCA values of background data. Niche overlap was measured using Schoener's D metric
to measure the niche overlap, which varies from 0 (no overlap) to 1 (complete overlap). Niche equivalency
and similarity are statistically tested from the density in environmental space (Broennimann et al., 2012).
The niche equivalency test was used to assess whether the niches of two entities being compared are
equal (display constant overlap), moderately similar (show some overlap) or signi�cantly different
(display no overlap) when occurrences are randomly shu�ed across the ranges. The equivalency was
performed by comparing the overlap (D) for native and introduced ranges with a null distribution. If the
observed niche values were lower than the overlap value from the null distribution (P < 0.05), then the null
hypothesis of niche equivalency was rejected (Broennimann et al., 2012). The niche equivalency test is
limited by the fact that evaluation is not accounting for environmental conditions of the surrounding
space of available habitat (Warren et al., 2008). Hence, the niche similarity test was adopted to assess
whether the niches of two entities are more similar or different than would be expected by chance (Warren
et al., 2008). This analysis was carried out using the "Ecospat" package (Di Cola et al., 2016) in R (R core
team 2018) with 100 replicates to ensure that the null hypothesis can be rejected with high con�dence.
Further, this approach is considered robust as it uses kernel density smoothing to mitigate the effects of
sampling bias (Petitpierre et al., 2012).

 

2.6 Range contraction and expansion: We calculated the percentage change in habitat suitability for
current and future models. We categorised the �nal model arbitrarily into four suitable categories
according to Hamid et al. (2018): Not suitable habitat (0.0–0.25) where the probability of occurrence of
species is not greater than 25% in a given grid. Low suitable habitats (0.25–0.50) where the probability of
occurrence of species is between 25–50%. Moderately suitable habitat (0.50–0.75) where the probability
of occurrence of species is 50–75% and highly suitable habitat (0.75–1.00) where the probability of
occurrence of species range from 75–100%. We used DIVA-GIS (Hijmans et al. 2001) to calculate the
percentage of area change by simple subtracting.

 

2.7 Haplotype analysis: Lissachatina fulica haplotype richness data for two mitochondrial markers viz.,
16S rRNA and Cytochrome oxidase I (CoI) was compiled from Fontanilla et al. (2014) and Vijayan et al.
(2020), respectively. For each site, habitat suitability value was extracted from niche modelling output for
the current scenario using the point-sampling tool in QGIS ver 3.08. Linear regression was performed for
habitat suitability value with haplotype richness in PAST (Hammer et al., 2001).
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3. Results
3.1 Model performance and variable contribution: The MaxEnt output for all three models (global, native
and invasive ranges) showed a good �t with AUC values of 0.909, 0.995 and 0.908, respectively (Table 1).
Partial AUC is also high for a global and invasive model except for the native model (Table 1). The
analysis of variable contribution showed that Mean Precipitation (Bio 12; 66 percent) and Annual Mean
Temperature (Bio 1; 23.6 percent) contributed 89.6 per cent to the model. Rest 10.5 per cent is contributed
by Bio 2, Bio 3, Bio 5, Bio 14, Bio 18 and Bio 19.

3.2 Current global invasion hotspot: Under the current climatic condition, the suitable area for L. fulica is
seen in most part South America (except southern regions), south-eastern parts of North America, the
central part of the African continent and Madagascar, part of the south and south-east Asia, eastern
China, the northern part of Australia and all most all oceanic islands are vulnerable to invasion (Fig. 1a).

3.3 Future global invasion hotspot: Under SSP 2.6 climate change scenario, there is a signi�cant increase
in the habitat suitability for L. fulica across its invaded ranges. Already moderately suitable areas are
likely to become highly suitable, as seen in regions such as South America and South and south-east
Asia (Fig. 2b). A similar trend was observed under SSP 8.5 scenario as well (Fig. 2c). Under SSP 8.5, the
expansion occurs in most parts of India, eastern China, eastern USA, southern South America, equatorial
Africa, and northern and eastern Australia. There is a northward shift in the suitable areas (Fig. 2b).
According to the niche model, under SSP 8.5, most parts of western and south-western Europe will
become moderately suitable for L. fulica invasion. The analysis of area changes reveals a signi�cant
increase in the suitable area by 15% (168,490 km2) and 47% (539,067 km2) respectively in SSP 2.6 and
SSP 8.5 (Fig. 2c) in the current scenario. Very small suitable areas show contraction under changing
climate.

3.4. Test for niche conservatism: Niche overlap measured using Schoener's D between the native and
invaded regions for L. fulica was found to be 21%, 29%, 34%, and 38% between current and future
scenarios for Asia, Africa (introduced), South America and North America and Oceania respectively
(Table 2). The PCAenv analysis showed that the PC1 retained the maximum variation (native vs
introduced regions) ranging from 28% (for North America) to 38.68% (for Asia). In contrast, the maximum
variation retained by the PC2 ranged from 22.12% (for South America) to 25.10% (for Africa) (Table 2).
The niche conservatism test between the native and invaded regions revealed that the species had
undergone shifts in its climatic niche only in North America. The native African and Asian, South
American and African (introduced) niches completely overlap. However, our result shows that there is a
considerable expansion into new environments in these regions. For North America, there is a niche shift
by about 50% (Fig. 3). The analysis shows niche expansion in Africa (introduced), South America and
Asia compared to un�lling value. In these continents, the L. fulica occupied a wide range of climatic
conditions compared to the native region. Lissachatina fulica successfully colonises novel environmental
conditions across invaded regions (Niche expansion) by 46.3%, 55.4%, 48%, and 29% in Africa
(introduced), Asia, North America and South America, respectively. Niche comparisons for native and
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introduced regions showed that the null hypotheses for niche equivalency were not rejected for all
continents (non-signi�cant, P > 0.05). The results from the niche equivalency tests showed that the niche
inhabited by L. fulica was identical in the case of Asia, South America and Africa (introduced) and not
identical in the cases of North America. In addition to this, the niche similarity test for L. fulica, the null
hypothesis was not rejected (P < 0.05) for North America (Fig. 2; Table 2), and the climate niches in Africa
(introduced), Asia and Southern America are no more similar than expected by chance (no signi�cant, P > 
0.05). The results for North America shows that L. fulica could occupy most of the areas with the similar
climatic condition to those found in Africa (native range). Niche similarity tests also showed that L. fulica
occupies similar conditions in invaded regions.

 
 
 

Table 2
Evidence of invasion potential and niche shift in L. fulica across different regions of the

world.
Region Africa (Introduced) Asia North America South America

Schoener's D 0.287 0.210 0.383 0.340

Equivalency (p=) 1.000 0.976 0.537 0.700

Similarity (p=) 0.224 0.072 0.002 0.210

Expansion 0.463 0.554 0.479 0.294

Stability 0.537 0.446 0.521 0.706

Un�lling 0.000 0.000 0.643 0.000

PC Axis 1 36.43 38.68 28.10 39.40

PC Axis 2 25.10 23.80 22.73 22.12
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Table 2
Changes in the habitat suitability of L. fulica under different climate change scenarios.

Habitat Suitability Area (km2)

0.1–0.25 0.25–0.50 0.50–0.75 0.75–1.0

Present 173,71,708.00

(62.14%)

80,52,665.00

(28.80%)

20,43,588.00

(7.31%)

4,89,154.00

(1.75%)

RCP 2.6 161,28,611.00

(59.83%)

78,35,824.00

(29.97%)

25,18,470.00

(9.34%)

4,72,963.00

(1.75%)

RCP 8.5 157,58,551.00

(62.09%)

71,53,268.00

(28.18%)

20,52,038.00

(8.09%)

4,16,680.00

(1.64%)

3.5 Haplotype richness vs habitat suitability

The haplotype richness for both markers (CoI and 16S) for L. fulica shows that except populations from
Mayotte, Tanzania, and UAE, a signi�cant number of sites have low richness occurring in highly suitable
areas (Fig. 4). On the other hand, all Indian, south-east Asian and South American populations have very
low haplotype richness occurring in relatively high suitable areas. Furthermore, the analysis carried out
for the CoI marker shows that there is a signi�cant negative relationship between haplotype richness and
habitat suitability (r= -0.645, p < 0.001, n = 25) and for 16S rRNA, the relationship is not signi�cant (r = 
0.128, p > 0.05, n = 34; Fig. 3; Table 4).

 

4. Discussion
Globally worst invasive species are the greatest threat to biodiversity, economy, ecosystems and human
health. Lissachatina fulica species is widely distributed in over 70 countries (CABI, 2021) across all
continents except the Arctic and Antarctic. Management of this species is paramount, given its impact.
Species distribution models or ecological niche models are a simple and robust method for providing
early warnings of the potential spread of invasive species and are widely used to prevent, detect, and
assess invasive risk (Petitpierre et al., 2012; Fernandes et al., 2014). This study used the species
distribution model to assess the global invasion potential of L. fulica, one of the 100 worst invasive
species in the world (Lowe et al., 2000) and explored niche dynamics. Its rapid spread into many places
worldwide is an issue of great concern for agriculture, economy, and native biodiversity (Raut and Barker,
2002). The broad climatic tolerance, large size, high reproductive output, voracious and varied food
preferences make L. fulica a successful invader across continents (Raut and Baker 2002; Thiengo et al.,
2007; Gregoric et al., 2011; Sarma et al., 2015). This study showed the potential region of invasion under
present and two future climate change scenarios that can be used to manage this highly invasive species
along with the environmental drivers of distribution. In our study, precipitation and warm temperatures
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were the most important climatic factors driving L. fulica distribution, which is consistent with variables
explaining other land snail distributions. The model predictions for present and future climatic conditions
revealed that the Southern parts of North America and Central America as well as northern parts of South
America, central Africa, South and South-east Asia, Northern Australia and Oceanic Islands are highly
suitable, indicating that L. fulica can spread and colonise regions with novel climatic condition (see
below).

Species distribution model results showed a signi�cant increase in the suitable area under two climate
change scenarios assessed here. The increase in the range under climate change scenarios ranges from
15 percent to 47 percent. There is also an increase in the total area of invasion under both climate change
scenarios to the extent of one million to 3.5 million km2. Earlier modelling efforts by Sarma et al. (2015)
for India showed an increase of up to seven per cent. Thus, many parts of tropical regions of the world
will become highly vulnerable to invasion in the near future. On the other hand, in Australia, the L. fulica is
a regulated pest and not present at the moment (Walker, 2005), but this area is highly vulnerable to
invasion and should be prepared to prevent future deliberate and/or accidental introduction.

4.1 Niche shift and niche overlap
The results on niche comparison studies for L. fulica across multiple continents provides strong evidence
of expansion across all continents and niche shifts between native Africa and North America, indicating
that this species has the potential to occupy the novel climatic conditions. Our analysis revealed that the
native occupied climatic niche of L. fulica has not remained entirely conserved in introduced ranges
across continents. Niche shifts and expansion have been demonstrated in a wide variety of taxa,
including plants and animals (Broennimann et al., 2007; Gallagher et al., 2010; Strubbe 2013; Guisan et
al., 2013; Ihlow et al., 2016; Atwater et al., 2018; Datta et al., 2019) and our results are in agreement with
previous studies. Our study showed that L. fulica can invade regions with both similar and different
climatic conditions than those found in its native range in Africa. Several examples across taxonomic
groups have shown that many invasive species occupy different climatic niches once introduced (Dreyer
et al., 2019; Lopez et al., 2017). Our results also infer that species with narrower climatic niches in native
ranges show signi�cantly higher rates of niche expansion in the introduced range. These results agree
with other similar studies on pests such as Delia antiqua and Phenacoccus solenopsis (Wei, 2017; Ning et
al., 2017). The study shows a signi�cant niche expansion in South America, Asia and Africa. A small
proportion of the niche in North America remains un�lled. This will have an implication on the future
spread of this species. Comparisons between native African versus global introduced niche revealed a
considerable amount of unoccupied niche space in the species native range. A high amount of
unoccupied niche space in the native range may be explained by the presence of natural enemies such as
carnivorous snails and Carabid beetles (Davis and Butler Jr, 1964). The absence of natural enemies in the
introduced ranges might have facilitated the observed niche expansion and, in turn, the spread of L. fulica
throughout the globe. Given the wide range of food preferences, simultaneous hermaphroditism nature,
high reproductive output and low genetic diversity among the introduced populations make L. fulica more
invasive rather than basic evolutionary process in niche expansion in the introduced regions.
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Lissachatina fulica’s nature of adapting to the different climatic conditions would be a cause of worry as
this species can invade to the new regions with different climatic conditions in the future. It is worth
looking at the new potential areas of adaptability and formulating effective management strategies to
prevent socio-economic and biodiversity risks.

The niche overlap of L. fulica was very low, ranging from 1.10 percent (South America) to 18.91 percent
(Africa), indicating that this L. fulica adapted well to different environmental conditions in this non-native
range. The present study showed that the shift observed in the climatic niches of L. fulica in Asia and
Southern America is mainly due to niche expansion. Hence, the presence of L. fulica in novel
environmental conditions in its introduced regions suggest that its niche has not been conserved during
the process of invasion. Our results suggest that the species has the capacity to invade more new regions
than previously thought.

4.2 Genetic diversity and invasion
From a global perspective, one can see that the native range has higher L. fulica haplotype richness
(Tanzania) than invaded ranges for both markers. An earlier study has revealed the presence of 16 COI
haplotypes of L. fulica in Asia and Africa. The UAE showed the highest haplotype and nucleotide
diversities (Vijayan et al., 2020) among the introduced ranges. For 16S, the 18 haplotypes varied across
20 sites (Table 2). Eight haplotypes were found in Uganda and Tanzania. The study indicated that the
majority of the haplotypes are found in East Africa and the Indian Ocean islands (Fontanilla et al., 2014).
Our results show that all regions where L. fulica has invaded have very low genetic diversity for both the
mitochondrial markers. A similar pattern was seen in Corbicula �umea where the invaded region has low
genetic diversity compared to native ranges (Gomes et al., 206). In apple snails, Yang et al. (2018) found
that haplotype diversities were lower in Pomacea maculata populations in China than in the native range.
Similarly, low genetic diversity was also reported from the introduced population of Impatiens
glandulifera in Europe (Hagenblad et al., 2015). However, these studies didn't consider ENM analysis to
check if high habitat suitability regions have higher or lower genetic diversity. In future, studies using
more mitochondrial markers might give us better insight into the genetic diversity in relation to invasion.

A large number of studies comparing the genetic diversity of invasive plants in their native and
introduced ranges have been carried out in different species across the world (Hagenblad et al., 2015).
The review of studies indicates that, in general, there is a loss in genetic diversity upon invasion
(Hagenblad et al., 2015). Recent global haplotype network analysis of L. fulica has revealed very low
genetic differentiation among invaded populations (Fontanilla et al., 2014). Low genetic diversity and
high invasibility of introduced species have been shown in other taxa (Hagenblad et al., 2015; Edelaar et
al., 2015). Despite low genetic diversity, the capacity of invasive species to spread may be due to high
phenotypic plasticity (Hagenblad et al., 2015). More studies are required to assess the nature of plasticity
exhibited by L. fulica in its introduced ranges.

4.3 Management of L. fulica
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Management of one of the greatest invertebrate invaders is challenging for the forest managers and
farmers. Several chemical, biological and manual control methods have been tried to manage this
species, but at a local or a small scale but with limited success (Raut and Baker 2002). There is a need to
use a combination of these methods such as manual collection and killing, use of eco-friendly pesticides,
synthetic chemicals (Rhoda et al., 2019), chemical baits such as metaldehyde and several local methods
such as the use of kerosene, coffee powder (Nair et al., 1968; Raut and Ghose, 1984; Panigrahi and Raut,
1994; Nelson 2012) were also tried with decent success in managing this species. Plant-based pesticides
like Phytolacca dodecandra, Thevetia peruviana (Raut and Barker, 2002) and Annona glabra (Prasad et
al., 2004) were found to be effective against this pest. Using invasive species to make products as a
control measure has been used in some invasive plant species in Southern India (Uma Shaanker et al.,
2010) with considerable success. A similar kind of approach for L. fulica should be considered. For
example, L. fulica, with nearly 60 percent protein in the soft tissues (Creswell and Kompiang, 1981), can
be used as �sh and poultry feed (Creswell and Kompiang, 1981; Diarra et al., 2015; Diomandé et al.
2008). These studies have shown a signi�cant increase in the growth of poultry when fed with snail meal
in combination with other feeds (Creswell and Kompiang, 1981; Diarra et al., 2015; Diomandé et al.,
2008). Thus, there is a high potential of using L. fulica, which will have threefold bene�ts a) controlling
the snail menace, b) reducing the cost of poultry feed and increasing growth and c) livelihoods of the
poor people who can be employed for collection and processing. Later is particularly important in the
under-developed or developing countries where a large section of the society is under the poverty line. The
citizen science approach has been used extensively in the early detection of introduced species (e.g.,
Mohapatra and Aravind, 2021). This will help detect the species when the population is small, which can
help in designing appropriate control measures by the concerned department. The early detection and
eradication should ideally be taken up at a much smaller scale like district (county) or taluka. A national-
level long-term programme for managing this species should be devised for each country. Also, the
further introduction should be banned. There is a big pet market for L. fulica in a country like India
(Aravind Personal Observation). This market demand encourages pet owners to breed, distribute, and
often release into the wild. This needs to be addressed on a priority basis by either educating the
concerned stakeholders or bringing in policy/law banning the breeding and selling of this species.

5. Conclusions
In conclusion, niche expansion and climate niche shifts of L. fulica suggest that the snail could adapt to
novel environmental conditions generated due to climate change despite having low haplotype diversity
across the introduced range. Furthermore, adaptation to novel climatic conditions increases its capacity
for invasion in the absence of predators, pathogens or competitors, leading to expansion in population
and distribution ranges and �nally, modelling tools such as ENM in combination with data from the
citizen science approach used in our study help in making decisions to prioritise areas for management
of this invasive species and conservation of endemic species against the risk of invasion by L. fulica.
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Figure 1

Potential distribution of L. fulica under present (A), SSP2.6 (B) and SSP 8.5 (C)  

Figure 2
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Change in the suitability from current scenario to SSP 2.6 (a) and SSP 8.5 (b). Total area change is in
millions of kilometres is given in (c).

Figure 3

Summary of Niche conservatism test analysis. (a) The density of species occurrences in native (Africa)
vs introduced regions of the world. The solid and dashed lines show 100% and 50% of the available
(background) environment. The blue colour indicates the niche overlap between native and introduced
regions; the green colour indicates niche un�lling and the red colour niche expansion. The red arrow
indicates the change in the niche centroid between native and Introduced range and centroid shift
between native and introduced region, (b-c) niche equivalency and similarity tests and (d) The correlation
circle shows the variable importance along the �rst two principal axes.
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Figure 4

Habitat suitability versus haplotype richness for L. fulica at the global level. The vertical dashed line
indicates a 10% training threshold derived from maxent output for the current climatic scenario


