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Non-native fish (NNF) can threaten megadiverse aquatic ecosystems throughout the planet, but limited information is available for the Amazon Region. In this study we review NNF data in the Amazonian macroregion using spatiotemporal records on the occurrence and the richness of NNF from a collaborative network of 35 regional experts, establishing the Amazon NNF database (ANNF). The NNF species richness was analyzed by river basin and by country, as well as the policies for each geopolitical division for the Amazon. The analysis included six countries (Brazil, Peru, Bolivia, Ecuador, Venezuela, and Colombia), together comprising more than 80% of the Amazon Region. A total of 1314 NNF occurrence records were gathered. The first record of NNF in this region was in 1939 and there has been a marked increase in the last 20 years (2000–2020), during which 75% of the records were observed. The highest number of localities with NNF occurrence records was observed for Colombia, followed by Brazil and Bolivia. The NNF records include 9 orders, 17 families and 41 species. Most of the NNF species are also used in aquaculture (12 species) and in the aquarium trade (12 species). The most frequent NNF detected were Arapaima gigas, Poecilia reticulata and Oreochromis niloticus. The current data highlight that there are few documented cases on NNF in the Amazon, their negative impacts and management strategies adopted. The occurrence of NNF in the Amazon Region represents a threat to native biodiversity that has been increasing “silently” due to the difficulties of large-scale sampling and low number of NNF species reported when compared to other South American regions. The adoption of effective management measures by decision-makers is urgently needed and their enforcement needed to change this alarming trend and help protect the Amazon’s native fish diversity.
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INTRODUCTION

The current worldwide biodiversity crisis has been characterized by an unprecedented rate of species loss, introduction of non-native organisms, biological invasions and biotic homogenization (McGeoch and Jetz, 2019; Padial et al., 2020). At a global scale, species introductions are linked to drivers like aquaculture, aquarium trade, ballast water transfer, biofouling, and habitat modification (dams, canals or artificial waterways, urbanization and deforestation) (Wonham et al., 2000; Lasso-Alcalá et al., 2011; Davidson and Simkanin, 2012; Patoka et al., 2018; Doria et al., 2020), with impacts potentially increased by current climatic crisis (Li et al., 2016). In freshwater ecosystems, the intensity of human activity has been positively related to the number of non-native fish species (hereinafter NNF) (Leprieur et al., 2008), but the number of NNF are underestimated and increasing (i.e., Bezerra et al., 2019; Vitule et al., 2019). South America was indicated as one of the six freshwater fish global invasion hotspots of the world, with 5–20 NNF species recorded for the Paraná-Paraguay-Amazon river systems more than a decade ago (Casal, 2006; Leprieur et al., 2008). As expected, more papers have documented the presence of NNF, mainly in the southeastern South America, and considerably augmented the list of invasive fish species in this continent (Orsi and Agostinho, 1999; Méndez et al., 2012; Casimiro et al., 2015, 2018; Latini et al., 2016; Garcia et al., 2018; Gubiani et al., 2018).

The Amazon is one of the most biodiverse regions on the planet (Mittermeier et al., 1997). Traditional and indigenous communities still inhabit these lands and obtain their income mainly from artisanal fisheries, which are threatened by the advance of agricultural frontiers, dam construction, mining disturbances and environmental contamination (Doria et al., 2017; da Silva and Lima, 2020) and NNF invasions (Doria et al., 2020). In the present study, the term “Amazon Region” has been adopted considering this region as a whole, comprising independent neighboring basins (i.e., Orinoco and other rivers). In the Amazon Region (hereinafter Amazon) there are many evidences of increasing propagule pressure due to accidental NNF introductions through fish farming without effective escape barriers, or by river overflooding in fish farming areas (Carvajal-Vallejos et al., 2011; Van Damme et al., 2017; Doria et al., 2020). Introductions of NNF have clear negative impacts on native fish assemblages, leading to local species extinctions, reducing genetic diversity, causing loss of ecosystem functions, habitat disruption (Vitule, 2009; Cucherousset and Olden, 2011), and homogenization or differentiation (Toussaint et al., 2016b) at genetic, taxonomic, and functional levels (Olden et al., 2004). Also, NNF can cause socioeconomic impacts, compromising native fish markets and food sources for riverside communities (Villéger et al., 2011; Bezerra et al., 2018). Understanding spatial and temporal trends in NNF invasions is an important milestone for mitigating their negative impacts on biodiversity, especially in global biodiversity hotspots such as the Amazon.

Although there are many anecdotal, occasional and underestimated records of NNF and some of their impacts are well known for many regions, a comprehensive synthesis about the spatiotemporal trends in NNF occurrence records for the Amazon did not exist so far (da Silva and Silva-Forsberg, 2015). Despite the limited data availability, the potential risks for the diversity of native fish in this unique region are expected to add on to other established environmental disturbance drivers (Bittencourt et al., 2014; Guarido, 2014; da Silva and Silva-Forsberg, 2015; Padial et al., 2017; Brabo et al., 2015, 2017; Doria et al., 2020). The study of NNF negative impacts and biological invasions in hyperdiverse ecosystems, such as the Amazon, represents a new frontier in ecology and ecosystem management and will help understand the new era of biological reshuffling in aquatic ecosystems (Padial et al., 2020). In this sense, the historical occurrence records of NNF in the Amazon were compiled by country and sub-basin to infer about propagule pressures and colonization trends along a spatiotemporal scale. This study contributes to the understanding of the main processes, patterns and trends involved in NNF establishment and spreads in the Amazon.

The major aim of this paper is to present a pioneer Amazon NNF database (ANNF) and a scenario review analysis highlighting important aspects to be considered in NNF policies and management in this region.



MATERIALS AND METHODS

A collaborative scientific network was established, comprising researchers from six countries that cover more than 80% of the Amazon Region. Research leaders from Bolivia, Brazil, Colombia, Peru, Ecuador and Venezuela gathered information on NNF from publications (in English, Portuguese and Spanish) and museum records (i.e., scientific peer-reviewed publications and books, gray literature, and unpublished data, such as field surveys databases and local biological collections with ID numbers) to build an up-to-date and unified database of NNF species occurrence records in the Amazon (ANNF - Supplementary Material 1).

Here, NNF was considered all species introduced intentionally or accidentally by humans into areas in which they did not naturally occur, i.e., exotic, alien, or non-indigenous species. The Amazon NNF database was constructed with the occurrences reported in the Amazon, following a drainage basin scale (see Venticinque et al., 2016 for basin definition) that presented spatiotemporal information (see methods in Supplementary Material 2). Ecological traits (i.e., trophic category and migratory behavior) and invasion vectors or pathways (i.e., aquaculture and aquarium trade) of the recorded NNF species were compiled from FishBase (Froese and Pauly, 2019) and used to identify major characteristics related to NNF in the Amazon (Supplementary Material 3).

In order to identify possible mechanisms to prevent, mitigate or manage the impacts of NNF, information concerning legal instruments and public policies related to management and control of non-native species were reviewed and compiled using geopolitical subdivisions for each of the six countries (see Supplementary Table 1). Due to the heterogeneous geopolitical subdivisions in the Amazon, the following units were adopted: states in Brazil, regions in Peru (i.e., the Selva Alta and Selva Baja), and country level for Bolivia, Ecuador and Colombia, totaling 13 operational regions. All the subsequent analyzes and comparisons were conducted according to those regions. Policies were categorized as described and non-described (i.e., presence or absence) considering topics related to NNF exploitation and environmental protection regulations, mainly for protected areas.

Spatial and temporal representations were applied to explore trends in NNF occurrence records and species richness (Vitule et al., 2021) using the basin scale (see methods in Supplementary Material 2).



RESULTS

The compiled NNF database comprises 1,314 records of 41 species belonging to nine orders and 17 families. The most widespread NNF species were Arapaima gigas, Poecilia reticulata and Oreochromis niloticus, with 153, 82, and 47 locality records, respectively (Supplementary Materials 1, 3). The Madeira River sub-basin showed the highest NNF species richness and occurrence records density, followed by the Tocantins, Negro, and lowlands of the Amazon River sub-basins, with six species each (Figures 1A,B). The estimated NNF species richness per 100 km2 in each basin (Figure 1C) showed higher values at the Nanay and Napo basins, with 0.02 NNF species per unit area. On the country scale, Colombia presented the highest absolute NNF species richness, followed by Brazil and Bolivia (Figure 1D). The covariance analysis among sampling effort and NNF records showed no significant relationship (Supplementary Table 2).
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FIGURE 1. Geographical distribution of occurrence records of NNF in the Amazon (A) and richness per basin (B), richness per basin unit area (C), and per country (D), until 2020. The choropleth scale shows an increasing NNF richness, ranging from lower values indicated in blue to highest values indicated in red.


The NNF records by decade exhibited a constant increase for the countries altogether and within countries. The same fast increase pattern was observed at the watershed and sub-basin scales (Figures 2, 3). The main NNF introduction vectors identified from the literature search were aquarium trade (12 species) and aquaculture (12 species), followed by sport-recreational fishing and use as live bait (Supplementary Material 3). The trophic analysis showed that the majority of the NNF species in the Amazon were classified as omnivorous (19 species) or carnivorous (6 species). The reproductive characteristics of most NNF species showed multiple spawning seasons or year-round continuous cycles (12 species), with high fecundity (8 species), and without parental care (12 species); some taxa showed migratory behavior (9 species) (Supplementary Material 3). The first NNF record dated back to 1939 and there has been a marked increase in NNF species records in the last 20 years (2000–2020), a period during which 75% of the records were made (Figure 3).
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FIGURE 2. Cumulative curve of NNF records (black lines), first occurrence records (gray lines), and overall NNF richness in the region and split by each country, which shelters part of the Amazon Region. Flags represent the country information used to build each figure (A) All countries; (B) Bolivia; (C) Brazil; (D) Colombia; (E) Ecuador; (F) Peru. Please note that Y-axis are not at the same scale to avoid hindering exponential visual trends due to scaling effects of the data. NNF, Non-Native Fish.
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FIGURE 3. Cumulative curve of NNF records (black lines) and first occurrence record (gray lines), NNF richness in the Amazon region, considering the river subbasins and adjacent basins. Please note that Y-axis are not at the same scale to avoid hindering exponential visual trends due to scaling effects of the data. Legend: A—Amazon region; B—Amazon River; C—Amazon Estuary; D—Madeira River; E—Maranon River; F—Nanay River; G—Napo River; H—Negro River; I—Tapajós River; J—Tocantins River (Venticinque et al., 2016).


The current legislation on NNF in the Amazon showed that in seven out of 13 considered geopolitical regions there is some mention regarding these species (Supplementary Tables 1, 5). All these legal instruments do not allow intentional introduction of NNF in protected areas, but most of them (12), allow this practice outside protected areas and in nine of them specify containment strategies to be implemented. Only three regions recorded NNF negative impacts. The release of NNF in natural environments was cited as prohibited in 10 regions, and only in eight regions the regulation imposed a fine for illegal NNF farming. Despite the regulations, NNF introduction has been indirectly encouraged, mainly by strong incentives for fish farming to private companies. Several cases of NNF species purposely or accidentally introduced by fish farming in impacted urban streams were also recorded (Supplementary Table 3).

Only seven studies have reported freshwater and estuarine invasive fish species that have likely established stable populations in the Amazon and are impacting local biota and economy (Supplementary Table 4): four in Peru and three in Brazil. Only seven publications describe the impacts of invasions on native fish communities: five from Brazil, one from Peru, and one from Bolivia (Supplementary Table 4). The reported impacts caused by invasions were reduction on abundance of native species, changes on local fisheries composition, and introduction of parasites.



DISCUSSION

Despite having the richest native freshwater fish diversity on the planet (Toussaint et al., 2016a) and great scientific interest, there is limited knowledge on non-native species introductions and invasions in the Amazon (Frehse et al., 2016), in particular regarding NNF (Vitule et al., 2019). Several recent studies on fish diversity conservation in South America and in the Amazon have underestimated or completely ignored (intentionally or not) the role of NNF as an existing and significant threat (i.e., Reis et al., 2016; Dagosta and de Pinna, 2019—but see discussion in Vitule et al., 2017; Bezerra et al., 2019). The most recent research pointed to 5 (Tedesco et al., 2017) and ∼18 (Gubiani et al., 2018; Jézéquel et al., 2020) NNF species recorded in the Amazon, while the present study unveiled more than twice as many NNF species in the region. This contrast in great part is due to species translocations, which generally are not taken into account, nor properly characterized (see Vitule et al., 2019). Therefore, when considering only fish species, a high colonization pressure level has been identified in South America, resulting in a large number of intra-country invasions, i.e., translocated species (i.e., Bezerra et al., 2019; Vitule et al., 2019). The temporal trend of NNF occurrences presented herein shows no signs of reaching an asymptote. Moreover, this trend also indicates a spatiotemporal increase in NNF records in the Amazon, corroborating studies from other biomes in Latin America. Vitule et al. (2021) showed similar increasing trends in the Atlantic Forest for other aquatic organisms (ranging from microscopic fungi, invertebrates and plants to large mammals), but NNF represent the group with most studies and occurrence records (i.e., Frehse et al., 2016; Bezerra et al., 2019; Vitule et al., 2021). These trends are of high concern in the Neotropical Region, mainly due to the high number and proportion of native endemic species and the increased risk of extinction caused by negative impacts of NNF introductions.

The database compiled for the present study is the first large scale and up to date compilation of NNF for the Amazon Region. The number of NNF species recorded (41) and of occurrence records (1,314) are warnings of the potential negative impacts that NNF can exert on the local and endemic Amazonian biota. Many of the NNF identified in this review have biological characteristics that favor establishing populations in new regions and/or invading new habitats (i.e., multiple spawning or continuous/year round reproduction, high fecundity, omnivorous diets, migratory behavior - Kolar and Lodge, 2002; Liang et al., 2020). The list of NNF species compiled here corresponded to 1.5% of the native valid species described for the Amazon (Dagosta and de Pinna, 2019—including the Tocantins-Araguaia River basin), but this number has been increasing fast. The temporal trends of NNF exhibited an exponential growth since the 2000s. The accumulation curves of Amazonian NNF keep rising, aligned with global trends for introduced biota (Seebens et al., 2018). However, for the Amazon, the major increase in NNF records occurred recently and may reflect a delayed awareness or recording of the presence of these non-native organisms (i.e., Vitule et al., 2021). Invasion biology as a research field only emerged in Brazil in the last 20 years (Frehse et al., 2016) and there seems to be a time lag between field data collection and the formal record of NNF occurrences. The number of NNF species is likely underestimated due to delay in publication or other factors limiting local studies (Bonfim et al., 2017). It is important to highlight that in all analyses conducted in this study, we have adopted conservative definitions (i.e., just considering introduced NNF species and ignoring species found in intermediate stages of the invasion process). This was largely due to the huge spatial scale of the present study and because most NNF have long been signalized as potential invaders. Moreover, large rivers positioned on the “deforestation arch” in Brazil (states of Pará, Tocantins, Mato Grosso and Rondônia) seem to be the portal for several NNF invasion events and other synergic environmental disturbances (i.e., Bezerra et al., 2019). Large-scale deforestation is a known gateway for agribusiness frontiers, mainly based on extensive monocultures and cattle ranching, frequently associating fish-farming initiatives using NNF species (Valenti et al., 2021). Furthermore, the natural biogeographic barriers deconstruction, such as reservoir construction over waterfalls and rapids stretches, and the establishment of new hydrological connections through artificial fish transposition systems and waterways (i.e., Vitule et al., 2012; Daga et al., 2019; Santos et al., 2019). In fact, fish farming represents important mechanisms that facilitate new fish species introductions in the Amazon, leading to direct negative ecological and, in some instances, socioeconomic impacts (i.e., Doria et al., 2020). While many factors may accelerate rates of NNF invasion and spread in many freshwater systems, it all converges to understanding local invasion dynamics and composition of non-native assemblage.

The high economic attractiveness and market demand stimulate the farming of some NNF species and increase the probability of unintentional introductions of escapees from fish tanks to the natural environment (i.e., propagule pressure). The “intensive use in aquaculture” is considered one of the main factors inducing exotic species establishment in freshwater environments (Liang et al., 2020) and have contributed to global ichthyofaunal homogenization (Olden et al., 2012; Toussaint et al., 2016a). The Amazon Region as considered here comprises nine countries, and despite all of them having recorded NNF for over 70 years, few or no effective actions to prevent new introductions and invasions were executed. The analysis of regulatory acts promoted by those countries suggests uneven policy distribution and inexistent or limited collaboration among amazonian governments to contain or mitigate the spread of non-native taxa. On the contrary, some countries have been incentivizing the farming of economically relevant NNF by private stakeholders (Supplementary Table 3). Analyzing regional policy implications can contribute to understanding local establishment and spread of NNF, and even its eventual naturalization, especially in cases where ecological processes alone are not sufficient to explain the observed temporal and spatial patterns.

Many political decisions regarding the use of natural resources threaten fish diversity in South America (i.e., Pelicice et al., 2017). Regulation gaps related to NNF species farming in the Amazon only add to unsuccessful introduction attempts and inspection limitations, expanding the possibilities for errors and further NNF escapes. The increase in the number of NNF records since 2000 seems to be intrinsically linked to the loosening of species farming regulations (Supplementary Material 2). Countries like Peru, Brazil and Colombia encourage fish farming business through financial benefits (i.e., tax breaks). Furthermore, NNF species have also been purposely or accidentally introduced by fish farmers in impacted urban streams (i.e., see Supplementary Table 2).

Regulations often protect NNF in detriment of native ichthyofauna (Ota et al., 2018; Geller et al., 2020), including NNF species naturalization for purposes of regularizing environmental impacts. One emblematic example is the naturalization of O. niloticus (Nile Tilapia) in Colombia (Resolution 2287/2015) that declared naturalized “some species of domesticated fish for the development of aquaculture, species that had been introduced in the national territory” (Colombia, 2015). The results indicated that Colombia has the highest number of invasive NNF species. There, the environmental authorities’ main efforts have been directed toward identifying and establishing NNF control actions. Meanwhile, the agricultural authorities have focused on declaring some of the most important NNF as naturalized species (i.e., Onchorhynchus mykiss, Cyprinus carpio, Coptodon rendalli, Oreochromis niloticus) by decree (sensu Pelicice et al., 2014) to increase their use in fish farms. Regardless of efforts to propose control plans for NNF in Colombia, practical measures have not yet been established by authorities. In the same way, in Peru, Nile Tilapia farming was legal and encouraged for several years in some regions of the country (i.e., San Martin Region). As a consequence, recently the Ministry of Production has been holding technical meetings to evaluate a Tilapia farming management plan for the Ucayali Region, using time and financial resources to mitigate the effects of irresponsible decisions made in the past.

Brazil fosters similar incentives of species naturalization processes (Pelicice et al., 2017). An attempt to naturalize the Nile Tilapia in Brazil was conducted by Congress Members under the strong influence of lobbyists from the fish net-tanks and fish food industry, as well as fish fry and matrices retailers (i.e., Pelicice et al., 2015; Padial et al., 2017). In the State of Rondônia, the farming of O. niloticus has been ongoing for at least two decades, without the mandatory registration in the State Environment Agency and without adequate State supervision (Soares et al., 2020). Inadequate management conditions in fish farms, associated with the seasonal Amazon flood regime effects, allow these species to escape to the natural environment, explaining their unwanted presence in various natural water bodies in the State of Rondônia (Soares et al., 2020). In the State of Tocantins, the Environment Regulatory Agency changed its regulation to allow net-tank farming of O. niloticus in hydroelectric and water supply reservoirs. In 2020, a national decree has encouraged the farming of the Nile Tilapia in Brazilian reservoirs throughout the country (Charvet et al., 2021). This kind of scenario is very contradictory considering that Brazil has thousands of native fish species, which could subsidize sustainable aquaculture conducted coherently and consistently according to sustainable ecological principles across the country (Pelicice et al., 2015; Padial et al., 2017; Bezerra et al., 2019).

Bolivia promulgated normatives as an intent to control the expansion of the invasive Arapaima gigas (paiche or pirarucu) in that region by prohibiting farming and transport of juveniles, and promoting control and management of the species in protected areas. In addition, three management plans were drafted in indigenous and traditional communities territories (TIOC Tacana I, TIOC Tacana II), and in a protected area (Manuripi Natural Wildlife Reserve). The spreading of A. gigas in Brazil is also of concern to the Rondônia State Environment Regulatory Agency. The invasion of this NNF in the upper Madeira River and the sudden increase in its abundance promoted changes in fishing rules. Based on scientific and local fishers knowledge, Rondônia’s Environmental Regulatory Agency allowed A. gigas fishing as a measure to contain its population increase in a region where previously it did not naturally occur (Doria et al., 2020). This situation is remarkable since the species is officially protected in Brazil and has its fishing prohibited in the Lower Madeira River where it naturally occurs. In the long term a tracking system to monitor range expansion of NNF species such as A. gigas should be encouraged, and future studies can build upon the information curated on the ANNF database. Overall, management actions implemented to reduce invasion impacts in the Amazon are limited, considering constraints in recognizing these impacts and actions taken by regional agencies. This may be related to the fact that interest in these species for fish farming was generated by local governments. In addition, the consequences of NNF introductions are neglected at the policy level (Liang et al., 2006; Patoka et al., 2020). There are gaps or limitations in the laws that should regulate the breeding and farming of these species in the Amazon, which certainly has facilitated NNF invasion speed (Pelicice et al., 2015).

Fish introductions have been changing and homogenizing freshwater fish communities worldwide (Vitule, 2009; Vitule et al., 2012; Toussaint et al., 2014, 2016b). This pressure exerted by invasive species is now getting recognized as a significant but “silent threat.” This is mainly due to the difficulty of large-scale sampling, resulting in data concentration in some areas and the existence of poorly studied regions, such as the Central Amazon (i.e., Jézéquel et al., 2020). Yet, the studies’ intensity and frequency in each site seems to be strongly related to accessibility, research interests and resources (Rosa et al., 2020). The presence of NNF has been observed in adjacent basins to the Central Amazon basin, such as in the Napo and Marañon river basins in Colombia, so even if not yet registered, it is likely that NNF occur in at least portions of those basins. In this sense, it is important to consider riverside, indigenous, and other traditional communities’ knowledge to better understand the local scale impacts and help identify cryptic invasion processes. In ecological terms, the high functional diversity of Amazon native fishes might provide some resistance or resilience against NNF invasions (i.e., Toussaint et al., 2016a; Vitule et al., 2017) due to functional overlapping at different scales (Peterson et al., 1998). The consequences of NNF invasions can be considered silent or invisible threats (i.e., Vitule, 2009) because their impacts are not immediately perceived, nor identifiable (i.e., native species loss may diminish ecological resilience of local assemblages, causing disturbance or disruption that will only be noted in the future). Areas with high deforestation rates increase ecosystem vulnerability to functional collapse by reducing ecological organization alternatives and therefore increasing species invasion chances (i.e., Leprieur et al., 2008; Bezerra et al., 2019). Also, NNF negative effects remain underexplored in the Amazon when compared to other environmental pressures, such as deforestation, forest fragmentation, hunting, river damming for hydropower, and fires (Lees et al., 2016; Sousa et al., 2018; Brando et al., 2020). However, it is well known that heavily impacted landscapes tend to be more susceptible and favor NNF establishment, mainly because native fish, in particular endemic species, are sensitive to habitat modifications and more vulnerable to predation and other negative biotic interactions (Johnson et al., 2008; Hermoso et al., 2011; Britton and Orsi, 2012).

The NNF impact on Amazonian ichthyofauna is gradually being recognized as compromising native species abundance, impacting local fisheries’ catch composition, and generating new parasitic infestations (Carvajal-Vallejos et al., 2017; Doria et al., 2020). When compared to river basins of more densely occupied regions of South America and of the Northern Hemisphere, the occurrence of NNF in the Amazon could mistakenly be considered of lower concern. However, the occurrence, spread and impacts of NNF in the Amazon has been continuously rising, putting at risk part of the most extraordinary freshwater fish fauna of the world. This risk is mainly due to the lack of dedicated policies and law enforcement, simultaneously associated with unsustainable policies that lead to fast expansion of NNF farming activities, and other regional anthropogenic impacts. Avoiding or containing the spread of invasive species requires combined efforts from all involved stakeholders, fom policy-makers and the scientific community, to fish farmers and final consumers. The remarkable recent NNF records increase in the Amazon is especially concerning because it amplifies propagule pressure, which can affect native communities biotic resistance to biological invasions (i.e., Von Holle and Simberloff, 2005). Even in biodiversity hotspots, such as the Amazon, the local biota might not be sufficiently resistant to provide biotic resilience to the establishment of NNF, if regulations are flexible and permissive. All evidence presented here reinforces the negative effects of NNF species to the Amazonian unique fish diversity and threatens food security and other biodiversity services for the generations to come.
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