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Abstract


The Amazon Basin harbors a high diversity of phlebotomine sand flies, including several species that act as vectors of zoonotic pathogens such as Leishmania. Land-use changes, particularly forest conversion to agriculture, alter the sand fly diversity and community structure, with implications for the transmission of American Tegumentary Leishmaniasis (ATL). We evaluated the effects of forest-to-agriculture conversion on sand fly diversity and species composition in two rural areas, on opposite sides of the Amazonas River, in the Brazilian Amazon Region. Sand flies were collected using Center of Disease Control (CDC) light traps, installed in the forest and cropland environments, at the Presidente Figueiredo (North) and Urucurituba (South) municipalities, in Amazonas, Brazil. We collected a total of 1778 phlebotomine sand flies from 15 genera and 69 species. The most abundant species were Micropygomya rorotaensis (n = 436; 24.52%), Nyssomyia antunesi (n = 297; 16.70%), Sciopemyia sordellii (n = 101; 5.68%), Bichromomyia flaviscutellata (n = 84; 4.72%) and Evandromyia monstruosa (n = 72; 4.04%). In addition, four sand fly species were recorded for the first time in the Amazonas state: Brumptomyia mesai, Pressatia calcarata, Evandromyia aldafalcaoae and Lutzomyia carvalhoi. Sand fly richness, diversity, and community composition varied between riversides and environments, reflecting strong effects of anthropogenic disturbance. Although croplands supported reduced and more heterogeneous assemblages, several medically important vector species persisted across both environments. Species turnover was high, but patterns of species loss were weak, suggesting that community reorganization was driven by non-directional compositional change process. Our results indicate that land-use change reshapes sand fly communities without eliminating disease vectors, potentially increasing ATL transmission risk at the forest–anthropic interface.
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1. Introduction


Phlebotomine sand flies are important medical and veterinary vectors of a wide range of pathogens, including several species of the Leishmania genus. These small insects belong to the order Diptera, family Psychodidae, subfamily Phlebotominae, and are widely distributed worldwide [1]. Currently, 1063 species are described, of which around 10% of all species are confirmed or suspected as vectors of leishmaniases worldwide [2,3]. In Brazil, the highest richness of these insects is found in the Amazon Region, which is also endemic for American Tegumentary Leishmaniasis (ATL) [4,5].



ATL is currently expanding territorially, with notable changes in its epidemiological profile, including increased domestic transmission in several regions [6,7,8,9]. In the Brazilian Amazon Region, seven species of Leishmania have been due to human causes: Leishmania (Leishmania) amazonensis (Lainson & Shaw, 1972), L. (Viannia) braziliensis Vianna, 1911, L. (V.) guyanensis Floch, 1954, L. (V.) naiffi Lainson & Shaw, 1989, L. (V.) lainsoni Shaw, Braga & Ishikawa, 1987, L. (V.) lindenbergi Silveira, Ishikawa & de Souza, 2002 and L. (V.) shawi Lainson, Braga & de Souza, 1989. They have also been transmitted by several sand fly species [3]. Between 2020 and 2024, 32,879 new ATL cases were reported in Brazil, with the Northern Region accounting for 45.63% of these cases [10]. The Amazonas state is among the most affected areas in northern Brazil, with 6309 ATL cases registered in the same period, ranking the state second in the region and fourth nationwide [11].



In the Amazonas state, 136 species of phlebotomine sand flies are currently recorded [12]. The species incriminated as main vectors of ATL are Nyssomyia umbratilis (Ward and Fraiha, 1977) and Ny. anduzei (Rozeboom, 1942), vectors of L. guyanensis [13,14]; Bichromomyia flaviscutellata (Mangabeira, 1942) and Bi. nociva (Young and Arias, 1982), vectors of L. amazonensis [15]; and Trichophoromyia ubiquitalis (Mangabeira, 1942), vector of L. lainsoni [16,17]. ATL distribution within Amazonas is heterogeneous, with most cases concentrated in the Manaus metropolitan region, particularly in the municipalities of Presidente Figueiredo, Rio Preto da Eva, and Itacoatiara [11]. In contrast, other areas show lower reported incidence, which may partly reflect underreporting due to limited access to health services in remote locations [5,11]. In addition, climate variability and environmental changes may affect the distribution and diversity of sand flies between regions, thereby affecting the spatial distribution of ATL [18,19,20,21].



The conversion of forest to agricultural landscapes has been associated with changes in the diversity and community structure of many medical important species [4,22,23,24]. In the Amazon region, studies have shown that changes in the forest cover and structure may affect the distribution and diversity of sand flies and their blood feeding resources in rural landscapes. Ramos et al. observed the highest richness and abundance of sand flies in areas where human population density was high [20]. Pessoa, Medeiros and Barret showed that vector species, naturally infected with trypanosomatids, could maintain the transmission cycle in disturbed areas [25]. Furthermore, some vector species can adapt to the human-shaped environments, consequently increasing the entomological risk of domestic transmission [6,19,26,27].



Despite increasing evidence that land-use change alters sand fly communities, it remains unclear whether these changes follow predictable ecological patterns (e.g., deterministic filtering and nested species loss) or reflect turnover processes, particularly in Amazonian rural landscapes. Furthermore, the extent to which medically important vector species persist under such disturbance remains poorly understood. Thus, this study aimed to evaluate the effects of land-use disturbance on the composition and diversity of phlebotomine sand flies in two rural areas located on opposite banks of the Amazonas River, Brazil. Specifically, we tested whether: (i) species richness would be consistently lower in agricultural environments than in forests, regardless of the riverbank; (ii) species composition would differ between opposite riverbanks and environments; (iii) land-use conversion would act as a deterministic environmental filter, leading to the loss of forest-associated species and the persistence of generalist taxa; and (iv) medically important vector species would show a relative advantage in anthropogenically disturbed environments.




2. Materials and Methods


2.1. Ethical Aspects


Authorization for the collection of sand fly specimens in the studied area was granted under permit nº 12186-9 by the Biodiversity Authorization and Information System (SISBIO) of the Chico Mendes Institute for Biodiversity Conservation (ICMBio).




2.2. Study Areas


The study was carried out in the Amazonas state, in the northern region of Brazil (Figure 1A,B) in rural areas of the municipalities of Presidente Figueiredo and Urucurituba, located in the North and South of Amazonas riverbanks, respectively (Figure 1C–E).



Presidente Figueiredo municipality is an area of high ATL rates, with 733 cases recorded (2.22/10,000 cases/inhabitants) during 2020 to 2024 [11]. Sand fly collection was carried out in the Rio Pardo rural settlement (S01°49′02.4″, W060°19′03.6″) (Figure 1E). The settlement comprises an area of about 28,000 hectares of Terra-Firme rainforest, approximately 550 inhabitants, and around 170 households. The main economic activities include livestock farming, fish pounds and monoculture crops of banana, regional fruits and cassava roots. Collections were carried out in two sites named “A” (1°48′29.0″ S, 60°19′30.7″ W) and “B” (1°45′45.6″ S, 60°17′45.2″ W).



Urucurituba municipality (S 3°07′51″, W 58°09′18″) is part of the microregion of Itacoatiara municipality; however, they are separated by the Amazon River. Interestingly, cases of ATL in this municipality are low; only four human cases were recorded in the period of 2020 to 2024 [11]. The municipality has an area of 2863,889 km2 and 25.965 inhabitants [28]. The vegetation comprises Várzea (flooded lowlands) and Terra-Firme rainforest, surrounded by lakes, islands and small hills. The economic activities in this region mainly involve monoculture plantations, timber harvest, livestock farm and fishponds. Sand fly collection was carried out in two sites named here as “C” (3°09′39.8″ S, 58°07′12.4″ W) and “D” (3°10′49.0″ S, 58°10′51.6″ W) in the rural area of the municipality (Figure 1D). The sites sampled were classified as a smallholding with approximately 100 hectares each, with cacao, banana, orange, cassava and some secondary degraded scrubs. The forest area fragments are similar in size as the croplands. All croplands are with at least 30 years of human exploitation and colonization and irrigation system.



In both areas, according to the Köppen–Geiger classification, the climate is tropical, with an average annual temperature of 27 °C and two climatic seasons: rainy (December to May) and dry (July to November).




2.3. Sand Fly Sampling


Sand fly samplings were carried out in two field expeditions in each location during the months of August and September 2023 and February and March 2024. In each location, we chose two sampling sites arbitrarily, based on satellite imagens from Google Earth, including the environments of a forest (area with high cover, undisturbed and non-flooded vegetation, with a distance of about 100 m from the cropland edge) and a cropland (area with low vegetation cover, mixed or monoculture of plant species, with a distance of about 100 m from the peridomestic area). Sand flies were collected using Center of Disease Control (CDC) light traps (EntomoTrap®, Salvador, BA, Brazil) installed simultaneously every 50 m from each other, in four sampling points by environment, from 18:00 h to 06:00 h, during nine consecutive days. The amount of 8 trap/night per sampling site was used, and a total of 288 traps were used for the expedition.




2.4. Sand Fly Processing and Identification


After collection, sand flies were conservated in 96% alcohol and maintained at −20 °C until the sampling processing. Sand flies were clarified in potassium hydroxide (10% KOH) and 10% acetic acid, washed in sterilized water and then mounted in Berlese solution. For species identification the taxonomic keys of Galati [12], Young and Duncan [29] and LutzoDex® application [30] were used. After identification, sand fly species were categorized as either a proven vector or found naturally infected with Leishmania spp., based on the classification of Shaw [31].




2.5. Data Analysis


We used descriptive analyses such as number of individuals and number of species for general abundance and richness, respectively. To verify the sand fly diversity on the environments, on both riverbanks, we applied the Hill numbers, which quantify diversity as the effective number of species, integrating species richness and relative abundances [32]. We used the parameter q based on exponential Shannon entropy (q = 1), where everyone is counted equally and each species is weighted in proportion to its abundance. To test and compare the effects of environment (forest vs. cropland) on species richness and diversity, on both and between riverbanks we performed Generalized Linear Mixed Models (GLMMs) analyses, with a Poisson distribution for species richness and a Gaussian distribution for diversity. The type of trap installed within the site’s identity (1|trap/site) was used as a random factor in the model. The car, entropart and MASS packages were used for GLMM analyses [33,34]. The adequacy and overdispersion of data were evaluated using the DHARMa package [35]. The emmeans were performed to analyze the least-squares means of each group, and the contrasts function was used to perform post hoc comparisons among groups [36].



Rarefaction curves based on the number of samples were performed to estimate differences in species richness among environments on both riverbanks, using the packages vegan [37] and iNext [38]. To evaluate the influence of environments on sand fly composition, we applied a Permutational Multivariate Analysis of Variance (PERMANOVA). After detecting significant differences (p < 0.05), we performed a paired PERMANOVA (pairwiseAdonis package) to identify which environments and riverbanks the difference was observed. We also applied a Permutational Analysis of Multivariate Dispersions (PERMDISP) to evaluate the variability of data between groups, based on Bray–Curtis dissimilarity [39]. To visualize the community structure organization between the environments and riverbanks, a Non-Metric Multidimensional Scaling (NMDS) plot was performed. To evaluate species association to the environment types, we performed the Indicator Species Analyses (IndVal) [40].



Nestedness was quantified using the NODF metric (Nestedness metric based on Overlap and Decreasing Fill), calculated with the function nestednodf from the vegan package [37]. Statistical significance of directional nestedness was assessed using null models generated with the swap algorithm, which preserves site (row) and species (column) occurrence totals, thereby controlling differences in local richness and regional species frequencies. For each matrix, 999 simulations were performed, and significance was evaluated by comparing the observed NODF value with the null distribution using the oecosimu function. All analyses and figures were generated using RStudio 2026.01.2+418 version.





3. Results


3.1. General Composition


We collected a total of 1778 phlebotomine sand flies in the North (n = 1435) and South (n = 343) riverbanks. All 69 sand fly species were identified as belonging to 15 genera (Table 1). The number of females (n= 1181) was greater than the number of males (n = 599). The most representative genera, in terms of the number of species, were Evandromyia (17 sps.), Psathyromyia (9) and Psychodopygus (7). The most abundant species were Mi. rorotaensis (Floch and Abonnenc, 1944). (n = 436; 24.52%), Ny. antunesi (Coutinho, 1939) (n = 297; 16.70%), Sc. sordellii (Shannon and Del Ponte, 1927) (n = 101; 5.68%), Bi. flaviscutellata (n = 84; 4.72%) and Evandromyia monstruosa (Floch and Abonnenc, 1944) (n = 72; 4.04%); which together represented 59.28% of the total abundance.



Among both riverbanks, 36 species were common. Another 23 species were registered exclusively on the north side, and 10 species were registered on the south side. We registered four species as new records for Amazonas state; Br. Mesai Sherlock, 1962, Ev. Aldafalcaoae (Santos, Andrade-Filho and Honer, 2001), and Lu. carvalhoi Damasceno, Causey and Arouck, 1945 occurred on both sides of the river. The species Pr. calcarata was recorded only on the south side. The new records were deposited in the Laboratory of Entomology in the Instituto Leônidas e Maria Deane—ILMD Fiocruz Amazônia, and details of each exemplar are addressed in the supplementary data.



In terms of medical importance, we identified 10 sand fly species associated as proven vector of Leishmania spp. Of these, Bi. flaviscutellata, Lutzomyia gomezi (Nitzulescu, 1931), Migonemyia migonei (França, 1920), Ny. umbratilis, Ny. whitmani (Antunes and Coutinho, 1939), Psychodopygus davisi (Root, 1934) and Th. ubiquitalis, are implicated as proven vectors in the ATL transmission cycle in Brazil (Table 1). Another 13 sand fly species have been reported as naturally infected with Leishmania spp. elsewhere in the Americas.



In the north side, Mi. rorotaensis (n = 418) was the most abundant species, found mainly in the forest environment, followed by Ny. antunesi (n = 192), which showed similar frequencies in both environments. In the South side, only the species Ny. antunesi was dominant (n = 105) in both environments.




3.2. Environmental Effect on the Sand Flies Community Among Riverbanks


The results of GLMMs indicate that sand fly species richness and diversity differed significantly between riversides and environments, with higher values on the north side (species richness: GLMM, χ2 = 61.73, df = 1, p < 0.001; Hill diversity: χ2 = 28.5, df = 1, p < 0.001). In terms of environmental effect, forest environments showed higher richness and diversity of sand flies. Forest conversion to cropland had a strong negative effect on both, species richness (χ2 = 46.24, df = 1, p < 0.001) and Hill diversity (χ2 = 15.79, df = 1, p < 0.001) on both riversides. The effect of the interaction between riverbanks (South) and environment (Cropland) showed a moderate negative (p = 0.063) effect on the species richness and marked reduction on diversity (p = 0.001) (Table 2).



Comparison tests showed similar patterns of species richness and diversity between both riverbanks and environments. Richness on forest in the north side had the highest mean species richness (25.75) and differed significantly from all other environments (p < 0.001). Cropland on the north side and forest on the south side exhibited similar mean richness (13.25) and did not differ significantly (p = 0.93), indicating substantial diversity loss, mainly on south. Cropland on the south side had the lowest mean species richness (5.62), reflecting a strong reduction in local diversity (Figure 2).



Rarefaction and extrapolation curves showed a decelerating accumulation of species with increasing sampling effort, indicating that most environments approached, but did not fully reach, asymptotic richness as common in ecological studies focusing on insects (Figure 3). Forest environments consistently exhibited higher species richness than croplands on both riverbanks, with the forest on the north bank showing the highest richness across both observed and extrapolated samples. In contrast, cropland on the south bank showed the lowest richness and a flatter accumulation curve. The forest on the south bank did not reach stabilization, and its extrapolated curve suggests that species richness in this environment may be underestimated and could approach values observed in the northern forest with increased sampling effort (Figure 3).



The species composition differed consistently among environments across both riversides (PERMANOVA, R2 = 0.316, p = 0.001). Pairwise comparisons showed that the forest on the north side differed significantly from the other environments (p = 0.012), with particularly strong differences relative to forest and cropland on the south bank (R2 = 0.35; p = 0.006). The composition among cropland environments on both sides also differed significantly (p = 0.012). In contrast, on the south side, the environments did not differ significantly (p = 0.072), indicating similar species composition between these environments. Nevertheless, multivariate dispersion analyses showed a highly significant difference in dispersion among groups (PERMDISP, p = 0.001). This variability was associated with the cropland environments from both the North and South sides, which presented greater variability among their samples. These results indicate that species composition of forest communities are more homogeneous, while cropland communities are more heterogeneous and unstable.



The NMDS ordination of species composition (Figure 4) showed that the forest on the north bank exhibited lower dispersion, which indicate greater homogeneity in species composition among sampling sites. Groups with higher dispersion partially overlapped those with lower dispersion, reflecting high variability in species composition. The forest environment on the south side showed reduced richness and greater compositional heterogeneity compared to northern forests, while croplands on the south side were characterized by highly variable and impoverished assemblages.



The environments on the north side shared 15 species. Eleven species occurred exclusively in the forest; three species were exclusive to the cropland environment (Table 1). On the south bank, four species occurred exclusively in the forest: Psathyromyia sp. (Shanonni series), Psathyromyia bigeniculata, Psychodopygus carreirai carreirai, and Trichopygomyia sp. and only one species was exclusive to the cropland: Trichopygomyia ratcleffei.



The indicator species analysis identified 11 species significantly associated with forest environments on both riverbanks; no species was significantly associated with croplands (Table 3). This result may indicate that most of the remaining species recorded were not strongly or exclusively associated with a single environment. Among the indicator species, four are proven vectors of Leishmania spp.: Lu. gomezi, Ny. umbratilis, Bi. olmeca nociva and Bi. flaviscutellata. Although significantly associated with forests, these species were also recorded in cropland environments.



However, the species occurrence matrix showed an intermediate level of nestedness (NODF = 47.86). When compared with null model expectations, the observed nestedness did not differ significantly from random expectations (SES = −1.79). Likewise, the nestedness components associated with sites (NODF_rows = 56.49; SES = −1.62; p = 0.140) and species (NODF_columns = 46.31; SES = −1.40; p = 0.169) were not significant. These results indicate that although there is substantial overlap in species composition between forest and crop environments, the pattern does not reflect a strong or hierarchically structured nestedness. Instead, cropland assemblages represent incomplete and variable subsets of forest communities, suggesting non-directional compositional changes.





4. Discussion


The present study evaluated the effect of forest conversion in cropland on the phlebotomine sand fly composition, richness, and diversity in two rural areas of the Brazilian Amazon Region. The Amazon biome has an immense biodiversity and an extensive territory which includes nine Latin American countries. Although its importance to global health and well-being is undeniable, the Amazon region has been facing many threats in recent decades, especially due to the increasing deforestation of the tropical rainforest associated with land use activities such as cattle grazing, small- and large-scale agricultural plots, human settlements or areas left open [41]. Deforestation also contributes to the exacerbation of climate change, which together, may affect the distribution of infectious diseases such as malaria, arboviruses, Chagas disease and leishmaniasis, through changes in the dynamics of vector species, parasites and hosts [42,43,44]. The Amazon Region has a high diversity of sand flies. According to the latest worldwide distribution of phlebotomine sand flies, approximately 230 species are recorded in the Brazilian Amazon Region [2]. We recorded a total of 69 species, distributed across both riversides and environments, including four new occurrences for Amazonas State, and 10 proven vector species [31]. Thus, our results highlight the remarkable diversity and epidemiological importance of these insects in the Amazon region.



In the Amazonas State, prior to this study, 137 species had been recorded. The new records increase the number of species to 141 and expand the acknowledge of their distribution in the Americas. The species Brumptomyia mesai (Figure S1E, Supplementary data) was described in the Colombian Amazon Region [45]. This species is distributed across Central and South American countries, such as Mexico, Belize, Honduras, Colombia and Brazil. In Brazil, it has been recorded in the states of Rondônia, Mato Grosso do Sul, Paraná and São Paulo [12]. In this study, we collected four individuals, three males and one female, on both riversides and environments. Species of the genus Brumptomyia are usually found in animal burrows and caves [46,47,48] and are not considered to be of epidemiological importance. However, L. infantum DNA was found in Br. mesai in Mexico, raising hypothesis about its possible role in the transmission cycle of this parasite [49]. The species Evandromyia aldafalcoae (Figure S1A,B, Supplementary data) was described in Mato Grosso do Sul State, in Central-West Brazil, in a forest environment [50]. This species still has restricted distribution, having also been recorded in the State of Mato Grosso [12]. In our study, nine individuals (six females and three males) were found in both riverbanks and environments. The record of this species in Amazonas expands the knowledge of its geographic distribution and habitat. The species Pressatia calcarata (Figure S1C, Supplementary data) has only been recorded in the western Amazon region, including countries such as Venezuela, Peru, Bolivia, and Brazil. In the latter, its distribution is restricted to Acre, where the species was described, and Rondônia [12]. Our record of this species in Amazon as State may suggest that its distribution is limited to the Amazon region. The geographic distribution of the species Lutzomyia carvalhoi (Figure S1D, Supplementary data) is limited to French Guiana and Brazil. The species was first recorded in Pará State, and is currently also present in Rondonia and Amapá [12]. Studies have shown the presence of this species in forest environment of both impacted areas and conservation units, which may indicate a habitat preference [51,52,53,54]. In our study, only one individual was collected, in the forest environment on the north riverbank, which may reinforce this hypothesis.



Interestingly, our sampling period coincided with an extreme drought in the Amazon Basin associated with the El Niño phenomenon, which resulted in reduced rainfall, critically low river levels, widespread wildfires, and marked shifts in abiotic conditions [55]. Although our study did not evaluate the effects of these climatic events, it was possible to notice a considerable reduction in the abundance of phlebotomine sand flies during this period. We also observed, in one of our sampling sites on the north side, wildfires had destroyed the banana crops, which may have affected the local population of insects. The effect of El Niño climate anomalies was also noticed observed by other authors [56,57]. Climate changes associated with land use activities may affect sand fly populations in different ways, due to alterations of the microclimate, such as increased temperature and reduced humidity, or increase in the rainfall level in some regions. These factors may also influence the distribution of leishmaniasis, as variations on the sand fly populations during the dry and rainy seasons, on endemic areas of leishmaniasis was observed by authors in Latin America [21,58,59]. Our results show that, although the overall abundance of sand flies were affected by the climate anomalies, the diversity of sand flies was not directly affected by climate change, as indicated by the rarefaction curves (Figure 3), which flattened most of the environments, except the forest on south side which may be affected by the climatic anomalies, especially the extreme drought and hydrological fluctuations, due the proximity of these locality to the river.



In terms of environmental effects, our previous hypotheses were supported by the GLMM results (Table 2), which show that disturbed environments negatively affect the richness and diversity of phlebotomine sand flies. The highest richness and diversity of sand flies were observed in the forest environments, which is expected, since these environments are the main habitat of most sand fly species, where they find a variety of resting and breeding sites, food resources and climatic conditions favorable for their development [60]. In the amazonian rainforests, sand flies are usually found in tree trunks [25,61,62], tree canopies [24,63], caves [64,65] and animal burrows [66,67], and the feed in a variety of vertebrates [68], which may also act as reservoir of trypanosomatids, such as Leishmania spp., compounding the sylvatic transmission cycle of these parasites [69].



Deforestation and anthropogenic changes reduce these resources (shelters and breeding sites) and affect the populations of wild mammals on which they depend, especially large mammals that require extensive foraging areas or territories and are more exposed to further disturbances [70]. Therefore, this process contributes to the disappearance of some sand flies species, which are more sensitive to environmental disturbances, while other species become adapted to modified environment, becoming more abundant and changing their feeding habits, which may affect the transmission cycle of leishmaniasis, in anthropogenic environments [24,26,27]. For instance, Ny. antunesi is a widely distributed species in the Amazon region, where it is suspected as a vector in the leishmaniasis cycle in many locations [71,72,73]. The abundance of these species is higher in the anthropogenic environment, where it is associated with animal shelters [20,24,74]. Their generalist feeding habits have been documented by many studies, including vertebrates that are known as Leishmania natural reservoirs [74,75], which highlight the hypothesis of their participation in the leishmaniasis transmission cycle in disturbed environments.



The richness and diversity were significantly higher in the forest on the north compared to the south side. These may be explained due to differences in the degree of preservation and human occupation, which may affect the structure of phlebotomine sand fly communities between this locations, as observed by studies conducted in the Eastern Amazon, where the highest richness and diversity of sand flies were recorded in a less impacted area in comparison with a more impacted area [4,18]. Nevertheless, species with the capacity to adapt to new environments may persist in impacted areas, as observed for some vector species in the Amazon region of Brazil, Venezuela and Colombia [19,76,77]. Areas with higher vegetation coverage may sustain a higher richness of sand flies, which usually dispersal between the modified environment and the forest fragment [20,78,79]. In addition, the presence of human settlements may also affect the distribution of sand flies in these areas, as observed in rural settlements in Amazonas state where the highest diversity of sand flies on a high human density and high forest coverage, and vector species, such as Ny. umbratilis, the main vector of L. guyanensis were present in fruit garden areas, closer to the houses [20]. Studies have shown that the proximity of the houses with forest fragments also facilitates the interaction of sylvatic sand flies and alternative hosts, such as human, domestic and synanthropic vertebrates [80,81,82].



The type of crop is also an important factor for the occurrence of sand flies. Croplands with more shaded areas may present a higher abundance of some sand flies species, than those with more open areas [76,77,83]. Nevertheless, the occurrence of small vertebrates, which in turns act as a Leishmania reservoir and potential blood resource for sand flies, may increase the risk of leishmaniasis outbreaks [62,83]. For instance, in areas of coffee crops, the transmission of Leishmania by sand flies has been recorded in Venezuela, Colombia and Brazil [62,76,84,85]. Anthropogenic modifications may favor certain species to colonize disturbed environments. This behavior may influence the leishmaniasis transmission dynamics in modified landscapes, by increasing vector–host contact, as observed in rural areas in the Amazon region, where high infection rates of Leishmania spp. in rodents and opossums, together with naturally infected sand fly vectors, highlight this risk [7,24,86,87,88]. Importantly, trypanosomatids infection rates in sand flies can persist even in deforested environments, indicating the maintenance of transmission cycles under anthropogenic disturbance [25].



As we hypothesized, disturbed environments showed marked reductions in species richness and diversity, on both riverbanks, with more intense effect on the south side. Nevertheless, a substantial number of species, and particularly those of medical importance, persisted in croplands, indicating that agricultural landscapes may sustain vector populations. From an epidemiological perspective, this persistence is especially relevant, as land-use change can facilitate the dispersal and establishment of phlebotomine sand flies closer to human dwellings, increasing contact with humans, domestic animals, and synanthropic reservoirs, thereby potentially enhancing the risk of ATL in rural settlements [20,74,86,89]. In this study, vector species such as Ny. umbratilis, Ny. anduzei, Bi. flaviscutellata and Lu. gomezi were significantly associated with forest environment (Table 3). However, they also occurred in the cropland environment. The presence of this species in different environments may indicate their high dispersal capacity and potential adaptation to modified environments [24,76,85,90]. Other proven vector species, such as Ny. whitmani and Mg. migonei, occurred in low abundance, among the environments, which may indicate they were occasionally caught (Table 1). Furthermore, studies have shown the presence of this species in the modified environment, where they are associated with animal shelters, in the peridomestic areas of leishmaniasis endemic areas [4,18,74,85]. The species Ps. davisi and Th. ubiquitalis were also collected in low abundance in both riversides, in this study (Table 1). The former has been found in forest and impacted areas in the Amazon region, where it is suspect to transmit L. (V.) braziliensis [54,74,87]. Th. ubiquitalis is a proven vector of L. (V.) lainsoni in Amazonas and Pará state, where it is associated mainly with forest environment [16,17].



Although our previous hypotheses, that species composition would differ between riversides and environments, were supported (Figure 4), our following hypothesis, that land-use conversion would act as a deterministic environmental filter, was not supported. Our results showed that cropland assemblages are more heterogeneous than forest assemblages. This heterogeneity was associated with a lower species richness, indicating that species loss after land-use conversion does not occur uniformly.



Nestedness analyses (NODF) reinforces this interpretation. The observed value did not differ significantly from that expected by chance, indicating that there is no deterministic hierarchical loss of species, that is, the species that disappear in cropland areas do not form a predictable subset of the original forest community. Instead, the results suggest that environmental filters associated with land-use change act selectively, restricting which species can persist in agricultural areas. This pattern, evidenced by NODF, points to species turnover: the composition of community changes in a non-nested way, with species replacements in response to new environmental conditions, rather than just an ordered reduction in forest diversity. This interpretation is particularly important, from an epidemiological perspective, since it has been shown by many studies conducted in the neotropical countries that a common pattern in Leishmania spp. transmission in these regions is the co-occurrence of several sand fly vector species, i.e., with vectorial competence and capacity, occurring with other no medically important, but with similar ecological patterns, at endemic foci [24,26,90]. Therefore, species turnover across an environmental landscape may favor the proliferation of vector species and/or species which may likely become vectors, in the future.



In our study, the species Mi. rorotaensis, Sc. sordellii and Ny. antunesi were the most abundant in all environments. The formers species are found mainly in burrows and holes in the forest ground and caves, respectively. They are also associated with the transmission of Trypanosoma sp. from cold-blood vertebrates (i.e., lizards and amphibians) and not considered of epidemiological importance [91,92,93]. However, L. infantum, L. braziliensis DNA were registered in Sc. sordellii and Mi. trinidadensis, in leishmaniasis endemic areas in the Northeastern Brazil, raising the hypothesis of their participation in the Leishmania transmission in this location [94,95]. In addition, a leishmania species associated with reptiles (L. tarantolae) has been found in sand flies, human and dogs in leishmaniasis-endemic areas in Italy, which also raised hypotheses of parasite spillover [96,97]. Nevertheless, studies have shown the presence of human DNA and domestic animals in some species of Micropygomyia and Sciopemyia genus, indicating that they might vary their feeding habits due to environmental disturbance [68]. Therefore, our findings suggests that Mi. rorotaensis and Sc. sordellii may be adapting to the altered environment and may become of medical importance in the future. Thus, our results also highlight the importance of investigating the feeding habits and anthropophilic behavior of these species in the Amazon region.



The species Ny. antunesi was the most abundant on the south side, mainly in the cropland environment. Other studies conducted in rural areas have shown this species in abundance in peridomestic environment, where it may feed on domestic animals, such as chickens and pigs, and rest in animal shelters [24,74,89]. Due to their opportunistic feeding habits and possible role in the transmission of leishmaniasis in the Amazon region, our results suggest that these species may play a role in the ATL transmission on the south side of the Amazonas river. Due to their abundance in the south side and the evidence described above, we suggest that these species may be participating in the transmission cycle of leishmaniasis in the region. Our results also suggest that medically important species, such as Bi. flaviscutellata, Ny. anduzei, Ny. umbratilis, Lu. gomezi may be favored and increase their abundance in the degraded area, therefore increasing the entomological risk of contact synanthropic hosts.



The heterogeneity of sand fly composition between sampling sites may depend on local factors such as microclimate, hosts and shelter availability [26,85,98]. For instance, in the Eastern Amazon, studies have shown persistence of Ny. whitmani and Lu. longipalpis (Lutz & Neiva, 1912) in rural areas, but there is a change in the composition of the species between impacted and more conserved areas [4,18]. Another study conducted in Panamá showed changes in vector composition between the wet and dry season [90]. Similar results have been observed for mosquitos [22,23] and sand flies [99,100]. Therefore these findings reinforce that conserving forest environments is essential not only for maintaining biodiversity, but also for reducing epidemiological unpredictability in rural landscapes, where adapted species may persist and maintain and create new accesses to interact with parasites reservoirs and accidental hosts, thereby increasing the risk of leishmaniasis outbreaks in rural landscapes in the Amazon Region.




5. Conclusions


Our study demonstrated that land-use conversion in the Brazilian Amazon significantly reorganized phlebotomine sand fly communities. Anthropic disturbance acts as a strong environmental filter, reducing overall species richness and diversity, resulting in impoverished and heterogeneous assemblages in agricultural landscapes. Importantly, this non-selective loss does not affect all species equally. Medically important ATL vectors persisted across both forest and modified environments, reflecting ecological plasticity and the ability to exploit alternative resources in anthropogenic settings. Species without proven vector capacity or competence may become dominant and play a role as a possible vector in these environmental settings. The sustained presence vector species near to human activity increases the potential for zoonotic spillovers. Thus, landscape transformation imposes a dual burden: the erosion of insect biodiversity alongside a potential increase in ATL risk in rural and peri-urban communities. These findings underscore the importance of integrating entomological surveillance into land-use planning and public health strategies.
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Figure 1. Geographic location of the study area. (A) General map of Brazil, highlighting the Amazonas state. (B) Map of Amazonas state, highlighting the study sites. (C) Sampling points on the North and South banks. (D) Sampling sites of sand flies, on the North bank and (E) South bank of the Amazonas River. Yellow stars refer to forest environments, and red stars refer to the crop environments. The images in this figure are courtesy of Google and were accessed from Google Earth (https://earth.google.com/web (accessed on 21 April 2026), version 10.96.0.1). The map was elaborated with SimpleMappr [26]. 
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Figure 2. Observed species richness of phlebotomine sand flies collected in the Forest and Cropland environments, of two rural areas, on the North and South side of Amazonas River, Amazonas, Brazil. Bars represent mean species richness per sampling unit, and error bars indicate 95% confidence intervals. 
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Figure 3. Sampling-based rarefaction curves of phlebotomine sand flies, collected in the Forest and Cropland environments, on the North and South side of Amazonas River, Amazonas, Brazil. 
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Figure 4. Non-metrical multidimensional scaling (NMDS) comparing the composition of phlebotomine sand flies collected in Forest and Cropland environments, on the North and South side of Amazonas River, Amazonas state, Brazil. 
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Table 1. Distribution of the phlebotomine sand flies collected in the Forest and Cropland environments, during the period of August/September 2023 and February/March 2024, in two rural areas in the North and South side of the Amazonas River, Amazonas, Brazil.
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Sand Fly Species

	
North Side

	
South Side

	




	
Forest

	
Cropland

	
F

	
M

	
Total

	
Forest

	
Cropland

	
F

	
M

	
Total

	
Subtotal






	
Bichromomyia flaviscutellata * (Mangabeira, 1942)

	
64

	
14

	
39

	
39

	
78

	
6

	
-

	
6

	
-

	
6

	
84




	
Bichromomyia bicolor (Fairchild & Theodor, 1971)

	
6

	
2

	
4

	
4

	
8

	
1

	
-

	
1

	
-

	
1

	
9




	
Bichromomyia nociva * (Young & Arias, 1982)

	
17

	
1

	
7

	
11

	
18

	
-

	
-

	
-

	
-

	
-

	
18




	
Bichromomyia reducta ** (Feliciangeli, Ramirez Pérez & Ramirez, 1988)

	
1

	
1

	
-

	
2

	
2

	
-

	
-

	
-

	
-

	
-

	
2




	
Brumptomyia mesai ** Sherlock, 1962

	
-

	
3

	
1

	
2

	
3

	
1

	
-

	
-

	
1

	
1

	
4




	
Evandromyia aldafalcaoae ** (Santos, Andrade-Filho & Honer, 2001).

	
2

	
-

	
2

	
-

	
2

	
4

	
3

	
4

	
3

	
7

	
9




	
Evandromyia andersoni (Le Pont & Desjeux, 1988).

	
11

	
1

	
5

	
7

	
12

	
-

	
-

	
-

	
-

	
-

	
12




	
Evandromyia apurinan ** Shimabukuro, Figueira & Silva, 2013.

	
10

	
3

	
6

	
7

	
13

	
4

	
1

	
5

	
-

	
5

	
18




	
Evandromyia bacula Martins, Falcao & Silva, 1965)

	
2

	
3

	
5

	
-

	
5

	
4

	
4

	
7

	
1

	
8

	
13




	
Evandromyia begonae (Ortiz & Torrez, 1975)

	
14

	
1

	
15

	
-

	
15

	
-

	
-

	
-

	
-

	
-

	
15




	
Evandromyia evandroi (Costa Lima & Antunes, 1936)

	
5

	
8

	
13

	
-

	
13

	
4

	
-

	
4

	
-

	
4

	
17




	
Evandromyia georgii/begonae ***

	
52

	
3

	
55

	
-

	
55

	
-

	
-

	
-

	
-

	
-

	
55




	
Evandromyia georgii (Freitas & Barrett, 2002)

	
12

	
5

	
14

	
3

	
17

	
-

	
-

	
-

	
-

	
-

	
17




	
Evandromyia inpai (Young & Arias,1977)

	
6

	
3

	
8

	
1

	
9

	
-

	
-

	
-

	
-

	
-

	
9




	
Evandromyia monstruosa (Floch & Abonnenc, 1944)

	
61

	
7

	
33

	
35

	
68

	
4

	
-

	
2

	
2

	
4

	
72




	
Evandromyia pinotti Damasceno & Arouck, 1956)

	
9

	
6

	
14

	
1

	
15

	
-

	
-

	
-

	
-

	
-

	
15




	
Evandromyia saulensis ** (Floch & Abonnenc, 1944)

	
29

	
4

	
12

	
21

	
33

	
6

	
-

	
6

	
-

	
6

	
39




	
Evandromyia sericea (Floch & Abonnenc, 1944)

	
22

	
12

	
23

	
11

	
34

	
-

	
-

	
-

	
-

	
-

	
34




	
Evandromyia sp. ***

	
15

	
2

	
16

	
1

	
17

	
13

	
1

	
13

	
1

	
14

	
31




	
Evandromyia sp. de Baduel (Floch & Abonnenc, 1945)

	
1

	
1

	
-

	
2

	
2

	
-

	
-

	
-

	
-

	
-

	
2




	
Evandromyia walkeri ** (Newstead, 1914)

	
24

	
28

	
29

	
23

	
52

	
6

	
2

	
6

	
2

	
8

	
60




	
Evandromyia williamsi (Damasceno, Causey & Arouck, 1945)

	
4

	
5

	
-

	
9

	
9

	
-

	
-

	
-

	
-

	
-

	
9




	
Lutzomyia carvalhoi ** Damasceno, Causey & Arouck, 1945

	
1

	
-

	
1

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Lutzomyia gomezi * (Nitzulescu, 1931)

	
14

	
1

	
14

	
-

	
15

	
5

	
-

	
4

	
1

	
5

	
20




	
Lutzomyia sherlocki ** Martins, Silva & Falcao 1971.

	
4

	
4

	
7

	
1

	
8

	
-

	
-

	
-

	
-

	
-

	
8




	
Lutzomyia sp. ***

	
-

	
-

	
-

	
-

	
-

	
1

	
4

	
5

	
-

	
5

	
5




	
Micropygomyia micropyga (Mangabeira, 1942)

	
4

	
-

	
1

	
3

	
4

	
2

	
1

	
1

	
2

	
3

	
7




	
Micropygomyia pilosa (Damasceno & Causey, 1944)

	
4

	
2

	
6

	
-

	
6

	
3

	
-

	
3

	
-

	
3

	
9




	
Micropygomyia rorotaensis (Floch & Abonnenc, 1944)

	
336

	
82

	
281

	
137

	
418

	
15

	
3

	
7

	
11

	
18

	
436




	
Micropygomyia sp. ***

	
10

	
-

	
10

	
-

	
10

	
-

	
-

	
-

	
-

	
-

	
10




	
Migonemyia migonei * (França, 1920)

	
2

	
2

	
4

	
-

	
4

	
-

	
-

	
-

	
-

	
-

	
4




	
Nyssomyia anduzei * (Rozeboom, 1942)

	
23

	
13

	
30

	
6

	
36

	
12

	
5

	
17

	
-

	
17

	
53




	
Nyssomyia antunesi ** (Coutinho, 1939)

	
100

	
92

	
123

	
69

	
192

	
62

	
43

	
81

	
24

	
105

	
297




	
Nyssomyia fraihaiai Martins, Falcao & Silva, 1979

	
1

	
-

	
1

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Nyssomyia umbratilis * (Ward & Fraiha, 1977)

	
28

	
8

	
22

	
14

	
36

	
1

	
1

	
2

	
-

	
2

	
38




	
Nyssomyia whitmani * (Antunes & Coutinho, 1939)

	
1

	
-

	
-

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Pressatia calcarata ** (Martins & Silva, 1964)

	
-

	
-

	
-

	
-

	
-

	
14

	
2

	
-

	
16

	
16

	
16




	
Pressatia sp.

	
-

	
-

	
-

	
-

	
-

	
1

	
2

	
3

	
-

	
3

	
3




	
Pressatia triacantha ** (Mangabeira, 1942)

	
1

	
-

	
-

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Psathyromyia (serie Shanonni) ***

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
1

	
1




	
Psathyromyia aragoai ** (Costa Lima, 1932)

	
11

	
5

	
6

	
10

	
16

	
1

	
2

	
1

	
2

	
3

	
19




	
Psathyromyia bigeniculata (Floch & Abonnenc, 1941)

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
1

	
1




	
Psathyromyia dendrophyla ** (Mangabeira, 1942)

	
1

	
1

	
2

	
-

	
2

	
1

	
-

	
1

	
-

	
1

	
3




	
Psathyromyia dreisbachi (Causey & Damasceno, 1945)

	
-

	
1

	
-

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Psathyromyia lutziana (Costa Lima, 1932)

	
1

	
-

	
1

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Psathyromyia pifanoi (Ortiz, 1972)

	
1

	
-

	
-

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Psathyromyia runoides (Faichild & Hertig, 1953)

	
-

	
1

	
-

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Psathyromyia sp. ***

	
1

	
1

	
2

	
-

	
2

	
-

	
-

	
-

	
-

	
-

	
2




	
Psychodopygus amazonensis ** (Root, 1934).

	
3

	
-

	
3

	
-

	
3

	
-

	
-

	
-

	
-

	
-

	
3




	
Psychodopygus carreirai carreirai ** (Barretto, 1946)

	
-

	
-

	
-

	
-

	
-

	
2

	
-

	
-

	
2

	
2

	
2




	
Psychodopygus claustrei ** (Abonnenc, Léger & Fauran, 1979)

	
2

	
-

	
1

	
1

	
2

	
3

	
-

	
3

	
-

	
3

	
5




	
Psychodopygus davisi * (Root, 1934).

	
2

	
-

	
2

	
-

	
2

	
3

	
2

	
4

	
1

	
5

	
7




	
Psychodopygus hirsutus ** (Mangabeira, 1942)

	
4

	
-

	
3

	
1

	
4

	
-

	
-

	
-

	
-

	
-

	
4




	
Psychodopygus sp. (serie Chagasi) ***

	
-

	
1

	
1

	
-

	
1

	
2

	
3

	
5

	
-

	
5

	
6




	
Psychodopygus squamiventris ** (Lutz & Neiva, 1912)

	
1

	
-

	
1

	
-

	
1

	
1

	
-

	
1

	
-

	
1

	
2




	
Sciopemyia nematoducta (Young & Arias, 1984)

	
42

	
14

	
23

	
33

	
56

	
7

	
1

	
8

	
-

	
8

	
64




	
Sciopemyia pennyi (Arias & Freitas, 1981)

	
-

	
1

	
-

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Sciopemyia preclara (Young & Arias, 1984)

	
-

	
-

	
-

	
-

	
-

	
7

	
2

	
9

	
-

	
9

	
9




	
Sciopemyia servulolimai (Damasceno & Causey, 1945)

	
1

	
-

	
-

	
1

	
1

	
11

	
2

	
8

	
5

	
13

	
14




	
Sciopemyia sordellii ** (Shannon & Del Ponte, 1927)

	
55

	
21

	
49

	
27

	
76

	
20

	
5

	
22

	
3

	
25

	
101




	
Sciopemyia sp. ***

	
1

	
-

	
1

	
-

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Trichophoromyia eurypyga (Martins, Falcao & Silva, 1963)

	
18

	
10

	
-

	
28

	
28

	
-

	
-

	
-

	
-

	
-

	
28




	
Trichophoromyia gibba (Young & Arias, 1994)

	
1

	
-

	
-

	
1

	
1

	
-

	
-

	
-

	
-

	
-

	
1




	
Trichophoromyia sp.

	
7

	
-

	
7

	
-

	
7

	
1

	
3

	
4

	
-

	
4

	
11




	
Trichophoromyia ubiquitalis * (Mangabeira, 1942)

	
2

	
-

	
2

	
-

	
2

	
1

	
-

	
-

	
1

	
1

	
3




	
Trichopygomyia ratcleffei (Arias, Ready & Freitas, 1983)

	
-

	
-

	
-

	
-

	
-

	
-

	
2

	
-

	
2

	
2

	
2




	
Trichopygomyia sp.

	
-

	
-

	
-

	
-

	
-

	
1

	
-

	
1

	
-

	
1

	
1




	
Viannamyia furcata (Mangabeira, 1941)

	
8

	
4

	
7

	
5

	
12

	
7

	
3

	
10

	
-

	
10

	
22




	
Viannamyia tuberculata ** (Mangabeira, 1941)

	
-

	
-

	
-

	
-

	
-

	
5

	
2

	
7

	
-

	
7

	
7




	
Number of individuals

	
1058

	
377

	
912

	
512

	
1435

	
244

	
99

	
263

	
80

	
343

	
1778




	
Number of species

	
54

	
40

	

	

	
59

	
39

	
24

	

	

	
40

	
69








Legend: F—female, M—male, * proven vectors in Brazil, ** species found naturally infected with Leishmania spp., *** individuals identified at the closest taxonomic level due to material lost or damage.













 





Table 2. Generalized linear mixed models (GLMM) of the richness and diversity (Hill numbers) of phlebotomine sand flies, in function of the fixed effects of Side, Environment, and their interaction.






Table 2. Generalized linear mixed models (GLMM) of the richness and diversity (Hill numbers) of phlebotomine sand flies, in function of the fixed effects of Side, Environment, and their interaction.





	
Model

	
Richness (Poisson)

	
Diversity (Gaussian)




	
Effect

	
Estimate

	
SE

	
z Value

	
p Value

	
Estimate

	
SE

	
t Value

	
p Value






	
Intercept (North/Forest)

	
3.423

	
0.063

	
53.906

	
0.001 ***

	
2.6411

	
0.062

	
39.815

	
<0.001 ***




	
Riverside (South)

	
−0.764

	
0.113

	
−6.772

	
0.001 ***

	
−0.255

	
0.10824

	
−2.35

	
0.012 *




	
Environment (Cropland)

	
−0.518

	
0.104

	
−4.982

	
0.001 ***

	
−0.174

	
0.1036

	
−1.689

	
0.04 *




	
Riverside x Environment (South/Cropland)

	
−0.375

	
0.202

	
−1.860

	
0.063

	
−0.773

	
0.258

	
−2.994

	
0.01 *








Significance value: *** p < 0.001; * p < 0.05.













 





Table 3. Analysis of species indicator (IndVal) of phlebotomine sand flies collected in the forest and cropland environments, on the North and South side of Amazonas River, Amazonas, Brazil.






Table 3. Analysis of species indicator (IndVal) of phlebotomine sand flies collected in the forest and cropland environments, on the North and South side of Amazonas River, Amazonas, Brazil.





	Sand Fly Species
	Side
	Environment
	Statistic
	p Value





	Lutzomyia gomezi *
	North
	Forest
	0.790
	0.0027 **



	Sciopemyia nematoducta
	North
	Forest
	0.764
	0.0020 **



	Evandromyia monstruosa
	North
	Forest
	0.729
	0.0009 ***



	Bichromomyia olmeca.nociva *
	North
	Forest
	0.710
	0.0045 **



	Nyssomyia umbratilis *
	North
	Forest
	0.687
	0.0051 **



	Micropygomyia rorotaensis
	North
	Forest
	0.649
	0.0049 **



	Trichophoromyia sp.
	North
	Forest
	0.621
	0.0242 *



	Sciopemyia sordellii
	North
	Forest
	0.580
	0.0211 *



	Evandromyia sp.
	North
	Forest
	0.566
	0.0328 *



	Bichromomyia flaviscutellata *
	North
	Forest
	0.563
	0.0231 *



	Sciopemyia servulolimai
	South
	Forest
	0.524
	0.0482 *







* Proven vectors of Leishmania spp.; significance value: *** p < 0.001; ** p < 0.01; * p < 0.05.
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