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RESUMO

Fasciola hepatica, um trematdédeo de importancia meédica e veterinaria, é o
agente causador da fasciolose e representa uma preocupagao no contexto da Saude
Unica. No Brasil, a infeccdo em humanos é frequentemente subdiagnosticada e
subnotificada, enquanto, em ruminantes — especialmente bovinos e ovinos —
apresenta alta endemicidade, com destaque para as regides Sudeste e Sul.
Considerando a expressiva produgao pecuaria nacional, este estudo teve como
objetivo mapear a distribuicdo atual da fasciolose e identificar fatores associados a
sua transmissao, com énfase nas mudancas no uso da terra e na ocorréncia e
distribuicdo dos hospedeiros intermediarios na América do Sul. Foram analisados
dados de uso e cobertura do solo (MAPBIOMAS) e registros de inspegédo de F.
hepatica em figados bovinos oriundos de abatedouros sob fiscalizagao do SIF/MAPA
entre 2002 e 2020. Informacdes sobre a ocorréncia de Pseudosuccinea columella,
Galba cubensis, Galba schirazensis e Galba truncatula foram obtidas por meio de
revisédo bibliografica e da Colecdo Malacoldgica do Instituto Oswaldo Cruz (I0C). A
modelagem de nicho ecoldgico, baseada em algoritmos de aprendizado de maquina,
foi utilizada para estimar areas de potencial distribuicdo dessas espécies. Mais de dois
milhdes de figados bovinos apresentaram infeccdo por F. hepatica. Na regiao Norte,
observou-se um aumento expressivo da area de pastagens (p = 0,000001),
acompanhado por redugao proporcional da cobertura florestal. As regides Centro-
Oeste e Norte concentraram o maior numero de bovinos abatidos (> 290 milhdes),
sendo que o0 numero de municipios com registros de figados infectados passou de
194, em 2002, para 747, em 2020. Esses resultados sugerem que a expansao da
fasciolose pode estar relacionada as alteragdes no uso da terra e ao intenso transporte
de gado contaminado. Na modelagem, P. columella e G. cubensis apresentaram
ampla adequabilidade ambiental, principalmente influenciada pela precipitacao,
enquanto G. schirazensis e G. truncatula, mais sensiveis a temperatura, mostraram
distribuicao restrita a areas de maior altitude. Observou-se sobreposi¢cdo de nicho
entre P. columella e G. cubensis (0,46), e entre G. schirazensis e G. truncatula (0,56),
com areas ambientalmente favoraveis identificadas na Argentina, Peru, Bolivia e
Brasil. No territorio brasileiro, P. columella apresentou alta adequabilidade nos biomas
Cerrado e Amazoénia, regides impactadas pelo desmatamento e pela conversao de
areas nativas em pastagens. Galba cubensis também demonstrou grande potencial
como hospedeiro intermediario no pais, com ampla distribuicdo prevista. Diante desse
cenario, torna-se evidente a expansao de F. hepatica por meio de seus hospedeiros
intermediarios e definitivos, ressaltando a necessidade de revisdo dos mecanismos
de fiscalizagdo sanitaria relacionados ao transito de bovinos. O controle da
movimentagcdo de gado pode subsidiar estratégias para restringir a ocupacao
desordenada de novas areas. Ademais, medidas urgentes devem ser adotadas para
conter a transmissdao da fasciolose em regides com populagdes vulneraveis e
hospedeiros silvestres, sobretudo considerando a crescente produgao bovina em
areas ilegais, como terras indigenas e unidades de conservagao, o que eleva 0s riscos
sanitarios e ecoldgicos e favorece a introdugao de novos patdégenos em ambientes de
elevada biodiversidade.

Palavras-chave: Fasciolose, Desmatamento, Producdo pecuaria, Lymnaeidae,
Modelagem de nicho ecoldgico.



ABSTRACT

Fasciola hepatica, a trematode of medical and veterinary importance, is the
causative agent of fascioliasis and represents a concern within the One Health
framework. In Brazil, human infection is often underdiagnosed and underreported,
while in ruminants—especially cattle and sheep—it shows high endemicity, particularly
in the Southeast and South regions. Considering the country's extensive livestock
production, this study aimed to map the current distribution of fascioliasis and identify
factors associated with its transmission, with emphasis on land-use changes and the
occurrence and distribution of intermediate hosts in South America. Land-use and
land-cover data (MAPBIOMAS) and records of F. hepatica infection in cattle livers from
slaughterhouses under SIF/MAPA inspection between 2002 and 2020 were analyzed.
Occurrence records of Pseudosuccinea columella, Galba cubensis, Galba
schirazensis, and Galba truncatula were obtained through a literature review and from
the Mollusk Collection of the Oswaldo Cruz Institute (I0C). Ecological niche modeling,
using machine learning algorithms, was employed to estimate the potential distribution
areas of these species. Over two million cattle livers were found to be infected with F.
hepatica. In the Northern region, pasture areas increased significantly (p = 0.000001),
accompanied by a proportional reduction in forest cover. The Central-West and
Northern regions recorded the highest number of slaughtered cattle (> 290 million),
with infected livers reported in 194 municipalities in 2002 and 747 in 2020. These
findings suggest that the expansion of fascioliasis may be related to land-use changes
and the intense movement of infected livestock. In the models, P. columella and G.
cubensis showed broad environmental suitability, mainly influenced by precipitation,
whereas G. schirazensis and G. truncatula, more sensitive to temperature, exhibited a
more restricted distribution in higher altitude areas. Niche overlap was observed
between P. columella and G. cubensis (0.46), and between G. schirazensis and G.
truncatula (0.56), with environmentally suitable areas identified in Argentina, Peru,
Bolivia, and Brazil. In Brazil, P. columella showed high suitability in the Cerrado and
Amazon biomes, which are heavily affected by deforestation and pasture expansion.
Galba cubensis also demonstrated strong potential as an intermediate host, with wide
predicted distribution across the country. Given this scenario, the expansion of F.
hepatica through its intermediate and definitive hosts becomes evident, highlighting
the need to revise sanitary control mechanisms related to cattle transport. Monitoring
livestock movement may support strategies to limit the unregulated occupation of new
areas. Furthermore, urgent control measures must be implemented to prevent
fascioliasis transmission in regions with vulnerable populations and wildlife hosts,
especially in the context of increasing cattle production in illegal areas, such as
Indigenous lands and conservation units, which raises both sanitary and ecological
risks and favors the introduction of new pathogens in highly biodiverse environments.

Keywords: Fasciolosis, Forest deforestation, Cattle production, Lymnaeidae

Ecological niche modeling.
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1. INTRODUCTION

Fasciola hepatica is a parasitic flatworm of the class Trematoda, belonging to the
family Fasciolidae, which also includes two other recognized species: Fasciola
gigantica and Fasciola nyanzae (Bargues et al., 2022). The latter was more recently
described from infections in hippopotamus livers in Africa; however, to date, there is
no evidence of its epidemiological relevance for human infections (Bargues et al.,
2022). In contrast, F. hepatica and F. gigantica are etiological agents of medical and
veterinary importance, with a recognized impact on both human health and animal
production (Mas-Coma et al., 2009; Bargues et al., 2022).

The life cycle of Fasciola species involves freshwater gastropods from the family
Lymnaeidae as intermediate hosts (Alda et al., 2021). Infection of snails occurs through
the penetration of miracidia, larval forms released into the environment following egg
development and hatching. Inside these hosts, the parasite undergoes asexual
multiplication, giving rise to cercariae that are released into aquatic environments and
encyst as metacercariae. This resistant form enables the parasite to survive under
adverse environmental conditions until ingestion by a vertebrate host through
contaminated water or food (Mas-Coma et al., 2009; Alba et al., 2020).

The dynamics of the life cycle are strongly influenced by environmental factors,
including both landscape and climatic conditions (Alba et al., 2020). Pasture areas,
temperature, and precipitation, for instance, have direct effects on the biology and
ecology of snail hosts, as well as on the free-living stages of the parasite (Bennema et
al., 2017; Galavani et al., 2024).

Ingestion of metacercariae can lead to the development of fasciolosis, whose
clinical severity depends on multiple factors, such as the infective dose (mild or
massive infection), the strain involved, and the host's immunological and nutritional
status (Mas-Coma et al., 2009; Alba et al., 2020). It is a zoonosis with wide geographic
distribution, with reports on all continents except Antarctica (Bargues et al., 2022). This
broad distribution is strongly associated with the presence of vector snails and the
parasite-host interaction. Species of the genus Galba, for example, are highly
susceptible to infection by F. hepatica, which accounts for the highest global burden of
infections, with records from the Americas, Europe, Africa, Asia, and Oceania
(Vazquez et al., 2018; Bargues et al., 2022). In contrast, F. gigantica is restricted to
Africa and Asia and is more commonly associated with Radix snails, whose distribution

is also limited to those continents (Vazquez et al., 2018; Bargues et al., 2022).
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In addition to the diversity of invertebrate hosts, several vertebrate species may
serve as definitive hosts, including humans and wild animals (Mas-Coma et al., 2009;
Alba et al., 2020). However, infections in domestic animals such as cattle, sheep,
goats, and water buffalo are more frequently observed and studied. This is due to the
economic impact caused by losses in meat and milk production, reinforcing the
veterinary importance of the disease (Molento et al., 2020).

Human infections, in turn, remain largely underdiagnosed and underreported
(Sabourin et al., 2018; Alba et al., 2020). Exceptions are observed in hyperendemic
areas, such as the Bolivian Altiplano, where mass treatment campaigns are
occasionally conducted to reduce disease prevalence and impact (Bargues et al.,
2021). In Brazil, on the other hand, knowledge about human infections by F. hepatica
is still limited and generally inferred from infection data in animals (Alba et al., 2020).
Animals slaughtered in federally inspected slaughterhouses (SIF/MAPA) undergo liver
evaluation, where the presence of the parasite or compatible lesions, such as bile duct
fibrosis, may be recorded (MAPA, 2024).

Currently, the reemergence of fasciolosis has been observed in various regions
of the world, driven by multiple factors including biological, environmental, social,
scientific, and political aspects (Alba et al., 2020). In this context, recognizing
fasciolosis as a One Health issue is fundamental. The disease should not be
addressed solely in terms of livestock production losses but must also consider animal
welfare and impacts on human health. Additionally, the expanding occurrence of F.
hepatica has been associated with the growth of livestock production and
deforestation, especially in environmentally sensitive areas (McMannus et al., 2016;
Alba et al., 2020).

Considering this scenario, characterized by increasing deforestation and
livestock expansion in already fragile biomes such as the Amazon, Cerrado, and
Pantanal (McMannus et al., 2016; Alba et al., 2020), along with the intensification of
cattle production over the years (MAPA, 2024; MapBiomas), the central objective of
this thesis was to investigate the distribution of Fasciola hepatica in Brazil, in a context
of intense land-use change, and to address fasciolosis as a One Health issue.
Moreover, it aimed to identify areas potentially susceptible to human transmission and
occurrence through the analysis of cattle infection and ecological niche modeling for

four epidemiologically relevant vector snail species in South America. The snail



13

species whose ecological niches were modeled in this work were Pseudosuccinea

columella, Galba cubensis, Galba schirazensis, and Galba truncatula.
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2. CHAPTER 1 - GEOGRAPHIC EXPANSION OF Fasciola hepatica
(LINNAEUS, 1758) DUE TO CHANGES IN LAND USE AND COVER IN BRAZIL
https://doi.org/10.1016/j.ijpara.2023.12.003

Thayany Magalhdes de Almeida?, Irineu Romero Neto?, Yara de Oliveira Brandao?,

Marcelo Beltrdo Molento?®”

@ Laboratory of Veterinary Clinical Parasitology, Federal University of Parana. R: dos
Funcionarios, 1540. Curitiba, PR, Brazil. CEP: 80.035-050.

ABSTRACT

Fasciolosis is caused by parasites of the genus Fasciola, affecting animals and
humans worldwide. In South America, the disease is a result of infection with Fasciola
hepatica, and although animal infections are more frequently reported, the full extent
of the impact on human health due to underdiagnosis remains uncertain. This study
analyzed changes in land use and the distribution of F. hepatica in bovine livers in
Brazil over 18 years. Data on land use and land cover were collected from the
Mapbiomas Project. Data on 414,481,963 slaughtered cattle and condemned livers
due to F. hepatica infection were obtained from 4,433 municipalities. Joinpoint analysis
was used to study the time series, and the Susceptible-Infected-Recovered (SIR)
model was utilized to explore the behavior of F. hepatica infection. In the North, pasture
areas significantly increased (P = 0.000001), while forested areas decreased (P =
0.000001). The midwestern and northern regions concentrated the highest number (>
290 million) of cattle slaughtered in Brazil. More than 2 million bovine livers were
infected by F. hepatica. The infected cattle originated from 194 municipalities in 2002,
increasing to 747 in 2020. We consider that the changes in land use and intense cattle
transportation may have caused the expansion of F. hepatica. The SIR model analyzed
the spread of the disease looking at all six biomes: Caatinga, Amazon Forest, Cerrado,
Pantanal, Atlantic Forest, and Pampa. Moreover, this infection not only threatens the
health of animals but is also a major concern to biodiversity and vulnerable human
communities in South America. Emblematic biomes such as the Amazon basin already
face challenges with logging, desertification, and loss of biodiversity. Therefore,
strategies for mitigating infection should include controlling illegal pasture areas,
establishing health inspections of animal transport, quarantine of newly arrived
animals, and livestock zoning, as well as clear One Health policies.

Keywords: Deforestation; Zoonosis; Epidemiology; Fasciolosis; Cattle

2.1 INTRODUCTION
Fasciola hepatica is responsible for causing food-borne trematode infection
worldwide. The infection affects domestic and wild animals and humans. In addition to

F. hepatica, two other species are known, Fasciola gigantica and Fasciola nyanzae
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(Alba et al., 2020; Bargues et al., 2022), but only F. hepatica and F. gigantica have
been associated with infections in humans (Mas-Coma et al., 2009; Sabourin et al.,
2018; Lalor et al., 2021). The parasite affects the liver and uses freshwater mollusks
of the Lymnaeidae family (Radix in Africa and Asia and Galba/Fossaria in Europe,
Asia, Africa, the Americas, and Oceania) as intermediate hosts (IH) (Bargues et al.,
2022). The main species of mollusk known in the transmission cycle of F. hepatica in
Brazil is Pseudosuccinea columella (Say, 1817). This IH is distributed in the southern
and southeastern regions of Brazil, with few occurrences in other regions (Medeiros et
al., 2014).

Infection by Fasciola spp. can cause chronic lesions in the biliary tract,
depending on the number of ingested eggs and the host’'s immune and nutritional
status (Mas-Coma et al., 2009). However, clinical signs are common in other diseases,
making diagnosis challenging, especially in humans. Apathy, abdominal pain, anemia,
and severe weight loss can be observed (Bloemhoff et al., 2015; Lalor et al., 2021).
The diversity of clinical signs and different onset times can interfere with the estimation
of disease morbidity and mortality (Alba et al., 2020). An estimated 180 million people
are at risk of infection, with a prevalence of 30 to 70 million cases of Fasciola spp.
infection worldwide (Sabourin et al., 2018). Animal infection is highly prevalent in over
600 million cattle (Toet et al., 2014). The infection leads to global losses of US $3.2
billion per year due to reduced weight gain and milk production (Alba et al., 2020).
Annual losses in Brazil are estimated at US$ 210 million (Molento et al., 2020).

Considered a Neglected Tropical Disease (NTD) (Rojas et al., 2010; Mas-
Coma et al., 2019; Alba et al., 2020), fasciolosis has ceased to be a secondary concern
and has become a parasitic disease of notable importance, gaining prominence on the
World Health Organization’s agenda as a priority disease to be eradicated or controlled
(WHO, 2013). However, controlling the disease is extremely challenging due to its
complex epidemiology, which can be influenced by environmental factors (climate and
land use), social factors (low-income countries), and biological factors (ecological
invasion by species such as cattle) (Mas-Coma et al., 2019; Alba et al., 2020).

Changes in land use practices exert an important influence on the distribution
and prevalence of the disease by favoring increased opportunities for interaction
between the parasite and its hosts. Large areas of pastureland designated for livestock
farming may include bodies of water, large-scale drainage systems, ditches, and

irrigation systems, often used to meet the demands of beef production (Robinson et
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al., 2011). This creates favorable environments for the development of the intermediate
host (IH) close to the definitive host (DH), resulting in an increased probability of
infection when the parasite is present (Alba et al., 2020).

In Brazil, land use and land cover are heavily influenced by livestock
production, resulting in the creation of extensive pasture areas, primarily driven by the
movement of cattle from the southern and southeastern regions to the northern part of
the country. McMannus et al. (2016) reported an increase of up to 40% in the cattle
population in the north, a movement led by humans. Deforestation for the
establishment of pasture and agricultural production areas has been a consequence
of this expansion, encroaching upon fragile biomes (Skidmore et al., 2021). Another
consequence, besides deforestation, is the sanitary risks associated with this
movement of cattle without authorization, inspection at interstate borders, and the lack
of rigorous veterinary sanitary protocols. Control measures contribute to increasing
animal safety and preventing the spread of diseases (e.g., tuberculosis and foot-and-
mouth disease). Unfortunately, little to no inspection of neglected diseases is being
carried out in Brazil or other regions. In this context, infected animals can be moved to
areas with no disease records (Machado et al., 2019; Dadar et al., 2022). In Australia,
the state of Western Australia is a region that is free from F. hepatica infection,
maintained through compulsory fasciolicide treatment of all animals entering the state
(Palmer et al., 2014).

The movement of cattle without inspection to new pasture areas produces, in
addition to impacts on environmental and animal health, impacts on human health.
Human fasciolosis is generally associated with areas of animal infection (Mas-Coma
et al., 1999; Esteban et al., 2002; Ashrafi et al., 2015). The occurrence of F. hepatica
in humans in the Brazilian Amazon (Maciel et al., 2018) indicates the active spread of
the parasite to northern Brazil. The exploitation of land in the southern Amazon region,
including protected areas and indigenous lands, for cattle production (Garcia et al.,
2017) can result in underdiagnosis due to limited medical access and scarce laboratory
facilities in remote areas (M.B. Molento, personal communication), hiding the risk of
spreading the disease (Ekwem et al., 2021). The objective of this study was to examine
the impacts of modification in land use and cover practices over 18 years and their

implications for the temporal changes in the distribution of F. hepatica in Brazil.
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2.2 MATERIAL AND METHODS
2.2.1 Study area

Brazil occupies more than 851 million hectares (ha) divided into five
geopolitical regions (Fig. 1A). The country has six inland biomes: the Amazon Forest,
Cerrado, Caatinga, Pampa, Pantanal, and Atlantic Forest (Fig. 1B) (IBGE -
https://www.ibge.gov.br/geociencias/informacoes-ambientais/vegetacao/15842-

biomas.html).
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Figure 1. Locations of geographic regions (A) and biomes (B) in Brazil. AC, Acre; AL, Alagoas; AP,
Amapa; AM, Amazonas; BA, Bahia; CE, Ceara; DF, Distrito Federal; ES, Espirito Santo; GO, Goias;
MA, Maranhao; MT, Mato Grosso; MS, Mato Grosso do Sul; MG, Minas Gerais; PA, Para; PB, Paraiba;
PR, Parana; PE, Pernambuco; PI, Piaui; RJ, Rio de Janeiro; RN, Rio Grande do Norte; RS, Rio Grande
do Sul; RO, Rondénia; RR, Roraima; SC, Santa Catarina; SP, Sdo Paulo; SE, Sergipe; TO, Tocantins.

2.2.2 Land use and coverage data

The land use and land cover data were obtained from 2002 to 2020 from
Collection 71 (2022) of the MapBiomas Project, Brazil
(https://plataforma.brasil.mapbiomas.org/), with a spatial resolution of 30 m. The
download of the images and the area statistics (in ha) for the selected geometries and
periods were obtained through Toolkits, prepared in the Google Earth Engine (GEE)

(https://earthengine.google.com/) as indicated by the platform itself. Landscape
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statistics were obtained for forested areas, pastures for livestock activities, and crop

areas in the five geographical regions.

2.2.3 Data on slaughtered and infected cattle

Data on the number of slaughtered cattle and bovine livers infected by F.
hepatica were obtained from publicly available data from the Federal Meat Inspection
Service of the Ministry of Agriculture, Livestock, and Supply (SIF/Mapa -
https://www.gov.br/agricultura/pt-br/assuntos/inspecao/produtos-animal/sif),  Brazil.
Data collection from 2002 to 2020, with 2002 set as the lower limit due to the
unavailability of information for earlier years, and 2020 set as the upper limit because
information was only available before that date at the time the data were collected.
Bovine livers are inspected according to the guidelines that standardize the
techniques, facilities, and equipment necessary for the evaluation of meat quality
(Mapa, 2017 - https://www.gov.br/agricultura/pt-br/assuntos/inspecao/produtos-
animal/empresario/arquivos/copy2_of TOMOdebovinosemPDF.pdf,). This inspection
includes visual evaluation and palpation of the livers and, when the presence of the
parasite is identified, the organ is condemned and discarded.

The potential absence of information on a specific municipality does not
indicate the absence of F. hepatica (infected bovines) but rather the lack of available
data provided by SIF/Mapa. Information about meat inspection was used to correlate
municipal geocodes, names of municipalities, state, number of cattle slaughtered in
each municipality, and number of bovine livers infected with F. hepatica. The following
equation was used to estimate the annual prevalence (%) of infected cattle from the

total number of slaughtered cattle by municipality (Cauaneque et al., 2022):

Prevalence = absolute number of infected cattle / absolute number of slaughtered cattle x 100

2.2.4 Susceptible-Infected-Recovered (SIR) epidemiological model

The Susceptible-Infected-Recovered (SIR) model was used to demonstrate
how biomes could influence the level of infectivity of F. hepatica (Table 1). Four
conditions were simulated, considering the type of vegetation, climate, and livestock
practices associated with land use in each biome (Souza Jr. et al., 2020). The first
condition (A) represents the Caatinga biome. Condition B represents the Amazon,

condition C brings together the Cerrado and Pantanal biomes, and condition D
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represents the Atlantic Forest and Pampas. The grouping of biomes in the same
condition considered their environmental characteristics and their proximity in
geopolitical divisions.

In addition to defining the conditions to be simulated, some model parameters
were established, such as the infection rate, recovery rate, and the number of initially
infected animals. Differences in the prevalence of condemned bovine livers identified
in this study and reports from Bennema et al. (2014) in different regions served as the
basis for determining the parameter values. Other parameters of the SIR model were
incorporated. The interaction level of 0.001 was defined for all four conditions (fixed
values). The infection level ranged from 0.15 (low) to 0.35 (high), and the recovery
level varied from 0.15 (high) to 0.02 (low). Initial assumptions considered time to be
equal to zero plus one (t = 0 + 1) with 1000 animals. The following equation was used
for the SIR model:

S|R=§= —aSI + ul

where S is the number of susceptible individuals, a is a constant for the level of disease
contact (dispersal/host-parasite interaction), | is the number of infected individuals, t is
time in days, the minus sign assumes that the number of healthy individuals will
decrease, u is a parameter representing the rate of loss of infection in infected animals
and is proportional to the inverse of the life expectancy of the parasite, and ul
represents the increase in susceptible individuals caused by the loss of parasites due
to death by treatment in infected animals. We assumed that recovered cattle could
become reinfected; however, the recovery rate would depend on the simulated

condition.
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2.2.5 Analysis of georeferenced data

Data from the Mapbiomas project and SIF were georeferenced using the
Sirgas 2000 Coordinate System as a reference and open-source QGIS v. 3.28
(Common Gateway Interface, http://qgis.osgeo.org ). Thematic maps were
subsequently generated to represent the information during the study period. These
maps were developed using the continuous cartographic base of municipalities in
Brazil at a scale of 1:250,000.

The Jenks classification, also known as "natural breaks" or "break
optimization", was used to generate the classes of slaughtered animals represented in
the legends of the figures. The Jenks classification is a statistical method used to
separate data into classes or groups, minimizing variation within each class and
maximizing variation between classes (Chen et al., 2013). The Jenks classification was
not applied to label or separate groups based on the number of infected cattle as some
municipalities had a value of 0. We, therefore, defined class intervals to cover a

minimum of one case (1-10) to many cases (>500).

2.2.6 Statistical analysis of time series

Spreadsheets containing data on land use and coverage, F. hepatica
prevalence, and the number of municipalities with records of infected livers were
loaded into the Joinpoint Regression Program V. 5.0.2
(https://surveillance.cancer.gov/joinpoint/) for modeling and trend analysis. Trends
were analyzed, considering the prevalence of livers infected by F. hepatica within the
number of slaughtered cattle, the percentage of positive municipalities in the number
of municipalities with slaughtered cattle, and the ratio of pasture and forest areas to
the total area.

The annual percentage change (APC) and the average annual percentage
change (AAPC) were calculated for each epidemic indicator (Clegg et al., 2009) using

the equation:

APC /AAPC = (¢® — 1) x 100

where B is the regression coefficient, and e is the error. A t-test was used to
identify significant APCs. No Joinpoint was indicated if APC = AAPC, which could
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suggest a monotonic increasing or decreasing trend in the data. P < 0.05 was

considered statistically significant.

2.2.7 Data accessibility

The raw data obtained in this study has been made available in Excel
spreadsheet format and published in the Mendeley Data repository (
https://data.mendeley.com/preview/ngkk8dkz9t?a=07a3330f-598d-46ae-9ba9-
9358a98f9d3c). Access to the data can be obtained through the DOI:
10.17632/ngkk8dkz9t.2.

2.3 RESULTS
2.3.1 Changes in land use and cover

In the time series analysis, different trends were identified in the sizes of
classified pasture areas (Table 2) intended for livestock farms and forestry areas
(Supplementary Table S1) for each geographic region. Trends are reported for the
entire period examined (2002 - 2020), together with distinct trends observed over

narrower time frames, as identified through Joinpoint analysis.
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Table 2. Variation in the size of areas in Brazil classified as pasture between 2002 and 2020.

Region Period APC CI (95%) Test statistic (f) P Trend
South 2002-2004 -2.45@ -3.861t0-1.01 -3.918 0.004429 Decreasing
2004-2009 -4.75@ -5.23to-4.27 -22.311 0.000000 Decreasing
2009-2015  -0.25 -0.63 t0 0.12 -1.524 0.165832 Stable
2015-2020 -1.552 -1.93to-1.64 -9.189 0.000016 Decreasing
2002-2020 -2.12@ -2.34t0-1.89 -18.203 0.000001  Decreasing
Southeast 2002-2006 -1.49@ -1.74t0-1.25 -14.0868 0.000001 Decreasing
2006-2012 -2.052 -2.23t0-1.86 -25.292 0.000000 Decreasing
2012-2015 -1.19@ -2.07 t0-0.29 -3.069 0.015354 Decreasing
2015-2020 -1.652 -1.86to0-1.44 -18.214 0.000000 Decreasing
2002-2020 -1.672 -1.82to-1.52 -21.473 0.000001 Decreasing
Midwest 2002-2006  0.77° 0.37t0 1.18 4.484 0.002043 Increasing
2006-2011 -0.36 -0.751t0 0.03 -2.125 0.066298 Stable
2011-2014 -1.61@ -2.8610-0.34 -2.930 0.018978 Decreasing
2014-2020 -0.77  -0.99 to -0.55 -8.006 0.000043 Decreasing
2002-2020 -0.45@ -0.68t0-0.23 -3.97 0.000070 Decreasing
North 2002-2005 5.19° 4.39t0 5.99 15.353 0.000000 Increasing
2005-2008 2.582 1.1510 4.04 4.178 0.003087 Increasing
2008-2013 0472 0.03t0 0.90 2.499 0.036956  Increasing
2013-2020 1.06° 0.88to0 1.24 13.694 0.000001 Increasing
2002-2020 1.82°@ 1.56 to 2.08 13.883 0.000001  Increasing
Northeast 2002-2020 0.5569 -0.83 to 1.96 0.842 0.410996 Stable

a significant APC value; APC, annual percent change; Cl, confidence interval.
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For the southern region of the country, the results indicated a significant
decrease (P = 0.000001) in areas classified as pasture throughout the period (2002-
2020) (Table 2). Regarding forested areas, different trends over the 18 years were
identified (Supplementary Table S1). Between 2002 and 2009, a significant increase
(P = 0.000002) in forested areas occurred, followed by a stable period (2009 — 2014),
and a significant reduction (P = 0.007585) between 2017 and 2020.

In the southeastern region, there was a significant reduction in pasture areas
(P =0.000001) between 2002 and 2020. Forested areas in this region remained stable
from 2002 to 2014 but exhibited a significant increase (P = 0.000009) between 2014
and 2020 (Supplementary Table S1). In the midwestern region, both pasture areas (P
= 0.000070) and forested areas (P < 0.000001) showed a significant decrease during
the analyzed period (2002 - 2020), with a significant upward trend (P = 0.002043) in
pasture areas between 2002 and 2006.

The areas classified as pasture for livestock activity and forested areas in the
northern region exhibited different trends. In this region, pasture areas significantly
increased (P = 0.000001), while forest areas decreased (P = 0.000001). This region
had a pasture area of 28,441,858 ha in 2002, which had increased to 39,512,011 ha
by 2020 (data not shown). Furthermore, in the time series analysis, pasture areas in
the northeastern region showed stability (P = 0.410996), but there was a significant
decrease in forested areas (P = 0.000001). The gradual decrease in pasture areas in
several regions was due to the rapid transition from livestock production to crop

production (Fig. 2).
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Figure 2. Spatial distribution of land use and cover (forest formation, pastures, and crop production) in
Brazil during 2002 (A), 2003-2008 (B), 2009-2014 (C), and 2015-2020 (D).

2.3.2 Changes in the geographic distribution of cattle slaughter

The information regarding the number of cattle slaughtered in registered
federal slaughterhouses was available for 4,433 out of the 5,570 (80%) Brazilian
municipalities. The analysis of SIF/Mapa data revealed that 414,481,963 cattle were
slaughtered between 2002 and 2020, with 26,105,237 animals slaughtered in 2013,
the year with the highest number of slaughters. In 2002, the animals originated from
1,922 municipalities, however, as of 2003, more than 3,000 municipalities were
registered as places of origin for these animals (Supplementary Table S2).

Considering the geographical regions of the country, the midwestern region
had the highest number of registered bovine slaughters (200,645,331) (Table 3; Fig.
3). This number increased substantially over the period in the region to 2,070,633
slaughtered animals in 2002, and more than 10 million animals in 2020.

The northern region ranks second in bovine slaughters, with a total of
89,334,992 registered between 2002 and 2020. At the beginning of this period,
738,244 bovines were recorded in 2002, increasing to 2,114,457 the following year,
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reaching the peak in 2018 with 6,076,815 bovines slaughtered (Table 3). Furthermore,
a substantial increase in the number of municipalities with recorded slaughters is
observed in the region (Fig. 3A-D). The southeastern, southern, and northeastern
regions, respectively, occupy the remaining positions in relation to the number of

bovine slaughters.
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Figure 3. Spatiotemporal distribution of records of cattle slaughtered in Brazil between 2002 and 2020
by municipality. (A) 2002, (B) 2003-2008, (C) 2009-2014, and (D) 2015-2020.

2.3.3 Prevalence and changes in the distribution of F. hepatica in bovine livers

From 2002 to 2020, more than 2 million bovine livers were infected by F.
hepatica. In 2002, the lowest number of infected livers was recorded (193,381; 0.48%),
while in 2018, the highest number was observed (224,872; 0.91%). In terms of the
prevalence of infected livers relative to the number of slaughters, 2020 saw the lowest
prevalence in 18 years (Supplementary Table S2). Temporal analysis revealed that
the prevalence of bovine livers infected by F. hepatica remained stable over the 18
years from 2002 to 2020. However, there was a significant decreasing trend (P =
0.019456) from 2002 to 2015, which then increased again in 2018 (Supplementary
Table S3).

The southern region of the country stood out for the high number of livers
infected by F. hepatica, totaling 2,032,430 cases. In 2018, the region recorded a total
of 224,191 infected livers, but a decrease was observed in 2020 when this number
decreased to 41,207 cases. In the southeastern region, a total of 11,582 infected livers

were recorded. In 2020, there was a substantial increase in the number of bovine livers
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infected by F. hepatica in the region compared with previous years; 6,048 infected
bovine livers were recorded (Table 3). In Supplementary Table S4, it is possible to
consult in detail the prevalence in the states of the southern region and Sao Paulo
(southeastern region). In the northern region of the country, bovine livers infected by
F. hepatica were sporadic, with the first record in this time series in 2004 and then in
2013 (three cases). From 2016 to 2020, the region recorded cases of infected cattle
every year, at the end of the period totaling 16 bovine livers infected by F. hepatica
registered in SIF/Mapa. The midwestern region presented a total of 1,262 records of
infected bovine livers. In the northeast, there were only seven cases (Table 3).

The temporal analysis identified an increase in the percentage of municipalities
of origin of bovines with livers infected by F. hepatica. Temporal variations were
observed in the period from 2002 to 2020 (Supplementary Table S3). A significant
trend (P = 0.000203) of an increase in the percentage of these municipalities was
observed between 2016 and 2020 (95% confidence interval of 9.99 - 22.36)
(Supplementary Table S3; Fig. 4).
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Figure 4. Percentage of municipalities in Brazil with records of Fasciola hepatica in bovine livers in relation
to the total number of municipalities, with information on cattle slaughtered between 2002 and 2020.
* significant APC value.

The infected cattle originated from 194 municipalities in 2002 (10.09%;
194/1,922) (Fig. 4A), mainly in the southern region (state of Rio Grande do Sul), except

for one municipality in the northeastern region (state of Paraiba) (Table 3; Fig. 5). In
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the year 2019, infected cattle were recorded in 680 municipalities (19.11%; 680/
3,558), distributed across all regions. By 2020, the number of municipalities with
infected cattle increased to 747 (21.16%; 747/3,531) (Figs. 4, 5). In total, F. hepatica
was found in bovine livers from 1,459 municipalities throughout the analyzed period,

spanning 15 states and all geographic regions.
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Figure 5. Spatiotemporal distribution of records of bovine livers infected with Fasciola hepatica in Brazil
between 2002 and 2020 by municipality. (A) 2002; the municipality of Livramento, in Paraiba (PB),
where a case of bovine with a liver infected by Fasciola hepatica was registered (2002), is enlarged in
the top right corner. (B) 2003-2008, (C) 2009-2014 and (D) 2015-2020.

Records of F. hepatica in bovine livers expanded to the southern,
southeastern, midwestern, and northern regions of the country (Fig. 5A - D). In 2003,
infected cattle originated from 27 municipalities in the southeastern region. By 2020,
this number had increased to 241 municipalities. In the midwestern region, only two
municipalities were the source of infected cattle at the beginning of the period, and by
2020, this number had risen to 22 municipalities. Over 18 years, cattle infected by F.
hepatica came from 147 municipalities in this region. According to SIF/MAPA data, the
presence of F. hepatica in bovine livers in the northern region was first reported in

2004, in a single municipality in Para. In 2013, another case of the disease was
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recorded in the same state. Starting from 2016, municipalities in Para began to report
cases of infected bovine livers. Furthermore, cases were identified in other
municipalities in the northern region, one in Amazonas in 2018 and another in Acre in
2019. In total, the northern region had 16 cases of infected cattle in six municipalities.

In the northeastern region, in 2019, four cases of infected cattle were reported

in Bahia, in addition to three cases recorded in Paraiba in 2002.

2.3.4 Modeling F. hepatica infection in cattle across Brazilian biomes

The SIR model determined scenarios of infection and recovery from F.
hepatica in the six biomes, identifying the variations in infection rates and distinct
patterns of disease expansion. Infection was low in the semi-arid climatic zones, as in
the case of the Caatinga biome (Fig. 6A), with a limited spread of fasciolosis, however,
it was better able to spread/adapt in tropical areas with hot and humid summers, as
observed in the Amazon Forest (Fig. 6B) and to the Cerrado and Pantanal (Fig. 6C),
indicated by higher infection rates. The model also demonstrated that disease
prevalence was considerably higher, with low recovery in the oceanic and more
temperate Atlantic Forest and Pampa biomes (Fig. 6D). We attributed this trend to the
large presence of infected cattle and IH. These data provided valid insights into the
dynamics of the disease under different ecological conditions, but the range of
biological possibilities along the edges of these areas is very broad due to the transient

meteorological conditions.
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Figure 6. Representation of the Susceptible-Infected-Recovered (SIR) epidemiological model of bovine
fasciolosis in biomes Caatinga (A), Amazon Forest (B), Cerrado and Pantanal (C), and Atlantic Forest
and Pampa (D) in Brazil. The lines represent susceptible (solid gray), recovered (solid black), and
infected (dashed black) animals.

2.4 DISCUSSION

This is the first known study that analyzes an 18-year historical series of land
use and land cover changes, as well as changes in the distribution of F. hepatica in
bovine livers from federal slaughterhouses in Brazil. Our results indicated that pasture
areas and forest formations exhibited different trends across geographical regions. In
the northern region of the country, there was an increase in pasture areas between
2002 and 2020, together with a reduction in areas classified as forest during the same
period. In the midwestern region of the country, there was an increase in pasture areas
for livestock activities between 2002 and 2006, but these areas decreased in the
following years as many of them were converted into cultivable areas (i.e., soybean
and corn).

Our results indicated an increase in the number of cattle slaughtered in the
northern and midwestern regions. These findings indicate the vast introduction,
dispersal, and displacement of beef cattle. Franga et al. (2021) demonstrated strong
positive and significant associations between Brazilian livestock production and
deforestation. The authors also comment that the majority of recent pasture expansion

in Brazil has replaced Amazonian forests. This anthropogenic alteration of natural
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habitats can greatly affect the transmission of F. hepatica, as it creates favorable
ecosystems, increasing the contact between mollusks and DH (Robinson et al., 2011;
Grabner et al., 2014; Vazquez-Perera et al., 2015; Alba et al., 2020). Landscape
changes due to livestock production have major impacts on ecosystems, especially on
grasslands that contain bodies of water, drainage channels, ditches, and large-scale
river systems (Alba et al., 2020).

Between 2002 and 2020, more than 2 million bovine livers (out of more than
400 million inspected) were infected with F. hepatica. The number of affected cattle
was lowest in 2002 and highest in 2018. The southern and southeastern regions had
a high prevalence of cattle infected by F. hepatica. The temperate climate of these
regions and the characteristics of low altitude and high humidity play important roles in
the occurrence of F. hepatica (Dutra et al., 2010). Paraense (1982) reported that P.
columella was mainly distributed in the southern region. Medeiros et al. (2014) also
observed that P. columella was widely distributed in the southern and southeastern
regions, reporting only a few records in the states in the northern (Amazon Forest),
midwestern (Pantanal/swamp areas), and northeastern (Cerrado/Savanna)
regions/biomes.

The low numbers of cases of F. hepatica in bovine livers in the northeastern,
northern, and midwestern regions can be attributed to the high temperatures frequently
recorded in these areas. Although lymnaeids have a wide geographical distribution
(Vazquez-Perera et al., 2018), local climatic factors influence their distribution
(Medeiros et al., 2014; Alba et al., 2020). Furthermore, in stressful situations, such as
trematode infections, the thermal threshold of mollusks is lower, reducing the
populations of IH (Diaz-Morales et al., 2022). However, it is relevant to consider the
presence of P. columella in Paraiba (northeastern region) (Medeiros et al., 2014) and
in the municipalities of Manaus and Benjamin Constant, in the state of Amazonas,
located in the northern region of the country (Paraense, 1983). Documented records
of natural infection of P. columella by F. hepatica have emerged in Canutama, in the
state of Amazonas (Maciel et al., 2018). We should also consider that other mollusks
such as Galba viatrix, Galba truncatula, and Galba cubensis are suitable hosts for F.
hepatica (Sanabria et al., 2012; Vazquez-Perera et al., 2015). All these mollusk
species have been documented in Brazil, with a greater distribution in the southern

and southeastern regions of the country (Medeiros et al., 2014).
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Our results also indicated an increase in the number of municipalities of origin
of cattle with livers infected by F. hepatica. In 2002, cattle infected with F. hepatica
originated from 194 municipalities, mainly from the southern region, increasing to 747
municipalities in 2020. The parasite was present in the livers of cattle from 909
municipalities in the South, 367 in the Southeast, 174 in the Midwest, six in the North,
and three in the Northeast. In this context, infection with F. hepatica may become a
future concern in the northeastern, midwestern, and northern regions as, despite the
low prevalence of livers infected by F. hepatica, municipalities in these regions report
cases of infection. Land use and land cover have been influenced by the extensive
movement of cattle from the southern and southeastern (endemic regions) to the
midwestern and northern regions of Brazil (non-endemic regions) (McMannus et al.,
2016). The expansion of the parasite's distribution areas involves a complex set of
ecological interactions and adaptations, even for exotic organisms in new areas (Alba
et al., 2020).

The increased prevalence and/or distribution of F. hepatica in cattle livers is of
great concern for both animal and human health (Kelley et al., 2020). The following
factors influence the epidemiology of the disease: (i) biological - the parasite's ability
to survive, adapt and spread to different hosts (Spratt and Presidente, 1981;
Rondelaud et al., 2001; Mas-Coma et al., 2009; Alba et al., 2020); (ii) environmental -
degradation (pasture/livestock) and land changes (Robinson et al., 2011; Alba et al.,
2016; Mehmood et al., 2017); and (iii) social - eating habits, culture and human
migration (Macpherson et al., 2005; Mas-Coma et al., 2009, Alba et al., 2020). Its
(re)emergence, however, is associated with multiple integrated and concomitant
factors that affect disease transmission and expansion (Alba et al., 2020).

An important weakness identified by our study was the limitation of state border
inspections in preventing the spread of the disease. A potential problem from the
transport of animals is the spread of viruses, bacteria, or parasites from endemic areas
to regions with little or no occurrence of these pathogens, including important
anthropozoonotic parasites (Févre et al., 2006; Motta et al., 2017). Ekwem et al. (2021)
reported a similar risk when transporting dairy cattle in eastern Africa. The association
between the transport of cattle positive for F. hepatica and the geographic spread of
fasciolosis in Brazil is based on important epidemiological elements. In general,
Fasciola is a generalist parasite, so their survival would be compromised if their host

tolerance were specific, as assumed by the Stockholm Paradigm (Brooks et al., 2022).
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In Australia, the state of Western Australia is free from F. hepatica as farmers have a
strict procedure required for the entry and movement of cattle from other states.
Ranchers must adhere to importation conditions, including liver fluke testing at a
Department of Primary Industries and Regional Development (DPIRD, Australia) -
approved laboratory (Palmer et al., 2014; DPIRD, 2022 -
https://www.agric.wa.gov.au/livestock-biosecurity/liver-fluke-testing-and-laboratory-
requirements-western-australia). Another example is the spread of 'frontier malaria' to
municipalities where the expansion of the agricultural frontier occurs, due to a
combination of biological, environmental, and socioeconomic factors conducive to
transmission (Souza et al., 2019).

A fundamental element in the structure of the livestock industry is the transport
of animals between different areas, aiming to offer adequate grazing conditions and
transport to slaughterhouses (Schirdewahn et al., 2020). This practice requires
essential biosecurity approaches to mitigate the risks associated with cattle production
and movement (Schirdewahn et al., 2020; Ekwem et al., 2021). The DPRID in Australia
is dedicated to preventing the introduction of pests and diseases into the states and
territories of the country. The application of quarantine measures for animals is
considered one of the crucial biosecurity requirements in the context of the import and
export of animals in this region. In the Brazilian context, there is a lack of effective
inspection and control actions in the transport of cattle in relation to infection by F.
hepatica.

The expansion of livestock into new areas, including illegal livestock (Skidmore
et al., 2021), has important effects in addition to the direct consequences associated
with the infection, such as high morbidity and mortality leading to large economic
losses. The environmental impacts of the introduction of F. hepatica in fragile
ecosystems such as the Amazon Forest, Pantanal, and Cerrado have not been fully
understood. We need also to stress that the spread of pathogens to new areas is often
associated with a major loss of biodiversity (Cardinale et al., 2012; Alba et al., 2020).
The SIR model was useful for defining the impact of fasciolosis in different biomes and
may be used to help design control programs after a regular diagnostic protocol is
implemented. In situations where the infection rate is high, and treatment is
inadequate, untreated animals shed eggs, contaminating the pastures. These eggs
can remain viable, allowing the infection of other animals after the egg hatches in the

environment, and the generation of infective metacercariae released by IH, amplifying
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the occurrence of the infection (Alba et al., 2020). Dutra et al. (2010), Aleixo et al.
(2015), and Silva et al. (2020) determined different infection levels (low, medium, and
high) of F. hepatica in different biomes and seasons, requiring monitoring throughout
the year. Silva et al. (2016) reported that rainfall was strongly correlated with a higher
occurrence of fasciolosis in southern Brazil and that La Nifia weather patterns affected
the positivity index of bovine fasciolosis by changes in air temperature and rainfall
patterns.

Based on the risk factors that were observed from the present data, that
influence the epidemiology of fasciolosis, we included a list of assumptions that could
have contributed to the expansion of F. hepatica in the different biomes. (i) The lack of
parasite control before the transport of cattle (Palmer et al, 2014); (ii) increased
resistance to triclabendazole (Coyne et al., 2020 ); (iii) the wide distribution of
Lymnaeidae mollusk species (Vazquez-Perera et al., 2018); (iv) the scarcity of studies
on the morphological identification and the medical importance of mollusks, making it
difficult to identify critical areas (Medeiros et al., 2014); (v) the presence of other
susceptible hosts including humans, horses, capybaras, etc.; (vi) the high adaptability
of the parasite to new environments and IHs (Alba et al., 2020); (vii) the abundance of
water bodies that are accessible to animals (MapBiomas, 2022); (viii) the inadequate
inspection for animal diseases at state borders (Tildesley et al., 2019, Ibeji et al., 2022);
(ix) the non-reported cases of fasciolosis (Nguyen et al., 2011; Alba et al., 2020); and
(x) the significant change in land use and cover in recent years.

In conclusion, the data from this work demonstrate that fasciolosis must be
treated not only as a livestock health problem but from a One Health perspective. Data
on land use and cover demonstrated a reduction in forest areas and an increase in
pasture areas in regions where livestock have been recently introduced (midwestern
and northern regions of Brazil). Moreover, we have associated changes in the
landscape with the geographic distribution of F. hepatica during the last two decades,
based on reports of F. hepatica in bovine livers (SIF/Mapa). This approach also
highlighted the importance of state-level livestock inspections to control the spread of
this parasite in diverse biomes and fragile ecological niches. Accurate diagnosis of the
disease also plays a crucial role in identifying priorities for interventions to control F.

hepatica in animals and in countless human communities around the world.
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Region Period APC Cl (95%) Test statistic (%) P Trend
2002-2009  0.26° 0.21 to 0.31 12.295 0.000002 Increasing
2009-2014 0.09 -0.02 to 0.21 1.903 0.093521 Stable
South 2014-2017 0.432 0.06 t0 0.79 2.721 0.026171  Increasing
2017-2020 -0.27@ -0.46 to-0.09 -3.543 0.007585 Decreasing
2002-2020 0.15° 0.08 to 0.22 4.582 0.000005 Increasing
2002-2007  -0.05 -0.13t0 0.02 -1.715 0.124670 Stable
2007-2010 0.15 -0.20 to 0.51 1.013 0.340715 Stable
Southeast 2010-2014  -0.01 -0.191t0 0.16 -0.193 0.851542 Stable
2014-2020  0.252 0.19 t0 0.31 9.887 0.000009 Increasing
2002-2020 0.092 0.02t00.15 2.737 0.006201  Increasing
2002-2005 -1.942 -2.16t0-1.73 -20.007 0.000000 Decreasing
2005-2018 -0.322  -0.35t0-0.29 -26.541 0.000000 Decreasing
Midwest
2018-2020 0.42 -0.04 to 0.88 1.995 0.071367 Stable
2002-2020 -0.51%  -0.57 to-0.45 -17.263 0.000001 Decreasing
2002-2006  -0.452  -0.50to -0.40 -19.889 0.000000 Decreasing
2006-2009 -0.212  -0.39to0-0.04 -2.855 0.021304 Decreasing
North 2009-2012  -0.05 -0.22t00.12 -0.684 0.513303 Stable
2012-2020 -0.20® -0.22t0-0.18 -24.015 0.000000 Decreasing
2002-2020 -0.23@ -0.27t0o-0.20 -12.475 0.000001 Decreasing
Northeast 2002-2004 -0.742  -0.99 to-0.50 -7.026 0.000001 Decreasing

a significant APC value
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Supplementary Table S2. Annual distribution of total cattle slaughtered, livers infected with Fasciola
hepatica, correspondence percentage, and the number of municipalities with registration of the parasite
between 2002 and 2020 in Brazil.

Year Slaughtered Infected Prevalence Municipalities Pps_itivg' Percentage
cattle livers (%) municipalities (%)
| 2002 | 4,036,469 | 19,381 | 0.48 1,922 194 10.09
2003 14,498,607 74,326 0.51 3,145 342 10.87
2004 20,478,061 131,767 0.64 3,380 449 13.28
2005 22,593,729 153,115 0.68 3,432 451 13.14
2006 25,079,409 166,505 0.66 3,478 414 11.90
2007 25,146,667 86,600 0.34 3,581 391 10.92
2008 22,330,323 71,456 0.32 3,688 413 11.20
2009 21,607,255 71,651 0.33 3,515 368 10.47
2010 21,949,561 86,846 0.40 3,571 378 10.59
2011 21,816,571 102,659 0.47 3,632 380 10.76
2012 23,528,146 98,476 0.42 3,516 352 10.01
2013 26,105,237 89,798 0.34 3,628 394 10.86
2014 25,653,404 101,234 0.39 3,623 460 12.70
2015 22,944,368 86,335 0.38 3,572 439 12.29
2016 22,206,377 109,321 0.49 3,558 396 11.13
2017 23,175,422 139,864 0.60 3,515 460 13.09
2018 24,592,697 224,872 0.91 3,569 611 17.12
2019 24,538,367 184,018 0.75 3,558 680 19.11
2020 22,201,293 47,343 0.21 3,531 747 21.16

Total 414,481,963 2,045,567 - --- --- -
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Supplementary Table S3. Temporal changes in the prevalence of livers infected by Fasciola hepatica
and the number of municipalities with records of infected livers of cattle between 2002 and 2020 in

Brazil.
Variable Period APC Cl (95%) t-test P value Trend
2002-2015 -4.80° -8.51 10 -0.95 -2.733 0.019456 Decreasing
2015-2018 4193  -24.60 to 167.67 1.218 0.248538 Stable
Infected livers
2018-2020 -39.87 -73.20 to 34.93 -1.385 0.193456 Stable
2002-2020 -3.3198 -17.76 t0 9.65 -0.525 0.599296 Stable
2002-2004 17.02 -10.74 t0 53.42 1.338 0.217645 Stable
2004-2009 -4.94 -10.88 to0 1.38 -1.814 0.107206 Stable
Positive 2009-2016  2.18 -1.37 10 5.86 1.405 0.197549 Stable
municipalities
2016-2020 16.012 9.99 to 22.36 6.426 0.000203 Increasing
2002-2020 4.582 1.13 t0 22.36 2.617 0.008865 Increasing

a significant APC value

APC, annual percent change; Cl, confidence interval
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3. CHAPTER 2 - DISTRIBUTION AND ENVIRONMENTAL CHARACTERISTICS
OF LYMNAEIDAE (MOLLUSCA, BASOMMATOPHORA), INTERMEDIATE HOSTS
OF Fasciola hepatica, IN SOUTH AMERICA

Thayany Magalhaes de Almeida?, Janaelia Ferreira Vasconcelos Rodrigues?, Marcelo

Beltrao Molento®”

a L aboratory of Veterinary Clinical Parasitology, Federal University of Parana (UFPR).

Curitiba, Parana, Brazil.

ABSTRACT

Distribution of intermediate hosts directly influences the transmission of Fasciola
hepatica, as the presence of these species in specific areas determines the
receptiveness to transmission. This review compiled occurrence records of four
epidemiologically relevant limneid species—Pseudosuccinea columella, Galba
cubensis, Galba schirazensis, and Galba truncatula—to assess their geographical
distribution and the associated environmental conditions. A search in six databases
resulted in 15,233 studies, of which 103 were selected based on eligibility criteria. A
total of 969 occurrence records were documented across 46 countries and three
French administrative regions. Pseudosuccinea columella and G. cubensis showed
widespread distribution in the Caribbean and the Americas, while G. schirazensis and
G. truncatula were also recorded in Africa, Europe, and Asia. In South America, 493
non-duplicate records were analyzed, revealing distinct altitude and climate
preferences among the species. P. columella and G. cubensis were predominantly
found at altitudes of up to 2,000 m, while G. schirazensis and G. truncatula were more
common at higher elevations, particularly in the Andean region. Kruskal-Wallis and
Dunn tests confirmed significant differences in environmental variables between
species, except for precipitation between G. cubensis and G. truncatula (p = 0.172)
and altitude between G. schirazensis and G. truncatula (p = 0.057). The results
highlight the ecological flexibility of these mollusks and their potential to sustain F.
hepatica transmission in various environmental conditions. The data also highlights the
difficulty in controlling fascioliasis based on this complex web of adaptative IH, posing
a major a challenge to public health and livestock welfare.

Keywords: Lymnaeidae; Environment distribution; adaptability; disease risk;
fasciolosis.
3.1 INTRODUCTION

Lymnaeidae snails (Gastropoda: Lymnaeidae) are freshwater mollusks
characterized by dextrally coiled shells, widely distributed across tropical and
temperate regions. They inhabit a variety of freshwater environments, including

temporary and permanent bodies of water, typically shallow, clear, and with low water
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flow (Vazquez et al., 2018; Bargues et al., 2022). Their remarkable ecological plasticity
allows them to occupy a variety of ecosystems, facilitating the spread of Fasciola spp.,
causing fasciolosis, a zoonosis of medical and veterinary relevance (Vazquez et al.,
2018; Alda et al., 2021). However, not all species serve as intermediate hosts (IH) for
the parasite, and among those that harbor some life stages of the parasites, there is
considerable variation in their transmission potential (Soler et al., 2023).

Approximately 30 species of Lymnaeidae are estimated to serve as
intermediate hosts for Fasciola hepatica and Fasciola gigantica (Alba et al., 2020).
Among them, some genera stand out for their higher susceptibility to harboring these
species of Fasciola. The genus Galba, for example, is predominantly associated with
F. hepatica, while Radix is more frequently related to F. gigantica (Vazquez et al.,
2018).

Species of Galba have high invasive potential and a great capacity for
dispersal due to self-fertilization, allowing them to occur in various regions worldwide.
This species is particularly present in extreme high-altitude conditions, as observed
with Galba truncatula in the Bolivian Altiplano (Lounnas et al., 2017; Bargues et al.,
2021). This characteristic, combined with biological factors related to the parasite,
significantly contributes to the global burden of fasciolosis caused by F. hepatica (Alba
et al., 2020). The distribution of F. hepatica is recorded on all continents except
Antarctica, as well as various oceanic islands. In contrast, F. gigantica has a more
restricted distribution, limited to tropical and subtropical regions of Asia and Africa, with
a limited impact on global public and veterinary health (Bargues et al., 2022; Vazquez
et al., 2018).

In South America, the human and animal transmission of F. hepatica primarily
involves species from the Galba/Fossaria group, such as G. fruncatula, G. cubensis,
and G. schirazensis, which are widely distributed in endemic high-altitude areas in
Peru, Colombia, and Ecuador (Alda et al., 2021; Bargues et al., 2021). On the other
hand, in lowland areas, where fasciolosis is a veterinary problem and human infection
occurs only in isolated cases, as in Brazil, the disease is frequently associated with the
presence of Lymnaeidae outside the Galba/Fossaria group, such as Pseudosuccinea
columella (Pritsch et al, 2018; Bargues et al., 2021).

The distribution of fasciolosis, closely linked to the presence of its hosts, is
modulated by environmental factors that also influence the occurrence and abundance

of Lymnaeidae, such as water velocity, soil type, precipitation, evapotranspiration, and
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temperature (Dutra et al., 2010; Alba et al., 2020). Understanding the geographic
distribution and the factors shaping the presence of Lymnaeidae is essential for guiding
fasciolosis control and prevention programs (Bargues et al., 2021). This is especially
important when considering that the global distribution of Galba species is poorly
known, due to the inaccuracy of records based on morphological data (Alda et al.,
2021; Soler et al., 2023)

Considering the importance of environmental factors in the presence of
intermediate hosts, the use of tools such as Geographic Information Systems (GIS)
enables the integration of detailed environmental data collected from sampling sites to
map distribution areas and expand the understanding of ecological determinants. The
present study aimed to update and map the spatial distribution of intermediate host
mollusks of F. hepatica in South America and discuss the environmental conditions

associated with their presence.

3.2 MATERIAL AND METHODS
3.2.1 Overview

This study aimed to analyze the geographical distribution of four lymnaeid
species of importance in the transmission of F. hepatica, namely P. columella and G.
cubensis, considering G. neotropica as a synonymous species (Alda et al., 2021), G.
schirazensis and G. truncatula. The documented occurrence records were investigated
in three ways: 1) through the creation of a scoping review protocol in accordance with
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA-
P). This protocol was developed before the start of the research and was reviewed and
approved by all team members; 2) by the occurrence data provided by the
Malacological Collection of the Oswaldo Cruz Institute (IOC); and 3) occurrences
documented in a comprehensive study on the distribution of Lymnaeidae mollusks in
Brazil (Medeiros et al., 2014).

All references included in the scoping review and geographic coordinates were
made available in the Mendeley Data repository, under DOI: 10.17632/r2cc38vz8k.5
(https://data.mendeley.com/datasets/r2cc38vz8k/1)

3.2.2 Eligibility criteria
The scoping review aimed to identify primary studies that reported collection

sites for the four Lymnaeidae species. Eligible studies met the following criteria: (a)
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they provided specific geographic coordinates for the collection sites; (b) mollusk
specimens were identified at the species level; (c) publications in any language were
considered, although those not in English or Portuguese were included only if the file
format allowed text selection for translation; and (d) the sources encompassed
dissertations, theses, epidemiological bulletins, technical documents (grey literature),
and scientific articles.

During the literature review, two categories of studies were identified as
relevant: (1) studies that involved mollusk collection in the field, followed by
identification using morphological and/or molecular methods, typical of classical field
ecology approaches; and (2) studies that, although not focused on ecology, used
mollusks as experimental models in laboratory settings, including molecular,
physiological, and immunoassays. Although not aimed at fauna or ecology surveys,
the latter provided useful information about the collection sites of Lymnaeidae used in
the experiments.

Material exclusion was based on; a) studies that were not available in full; b)
studies that could not be translated; c) studies that did not specify the study area or
geographic coordinates; d) studies that did not include Lymnaeidae among the
invertebrate fauna; e) studies with taxonomic identification only up to the family or

genus level; and f) studies with species records from breeding/aquaculture.

3.2.3 Information sources

A search for studies meeting the eligibility criteria was conducted through a
detailed search in journal repositories, such as Google Scholar, LILACS, PubMed,
Science Direct, Scielo, and Scopus. All bibliographic sources were retrieved on August
12, 2023.

3.2.4 Search
Broad terms such as "Lymnaeidae" were used in the study search strategy.

Alternative terms related to "occurrence," "ecology," and "fascioliasis" were included to
increase the sensitivity of the search. No language or publication period restrictions
were applied. This initial search strategy was developed collaboratively by all members
of the review team.

Complete search syntax for the six databases was as follows: 1. (lymnaeidae

OR lymnaeids) AND (occurrence OR distribution OR collected OR captured OR
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samples OR sampled OR sampling); 2. (lymnaeidae OR lymnaeids) AND (ecology OR
biology); 3. (lymnaeidae OR lymnaeids) AND (fauna OR description OR described); 4.
(lymnaeidae OR lymnaeids) AND ("intermediate host" OR vector OR snail); 5.
(lymnaeidae OR lymnaeids) AND (Fasciola OR trematoda OR trematode OR helminth
OR helminths); 6. (lymnaeidae OR lymnaeids) AND (infection OR "experimental
infection" OR "natural infection" OR susceptibility OR sensibility); 7. (lymnaeidae OR
lymnaeids) AND (fluke OR epidemiology OR diseases OR fascioliasis).

3.2.5 Selection of sources of evidence

Citations retrieved from the databases were imported into the Mendeley
reference manager, where duplicate records were identified and removed. Remaining
citations were then transferred to Rayyan, where a second check for duplicate studies
was conducted, followed by an assessment of their eligibility. Initially, studies were
selected based on titles and abstracts to identify those potentially relevant.
Subsequently, they were independently reviewed in full to verify if they met the
eligibility criteria.

Initial screening by title and abstract selected studies based on the following
criteria: a) original studies; b) studies documenting the occurrence of
mollusks/gastropods/macroinvertebrates or Lymnaeidae (more generic terms were
considered when species were not listed in the abstract); c) studies indicating field
collections or using the species as experimental models. Studies were excluded if they:
a) lacked available abstracts; b) documented other mollusk groups, such as

Biomphalaria; or c) were fossil records of Lymnaeidae.

3.2.6 Data charting process and synthesis of results

Initially, the raw occurrence points were filtered based on the species
identification method. Since species of the Galba genus are considered cryptic (Alda
et al., 2021), only points confirmed through molecular biology were included in the
analysis. Subsequently, occurrences were filtered according to the area of interest,
excluding those outside South America.

After the initial filtering, additional spatial filters were applied to minimize the
influence of variables, such as biases related to sampling effort, which may impact both
occurrence density and environmental characteristics of the sampled areas (Testai et

al., 2023; Varela et al., 2014). The applied filters included: i) removal of duplicate
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coordinates; ii) exclusion of points located less than 1 km apart; and iii) removal of
occurrences in pixels with no data.

Environmental layers of altitude, maximum and minimum temperature, and
accumulated precipitation were extracted from the Google Earth Engine (GEE)
platform (https://earthengine.google.com/), with median values calculated for each
variable over the period from 1974 to 2019, corresponding to the collection period of
the occurrence points. Temperature and precipitation data were obtained from the
IDAHO EPSCOR/TERRACLIMATE collection, with a resolution of 4638.3 m, while
altitude data were extracted from the USGS/SRTMGL1_003 collection, with a 1 km
resolution.

The occurrence points were georeferenced in the WGS-84 geocentric
reference system (EPSG:4326). The extraction of environmental values from the
layers in the pixels corresponding to the occurrence points was performed using the
Point Sampling Tool (https://plugins.qgis.org/plugins/pointsamplingtool/) in QGIS.

Descriptive statistical analyses were performed using the R software. The
Kruskal-Wallis test, suitable for non-parametric data, was applied to assess differences
between species. When significant differences were identified, the Dunn test was
conducted as a post-hoc analysis to determine which species pairs exhibited specific
differences (Dunn, 1964).

3.3 RESULTS
3.3.1 Study eligibility

Bibliographic search conducted across six journal databases resulted in
15,233 studies (Fig. 1). After the duplicate check, 10,716 studies were excluded.
Subsequent screening of titles and abstracts led to the exclusion of another 2,452
studies. Full texts of 1,694 studies were assessed for eligibility. Of these, 296 were
excluded because they were not available in English or Portuguese (files that did not
allow text copying for translation), 625 because taxonomic identification was limited to
the family level, and 229 for addressing Lymnaeidae snail species not relevant to this

study. In total, 103 studies were included in this systematic review
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Figure 1. Research flowchart and bibliographic screening.

3.3.2 Worldwide geographic distribution

A total of 969 occurrence records for four limneid species were documented,
spanning 46 countries and three French administrative regions (Guadeloupe, Réunion
Island, and Martinique) (Fig. 2). Among these, P. columella accounted for 403 records,
G. cubensis for 169, G. schirazensis for 130, and G. fruncatula for 267. Following the
exclusion of records lacking molecular confirmation, 120 records for G. cubensis, 130

for G. schirazensis, and 144 for G. truncatula were retained.
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Pseudosuccinea columella has been recorded in 19 countries, with a
distribution ranging from Canada in North America to Argentina in South America. The
species has also been reported in Africa (Malawi, Nigeria, South Africa, Zimbabwe),
Europe (France), and Asia (India). As for the Galba species with molecular
confirmation, the distributions have been observed: G. cubensis in 13 countries, with
a distribution limited to the Americas, primarily concentrated in the Caribbean, Central
America and Argentina; G. schirazensis in 12 countries; and G. truncatula in 23
countries. The latter two species have a broader geographic distribution, with notable
presence in the Old World, compared to P. columella and G. cubensis (View Mendeley
Data; DOI: 10.17632/r2cc38vz8k.5).

3.3.3 Geographic distribution in South America and environmental conditions

After applying spatial filters for South America, 493 non-duplicate occurrence
points were retained, distributed as follows: 328 for P. columella, 43 for G. cubensis,
49 for G. schirazensis, and 73 for G. truncatula. Both P. columella and G. cubensis
exhibit widespread distributions across South America, with records from seven
countries: Ecuador, Argentina, Peru, Venezuela, Uruguay, Colombia, and Brazil. In
contrast, G. schirazensis demonstrates a more restricted range, occurring in only four
countries: Ecuador, Peru, Venezuela, and Colombia. Galba truncatula, identified in
seven countries, is notable for its distribution in Andean regions, including Chile and
Bolivia (Fig. 3).
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Pseudosuccinea columella (Fig. 4A) was recorded at altitudes up to 2,860
meters, with higher prevalence at altitudes up to 1,000 meters (Fig. 5A). The maximum
temperature most frequently associated with the records was in the 27°C range.
Regarding the minimum temperature, it ranged from 7 to 23°C, with the highest
frequency of points distributed in areas with records between 15 and 20°C (Fig. 5B-C).
Precipitation ranged from 7 to 247 mm (Fig. 5D).

Galba cubensis (Fig. 4B) was observed at altitudes above 4,300 meters,
although the most frequent occurrence points were located at altitudes near 500
meters (Fig. 5A). Regarding the maximum temperature, records predominantly
occurred in areas with temperatures around 25°C. For the minimum temperature, it
ranged from -0.95°C (at a point in Peru) to 23°C, with most points falling within the 10
to 15°C range (Fig. 5B-C). Precipitation ranged from 0.5 to 212 mm (Fig. 5D).

Galba schirazensis (Fig. 4C), with a more restricted distribution, was found at
altitudes ranging from 133 to 3,738 m above sea level (a.s.l.) (Fig. 5A). The maximum
temperature most frequently observed was between 20 and 25°C, while the minimum
temperature ranged from 2 to 19°C. Occurrence points were most frequently
associated with areas where the minimum temperature was around 7°C (Fig. 5B-C).
Precipitation ranged from 0 to 226 mm (Fig. 5D).

Galba truncatula (Fig. 4D) was recorded at altitudes ranging from 13 to 4,012
m with most occurrence points associated with altitudes between 3,500 and 4,000 m
a.s.l. (Fig. 5A). The maximum temperatures for this species ranged from 11 to 25°C,
while the minimum temperatures varied from 1 to 14°C, with the highest frequency of
records in areas where the minimum temperature was 2°C (Fig. 5B-C). Precipitation
ranged from 0 to 130 mm (Fig. 5D).

All values of the environmental variables associated with the occurrence points

are presented in Table 1 of the supplementary material.
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Figure 5. Boxplot analysis of environmental variables at the occurrence points of Pseudosuccinea
columella, Galba cubensis, Galba schirazensis, and Galba truncatula. (A) Altitude, (B) Maximum
temperature, (C) Minimum temperature, and (D) Precipitation.

The Kruskal-Wallis tests revealed statistically significant differences among
species for all variables analyzed (p < 0.05). These results suggest that snail species
are significantly associated with variations in environmental factors such as altitude,
temperature, and precipitation. Dunn test was performed to investigate which pairs of
species showed significant differences (Table 1). Results demonstrated significant
differences between all variables observed in the distribution when comparing G.
cubensis and G. schirazensis. However, G. cubensis did not show a significant
difference (p = 0.172) with G. truncatula regarding precipitation. G. schirazensis and
G. truncatula also did not show a significant difference regarding altitude (p = 0.057),
nor did G. cubensis and P. columella (p = 0.289). On the other hand, significant
differences were found between P. columella and G. schirazensis, as well as between

P. columella and G. truncatula, for all variables analyzed.
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Table 1. Results of pairwise comparisons between species using the Dunn test for environmental variables.

Comparison Maximum Minimum Significant
between species Altitude temperature temperature Precipitation difference (all)
B-C 2.04e-10 6.90e-04 2.51e-03 1.03e-09 Yes
B-D 4.96e-17 1.99e-11 1.44e-10 1.72e-01 No*
C-D 5.79e-02 5.67e-04 3.51e-04 3.39%e-09 No**

B-A 2.89e-01 1.53e-03 8.39e-05 1.92e-04 No**

C-A 3.83e-20 3.18e-06 2.80e-15 5.02e-06 Yes
D-A 3.85e-39 5.82e-42 2.44e-45 1.16e-03 Yes

Legend: (A) Pseudosuccinea columella; (B) Galba cubensis; (C) Galba schirazensis; (D) Galba
truncatula.

* No significant difference was observed between the species for the precipitation variable (p = 0.172).
** No significant difference was observed between the species for the altitude variable (Comparison C-
-D, p = 0.057 and B-A, p = 0.289).

3.4 DISCUSSION

This study allowed the identification of the spatial distribution of four limneid
species of epidemiological relevance in the transmission of F. hepatica in South
America. The data also helped to characterize the environmental conditions associated
with the occurrence sites of these mollusks. The distribution of these intermediate
hosts may reflect the distribution of the disease, making these data essential for
defining risk areas and focus point for health programs.

A total of 969 occurrences of the four species analyzed were recorded from
different sources. P. columella, G. schirazensis, and G. truncatula exhibited broad
distributions, being found in the Americas, Africa, Europe, and Asia. In contrast, G.
cubensis was recorded exclusively in the Americas — with a wide presence in the
Caribbean, with the exception of two specimens molecularly identified in Spain. Since
the COIl gene sequences of these specimens were identical to those of G. cubensis
from Colombia, they were assigned to the same species (Schniebs et al., 2018).

Dunn analysis indicated that G. schirazensis and G. truncatula did not differ in
terms of altitude (p = 0.057), nor did G. cubensis and P. columella (p = 0.289).
However, differences were observed between P. columella and G. schirazensis, as
well as between P. columella and G. truncatula for all variables analyzed. These results
suggest that, although some species share similar environmental characteristics, G.

cubensis is distinguished from other Galba species, except for precipitation, for which
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no significant difference was found compared to G. fruncatula (p = 0.172). Additionally,
G. cubensis has a wide altitudinal range, similar to that of P. columella.

Species identification within the genus Galba is challenging due to
morphological similarities and high phenotypic plasticity, requiring molecular analyses
for precise determination (Alda et al., 2021). The absence of altitudinal differences
between G. schirazensis and G. truncatula further complicates the distinction between
these species in the field, especially since both can coexist in the same region. This
challenge is heightened by the fact that G. fruncatula is widely recognized as a host
for F. hepatica (Alda et al., 2021; Smith et al., 2024), while the role of G. schirazensis
in transmission remains poorly established (Nasibi et al., 2021). In many cases,
although the mollusks may harbor cercariae or be infected with F. hepatica, this does
not guarantee that they are effectively intermediate hosts, meaning they are capable
of supporting the full development of the parasite to the infective stage for vertebrate
hosts (Caron et al., 2017; Alba et al., 2020).

The occurrence of these mollusks in dry climates and high altitudes, such as
the Bolivian Altiplano, suggests a great ability to adapt to adverse environments (Smith
et al., 2024). Furthermore, the ability of G. schirazensis to survive outside of water for
extended periods reinforces its ecological flexibility (Lounnas et al., 2018). While G.
truncatula can remain active at temperatures as low as 1.5°C, its activity and feeding
significantly decrease below 5°C, reducing egg production. However, juveniles
exposed to cold weather tend to grow faster and produce more eggs, suggesting that,
in climates with harsh winters, reproduction in the spring may be sustained by these
juveniles (Smith et al., 2024). In addition, the high rate of self-fertilization in the genus
*Galba* promotes the rapid colonization of new habitats, enhancing and facilitating its
dispersion (Schniebs et al., 2018).

The Galba group has been the subject of extensive taxonomic and
biogeographic discussions. Issues related to its origin and synonymy remain debated
(Schniebs et al., 2018; Alda et al., 2021). Some species of this group have
epidemiological importance, such as G. cubensis, which acts as an intermediate host
of F. hepatica, particularly in the Caribbean (Alba et al., 2015; Vazquez et al., 2015).
This species is also considered a potential host for Fascioloides magna (Vignoles et
al., 2014) and Heterobilharzia americana, a parasite affecting mammals, including
horses (Corapi et al., 2015). In 2007, G- neotropica was described by (Bargues et al.,

2007) and later recorded in countries such as Peru, Argentina, Venezuela, and
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Uruguay, being considered an intermediate host of F. hepatica (Schniebs et al., 2018;
Alda et al., 2021). However, this species is now recognized as a synonym of G.
cubensis (Alda et al., 2021) originally described in Cuba — Pfeiffer, 1839 —.

Galba truncatula — Muller, 1774 — is the primary host of fascioliasis in
Europe, Asia, and Africa (Smith et al., 2024), and its origin remains a topic of debate.
Although it was considered native to the Old World, molecular analyses suggest that
the species may have originated in the Americas and later colonized Europe (Correa
et al., 2010). Similarly, the origin of G. schirazensis — Kuster, 1862 — remains
uncertain. Bargues et al., (2011) propose that the species originated in the Middle East,
initially expanding to Africa, Europe, and Asia, and later to the Americas, possibly
associated with livestock transportation during the Spanish invasion colonization
(Lounnas et al., 2018).

Pseudosuccinea columella — Say, 1817 — is native to North America (Correa
et al., 2011) and, until the early 20™ century, its distribution was limited to the eastern
portion of the continent (Lounnas et al., 2017). In the last century, it was introduced to
other continents, where it adapted to different environmental conditions, resulting in a
broad distribution in Africa and South America, while its presence in Oceania remains
restricted (Lounnas et al., 2017; Ngcamphalala et al., 2022). This species acts as an
intermediate host for F. hepatica in several countries, such as Brazil (Medeiros et al.,
2014), Cuba (Ngcamphalala et al., 2022), and Argentina (Martin et al., 2016),
highlighting the need for continuous monitoring.

In addition to large-scale environmental conditions, regional climate dynamics
influence mollusk abundance, with seasonal variations related to temperature,
precipitation, and water availability (Vazquez et al., 2018; Alba et al., 2020). These
variations affect parasitic transmission by altering the availability of intermediate hosts.
However, in some regions, such as northern Corrientes province in Argentina, P.
columella is more abundant in the winter, suggesting seasonal variations in its
abundance depending on local environmental conditions (Ngcamphalala et al., 2022).

The collection of ecological data on these species from diverse regions and
climates enables the assessment of variations in ecological preferences and the
prediction of future climate change impacts (Alda et al., 2021; Smith et al., 2024)
Distribution pattern analysis is crucial for identifying relevant species in different
regions, especially considering the absence of distinct morphological traits to

differentiate Galba species (Alda et al., 2020). In South America, the transmission of
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F. hepatica involves several species from the Galba group. In endemic regions,
different species of this group coexist, such as G. schirazensis and G. truncatula (Alda
et al., 2020; Bargues et al., 2021). However, the composition of epidemiologically
important species at high altitudes is distinct from lowlands, where fascioliasis is a
veterinary concern associated with limneid species outside the Galba group, such as
P. columella (Bargues et al., 2021)

Our results suggest that, in South America, P. columella and G. cubensis may
be the main hosts of F. hepatica, with a potentially broader distribution than G.
schirazensis and G. truncatula. This difference may be related to the ability of these
species to occupy ecological niches at different altitudes, as they are more frequently
recorded up to 2,000 meters. At higher altitudes, particularly in the Andean region, G.
schirazensis and G. truncatula become more important, better adapting to the

conditions of these areas.
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Table S1. Environmental variable values extracted from the pixels corresponding to occurrence points
of Pseudosuccinea columella, Galba cubensis, Galba schirazensis, and Galba truncatula in South

America.
Species Altitude Maximum Minimum Precipitation
temperature temperature

Pseudosuccinea columella 445 30.35 18.8 87
Pseudosuccinea columella 1,920 22.4 11.25 107
Pseudosuccinea columella 2,107 21.6 13.2 195
Pseudosuccinea columella 2,860 22.5 7.3 83.5
Pseudosuccinea columella 73 33.15 23.3 91
Pseudosuccinea columella 703 27.55 16.65 42.5
Pseudosuccinea columella 74 27.15 16.4 59
Pseudosuccinea columella 2,110 22.3 13.7 199.5
Pseudosuccinea columella 1,214 25.7 11.65 21.5
Pseudosuccinea columella 341 21.85 9 56.5
Pseudosuccinea columella 495 24.75 11.5 44
Pseudosuccinea columella 1,489 24.7 10.5 20
Pseudosuccinea columella 1,025 23.45 10.4 35
Pseudosuccinea columella 242 28.75 15.3 56.5
Pseudosuccinea columella 86 26.75 15.6 74
Pseudosuccinea columella 9 22.75 12.85 65
Pseudosuccinea columella 11 30.55 20.55 7
Pseudosuccinea columella 7 29.95 21.55 22
Pseudosuccinea columella 72 271 16.5 59
Pseudosuccinea columella 183 29.15 15.3 58
Pseudosuccinea columella 53 26.25 15.45 86.5
Pseudosuccinea columella 52 26.3 15.4 86.5
Pseudosuccinea columella 507 24.65 11.4 39.5
Pseudosuccinea columella 742 23.65 10.35 44
Pseudosuccinea columella 54 29.1 22.35 154.5
Pseudosuccinea columella 53 31.55 22.9 247
Pseudosuccinea columella 1,685 25.85 15.3 226.5
Pseudosuccinea columella 1,641 25.85 15.3 226.5
Pseudosuccinea columella 1,131 25.5 17.15 129
Pseudosuccinea columella 977 27.9 19.05 116.5
Pseudosuccinea columella 1,100 26 18.85 120
Pseudosuccinea columella 1,297 26.4 15.5 172
Pseudosuccinea columella 665 271 15.6 59
Pseudosuccinea columella 709 27.05 15.55 61.5
Pseudosuccinea columella 806 27.5 16.85 51.5
Pseudosuccinea columella 230 25.15 15.2 75
Pseudosuccinea columella 831 20.85 12 103.5
Pseudosuccinea columella 649 21.75 12.85 96.5
Pseudosuccinea columella 98 23.7 14.75 82
Pseudosuccinea columella 50 23.7 15.9 86
Pseudosuccinea columella 82 26.75 15.3 91
Pseudosuccinea columella 9 25.05 16.05 84.5
Pseudosuccinea columella 454 23.75 13.25 97.5
Pseudosuccinea columella 11 23.75 15.05 86
Pseudosuccinea columella 69 241 15.7 87
Pseudosuccinea columella 12 25.4 16.2 77.5
Pseudosuccinea columella 65 24.85 15.75 90
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

25

561
250

562

937
1,001
896
713
97
926
859
615
726
446
646
469
585
652
413
542
500
883
561
568
597
728
546
340
696
597
698
602
884
502
718
552
613
571
462
518
624
799
907
663
692
30
370
563
530

24.45
245
23.8

23.95

23.35

24.55
24.3
19.6

22.15

22.65
25.2

25
22.8
22.9

27.95
27.5
30.8

26.35
27.9

28.85

27.25

30
27.7

28.15
26.6
29.8

27.15
25.8

24.85

25.45

30.55
27.2

29.05
24.4

26

26.25

30.05
27.2

27.15

26.55

29.65
30.8
27.7

27.25
27.9

25.45

27.65

26.85

27.15

30.65
293

30.25

16
15.95
13.05

14

16.3
12.9
16.6
10.55
12.4
13.2
11.95
16.8
12.5
12.95
15.2
16.75
19.1
14.75
16.4
18.05
15.05
17.6
15.7
16.1
16.7
18.1
15.35
14.45
14.35
15.65
19.25
15.9
17.35
13.85
15.25
15.7

18
14.35

16

15.3
18.2
18.9
16.3
15.25
16.55
16.95
16.7
15.8
17.75
18.75
17.5
18.45

97
110.5
95.5
98.5
95
88.5
101.5
114.5
94.5
102
69.5
119.5
86.5
83.5
41
47.5
41.5
33
52
36
56.5
45.5
33
57.5
49
50.5
39.5
38.5
54.5
68
43
59.5
51
50
40
54
56
32.5
425
38.5
46
36.5
41
37
48.5
50
58
52.5
93
36.5
51.5
51.5
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

733
584
448
641

810
440
899
466
421
532
421
611
615
531
725
102
847
581
607
684
818
405
452
593
517
44
614
450
560
428
528
490
528
490
545
618
449
925
774
1,006
820
679
423
665
591
523
495
544
423
520
934

235
29
30.9
25.95
25.35
26.25
30.25
22.65
30.15
30.7
26.35
29.9
26.6
27.55
29.2
26.15
25.3
26
26.4
28.85
25.65
23.4
30.4
30.4
28.25
29.85
26.2
28.5
30.55
29.55
30.7
28.65
30.55
30.6
28.9
29.9
271
29.9
25.85
26.7
25.65
23
23.7
30.65
26.35
28.55
290.85
29.9
29.05
30.7
29.95
22.75

13.2
18.5
19.2
14.55
18.85
15.7
18.2
12.55
18.05
18.95
15.4
17.8
14.9
15.15
17.3
14.5
17
13.7
15.65
17.25
14.85
13.2
18.35
18.6
16.85
18.75
17.35
17
18.35
18.35
18.75
17.05
18.85
18.85
16.5
18
15.05
17.6
13.9
17.25
16.6
12.9
13.3
19.25
14.9
17.4
18.15
18.2
17.35
19.1
17.75
12.95

52.5
42.5
46.5
36
196.5
48
54
56.5
36
35.5
40.5
49.5
43
31
53
47.5
183
40
54.5
49.5
66.5
53.5
40.5
36.5
50.5
31
145.5
49.5
49
47.5
36
52
45.5
43
28
52.5
32.5
43
43
49.5
51
55.5
51
44.5
100.5
59.5
47
48
49.5
43
40.5
97
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

15
881
590
410
606
373
434
885
548
603
432
575
349
775
698
402
379
569
674
675
611
556
551
546
605
615
512
497
414
580
624
30
554
682
124
38
283
490
284
198
41
514
754
470
581
26
55
150
366
205
29
17

26.75
23.65
284
29.9
27.3
30.4
29.8
221
26.9
24.7
30.35
29.3
30.7
27.5
28.3
30.55
30.7
25.15
23.75
28.2
25.2
29.6
28.65
29.25
29.05
27.5
29.9
27.4
30.2
29.3
254
26
24.75
24
27.75
26.55
28.2
25.7
26.95
25.65
27.15
25.3
24
25.2
23.5
26.75
28.65
28.2
27.05
28.1
26.65
26.7

17.65
13
16.9
17.7
15.45
18.2
17.65
12.75
16.1
14.3
18.55
17.55
19.15
16.45
16.85
19.2
19.15
15.4
13.35
16.7
14.5
17.9
17.05
17.6
17.35
15.35
18.4
16.25
18.1
17.6
15
18.7
14.7
141
17.2
17.7
17.55
15.25
15.7
17.2
18
15.05
13.85
15.1
14.15
18.6
18.4
17.6
17.35
16.95
18.15
17.75

98
52
48
44
42.5
41
53
100
56.5
45
39
52.5
41
63
58
44
43,5
66
46.5
54
40
49.5
52
49
48.5
335
48
44
53.5
50.5
51.5
75
1235
101.5
68
92.5
72
90
81
87.5
74
94
93
99.5
120
90.5
725
70.5
104.5
77
1135
117
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

16
461
673
201
277

50
886

34
575
389
261
622
392
221
428
774
165
757

40
886
746
393
878

1,142
617
920
893
812

1,302
718

1,002
846
723
485
953
866
904
714
816
814
879
909

1,066
377
766
735
864
380
936
741
688

26.25
249
235

27.45
27.8

26.65

22.25

27.35

24.35
26.2

26.15
23.6
25.8
27.8

26.65
25.2

28.05

24
27.3
26.3

21.75
231
26.5

27.15
23.9
254

25.85

26.35
27.2

23.65

26.95
25.3
26.3

26.85

30.55
26.6
25.2

26
27.5
27.3

26.95

26.45

26.65
254

27.35
26.2

27

26.75

28.7
27

27.55

25.1

18.5
14.8
13.95
16.1
16.65
18.9
12.65
18.3
14.35
15.55
16.7
14.05
15.35
16.5
15.6
16.8
17.9
141
18.55
18.3
12.65
13.7
15.8
15.35
13.8
14.7
14
14.65
15
141
15.8
14.85
14.2
16.35
19.15
14.85
15
14.75
16.45
16.25
15.35
14.25
16.2
14.9
16.85
14.9
16.45
14.9
18.15
14.85
16.7
14.75

73.5
94.5
98.5
76.5
85
89.5
99
109.5
94
109
132.5
104
92
85.5
86
90
74
119
108
91
130.5
98.5
111.5
63
70
98.5
78.5
73.5
73
80.5
425
59.5
80
46
21.5
75.5
69
64.5
48.5
41.5
51
79.5
53.5
59
61.5
53
44.5
67
62
56
43
73
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

176
181
120
127
618
134
163
629
326
35
61
636
585
668
616
807
870
902
608
495
211
24
566
65
20
36

47

474
63
67

258
91

116

329
65
24
75
13

23

24

65
350
349
349
356
340
334
342
351

27.6
27.4
28
27.75
25.8
28.3
27.65
255
26.9
271
27.75
24.95
28.4
28.6
28.8
27.25
28.15
27.45
28.35
29.45
31.15
30.65
26.95
31.55
31.25
31.55
25.05
24.95
26.45
24.9
27.15
26.25
26.25
26.8
26.8
26.25
259
259
26.9
26.85
26.95
26.85
259
259
30.25
30.1
30.1
29.95
30.35
30.15
30.2
30.1

16.7
17.25
18
17.3
14.4
17.7
17.5
14.25
16.45
18.95
18.95
14.75
19.25
18.6
19
16.9
17.35
17.95
19.15
19.9
19.85
23.85
18
21.85
22.55
22.85
15.8
15.7
17.55
14.8
17.55
16.25
16.25
17
17
16.25
18.2
18.2
19.2
19.35
18.85
19.35
18.2
18.2
19.9
19.7
19.7
19.75
20.15
20.05
20.05
19.95

83.5
70.5
72
74.5
85
77
70
81
75.5
69.5
51.5
85
72
71
59
64
96
77.5
72.5
74
45.5
50
47.5
229.5
225
247.5
88.5
64
145.5
94.5
103.5
102.5
102.5
105.5
105.5
102.5
93.5
93.5
106.5
98.5
104.5
98.5
93.5
93.5
66.5
67.5
67.5
66.5
64.5
63
65.5
66
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis

364
365
401
296
341
343
370
410
499
457
337
446
446
463
292
294
295
293
299
295
301
425
452
2,052
1,037
445
13

1,030
19
413
24
22
441
507
143
40
988
1,629
757
1,339
337
1,376
1,387
1,849

519
150
2,396
1,387
1,210

29.95
29.65
29.65
30.45
29.9
30.2
29.7
29.75
28.9
29.65
29.65
29.5
29.6
29.6
30.95
30.65
30.95
30.95
30.7
30.7
30.95
31.1
30.85
21.55
25.15
30.35
31.2
29.95
30.25
24.9
22.85
22.85
31.15
31.45
30.75
29
24.25
25.65
26.05
25.2
27.3
25.95
22.55
20.8
20.75
23.05
24.65
30.75
31.3
24.45
20.75
21.65

19.8
19.5
19.6
20
19.75
20
19.7
19.75
18.9
19.6
19.65
19.55
19.55
20
20.05
20
20
201
19.95
20.05
20.05
19.95
19.8
10.8
15.3
18.8
23.3
214
21.2
12.75
16.65
11.95
23.25
23.45
19.3
17.95
13
141
13.3
8.8
16.6
16.1
12.75
4.9
4.9
11.35
13
17.55
18.75
10
4.9
5.2

64
67.5
61.5
66.5

66
64.5
61.5
60.5
64.5

62

59
59.5
63.5
71.5

60
62.5
59.5
60.5
62.5
63.5

60

90

83
88.5
102.5

87

89
22.5

15

0.5
89
117
89
95
75
84
21
15
44
212

21.5
21.5
96
45
9.5

67
21.5
19
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Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis

1,245
1,340
1,351
4,384
50
41
82
44
55
103
10
1,629
2,154
2,649
2,107
1,662
1,779
1,361
2,987
3,738
1,489
2,646
1,570
2,722
2,059
2,747
2,799
2,860
2,880
2,676
3,532
2,331
2,090
2,059
2,013
1,997
2,655
2,824
1,532
1,825
3,328
2,827
2,797
133
1,552
1,701
519
150
1,613
1,685
1,581
2,661

21.55
21.1
24.65
12.25
24.8
24.85
24.65
24.75
24.7
245
21.5
25.2
19.95
17.5
24.05
26.55
22.25
27.2
18.5
10.75
22.05
19
26.7
15.45
23.35
22.85
21.7
22.5
22.05
23.05
21.05
23.75
24.85
24.45
25.35
25.35
19
18.45
22.3
23.9
16.35
19.45
20.2
22.85
26.2
26.25
30.75
31.3
20.9
25.85
25.85
23.05

5.05

15.3
-0.95
12.35

12.4
11.95

12.3
12.15

11.6
14.95

8.8

8.65

6.2
14.25
16.65
11.95

19

7.5
2.45

12.5

7.7

10.5

4.7
13.55
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ABSTRACT

In South America, Pseudosuccinea columella, Galba cubensis, Galba schirazensis,
and Galba truncatula snails serve as vectors of Fasciola hepatica, posing major
challenges to public and animal health. This study identified environmentally suitable
areas for these species using ecological niche models, including Maxent, Random
Forest, and Support Vector Machine. Occurrence points (n = 797) were compiled from
the international literature (PRISMA protocol) and the malacological collection of
FIOCRUZ Institute, Rio de Janeiro, Brazil. P. columella (51%), and G. truncatula (18%)
had the highest records. The distribution of Pseudosuccinea columella and G.
cubensis was influenced by precipitation exhibiting a broad potential across South
America. In contrast, the distribution of G. schirazensis and G. fruncatula was
influenced by temperature and was limited to high-altitude areas. An ecological niche
overlap was observed between P. columella and G. cubensis; and G. schirazensis and
G. truncatula. Moreover, suitable areas for these species were identified in Argentina,
Peru, Bolivia, and Brazil. In Brazil, P. columella demonstrated significant environmental
suitability in the Cerrado and the Amazon Forest biomes, which have been impacted
by land use of pasture expansion and deforestation from unsupervised cattle
production. Therefore, predicting the contamination of new areas is critical to mitigate
future liver fluke infections in suitable hosts (natives and rural communities, capybaras,
etc.) from regions affected by large livestock movements in the continent. As we face
climate change threats to vector-borne diseases, these modeling data highlight the
need for significant preventive strategies, directed to the welfare and social impact of
all South American countries.

Keywords: Lymnaeids, Latin America, Predicted Model, Maxent, Random Forest, and
Support Vector Machine.
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4.1 INTRODUCTION

Fasciolosis, caused by Fasciola hepatica or F. gigantica is a global infectious
disease that affects domestic and wildlife animals and humans (Alba et al., 2020; Alda
et al., 2021). An estimated 180 million people are at risk of infection, with 30 to 70
million individuals currently infected by Fasciola spp (Sabourin et al., 2018). Animal
infections are highly prevalent, affecting over 600 million cattle worldwide (Toet et al.,
2014). The success of this disease is partly explained by the ability of Fasciola
parasites to infect a wide range of freshwater snails, the intermediate hosts of these
parasites (Vazquez et al., 2018; Galavani et al., 2024). Approximately 30 species of
snails from the Family Lymnaeidae serve as hosts for Fasciola worldwide (Vazquez et
al., 2023; Galavani et al., 2024).

In the Americas, lymnaeids are widely distributed from Canada to Argentina
(Vazquez et al., 2018; Alda et al., 2021). In South America, the snail species involved
in fasciolosis are Pseudosuccinea columella (Say, 1817), Galba cubensis (Pfeiffer,
1839), Galba neotropica (Bargues, 2007)—considered synonymous of G. cubensis—
, Galba schirazensis (Kuster, 1862), Galba truncatula (Muller, 1774), Galba cousini
(Jousseaume, 1887) and Galba meridensis (Bargues, 2011) (Correa et al., 2011; Alda
et al., 2021). The last two species have, however, a much more restricted distribution,
as they are only present in the northwest region. The role of G. schirazensis as a host
of F. hepatica is still under debate (Caron et al., 2017; Alda et al., 2021; Nasibi et al.,
2021).

Even though the distribution of lymnaeid snails can directly influence
fasciolosis cases, not all species are equally effective in transmitting the parasite (Alba
et al., 2020). Understanding the spatial distribution of lymnaeid snails is crucial for
identifying areas at risk of transmitting F. hepatica and improving the ability to
anticipate and effectively prevent the (re)emergence of the disease. Environmental
factors such as water velocity, soil type, evapotranspiration, precipitation, and
temperature can affect the presence and abundance of these snails (Vazquez et al.,
2018; Alba et al., 2020; Almeida et al., 2024). Climate change, environmental
degradation, and changes in land use for pasture also influence snail distribution,
leading to the (re)emergence of fasciolosis in some regions (Alba et al., 2020; Almeida
et al., 2024). In Brazil, for instance, fasciolosis has recently expanded into regions with

few or no previously recorded cases, particularly in the central-western and northern
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parts of the country, areas affected by deforestation for pastureland (Almeida et al.,
2024).

Previous authors have studied the actual distribution of South American
lymnaeid species; however, this distribution still requires further clarification and the
environmental suitability remains unknown, posing a risk to animal and human health
(Alda et al., 2021). The movement of infected mammals, whether through seasonal
cattle migration or the introduction of wild mammals, into areas potentially suitable for
snail species (capable of transmitting fasciolosis), promotes the establishment of
disease transmission. Thus, mapping the distribution of lymnaeid snails and assessing
their environmental suitability is essential for understanding the occurrence of F.
hepatica and the epidemiology of fasciolosis to formulate targeted interventions (Testai
et al., 2023; Almeida et al., 2024; An et al., 2024).

This study aimed to use ecological niche modeling (ENM) to predict areas of
environmental suitability for lymnaeid species involved in the epidemiology of F.
hepatica in South America. We developed an ENM for P. columella; G. cubensis; G.
schirazensis; and G. truncatula which have the largest distribution in South America.
Since the role of G. schirazensis as a transmitter of Fasciola is still debated (Caron et
al., 2017; Alba et al., 2020), and mixed populations of Galba are found together
(Standley et al., 2013; Alda et al., 2018) we have chosen to include this species in our

study.

4.2 MATERIAL AND METHODS
4.2.1 Study area

The research area covers all of South America, which exhibits a variety of
climate patterns, ranging from tropical, subtropical, and temperate conditions in 14
biomes (Delgado et al., 2022; Jaramillo et al., 2023). The region has a remarkable
geographic diversity, ranging from vast deserts like the Atacama and Salar de Uyuni
to the world's largest tropical rainforest, the Amazon (Garreaud et al., 2009; Delgado
et al., 2022).

The biodiversity of South America is also distinguished by the presence of a
rich fauna of non-marine mollusks. Initial estimates suggest the existence of at least
1,400 species of these animals, including mussels, freshwater gastropods, and
terrestrial snails. However, this figure represents only a fraction of the total diversity

(Miyahira et al., 2022). Certain regions of the continent, such as Lake Titicaca on the
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Bolivia-Peru border and the Lower Uruguay River between Argentina and Uruguay,
are among the top 20 global hotspots for freshwater gastropods (Strong et al., 2008;
Miyahira et al., 2022).

4.2.2 Database of lymnaeids occurrence points

Locations of occurrence for the lymnaeid species were obtained through a
literature review, following the Preferred Reporting Iltems for Systematic Review and
Meta-Analysis Protocols (PRISMA) guidelines, and by consulting the malacological
collection of the Oswaldo Cruz Institute, in Rio de Janeiro, RJ, Brazil. Due to the cryptic
nature of Galba species, which are not easily morphologically distinguishable, only
occurrence points confirmed by molecular biology were included. However, in the case
of P. columella, we considered studies identifying the species through either molecular
biology methods or morphological identification.

The resulting database comprised a total of 797 occurrences, distributed as
403 (51%) occurrences of P. columella, 120 (15%) of G. cubensis, 130 (16%) of G.
schirazensis, and 144 (18%) of G. truncatula. Records of G. cubensis were grouped
with G. neotropica occurrence points, as these species are considered synonymous.
The raw data—including the PRISMA protocol, selected articles, and geographical
coordinates of occurrence sites—are on the Mendeley Data repository
(https://data.mendeley.com/datasets/r2cc38vz8k/1). Access to the data is provided
through the DOI: 10.17632/r2cc38vz8k.1.

4.2.3 Environmental variables database

Environmental variables were categorized into climate and landscape. The 19
bioclimatic variables were obtained from WorldClim (https://worldclim.org/), version
2.0, with a resolution of 30 arc-seconds (~1 km?) in raster format (GeoTIFF). The Land
Surface Temperature (LST) and Normalized Difference Vegetation Index (NDVI)
variables were acquired through the Google Earth Engine (GEE,
https://earthengine.google.com/), also at a resolution of 1 km?. The LST was derived
using the MODIS/061/MOD11A2 product, while the NDVI was derived using the
MODIS/061/MOD13A2 product. The dataset for the four lymnaeid species spans the
period from 1974 to 2019. The temporal resolution of the GEE satellite images was

determined based on the occurrence data period (Testai et al., 2023).
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4.2.4 Ecological Niche Model (ENM)

Initially, the raw occurrence points of the species were filtered based on the
modeling area, excluding those outside South America. Then, we applied spatial filters
to minimize the influence of variables that are difficult to measure and systematic
errors, such as bias caused by sampling effort and its consequent influence on the
density of occurrence and environmental characteristics of each capture area (Varela
et al., 2014). The following filters were applied to the datasets: i) removal of points with
duplicate coordinates; ii) exclusivity of occurrence per pixel; and iii) removal of
occurrences in pixels without data.

Variable selection for the models was based on the Pearson correlation,
choosing those with a correlation within the range of -0.7 to 0.7. Pearson correlation
was calculated considering only the pixels present in the South American area. Thus,
nine environmental variables were incorporated into the models: BIO2 (Mean Diurnal
Range), BIO3 (Isothermality), BIO5 (Max Temperature of Warmest Month), BIO14
Precipitation of Driest Month, BIO15 (Precipitation Seasonality), BIO18 (Precipitation
of Warmest Quarter), BIO19 (Precipitation of Coldest Quarter), LST, and NDVI (Fig.
S1).

In the process of generating ENM, some algorithms use only occurrence
points, while others require both presence and absence points. In this case, pseudo-
absence points were needed for each species in areas with low or absent
environmental suitability. For this purpose, an inclusion buffer (defining the maximum
limit for sampling pseudo-absences) and an exclusion buffer (a region close to the
occurrence points where pseudo-absences were not generated) were considered.
Thus, pseudo-absences were generated in the area resulting from the difference
between the inclusion buffer and the exclusion buffer. The application of this
geographic filter to generate pseudo-absence points around each occurrence leads to
a significant improvement in results (Barbet-Massin et al., 2012). The exclusion buffer
was defined for all species within a 10 km radius, considering environmentally similar
areas near occurrence points. The inclusion buffer was set at 600 km, approximately
the average distance between occurrence clusters.

To establish a threshold for identifying regions with limited environmental
suitability for creating pseudo-absences, we analyzed the occurrence data of each
species using the climatic envelope method (Bioclim), which constructs a

multidimensional bounding box within the environmental space. The environmental
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suitability of the occurrence points in this model was evaluated, considering the 90%
of pixels with the highest suitability as occurrence areas and the 10% of pixels with the
lowest suitability as absence areas, thus defining an interval for generating pseudo-
absences (Barbet-Massin et al., 2012; Testai et al., 2023).

Models were generated using the ModleR platform (Sanchez-Tapia et al.,
2020). Three algorithms were employed in this process: Maxent, Random Forest (RF),
and Support Vector Machine (SVM). The complete modeling process is outlined in Fig.
1.
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Figure 1. Flowchart of the search stages involved in ecological niche modeling (ENM).

Finally, the occurrence dataset was divided into five partitions. In each
partition, we reserved 20% of the occurrences for testing, while we used 80% for
training the algorithms. K-fold cross-validation with two iterations was applied for this
division, resulting in 10 partitions (models) per algorithm. The performance evaluation
of the partitions was conducted using True Skill Statistics (TSS). The TSS value was
used as a criterion for selecting partitions with satisfactory results, with those having
TSS values above 0.7 considered to be of good quality. Consequently, only partitions
with TSS values exceeding 0.7 were included in the construction of the final models
for each algorithm.

Final models for each algorithm were then used to build the Ensemble model,

which combines the best partitions from each algorithm into a single model. In the final
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step, variance partitioning was applied to assess the contribution degree (Adj R?) of
each variable in defining the ecological niche for each of the generated Ensemble
models. For the variance partitioning analysis, we categorized the components
(variables) into four groups: temperature (BIO2, BIO3, and BIO5); precipitation (BIO14,
BIO15, BIO18, and BIO19); LST; and NDVI.

4.2.5 Ecological niche overlap

We quantified niche overlap among the four modeled species using
Schoener's D index. This index evaluates the degree of resource or habitat
characteristic sharing between two species by comparing habitat suitability estimates
in each grid cell resulting from the modeling. The index values range from 0 (no match
— low niche similarity) to 1 (identical maps — high niche similarity) (Puts et al., 2020;
Campos et al., 2023). We calculated the index from the Ensemble model, which
consisted of binary models predicting areas of high suitability for the species by
integrating predictions from different algorithms in a consensual manner (Sanchez-
Tapia et al., 2020).

4.2.6 Environmental suitability of lymnaeids in Brazil, Bolivia, and Peru—countries with
high incidences of fasciolosis in South America

Ensemble models for each species were used to analyze areas of
environmental suitability. The analysis of the percentage of pixels with low, medium,
and high suitability within the federative units of Brazil, Bolivia, and Peru (Bargues et
al., 2021; Almeida et al., 2024) (Fig. S2) was conducted using the Google Colab
platform (https://colab.research.google.com/) and the Python programming language.
To classify the pixel (interpreted as territory) values from the Ensemble models into
suitability categories, threshold values were applied: pixels with values < 0.33 were
designated as low suitability, those with values between 0.33 and 0.66 as medium
suitability, and those > 0.66 as high suitability. Data on the percentages of pixels with
medium to high suitability for each federative unit were georeferenced to generate

thematic maps using QGIS software (version 3.26).

4.3 RESULTS

4.3.1 Geographic distribution and data filtering of lymnaeid species in South America
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After applying spatial filters to the lymnaeids databases, the occurrence points
were reduced to 328 out of 403 (81% of the original dataset) for P. columella, 43 out
of 120 (35%) for G. cubensis, 49 out of 130 (37%) for G. schirazensis, and 73 out of
144 (50%) for G. truncatula. The occurrence points used in the models for each species
after cleaning are provided in Table S1. The four lymnaeid species were found to have
been collected in multiple countries across South America, with no records in
Paraguay, Suriname, or Guyana. Pseudosuccinea columella and G. cubensis
exhibited broad geographic distributions across South America. Brazil had the highest
number of records for P. columella, while Argentina had the most records for G.
cubensis, with a single record of this species in Brazil (state of Minas Gerais). Galba
Schirazensis was predominantly found in countries along the Pacific coast including
Peru, Ecuador, Colombia, and Venezuela. Galba truncatula also had a widespread
distribution, mainly in Bolivia, and the only species recorded in Chile (Fig. S3).

For each species, 1,200 pseudo-absence points were generated within low-
suitability areas. The created buffers determined that these points were distributed

within the inclusion area but outside the exclusion area.

4.3.2 Ecological Niche Modeling (ENM) of lymnaeid species

In evaluating partitions for the construction of the final model for each species,
only partitions demonstrating good performance (TSS > 0.7) were considered. For P.
columella, G. schirazensis, and G. fruncatula, this resulted in constructing the final
model using 10 partitions per algorithm. Consequently, in the Ensemble model of these
species, all 30 partitions were utilized. In contrast, only 25 partitions were utilized in
the Ensemble model construction for G. cubensis, where the Maxent and RF
algorithms achieved TSS results above the cutoff point; however, they demonstrated
considerable variability (0.50 — 0.98 and 0.52 — 0.84, respectively) in the G. cubensis
models. The three algorithms also presented outliers in TSS values for the partitions
of G. schirazensis (Maxent 0.85 — 1; RF 0.78 — 0.95; SVM 0.75 — 1) (Fig. S4).

Different algorithms showed varied performances in the Ensemble models: RF
achieved the highest performance for P. columella (TSS > 0.91), SVM excelled for G.
cubensis (TSS > 0.93), and also demonstrated superior performance in niche modeling
for G. schirazensis (TSS > 0.92), while Maxent achieved excellent results for G.
truncatula (TSS > 0.92).
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4.3.3 Contribution of environmental variables to species models

Results from the variance partitioning analysis demonstrated that precipitation
variables (BIO14, BIO15, BIO18, and BIO19) represented the largest percentage of
contribution to the model for P. columella, totaling 29% of the explained variation (Adj
Rz = 0.29), followed by temperature variables (BIO2, BIO3, and BIO5), which
contributed 18% (Adj R? = 0.18). For the model of G. cubensis, precipitation was also

the variable that contributed the most, explaining 12% of the variation (Adj R* = 0.12)
(Fig. 2).
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Figure 2. Variance partitioning analysis of the contributions of environmental variables in ecological
niche modeling of (A) Pseudosuccinea columella; (B) Galba cubensis; (C) Galba schirazensis; and (D)
Galba truncatula in South America.

Note. Values less than zero are not shown and are interpreted as zero, corresponding to cases where
explanatory variables explain lower variation than normal random variables.

In contrast, temperature was the most important variable in the models of G.
schirazensis (24%) and G. truncatula. For G. truncatula, temperature alone contributed
18%, while the relationship between temperature and LST had a higher contribution of

19%. NDVI alone did not significantly contribute to the models of the four species;
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however, in the model of P. columella, this variable, when interacting with precipitation,
contributed 10% to the species model (Adj R? = 0.10).

After removing correlated variables, the variables used in this model explained
56% of the suitability of areas for P. columella, which had the lowest residual in the
analysis of variance (0.44). Conversely, the variables influenced 28% of suitability
areas for G. cubensis. Models for G. schirazensis and G. truncatula showed similar

performance, with variables explaining between 49 and 46% of the models.

4.3.4 Extensive and restricted areas of environmental suitability in South America
depending on the lymnaeid species

Considering environmental suitability within the geographical space, the
models revealed that P. columella and G. cubensis have extensive favorable areas in
South America, whereas G. schirazensis and G. fruncatula have more restricted areas
(Fig. 3). Pseudosuccinea columella demonstrated broad environmental suitability
across various regions of Brazil, particularly in the southern, southeastern, and
midwestern, as well as favorable areas in Bolivia (eastern and central), Argentina
(eastern), and Paraguay (southern and eastern). In the northern region of Brazil, within
the Amazon Forest biome, the species showed moderate suitability (Fig. 3A).

The model for G. cubensis indicated that the species does not show large
areas of high suitability in the southern region of Brazil; however, there are
considerable areas of high suitability, particularly in the southeast and northeast
regions (Fig. 3B) of the country. In the southern and eastern parts of Argentina,
extensive areas were also found to be suitable for G. cubensis. In the Andean
countries, the areas of highest suitability are located closer to the Pacific coast (Fig.
3B), than in the inland regions of South America.

For G. schirazensis and G. truncatula, the models indicate more restricted and
highly suitable areas in the Andes region. In Brazil and Argentina, the models

predominantly show areas of low environmental suitability for both species. However,
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it is noteworthy that areas of medium suitability are more extensive for G. schirazensis

than for G. fruncatula across South America (Fig. 3C-D).

A  Pseudosuccinea columella B Galba cubensis A

Suitability
High

Figure 3. Areas of environmental suitability (high to low) predicted by ecological niche modeling for the
occurrence of (A) Pseudosuccinea columella, (B) Galba cubensis, (C) Galba schirazensis, and (D)
Galba truncatula.

4.3.5 Ecological niche overlap among lymnaeid species
The Schoener D index was used to quantify the overlap of suitable areas
among the four modeled species revealing a high niche similarity between the models.

Pseudosuccinea columella and G. cubensis exhibited a strong niche similarity,
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indicating large areas of overlap with high environmental suitability across various
regions, different biomes, and climates of South America. The same occurs between
G. schirazensis and G. truncatula with high similarity between their niches (Fig. 4A).
These similarities are maintained when analyzing smaller territorial scales, such as
Brazil (Fig. 4B), Peru (Fig. 4D), and Ecuador (Fig. 4E).

In the Andean countries, (i.e., Bolivia), a high similarity was observed between
G. cubensis and G. truncatula (Fig. 4C). This pattern, however, was not identified in
Ecuador (Fig. 4E). On the other hand, in Peru (Fig. 4D), there was a high similarity in
the niches of the three Galba species. In Argentina, niche overlap among the four

species was considered low (Fig. 4F).
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Figure 4. Ecological niche similarity analysis using Schoener's D index for the models of
Pseudesuccinea columella, Galba cubensis, Galba schirazensis, and Galba truncatula for (A) South
America; (B) Brazil; (C) Bolivia; (D) Peru; (E) Argentina and (F) Ecuador.

Note: An index close to 1 indicates high niche similarity between species, while indexes close to 0
indicate little or no similarity.

4.3.6 Environmental suitability of limneids in countries with a high prevalence of F.
hepatica

In Brazil, the states of the South and Southeast regions, from Rio Grande do
Sul to Minas Gerais, presented extensive areas of suitability (medium to high
suitability) for the occurrence of limneid species, mostly for P. columella. In the

southern region, the state of Parana had the largest territory with environmental
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suitability (62%) for P. columella, followed by Rio Grande do Sul (41%) and Santa
Catarina (42%). In the southeast region, Espirito Santo had the smallest suitable area
(16%), but Sdo Paulo and Minas Gerais had 44% of suitable areas. In the northern
region, only Acre had 40% of the suitable territory (Fig. 5A). For G. cubensis, the states
in the southeastern region showed greater suitability than those in the southern region.
In the South, Parana had the largest territory of suitable areas (37%), while in the
southeast, Minas Gerais reached 49%. In the center-west, the states of Goias (43%)
and Mato Grosso do Sul (38%) were the states with the highest suitability, while in the
northeast, Sergipe has 45% of its territory considered suitable (Fig. 5B). The
percentage of the territory of Brazil with medium/high suitability for G. schirazensis (9%
in Sao Paulo) and G. truncatula (9% in Minas Gerais) was considered low (Fig. 5C-D).
The percentages of territory within each suitability class (low, medium, high) for Brazil,

Bolivia, and Peru are provided in Table S2.
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Figure 5. Territories with medium to high environmental suitability, represented as a percentage (%) of
pixels, for the occurrence of (A) Pseudosuccinea columella, (B) Galba cubensis, (C) Galba schirazensis,
and (D) Galba truncatula per state in Brazil.

Note: AC. Acre; AL. Alagoas; AP. Amapa; AM. Amazonas; BA. Bahia; CE. Ceara; DF. Distrito Federal;
ES. Espirito Santo; GO. Goias; MA. Maranhao; MT. Mato Grosso; MS. Mato Grosso do Sul; MG. Minas
Gerais; PA. Para; PB. Paraiba; PR. Parana; PE. Pernambuco; PI. Piaui; RJ. Rio de Janeiro; RN. Rio
Grande do Norte; RS. Rio Grande do Sul; RO. Rondbnio; RR. Roraima; SC. Santa Catarina; SP. Sao
Paulo; SE. Sergipe; TO. Tocantins.

In Bolivia, the regions with the highest percentages of territory showing high to
medium environmental suitability for P. columella were La Paz (33%), Beni (30%), and
Santa Cruz de La Sierra (30%) (Fig. 6A). Conversely, no territory in Potosi and Oruro
was considered suitable for this species. For G. cubensis, G. schirazensis, and G.
truncatula, Beni and Pando exhibited 0% of pixels suitable for these species.
Cochabamba (28%) and Chuquisaca (26%) were the departments with the largest
territory suitable for the occurrence of G. cubensis in Bolivia (Fig. 6B). Additionally, La

Paz (only 8%) showed the highest percentage for G. schirazensis (Fig. 6C), while
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Cochabamba (25%) and La Paz (23%) had the highest percentages for G. truncatula
(Fig. 6D).
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Figure 6. Territories with medium to high environmental suitability, represented as a percentage (%) of
pixels, for the occurrence of (A) Pseudosuccinea columella, (B) Galba cubensis, (C) Galba schirazensis,
and (D) Galba truncatula, per department in Bolivia.

Note: Be. Beni; CH. Chuquisaca; CB. Cochabamba; LP. La Paz; OR. Oruro; PD. Pando; PT. Potosi;
SC. Santa Cruz; TJ. Tarija.

In Peru, the highest percentages of medium/high suitability for these species
were found in departments near the Pacific Ocean coast, except for P. columella (Fig.
7). Madre de Dios was the department with the greatest suitability area (35%) for P.
columella (Fig. 7A). The departments of Ancash (51%) and Apurimac (51%) and
Huanuco (48%) were those with the largest territory suitable for G. cubensis (Fig. 7B).
Galba schirazensis had the highest suitability territory in the department of Cajamarca
(41%) (Fig. 7C). Apurimac (57%), Huanuco (47%), and Puno (42%) were the
departments with the most suitable areas for G. truncatula (Fig. 7D).
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Figure 7. Territories with medium to high environmental suitability, represented as a percentage (%) of
pixels, for the occurrence of (A) Pseudosuccinea columella, (B) Galba cubensis, (C) Galba schirazensis,
and (D) Galba truncatula per department in Peru.

Note: AMA. Amazonas; ANC. Ancash; APU. Apurimac; ARE. Arequipa; AYA. Ayacucho; CAJ.
Cajamarca; CAL. Callao; CUS. Cusco; HVL. Huancavelica; HUC. Huanuco; ICA. Ica; JUN. Junin; LAL.
La Libertad; LAM. Lambayeque; LIM. Lima; LOR. Loreto; MDD. Madre de Dios; MOQ. Moquegua; PAS.
Pasco; PIU. Piura; PUN. Puno; SAM. San Martin; TAC. Tacna; TUM. Tumbes; UCA. Ucayali.

4.4 DISCUSSION

This is the first ecological niche modeling study covering species of lymnaeid
snails for South America. Pseudosuccinea columella, G. cubensis, G. schirazensis,
and G. truncatula were found to be distributed across several countries, with suitable

habitats varying among species and showing some overlap in ecological niches.

4.4.1 Climatic and geographic factors influence lymnaeid distribution and habitat

suitability



95

The geographic distribution of P. columella and G. cubensis is broader than
that of G. schirazensis and G. truncatula. This pattern can be explained by the
influence of climatic variables. Precipitation had the greatest impact on the distribution
models of P. columella (29%) and G. cubensis (12%). The availability of habitats with
higher humidity, even across varying altitudes, likely accounts for the wide distribution
of these two species in South America.

Population of P. columella and G. cubensis are predominantly found at lower
altitudes compared to G. schirazensis and G. truncatula (Celi-Erazo et al., 2020;
Bargues et al., 2021). For example, P. columella has not been reported above 2,000
m.a.s.l. in Colombia (Pereira et al., 2020) and in Argentina, it is most abundant between
200 and 500 m.a.s.| (Martin et al., 2016). However, P. columella has also been
documented at higher altitudes, including 4,200 and 4,300 m.a.s.l. in Peru (Londofie
et al., 2009) and 3,000 m.a.s.l. in Guatemala (Lepe-Lépez et al., 2020). This ability to
establish populations across diverse regions is attributed to its strong invasive potential
(Martin et al., 2016).

In contrast, G. schirazensis and G. truncatula are more geographically
restricted due to their narrower temperature tolerances. Temperature was the most
influential variable in the distribution models of G. schirazensis (24%) and G. truncatula
(18%). Both species exhibited high environmental suitability in the Altiplano regions of
Bolivia and Peru, characterized by high altitudes and low temperatures (Segura et al.,
2022). For instance, Bargues et al., (2021) analyzed 33 specimens from 11 populations
in the Bolivian Altiplano, identifying all as G. truncatula. Similarly, G. schirazensis
populations have been recorded at Ecuadorian sites above 3,000 m.a.s.| (Bargues et
al., 2012).

Although the variance analysis in this study showed that NDVI contributed only
10% to the P. columella model when interacting with precipitation and had limited
influence overall, NDVI still highlights areas that can support snail host proliferation.
Such areas include ponds and irrigation channels, which are particularly prevalent in
regions with highly suitable climates. These conditions facilitate interactions between
parasites, mammal hosts, and snail hosts (Vazquez et al., 2014; Alba et al., 2020).
Moreover, the low influence of NDVI on the models can be explained by the fact that,
unlike climate, which is influenced by factors such as altitude, NDVI is not

geographically limited. However, these two variables complement each other: the
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climate creates suitable areas, while the landscape helps identify where NDVI indices

are lower and associated with pasture areas (Testai et al., 2023).

4.4.2 Invasive potential and risk of transmission of F. hepatica in South America

Our data suggest that P. columella and G. cubensis exhibit greater ecological
flexibility and invasive potential in South America, enabling them to thrive in diverse
environments across both temperate and arid regions, including parts of Brazil and
Argentina. In contrast, G. schirazensis and G. truncatula have a distribution more
restricted to specific areas, such as the Andean Altiplano and high-altitude regions in
Ecuador and Colombia.

All of these species—with the exception of G. schirazensis, whose origin is in
the Middle East—are native to the Americas (Schniebs et al., 2018; Alda et al., 2021).
The origin of G. truncatula, however, remains under debate: while Mas-Coma (2011)
suggests it is a European species that invaded the Americas, Correa et al. (2010)
argue that it belongs to an American clade that subsequently spread to other regions.
Genetic population analyses have shown that these species have expanded their
global distribution due to recent, human-mediated introductions (Lounnas et al., 2017;
Lounnas et al., 2018). These studies also indicate that, as hermaphroditic organisms,
these species tend to self-fertilize—a reproductive strategy that greatly facilitates the
colonization of new habitats (Bonel et al., 2023).

Introducing these species outside their native regions facilitates the spread of
F. hepatica in both humans and animals (Alba et al., 2020). Therefore, identifying
suitable regions for P. columella, G. cubensis, G. schirazensis, and G. truncatula is
crucial for assessing the risk of fasciolosis. Our study identified high-suitability areas
that overlap with regions where bovine fasciolosis has been increasing, primarily due
to inadequate control and insufficient monitoring of cattle transport (Pritsch et al., 2019;
Almeida et al., 2024). Effective inspection and quarantine measures before animal
transport are essential to prevent the spread of F. hepatica from endemic to low- or
non-endemic areas, particularly in regions with high environmental suitability for snail
hosts.

We suggest that particular attention should be given to certain regions of South
America. For instance, southeastern Brazil, and northeastern and southern Argentina,
where the highly transmissive snail host G. cubensis shows high environmental

suitability. Although the variables in the analysis of variance explained only 28% of the



97

variability (residual = 0.72), these regions remain at high risk for fasciolosis and should
be prioritized for surveillance. The relatively low explanatory power of the variables
may be influenced by several factors, such as environmental diversity in the calibration
region and the density and spatial distribution of these species (Cobos et al., 2019).
Only 43 confirmed molecular occurrence points have been recorded in these regions
for G. cubensis, including just one confirmed record in Minas Gerais, Brazil. Our
analysis suggests that these regions may be suitable for the species’ presence.
However, due to limited sampling or geographic barriers, populations have yet to be

documented in these areas (Testai et al., 2023).

4.4.3 Mapping suitable areas for lymnaeid species: implications for parasite expansion,
disease transmission, and health planning

Due to the morphological similarity among Galba species (Alda et al., 2021),
mapping high-probability occurrence areas using suitability pixels from Brazil, Bolivia,
and Peru is essential. These data provide valuable guidance for epidemiological work
and the development of human and veterinary health plans, clarifying the role of these
species in the Fasciola life cycle and disease transmission. In southern Brazil, P.
columella showed a higher percentage of suitable areas compared to G. cubensis,
suggesting that P. columella may be the main snail host for F. hepatica transmission.
Conversely, in the southeastern and midwestern parts of Brazil, overlapping suitable
areas for P. columella and G. cubensis suggest that both species could contribute to
parasite transmission.

The analysis identifies suitable areas for P. columella in Brazil's midwest
and northern regions, while G. cubensis shows potential distribution in the
southeastern and northeastern regions. These findings emphasize the importance of
targeted surveillance policies, which are essential to mitigating the risk of fasciolosis
spread through the introduction of infected animals into areas where these mollusks
are present, enabling the parasite’s life cycle to continue (Kelley et al., 2020). Cases
of fasciolosis have been reported in regions where P. columella, the main intermediate
host in the country, or species of the genus Galba have not yet been documented
(Medeiros et al.,, 2014; Almeida et al.,, 2024). Recent observations indicate a
geographic spread of the disease in cattle, beyond the traditionally endemic southern
region of Brazil, now affecting sensitive biomes such as the Pantanal (wetland) and

the Amazon Forest (Almeida et al., 2024). This expansion is closely linked to land use,
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particularly deforestation in the Pantanal, Cerrado, and Amazon (McManus et al.,
2016; Almeida et al., 2024)

In Peru, Madre de Dios had 38% of its area suitable for P. columella, while
Apurimac had 51% of its territory suitable for G. cubensis and G. truncatula (57%), and
Cajamarca had 41% for G. schirazensis. Galba cubensis, G. schirazensis, and G.
truncatula were reported in Cajamarca (Bargues et al., 2012), where our model
indicated only 2% suitability for P. columella and over 30% for the other species.
Additionally, the models indicated that Loreto (0%) and Ucayali (0%) did not show high
suitability for any of the four species. Infection in animals is reported sporadically in the
departments of Loreto and Ucayali, where climatic and ecological conditions do not
appear to favor snail hosts of F. hepatica (Diaz-Quevedo et al., 2021).

Our approach enables the evaluation of environmental suitability for specific
species or the cryptic Galba species, considering their potential co-occurrence in
certain locations. Cryptic species present a significant challenge, often leading to
under- or overestimations of transmission risk (Alda et al., 2021; Soler et al., 2023).
Given the epidemiological and transmission heterogeneities in endemic areas, which
are closely linked to the lymnaeid species, accurate identification of these snails is
critical. Understanding the geographic distribution and role of these snails as hosts of
F. hepatica, as well as the dynamics of displacement of other hosts, is essential to
improve control and surveillance strategies aimed at preventing the spread of diseases
such as fasciolosis (Machado et al., 2024; Dadar et al., 2022; Soler et al., 2023)
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5.1 SUPPLEMENTARY MATERIAL

Bio14

Bio3  0.25

Bio5

Supplementary Figure S1. Pearson correlation analysis between selected environmental variables to
construct an ecological niche model of Pseudosuccinea columella, Galba cubensis, Galba schirazensis
and Galba truncatula.
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Supplementary Figure S2. Political location map: A. Countries of South America; B. Departments of
Peru; C. Departments of Bolivia. The numbers indicate the states of Brazil, and the triangles indicate
the provinces of Argentina. 1. Acre; 2. Amazonas; 3. Ceara; 4. Paraiba; 5. Mato Grosso do Sul; 6. Minas
Gerais; 7. Sao Paulo; 8. Parang; 9. Santa Catarina; 10. Rio Grande do Sul; 11. Corrientes; 12. Santa
Fé; 13. Entre Rios; 14. Cérdoba; 15. Buenos Aires; 16. La Pampa; and 17. Rio Negro.
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Supplementary Figure S3. Occurrence points of (A) Pseudosuccinea columella, (B) Galba cubensis,
(C) Galba schirazensis, and (D) Galba truncatula in South used in ecological niche modeling after spatial
filtering of occurrence data.
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Supplementary Figure S4. Boxplot of True Skill Statistics (TSS) values for the partitions (models)
generated by the Support Vector Machine, Random Forest, and Maxent algorithms, used in the
construction of the ensemble model for Pseudosuccinea columella (A), Galba cubensis (B), Galba
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Supplementary Table S1. Occurrence points of (A) Pseudosuccinea columella, (B) Galba cubensis,
(C) Galba schirazensis, and (D) Galba truncatula in South used in ecological niche modeling after spatial
filtering of occurrence data.

Geographic coordinate

Species

Longitude Latitude
Pseudosuccinea columella -67.7875 10.0814
Pseudosuccinea columella -71.1244 8.6445
Pseudosuccinea columella -75.4494 6.1219
Pseudosuccinea columella -78.2224 -7.2597
Pseudosuccinea columella -67.5658 8.6173
Pseudosuccinea columella -43.9732 -19.6807
Pseudosuccinea columella -57.5475 -27.5592
Pseudosuccinea columella -75.3833 6.1500
Pseudosuccinea columella -65.4678 -24.7947
Pseudosuccinea columella -62.1410 -38.0470
Pseudosuccinea columella -64.4300 -31.7250
Pseudosuccinea columella -65.3780 -24.5500
Pseudosuccinea columella -65.1000 -31.4000
Pseudosuccinea columella -54.4760 -25.6890
Pseudosuccinea columella -56.2070 -27.9750
Pseudosuccinea columella -56.3740 -34.8620
Pseudosuccinea columella -79.9852 -1.6932
Pseudosuccinea columella -79.5606 -1.8840
Pseudosuccinea columella -57.5333 -27.5500
Pseudosuccinea columella -54.5639 -25.8783
Pseudosuccinea columella -56.6058 -29.1006
Pseudosuccinea columella -56.5553 -29.1108
Pseudosuccinea columella -64.3450 -31.3468
Pseudosuccinea columella -64.5587 -31.3973
Pseudosuccinea columella -38.5167 -12.9833
Pseudosuccinea columella -64.7000 -3.3667
Pseudosuccinea columella -73.6220 5.9491
Pseudosuccinea columella -73.5979 5.9231
Pseudosuccinea columella -73.0222 6.9386
Pseudosuccinea columella -73.0434 6.9710
Pseudosuccinea columella -73.2815 7.1575
Pseudosuccinea columella -73.1648 6.3724
Pseudosuccinea columella -43.3479 -18.7599
Pseudosuccinea columella -43.4132 -18.7631
Pseudosuccinea columella -43.9812 -19.8513
Pseudosuccinea columella -53.2500 -29.6333
Pseudosuccinea columella -50.8667 -29.3833
Pseudosuccinea columella -51.0667 -29.5333
Pseudosuccinea columella -51.1667 -29.3333
Pseudosuccinea columella -50.5000 -29.8167
Pseudosuccinea columella -55.9833 -28.6500
Pseudosuccinea columella -51.1333 -29.7500
Pseudosuccinea columella -53.8500 -29.5333

Pseudosuccinea columella -52.5833 -32.4833
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

-50.7667
-51.7167
-51.0167
-49.0667
-48.6500
-52.5333
-49.4000
-49.8000
-52.3167
-49.0000
-49.5833
-49.1000
-49.0833
-563.6333
-48.8167
-49.5167
-49.0833
-49.2333
-47.3667
-51.4667
-48.4000
-48.1167
-47.7833
-48.6500
-49.9333
-49.5500
-48.5500
-47.5833
-48.4667
-48.2500
-48.5833
-47.1167
-45.7000
-51.9833
-47.0833
-48.6167
-48.3333
-47.7333
-47.1667
-49.0500
-49.1500
-47.7333
-47.9500
-48.5333
-48.6854
-48.0000
-49.3000
-47.7167

-29.6333
-29.9333
-30.0667
-26.9000
-27.0167
-27.4833
-28.3833
-29.2167
-27.2000
-28.4667
-28.0000
-25.2000
-25.5000
-26.2500
-25.4667
-25.3167
-24.9667
-22.8667
-21.0667
-22.0667
-23.4833
-22.7830
-20.0833
-22.6667
-21.4500
-23.6167
-22.4833
-20.8833
-20.9333
-23.0833
-23.7833
-23.3000
-23.0833
-21.8167
-22.8833
-21.3167
-24.0000
-23.4500
-21.2667
-21.0500
-23.0167
-23.1500
-23.2167
-20.7167
-20.1695
-23.0167
-23.6333
-21.3333
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

-47.4167
-47.6167
-48.3000
-48.0833
-51.6500
-48.6833
-49.2167
-48.5333
-47.8167
-48.9333
-48.1667
-46.2500
-47.9833
-49.2333
-47.2167
-51.1000
-51.2500
-47.7000
-49.4000
-49.1333
-49.0833
-48.8000
-49.3333
-47.0500
-48.6000
-47.2833
-48.3000
-46.9667
-47.1833
-50.8167
-51.1667
-48.3500
-48.0167
-47.4500
-48.4833
-49.7000
-48.0500
-51.5167
-48.5500
-49.3000
-49.4167
-50.2000
-48.7667
-48.7167
-50.7833
-48.3667
-47.2667
-47.4667

-20.3833
-21.8999
-22.1000
-24.5000
-22.4833
-21.2500
-20.7833
-24.1667
-20.4167
-20.4833
-23.3667
-23.9666
-21.9500
-21.0667
-23.6333
-22.6333
-22.1333
-23.3500
-21.2833
-23.8500
-23.4000
-21.5833
-24.1000
-24.2833
-23.1000
-23.2500
-21.2500
-23.0833
-23.5333
-20.4333
-22.1333
-21.6000
-20.1667
-24.2667
-21.2500
-20.7501
-20.7167
-22.4000
-21.7660
-20.5167
-20.3500
-22.7667
-20.9833
-23.3833
-21.7667
-23.0667
-20.6167
-20.2333
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

-47.4167
-47.7167
-51.7167
-45.1667
-47.4167
-48.2000
-48.0334
-48.0500
-51.5500
-50.8833
-45.5333
-47.8500
-48.7667
-48.0667
-50.7167
-49.4000
-50.9833
-49.5000
-45.8333
-47.2833
-47.5667
-51.7667
-48.7833
-51.7500
-47.4667
-47.3500
-51.6333
-51.3833
-45.8667
-47.9833
-47.5500
-47.8167
-47.9833
-48.6667
-48.5000
-48.4333
-49.2333
-48.3167
-47.7000
-49.2500
-48.6333
-47.4333
-42.3333
-43.1000
-42.4167
-41.6667
-42.7000
-41.9000

-23.6833
-23.8000
-21.8667
-22.6000
-21.9833
-20.9833
-20.9833
-21.3500
-22.0000
-22.2167
-23.2167
-24.4833
-24.1833
-21.5667
-21.7167
-23.8000
-20.1667
-21.3333
-23.5167
-23.1833
-23.6333
-22.4333
-21.2333
-21.3333
-21.7000
-21.4667
-21.9500
-21.8333
-23.1833
-23.8667
-21.4667
-23.6167
-21.1000
-21.7000
-21.1333
-21.1000
-23.5167
-20.7667
-23.0833
-21.1333
-21.1500
-23.5333
-22.8333
-22.2167
-22.1500
-21.1167
-22.5167
-21.5500
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

-42.3667
-42.6000
-42.2000
-41.8500
-42.3500
-42.5167
-43.6833
-42.9833
-42.8500
-41.6667
-41.8833
-43.6500
-42.1167
-43.0333
-44.0333
-42.8167
-43.7333
-43.4667
-42.2000
-41.9667
-43.1167
-42.5167
-43.4500
-43.6833
-43.2667
-44.7167
-43.4167
-44.0000
-42.0333
-44.4333
-42.6167
-41.7333
-42.9167
-43.7500
-42.3833
-42.9667
-42.1000
-43.2000
-45.9333
-43.7667
-43.0667
-45.6000
-45.7667
-45.6833
-43.5833
-43.0167
-43.7833
-45.4667

-21.9667
-21.9000
-22.4500
-22.0500
-22.0000
-22.0333
-22.5500
-22.4833
-22.7166
-21.4500
-21.1667
-22.6333
-21.1833
-22.6333
-22.9333
-22.9000
-22.5167
-22.4333
-21.3667
-21.0167
-22.8667
-22.2500
-22.7333
-22.4833
-22.1333
-23.1667
-22.4167
-22.5000
-20.9500
-22.4500
-22.6667
-21.6167
-22.1333
-22.8500
-22.6167
-22.3833
-22.1167
-22.0833
-21.4167
-21.2167
-21.7167
-22.4500
-22.3333
-22.0333
-18.2167
-19.2000
-20.2333
-22.4167
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella

-43.7333
-44.3500
-45.9167
-43.4167
-46.3667
-46.6000
-44.0333
-45.1333
-45.5333
-43.8000
-43.7833
-42.8833
-43.0667
-43.8833
-45.7167
-42.6333
-45.5000
-43.9167
-42.8667
-41.5167
-41.1833
-41.1000
-41.2000
-41.6667
-41.3833
-41.3667
-41.4000
-41.3333
-40.7167
-41.0167
-41.0000
-48.9167
-48.5667
-48.0667
-47.3333
-52.5333
-48.4500
-49.1000
-49.1167
-56.5167
-38.5333
-35.8833
-70.0167
-63.1336
-64.7000
-52.2901
-52.2980
-44.7190

-19.5000
-15.4333
-21.6500
-20.3500
-22.2667
-20.7000
-19.6000
-21.1500
-22.3833
-19.9500
-20.0500
-20.2333
-18.6500
-19.7333
-22.2333
-19.5667
-21.3500
-19.6833
-20.7500
-20.7500
-20.8833
-20.8167
-20.6000
-20.7500
-20.7833
-21.0500
-20.4500
-20.9333
-20.8167
-21.0667
-20.6667
-14.9667
-13.7333
-14.1333
-15.5000
-17.5000
-14.4333
-15.1000
-14.4833
-22.0667
-3.7500
-7.2000
-4.3667
-4.0334
-3.3000
-31.7524
-29.6739
-23.2167
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Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Pseudosuccinea columella
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis

-43.7162
-43.7908
-43.7269
-43.7174
-43.6885
-43.6918
-43.7230
-43.2252
-43.2106
-43.2609
-43.2241
-43.3759
-43.2251
-43.2108
-43.2290
-48.1222
-48.0708
-48.0693
-48.1070
-48.1461
-48.0874
-48.0444
-48.0352
-48.0169
-47.9989
-48.1081
-48.1571
-48.2090
-48.1982
-48.1275
-48.1531
-48.3166
-48.3187
-48.1445
-48.5393
-48.3931
-49.0523
-48.2198
-48.1263
-48.1727
-48.1359
-48.1103
-48.1364
-48.2437
-67.5950
-67.4797
-71.3433
-71.3947

-22.5239
-22.6982
-22.6188
-22.6001
-22.5959
-22.5895
-22.5834
-22.9696
-22.9610
-22.9163
-22.9086
-22.9938
-22.9032
-22.9609
-22.9674
-13.4083
-13.4103
-13.4164
-13.4184
-13.4916
-13.5442
-13.5254
-13.5091
-13.5579
-13.5396
-13.6281
-13.2605
-13.5108
-13.5167
-13.6317
-13.6910
-13.8235
-13.8362
-13.7593
-14.0309
-13.7919
-14.4622
-12.8183
-13.1061
-12.8657
-12.9782
-13.0864
-13.1373
-12.8124
10.1267
10.1106
8.5861
8.5042
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Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba cubensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis

-67.7875
-68.3903
-79.5772
-79.7083
-70.9914
-73.1156
-76.7881
-68.4000
-62.9894
-67.7904
-67.4144
-56.2833
-57.8667
-65.5389
-67.5982
-43.9109
-75.4008
-76.9333
-69.5072
-69.5167
-70.7161
-59.6500
-79.9357
-80.2826
-78.0878
-69.5238
-68.3813
-68.4730
-69.2389
-75.3685
-76.9333
-60.9102
-60.8588
-61.2386
-60.6496
-60.5781
-61.5275
-77.1333
-67.5983
-71.1008
-70.8258
-71.4564
-75.3744
-71.4542
-73.0833
-78.6194
-79.2753
-78.2969

10.0814
10.7247
-1.9336
-2.0929
-17.3234
-16.4214
-12.1020
10.7667
10.5800
10.0900
10.2115
-32.4500
-31.4833
-28.8191
-27.4980
-19.6484
6.4107
-12.0333
-35.4786
-35.5136
9.0386
-33.6667
-4.3604
-4.4038
-7.6044
-35.5136
-36.1650
-36.2110
-35.5834
6.4148
-10.0333
-33.0382
-33.1016
-33.0989
-33.4106
-33.4792
-33.3901
-12.0333
-27.4981
8.6744
8.6247
8.5403
6.4328
8.5579
7.1069
-0.7717
-2.7922
-1.4008
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Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba schirazensis
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula

-78.5708
-71.8186
-71.0744
-71.4625
-78.2642
-78.4490
-78.2224
-78.3931
-78.4616
-78.0263
-78.1623
-78.1813
-78.1705
-78.1562
-78.1327
-78.5700
-78.5400
-71.8142
-71.1417
-78.6486
-78.1403
-78.5619
-76.8667
-79.2248
-79.4605
-79.9357
-80.2826
-74.4124
-73.6220
-73.6113
-78.4675
-75.4494
-78.5394
-71.4469
-71.8406
-71.3950
-78.8169
-78.4356
-71.5530
-71.7669
-71.1233
-70.9231
-70.8592
-70.8114
-70.9914
-70.8081
-70.8302
-78.2642

-0.0569
-16.4822
8.4614
8.6031
-7.2414
-7.1288
-7.2597
-7.2043
-7.1514
-7.3351
-7.3181
-7.4383
-71.4766
-71.4743
-7.4709
-0.0500
-0.4438
8.2708
8.6247
-0.2967
0.0608
-0.4564
-12.2078
-4.2530
-4.2669
-4.3604
-4.4038
4.7147
5.9491
5.9340
-7.1622
6.1228
-0.4361
8.7350
8.2347
8.6442
-2.3021
-7.2150
8.1702
8.3611
8.6442
8.7450
8.7967
8.8447
-17.3234
8.8678
8.8370
-7.2413
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Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula

-78.4469
-78.4484
-78.2224
-78.3931
-78.4615
-78.3211
-78.2021
-78.0263
-78.2298
-78.1813
-69.3514
-68.6778
-68.8036
-68.5744
-68.5397
-68.5169
-68.5644
-68.4889
-68.3889
-68.5986
-68.8803
-68.7386
-68.6983
-68.5083
-68.3061
-68.7642
-68.2797
-68.1961
-68.5075
-68.6653
-68.2728
-68.5064
-68.4986
-68.5450
-68.7433
-68.4564
-68.5028
-68.4725
-68.4586
-68.7550
-68.0439
-68.0203
-67.9428
-70.8100
-71.1800
-70.9100
-72.7433
-72.7379

-7.1834
-7.1285
-7.2597
-7.2043
-7.1515
-7.2016
-7.2589
-7.3351
-7.2256
-7.4383
32.5903
16.0642
16.1758
16.2411
16.2958
16.2961
16.3353
16.3844
16.4308
16.3878
16.4369
16.4408
16.4408
16.5747
16.5247
16.5208
16.6328
16.5786
16.5700
16.4436
16.6961
16.2989
16.2997
16.3103
16.4414
16.4244
16.2311
16.2686
16.2569
16.4781
17.0875
17.0953
171775
8.8200
8.4600
8.6900
7.2928
7.2981
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Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula
Galba truncatula

-72.6321
-712.7325
-78.3447
-78.3517
-78.4072
-78.4664
-78.1494
-70.0391
-69.9363
-69.4153
-69.4000
-42.5167
-42.9667
-43.7833
-73.2514
-711.7734
-70.8587

7.3774
7.3142
-7.0892
-7.1300
-7.1719
-7.1706
-7.5353
-35.1967
-35.1654
-35.9550
-35.9500
-22.2500
-22.3833
-20.0500
-39.8029
-36.5452
-34.3764
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6. CONCLUDING REMARKS

The geographic expansion of Fasciola hepatica in Brazil represents an increasing
concern for public health and the environment. The occurrence of this parasitosis in
previously unaffected regions can be attributed, among other factors, to changes in
land use and land cover patterns, as well as to climatic variations that alter the
environmental conditions favorable to the development of intermediate hosts. Areas
vulnerable to F. hepatica are characterized by environments that support the parasite's
biological cycle, such as bodies of water with aquatic vegetation, the presence of
animals susceptible to infection, and environmental conditions suitable for the
intermediate hosts.

The implications of this expansion are not limited to veterinary health, directly
affecting human health, especially in areas where transmission occurs through the
consumption of contaminated food. The increase in the incidence of fascioliasis can
have economic repercussions due to livestock production losses and increased
demands for treatment and disease control. In this context, control strategies should
include measures to restrict livestock access to flooded or marshy areas, especially
during seasons of higher transmission, as well as the monitoring and management of
intermediate host mollusks in areas identified as environmentally suitable.

In addition to the effects on public health and the economy, the expansion of F.
hepatica highlights the urgency of effective prevention policies, which should consider
the environmental dynamics and human practices that favor the spread of the parasite.
Continuous monitoring of at-risk areas and the implementation of integrated control
strategies are essential to mitigate the impacts of the expansion and ensure the health
of ecosystems and affected human populations.

This study contributes to the understanding of the spatial and environmental
dynamics of F. hepatica, providing a solid foundation for future research and public
policies for the control and prevention of fascioliasis in Brazil. Furthermore, the
ecological niche modeling used in this work proved to be an effective tool for identifying
at-risk areas and vulnerabilities to the spread of F. hepatica, allowing for a more
detailed and accurate analysis of the environmental factors influencing its distribution.
Understanding these factors can support land management policies aimed at
controlling disease spread.

For the next steps, it is crucial to develop continuous monitoring methods and

validate the areas identified as vulnerable. The integration of environmental,
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ecological, and epidemiological data will improve the accuracy of disease distribution
forecasts, facilitating the implementation of targeted and effective control measures.
Collaboration between public health, environmental, and agricultural sectors will be
key to addressing the challenges posed by the expansion of fascioliasis. Raising
awareness among local communities about the risks of the disease and promoting
prevention practices, such as controlling host mollusks and proper animal
management, are also essential to mitigate the disease.

Therefore, the results of this study reinforce the importance of an integrated and
sustainable approach to control F. hepatica, considering the ecological, social, and
economic dynamics of the affected regions. The increasing reports of human
fascioliasis in South America, especially in areas with recent environmental changes
and expansion of livestock activities, emphasize the need to frame fascioliasis as a
One Health issue, given its interface between animal health, human health, and the
environment. Combating fasciolosis requires continuous and collaborative efforts to
mitigate the impacts of the expansion of this parasite, protect human and animal health,
and ensure ecosystem sustainability. Finally, the data presented here represent the
most up-to-date overview of fasciolosis in Brazil; however, knowledge remains limited
by the lack of publicly available data on infected cattle from state and municipal

slaughterhouses, including those from illegal or unregulated facilities.
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