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The invasion of the Asiatic clam Corbicula fluminea in South America has already reached Patagonia. Despite the well-known direct and indirect impacts that this species exerts on fresh-water ecosystems, particularly on benthic communities, few studies have been undertaken on its effect on the composition and structure of aquatic macroinvertebrate assemblages. This study evaluated the effects of the invasion of the Asiatic clam C. fluminea on the aquatic macroinvertebrate assemblages of the Limay River, one of the most important rivers of the arid plateau of Argentinian Patagonia. As this river is currently in the process of being invaded, it was possible to compare invaded and non-invaded sites. Invaded sites displayed a certain homogenization of their constituent species and functional composition. Non-metric multidimensional scaling, similarity analysis and similarity percentages showed negative or positive influence of the presence of this species on the abundance of some taxa, due to competition for resources in this low-productivity Patagonian ecosystem. The deposition of the faeces and pseudo-faeces of C. fluminea enriches the organic content of the sediments. However, its pedal feeding can function as a competitive strategy: by consuming its own deposited organic matter when food is scarce, the amount available to other macroinvertebrates is reduced. This paper is the first contribution on the impact of this invasion on northern Patagonia’s aquatic macroinvertebrate assemblages.
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INTRODUCTION
In the current context of globalization, biological invasions constitute one of the main threats to biodiversity (Bellard et al., 2016; Essl et al., 2020). Invasive bivalves cause biotic and structural changes that influence aquatic macroinvertebrate assemblages (Darrigran et al., 1998; Darrigran and Damborenea, 2011; Wittmann et al., 2012; Werner, 2014). The final impact of each invasion on these organisms is difficult to predict (Lodge, 1993). Invasive species can rapidly replace native taxa (Bachmann et al., 2001; Brown and Barney, 2021), or cause increases in the abundance of favored native taxa (Horvath et al., 1999; Mayer et al., 2002). The scale of the impact may also be related to the size of the invasive population, as well as the susceptibility or resistance of each environment to invasion (Hicks, 2004; Howeth, 2017). Established communities can even facilitate the invasion process of these species (Mörtl and Rothhaupt, 2003).
The invasive Asiatic clam Corbicula fluminea is the most widespread freshwater species in South America (Darrigran et al., 2020). This species causes several direct and indirect impacts on macroinvertebrate assemblages by displacement and/or reduction of available habitat (Vaughn and Hakenkamp, 2001) and upon death their durable valves provide refuge and substrate for other species (Strayer et al., 1999; Gutiérrez et al., 2003).
Assessing the impact of invasion on aquatic macroinvertebrate assemblages is important due to their crucial role in maintaining the structural and functional integrity of freshwater ecosystems (Wittmann et al., 2012; Zhang et al., 2014; Paschoal et al., 2015; Macchi et al., 2018). Macroinvertebrates regulate the geophysical condition of the sediments, participate in the decomposition of debris and the cycling of organic matter and nutrients, and regulate the primary producer communities (Pereira et al., 2012; Batzer and Boix, 2016; Zimmer et al., 2016; Boyero et al., 2021).
The filter-feeding of invasive bivalves can negatively affect the recruitment of some species (i.e., juvenile unionids and spherids) (Yeager et al., 1994; Hakenkamp and Palmer, 1999). In addition, collector-filterers compete for the food resources of other species (Sousa et al., 2005). Some of these effects have led to a decline in the abundance and diversity of native mollusks in freshwater ecosystems in America and Europe (Araujo et al., 1993, Williams et al., 1993; Strayer et al., 1999; Aldridge and Müller, 2001; McMahon, 2002; Sousa et al., 2005; Sousa et al., 2007; Sousa et al., 2008a; Sousa et al., 2014).
One of the more conspicuous effects of invasions is the reconfiguration of biodiversity at a coarse scale through biotic homogenization (loss of β diversity) (Olden et al., 2011), which is considered an overarching process that encompasses either the loss of taxonomic, genetic, or functional distinctiveness over time (Olden et al., 2004). Changes in diversity patterns within a region can occur as a change in species similarity between smaller areas, reducing differentiation diversity between regions. Thus, the establishment of the same invasive species at two separate localities will lead to increases in the similarity of the invaded communities (Olden et al., 2011).
This research aimed to determine if the presence of Corbicula fluminea causes macroinvertebrate assemblage homogenization, by affecting negatively or positively on resource availability through consumption, bioturbation or excretion. Thus, it is predicted that invaded sites will have similar species composition, with an increased density of favored species and a diminished density of vulnerable species.
MATERIALS AND METHODS
Study Area
The study compares invaded and non-invaded sites in natural lotic and artificial lentic habitats along the Limay River and takes into account the environmental characteristics of each site. The sites are located in Argentina’s Patagonian plateau (Figure 1). Patagonia extends from 35° to 39°W and from 36° to 55°S, with the Colorado and Barrancas rivers at its northern limits. The dominant rock types are basalts (Drago and Quirós, 1995). Increasing aridity is seen along a strong east-west precipitation gradient; annual rainfall levels decrease to around 150 mm/year in the arid plateau region (800 m a.s.l.) causing a continental climate (De Aparicio and Difrieri, 1985). Salinization processes dominate and the soils are typically alkaline with a predominance of mollisols and aridisols (Del Valle, 1998). In addition, the mean annual air temperature fluctuates between 7.5 and 12.5°C (Díaz et al., 2007).
[image: Figure 1]FIGURE 1 | Geographic location of sampling river (circles AR, Arroyito; FN, Fortín Nogueira) and reservoir (squares RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia, Argentina. White panels represent the not invaded sites and gray panels the invaded sites.
The Limay has five dams: Alicurá, Piedra del Águila, Pichi Picún Leufú, Ezequiel Ramos Mexía, and Arroyito, all of which were constructed for the generation of electricity. Across the Limay River basin there are several sources of pollution which include urban sewage, industrial and agrochemical waste discharges (Autoridad Interjurisdiccional de las Cuencas de los ríos Limay, Neuquén y Negro, 2011). However, compared to other regions of the country, this basin is considered to have low levels of nutrients, suspended solids and water mineralization (Daniele et al., 2005). This river has tourist value, with development of sport fishing based on introduced salmonids, and other recreational activities such as rafting and canoeing (Añón Suárez and Albariño, 2020). Sites invaded and not invaded by C. fluminea were selected in two river sections and two reservoirs along the Limay River (Figure 1; Table 1).
TABLE 1 | Sampling labels acording to site and date, with three replicates each one. River (AR, Arroyito; FN, Fortín Nogueira) and reservoir (RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia. Sm, summer; A, autumn; W, winter and Sp, spring.
[image: Table 1]Environmental Variables
Biotic homogenization and loss of β diversity during invasion is influenced not only by intrinsic species traits, but also extrinsic environmental characteristics (McKinney and Lockwood, 1999; Wang et al., 2021). Thus, the environmental variables most frequently cited as having an influence on the autecology of the invasive species and or on aquatic macroinvertebrate communities were analyzed (i.e., Darrigran and Damborenea, 2005; Sousa et al., 2008a; Sousa et al., 2008b; Batzer and Boix, 2016; Azis and Abas, 2021). The probe-rod method was used to characterize substrate composition (Bevenger and King, 1995). Substrate composition was separated into five size fractions, reported as % abundance. Sizes included bedrock (large unbroken surface), block (257–500 mm), pebble (65–256 mm), gravel (2–64 mm), and clay + silt + sand (CSS) (<2 mm). Temperature (T) and dissolved oxygen (DO) were measured in situ with a YSI Pro 20 oximeter, and pH and electrical conductivity (EC) were measured with an OAKTON PCS Testr 35 multiparameter probe. A total of 5 L of subsurface water (0.2–0.3 m below the water surface) was collected in plastic bottles at each sampling site for lab analysis.
Total suspended solids in water (TSS) were measured by weighing. The water sample was filtered with a 0.45 µm filter (Whatman filters) and a vacuum filtration system. Filters were washed with distilled water and dried at 103–105°C to a constant weight. The dry weight of the filters was weighed using a Mettler Toledo analytical balance (error = 0.0001 g) and TSS = initial−final weight (APHA 2001).
Total water nitrogen (TN) was determined by basic digestion (Grasshoff et al., 2009) and evaluation of N-NO3− + N-NO2− by reduction in a cadmium column and diazotization (APHA, 2001). Total water phosphorus (TP) was determined colorimetrically (Golterman et al., 1978). Chlorophyll a (Chla) was extracted with 90% acetone and measured using a spectrophotometer (Metrolab M-1700 model) (APHA, 2001).
Sampling and Classification of Aquatic Macroinvertebrates
The aquatic macroinvertebrate assemblages were sampled according to the adapted multi-habitat approach proposed by Barbour et al. (2006). A 30 cm wide D-frame net with a 500 µm mesh was used to collect the macroinvertebrates, along a transect of 150 cm. Thus each replicate had an area of 30 × 150 cm, which consisted of three 50 cm long net trawls, to represent each biotope present at the site. A total area of 1.35 m2 was sampled at each location. The main biotopes were considered according to the multi-habitat approach described by Barbour et al. (1999). Habitats were categorized before each sampling according to substrate type, presence of macrophytes and/or litter, pools and/or runs, through a qualitative evaluation of each site. Three replicates were taken in each of the two river (AR: invaded; FN: not invaded) and two reservoir (RM: invaded; PL: not invaded) sites, during four seasons, giving a total of 48 samples of aquatic macroinvertebrates (Table 1). The replicates were also considered as samples and treated separately.
The samples were preserved in 70% ethanol and identified at the smallest possible taxonomic level, by using a stereoscopic microscope (4X) and an optical microscope (64X–640X). Keys for macroinvertebrates of South America were used, including Bachmann (1981), Wiederholm (1989), Wygodzinsky and Coscarón (1989); Rodríguez-Capítulo (1992); Lopretto and Tell (1995); Archangelsky (1997); Cranston (2000); Epler (2001); Fernández and Domínguez (2001); Oliva et al. (2002); Heckman (2006); Michat and Archangelsky (2007); Heckman (2008); Michat et al. (2008); Alarie et al. (2009); Domínguez and Fernández (2009); Libonatti et al. (2011) and Muzón et al. (2014). Macroinvertebrate density was expressed as ind/m2.
Macroinvertebrate taxa were classified into functional feeding groups (FFG) based on their morphological and behavioral adaptations to acquiring food (Lopretto and Tell, 1995; Merritt and Cummins, 1996; Miserendino, 2007; Ramírez and Gutiérrez-Fonseca, 2014). The FFG were classified as follows: 1) shredders (SH, feed on organic matter in the form of coarse particles >1 mm in size, consisting either of living tissue from aquatic macrophytes or coarse organic matter from terrestrial plants); 2) scrapers (SC, scrape and consume organic matter attached to rocks and other substrates); 3) collector-filterers (CF, sieve fine particles of 1,000–0.45 µm from the flowing water column); 4) collector-gatherers (CG, collect fine particles of organic matter from debris and sediments in stream beds); 5) predators (PD, feed on live animals); and 6) piercer (PC, feed on vascular plants by cutting or perforating the tissue and consume plant liquids). The relative abundance (%) of each FFG was calculated based on its total abundance.
Statistical Analysis
The environmental differences between the invaded and non-invaded sites were evaluated to identify if species similarity occurs in presence of C. fluminea, despite the separate localities involved and the spatial heterogeneity between the sites. An analysis of the differences between the types of environments (reservoir vs. river), was also conducted to examine whether or not abiotic factors are drivers of biotic differentiation and mask the possible homogenization caused by invasive species.
Species richness (S) was determined, and community structure was evaluated, using the Shannon diversity index (H′ =−Σ pi ln pi) (Shannon and Weaver, 1963) and the Pielou evenness (J′ = H′ ln S) (Pielou, 1977) from the abundance of macroinvertebrates (PRIMER 6.1.6). A non-parametric Kruskal-Wallis test was applied to evaluate the differences in abundance between seasons of each sampling site (AR, FN, RM, and PL) (Hollander and Wolfe, 1973). To analyze the differences between aquatic environments (river vs. reservoir) and estimate the impact of C. fluminea (invaded and non-invaded sites) on the abundance of taxa, a non-parametric Wilcoxon test and an Analysis of Variance (ANOVA) were applied using InfoStat (Di Rienzo et al., 2014).
Multivariate ordering by non-Metric Multidimensional Scaling (nMDS) was also used to evaluate the differences between ecosystems (river and reservoir, invaded and non-invaded) (Ludwig and Reynolds, 1988), with respect to the composition of aquatic macroinvertebrates. A Bray-Curtis similarity index matrix of the abundance data was used as a basis, with the log x+1 transformation (Clarke and Warwick, 2001). Spearman correlation indices were calculated between the nMDS coordinates and environmental variables and community attributes (richness and density) with InfoStat (Di Rienzo et al., 2014), to reveal ecological patterns (Ter Braak, 1992; Maloney and Feminella, 2006).
A two-way crossed Analysis of Similarities (ANOSIM) was performed to test differences in macroinvertebrate species composition (abundance similarity matrix) between sites (Clarke and Warwick, 2001). Two comparisons were used in ANOSIM: reservoir vs. river, and invaded sites vs. non-invaded (by C. fluminea). Similarity Percentage analysis (SIMPER) was also used to determine the taxa contributing to the differences between sites (river vs. reservoir and invaded vs. not invaded) (Clarke and Warwick, 2001). The nMDS, ANOSIM and SIMPER analyzes were performed with PRIMER 6.1.6 (Clarke and Gorley, 2006).
RESULTS
Environmental Characteristics of Sites
The sedimentary composition of the river sites was dominated by particles of medium-to-large sizes (65–500 mm), such as pebbles at the AR site (52.5%) and blocks at FN (40.0%). At the reservoir sites, sand-silt-clay (SSC) accounted for more than 50% of the total composition of the sediment particle size (Table 2).
TABLE 2 | Physical-chemical variables of sampling river (AR, Arroyito; FN, Fortín Nogueira) and reservoir (RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia. SD, standard deviation; EC, electrical conductivity; T, Temperature; DO, dissolved oxygen; TP, Total water phosphorus; Total water nitrogen (TN); TSS, Total suspended solids; Chla, chlorophyll a; block (257–500 mm); pebble (65–256 mm); gravel (2–64 mm); clay + silt + sand (CSS) (<2 mm).
[image: Table 2]The pH values were slightly higher at reservoir sites compared to river sites, with the highest seasonal variations (standard deviation) at non-invaded FN and PL sites (Table 2). Electrical conductivity (EC) was approximately 19 and 12% higher in invaded sites (AR river and RM reservoir respectively) compared to non-invaded homologous sites (FN river and PL reservoir), with a statistically significant difference between river sites (AR vs. FN) (ANOVA F = 14.42 p = 0.009). Dissolved oxygen (DO) concentrations between 10.34 and 10.90 mg/L were recorded.
TP was higher in reservoirs (RM and PL) compared to river sites (AR and FN). The RM reservoir had the highest variability (as standard deviation) of this nutrient between seasons (Table 2). FN site had the lowest nutrient (TP and TN) and chlorophyll-a (Chla) values. On the other hand, PL site had the highest concentrations of TN, and showed a high seasonal variability (SD). Chla values were higher in reservoir sites, and significantly higher in the invaded river site AR (around 17%), compared to its non-invaded counterpart FN (ANOVA; rivers F = 8.42 p = 0.027).
Macroinvertebrate Assemblages and Environmental Relationships
A total richness (S) of 73 taxa (51 and 48 at river and reservoir sites, respectively) from 44 families of Turbellaria, Annelida, Mollusca, Crustacea, Arachnida, and Insecta was recorded. The most abundant families were Dugesiidae (Turbellaria), Cochliopidae, Chilinidae (Mollusca), Hyalellidae (Crustacea), Leptophlebiidae, Baetidae, Caenidae, Chironomidae, Leptoceridae and Hydropsychidae (Insecta). These accounted for almost 90% of the abundance of the Limay River system. Chironomidae was the family with the highest species richness (S = 12), although it had low abundance values and few taxa at the FN river site.
The mean values of richness for the river sites were 21 and 15 (AR and FN respectively), whilst the reservoirs scored 18 and 7 (PL and RM respectively). These totals were calculated taking into account the accumulated richness of the three replicas from each site for the four seasons. The mean of the Shannon diversity indices was higher in the most productive sites AR and PL (higher Chla content), while the Pielou values of evenness were similar at AR, RM and PL (0.63–0.67) and slightly lower at FN (0.54) (Table 3).
TABLE 3 | Diversity index of macroinvertebrate of river (AR, Arroyito; FN, Fortín Nogueira) and reservoir (RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia. S, species richness; D, density; H′, Shannon index and J′, Pielou evenness index; I, invaded and NI, not invaded sites; Sm, summer; A, autumn; W, winter and Sp, spring.
[image: Table 3]The total density of macroinvertebrates (D) was higher in the river sites AR (D = 597 ind/m2) and FN (D = 402 ind/m2), compared to the reservoir sites PL (D = 277 ind/m2), and RM (D = 70 ind/m2). There were significant differences in density between the lentic sites (Wilcoxon, W = 93.0; p = 0.001) (Figure 2). The only significant differences in seasonal variation were recorded at the AR river site, where mean densities for spring and autumn were significantly different (H = 8.13; p = 0.043) (Table 3).
[image: Figure 2]FIGURE 2 | Density of macroinvertebrate groups of sampling river (AR, Arroyito; FN, Fortín Nogueira) and reservoir (RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia.
The taxa of the main groups Turbellaria, Annelida, Mollusca, Crustacea, Arachnida and Insecta are shown in Supplementary Table S1. Insecta, with orders which included Ephemeroptera, Plecoptera, Hemiptera, Odonata, Coleoptera, Diptera, and Trichoptera, was the most abundant group in all sampling sites. This was especially true for rivers (AR and FN) when compared with reservoirs (RM and PL) (W = 378.5; p < 0.001) (Figures 2, 3). Insecta presented density values of 519 and 344 ind/m2 at the AR and FN river sites respectively, and 21 ind/m2 and 108 ind/m2 at the RM and PL reservoirs, respectively. Mollusca was also a relatively abundant group at AR (29 ind/m2) and FN (49 ind/m2) (Figure 2). Mollusca (19 ind/m2), Crustacea (14 ind/m2) and Turbellaria (12 ind/m2) had relatively similar abundance values in RM. At PL, Crustacea (81 ind/m2) and Mollusca (55 ind/m2) were the most abundant groups. Comparing the invaded and non-invaded river sites, Crustacea was the only main group with significantly higher values at AR, compared with FN (W = 158.0; p = 0.005). At the reservoir sites, Mollusca (W = 111.5; p = 0.026), Crustacea (W = 99.0; p = 0.003) and Insecta (W = 100.0; p = 0.004) had significantly higher values of abundance in the non-invaded site (PL) compared to the invaded site (RM).
[image: Figure 3]FIGURE 3 | Density of Insecta groups of sampling river (AR: Arroyito, FN: Fortín Nogueira) and reservoir (RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia.
Some species were only registered in river or reservoir sites. Dero sp. (Annelida), Sympetrum villosum (Odonata, Insecta), Dicrotendipes sp., Pentaneura sp. y Molophilus sp. (Diptera, Insecta) were only detected in the RM y PL reservoirs. Furthermore, Brachysetodes sp. (Trichoptera, Insecta) was a relatively abundant species of reservoirs, with relative abundance values of 8.08 and 10.40 % at RM and PL, respectively. In contrast, the species’ values at AR and FN river sites were recorded as 0 and 0.61%, respectively.
Anisancylus obliquus, Heleobia hatcheri (Mollusca), Aegla riolimayana (Crustacea), Camelobaetidus sp., Andesiops torrens (Ephemeroptera, Insecta), Cricotopus sp. (Diptera, Insecta), Smicridea (Rhyacophylax) annulicornis (Trichoptera, Insecta), were species exclusively registered at the AR and FN river sites. Limnodrilus sp., Helobdella sp. (Annelida), Sigara (Tropocorixa) santiagiensis (Hemiptera, Insecta) and Verger sp. (Trichoptera, Insecta) were only registered in non-invaded sites. In contrast, no species which were exclusive to invaded sites (AR and RM) were detected.
The nMDS graph highlights the fact that the sample points do not overlap. (Figure 4). This could be an indication that the composition of macroinvertebrate species is quite specific to each site. Furthermore, the non-invaded ecosystems (FN and PL) show the highest differences while the invaded sites (AR and RM) are near located at graph’s center. A posteriori, it seems that the horizontal axis is positively correlated with macroinvertebrate density (r = 0.57 p = 0.022). TP and TSS are negatively correlated with the horizontal axis (TP r = −0.61 p = 0.012); TSS r = −0.56 p = 0.023). The vertical axis is negatively correlated with pH (r = −0.60 p = 0.014), chlorophyll a (r = −0.57 p = 0.022) and macroinvertebrate richness (r = −0.61 p = 0.011).
[image: Figure 4]FIGURE 4 | Non-metric multidimensional scaling (nMDS) ordination of a Bray–Curtis similarity matrix of macroinvertebrate composition. Sampling river (circles AR, Arroyito; FN, Fortín Nogueira) and reservoir (squares RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia, Argentina. White panels represent the not invaded sites and black panels the invaded sites. The variables that were significantly correlated with the nMDS axes are displayed.
The ANOSIM test also indicated significant differences between the species composition of invaded and non-invaded sites (ANOSIM Global r = 0.557, p = 0.004) and between rivers and reservoirs (ANOSIM Global R = 0.786, p = 0.005). Invaded (AR and RM) and non-invaded groups (FN and PL), had average similarities of 37.50 and 45.96% respectively, according to the two-way SIMPER. The average dissimilarity between invaded and non-invaded sites was 76.80%. The species with the highest contribution to the discrimination between invaded and non-invaded samples according to the mean dissimilarity/standard deviation ratio were Paratrichocladius sp. (Diptera, Insecta), Hyalella curvispina (Crustacea) and Chilina gibbosa (Mollusca). The taxa in Table 4 contributed up to 56.5% cumulative of the average differences between invaded and non-invaded sites.
TABLE 4 | Summary of Similarity Percentage analysis (SIMPER) of macroinvertebrate, showing the organisms which most contributed to the observed differences among groups (I, invaded and NI, not invaded sites). Contrib.S, contribution to the intragroup simillarity; Diss, mean disimillarity and their SD, standard deviation; Contrib.D, contribution to the intergroup disimillarity.
[image: Table 4]The two-way SIMPER showed an average similarity of 53.94 and 29.52% within rivers (AR and FN) and reservoirs (RM and PL), respectively (Table 5). The species with the highest contribution to the average similarity within the river group were Smicridea (Rhyacophylax) annulicornis, Chilina gibbosa, Meridialaris diguillina, Caenis gonseri and Penaphlebia chilensis. The average difference between these groups was 86.54%. The species that best discriminated between the river and reservoir samples according to the mean dissimilarity/standard deviation ratio were Aegla riolimayana, Hyalella curvispina (Crustacea), Heleobia parchappii (Mollusca) and Smicridea (Rhyacophylax) annulicornis (Insecta). 19 taxa contributed to 66% of the difference between the river and reservoir macroinvertebrate samples.
TABLE 5 | Summary of Similarity Percentage analysis (SIMPER) of macroinvertebrate, showing the organisms which most contributed to the observed differences among groups (river and reservoir). Contrib.S, contribution to the intragroup simillarity; Diss, mean disimillarity and their SD, standard deviation; Contrib.D, contribution to the intergroup disimillarity.
[image: Table 5]The invasion’s effect on the decrease in the density of bivalve molluscs is observed (eg. Pisidium sterkianum AR D = 12.6 vs. FN D = 17.78; RM D = 5.6 vs. PL D = 33.7 ind/m2; and Diplodon chilensis AR D = 0 vs. FN D = 1.3; RM D = 0.4 vs. PL D = 3.0 ind/m2) as well as on the decrease in the density of native gastropods (AR D = 29.1 vs. FN D = 48.2; RM D = 18.2 vs. PL D = 50.2 ind/m2) (eg., Heleobia).
The density of Ephemeroptera (Insecta) increased, as a probable consequence of the invasion (AR D = 148.6 vs. FN D = 97.6; RM D = 13.0 vs. PL D = 5.9 ind/m2) (mainly Penaphlebia chilensis, Americabaetis alphus, Camelobaetidus sp., Andesiops torrens, Caenis gonseri). On the contrary, the density of Meridialaris spp., which are also mayflies, decreased. Even so, when all taxa were included in the data, a net increase was observed in Ephemeroptera density. Coleoptera insects (eg., Luchoelmis sp., Stenelmis sp., Austrelmis sp., Lancetes sp., Desmopachria, Tropisternus, Berosus sp. y Curculionidae) also diminished in invades sites (AR D = 0 vs. FN D = 1.48; RM D = 0 vs. PL D = 23.5 ind/m2). For Trichoptera (AR D = 227.4 vs. FN D = 243.7; RM D = 5.4 vs. PL D = 31.3 ind/m2), the differences were lower.
Of the 73 taxa recorded across all sites, 26 were collector-gatherers (CG), 22 predators (PD), 14 scrapers (SC), seven collector-filterers (CF), two piercers (PC) and one was a shredder (SH) (Supplementary Table S1). In terms of total average abundance, the collector-filterers predominated in the river sites, with 460 and 530 ind/m2 at AR and FN, respectively (Figure 5). The dominant functional group in the lentic sites were the collector-gatherers with 77 and 355 ind/m2 at RM and PL reservoirs, respectively. Predators had the following density values AR D = 25, FN D = 25, RM D = 30, PL D = 116 ind/m2. The piercers and shredders were registered only in non-invaded sites FN (river) and PL (reservoir), with density values of between 0 and 13 ind/m2.
[image: Figure 5]FIGURE 5 | Density of functional feeding groups (FFG) of macroinvertebrates in all sites (mean) and in river (AR, Arroyito; FN, Fortín Nogueira) and reservoir (RM, Ezequiel Ramos Mexía; PL, Pichi Picún Leufú) sites of Limay River, Patagonia, SH, shredders; SC, scrapers; CF, collector-filterers; CG, collector-gatherers; PD, predators; PC, piercers; Sm, summer; A, autumn; W, winter and Sp, spring.
The functional groups also showed seasonal variation within each site. At AR in summer and autumn, three groups (CF, CG and SC) had relatively similar abundance values (Figure 5). Predators were recorded with mean abundance values of 0, 15, 20, and 10 ind/m2 in summer, autumn, winter and spring, respectively. Scrapers predominated in winter and collector-filterers in spring.
At the FN river site, collector-filterers dominated in all seasons, especially in summer. In autumn, scrapers, collector-gatherers and predators reached their highest values with 174, 136, and 17 ind/m2, respectively. In autumn and spring, only one herbivorous biting individual was recorded in one of the three replicates for both seasons. In winter and spring, collector-gatherers decreased to approximately 7 and 20 ind/m2 respectively, with total abundance also decreased. In winter, two shredders individuals were recorded in one of the three replicas. Predators had a relatively low abundance (7–17 ind/m2) in all samples (Figure 5).
The RM reservoir had a variable composition with regards to functional groups. The CG, the dominant group of the reservoir, had abundance values of 44, 37, and 51 ind/m2 in summer, winter and spring, but in autumn the values were lower with 5 ind/m2. PD had an abundance of 49 ind/m2 in summer, but 2, 0, and 3 ind/m2 in autumn, winter and spring, respectively. The SC registered values of approximately 30, 17, 2, and 24 ind/m2, and in contrast, the CF were less abundant, with values of 2, 0, 3, and 9 ind/m2 in summer, autumn, winter and spring, respectively (Figure 5).
In the PL reservoir, the CG had density values of 101 and 112 ind/m2 in summer and autumn, respectively, with their values effectively doubling in winter and spring (225 and 207 ind/m2, respectively). PD and SC had similar total and seasonal density values, mainly in summer (PD = 7 ind/m2, SC = 14 ind/m2) and autumn (PD = 107 ind/m2, SC = 72 ind/m2). SH, CF, and FR had their highest abundance values in autumn, with approximately 22, 13, and 3 ind/m2, respectively (Figure 5).
DISCUSSION
The analysis of the impact of C. fluminea invasions is complex (López-Soriano et al., 2018). The invasion of this species has been speculated to have negatively affected the abundance and diversity of native bivalves in North America (Gardner et al., 1976; Taylor and Hughart, 1981; Clarke, 1988). But these results are inconsistent with experimental testing (Strayer at al., 1999) and may even vary according to the different spatial scales at which the data are collected (Vaughn and Spooner, 2006). This study attempted to shed light on the impact of C. fluminea on the homogenization of taxonomic and functional properties of macroinvertebrate assemblages in the Limay River. The two invaded habitats, AR (river) and RM (reservoir) both displayed a certain homogenization of their constituent species and functional composition in comparison to their non-invaded counterparts, FN and PL. These similar effects were considered to be due to the impact of C. fluminea invasion.
For example, no significant relationship was found between the invasion of C. fluminea and the richness and total density of benthic macroinvertebrates in the Limay River. Richness was higher in the AR (invaded) and PL (not invaded) sites, which are also more productive (Chla), and have a higher nitrogen contribution from the basin. The Shannon index and the Pielou evenness index displayed higher values at these invaded and non-invaded sites. This pattern could be due to the fact that nutrient loads can influence the structure of the macroinvertebrate community as a consequence of stimulation of primary production (Zhang et al., 2014).
Thus, either the invasion of C. fluminea’s did not affect α diversity, or its impact is masked by the intrinsic characteristics of the sites of the Limay River, such as productivity. In Patagonian ecosystems, which are usually oligotrophic (Díaz et al., 2007), the competition for nutrients under resource-limitation can limit the number of coexisting species (Hutchinson, 1961). The higher nutrient loads occurring in AR and PL sites compared to their homologous FN and RM could cause intermediate productivity. The intermediate productivity hypothesis predicts that species diversity is maximized at some intermediate level of productivity, in which competition for food is reduced and the coexistence of potentially competing species is promoted (Widdicombe and Austen, 2001).
Furthermore, macroinvertebrate density was higher at the AR and FN river sites, possibly due to the larger size of sediment particles and a more diverse substrate type (which is a surrogate for increasing habitat structural complexity) (Gething et al., 2020), compared with reservoir sites. The highly structured ecosystems of rivers, with their complex physical habitat structures, might support a higher abundance or range of resources or provide refugia (Platt, 2011). Lower density in reservoirs has previously been attributed to the fact that these lentic environments are characterized by the accumulation of fine sediments, which retain fewer coarse particles of organic matter (Larrañaga et al., 2003). They have also been shown to be less colonized by microalgae (Allan and Castillo, 2007), as organic matter and microalgae can be used as food resources by macroinvertebrates (Graça et al., 2004; Jun et al., 2011). A smaller availability of resources can also reduce macroinvertebrate diversity (Larsen et al., 2011; Jones et al., 2012), as observed in the lower richness values of the less productive FN and RM sites, compared with their counterparts AR and PL.
Changes in the abundance of some taxa were detected in presence of C. fluminea, with compositional similarity detected between the invaded sites according to the nMDS, ANOSIM and SIMPER. This suggests a homogenization of the invertebrate fauna, in a process known as biotic homogenization (Olden et al., 2011), in the presence of the invasive species C. fluminea. For example, native bivalves were observed in low density or were absent in invaded environments, compared to their non-invaded counterparts. There are several mechanisms by which invading bivalves can cause a reduction in the abundance of other bivalves. For example, zebra mussels Dreissena polymorpha (Ward and Ricciardi, 2007; Zaiko et al., 2009), being epifaunal and agglutinate on the shells of native bivalves, prevent their host unionids from opening their shells to breathe, feed, move and reproduce (Karatayev et al., 2007). Although this is not the mechanism of the corbiculids, in general, the decrease or absence observed in some taxa can be attributed to competition for space and/or food resources (Strayer et al., 1999; Novais et al., 2016).
C. fluminea’s population densities of between 133–519 ind/m2 in the Limay River were lower than those described for more “successful” populations in northern South America (eg., Rio Grande do Sul, Brazil and Río de La Plata, Argentina), and across the world (Danube, Bulgaria; Mondego, Portugal; New River, United States), which have all recorded values between 900 and 269,000 ind/m2 (Cherry et al., 1986; Dreher-Mansur and Garces, 1988; Darrigran, 1991; Dreher- Mansur et al., 1994; Franco et al., 2012; Hubenov et al., 2013; Modesto et al., 2013; Reshaid et al., 2017). Competition in this species, therefore, seems to be related more to resources than to space.
When resources are limited in the water column, invasive fast-growing bivalves can negatively affect the survival and growth of native bivalves (Crooks, 2001; Ferreira-Rodríguez et al., 2017). Furthermore, invasive species may have a competitive advantage due to their higher trophic plasticity (Novais et al., 2016). The decreased relative abundance of filter feeders in the invaded systems, compared to the non-invaded ones, could therefore be related to competition.
Gastropods in general, and especially the scraper Heleobia parchappii were diminished in both invaded sites (AR and RM), probably also due to a competitive effect for resources at the bottom of the river/reservoir. The clam’s ability to forage (Reid et al., 1992; Hakenkamp and Palmer, 1999) by pedal feeding transports sedimented particles to labial palps through ciliary tracts in the foot (in Way et al., 1990). This type of consumption reduces the amount of benthic and diatom bacteria in the sediment (Hakenkamp et al., 2001). It suggested that, through this mechanism, the clams can also exploit the sediment as a source of nutrients (Hakenkamp and Palmer, 1999; Vaughn et al., 2008), including their own deposited matter. These resources would no longer be available to other benthic taxa (Werner, 2014), and it is a plausible explanation for the decrease in some benthic macroinvertebrate taxa.
As scrapers, gastropods can benefit from the presence of invasive bivalves acting as ecosystem engineers (Sousa et al., 2009; Darrigran and Damborenea, 2011). The bivalves increase the quantity of bottom algae by increasing water clarity through filtration (Uhde et al., 2012), and by the deposition of feces and pseudo feces, which enrich the net organic content of benthic sediments (Vaughn and Hakenkamp, 2001). These changes can provide an additional food resource for benthic invertebrates (Roditi et al., 1997). According to the literature, invasive clams can cause contrasting effects, depending on the initial characteristics of invaded sites, and both increases and decreases in the density of gastropods have been recorded in their presence (Darrigran et al., 1998; Horvath et al., 1999; Mörtl and Rothhaupt, 2003; Marçal and Tasso-Callil, 2008; Zaiko et al., 2009). In the context of the oligotrophic Limay River of northern Patagonia, the present study demonstrated that gastropod populations are reduced in communities invaded by C. fluminea. This supports the hypothesis that the presence of the invasive bivalve causes reduction in gastropod populations in low productivity aquatic environments. However, more evidence might be needed to further examine this idea.
The populations of certain Ephemeroptera species appear to have increased with the invasion of C. fluminea (mainly the collector-gatherers species such as Penaphlebia chilensis, Americabaetis alphus, Camelobaetidus sp., Andesiops torrens, Caenis gonseri). These species use small debris (fine particulate organic matter), as well as coarse particulate organic matter debris, periphyton shed from scrapers, small algae, and debris from upstream organisms (Vannote et al., 1980). This could be favored by the bioturbation activities of C. fluminea which stirs the contents of the sediments. In addition, the collector-gatherers families of mayfly nymphs such as Baetidae (Americabaetis alphus, Camelobaetidus sp., Andesiops torrens) have a hydrodynamic body shape and are good swimmers, which allows better opportunities in the search for food. Furthermore, the empty shells of C. fluminea may act as refuges for some benthic species. For example, an experiment by Werner (2014) found a significantly higher density of ephemeral Caenis spp. in treatments with empty valves of C. fluminea compared to the other treatments.
The influence of C. fluminea on the abundance of coleopterans (Elmidae: Luchoelmis sp. SC, Stenelmis sp. SC Austrelmis sp. SC; Dytiscidae: Lancetes sp. PD and Desmopachria PD; Hidrophilidae: Tropisternus SC, Berosus sp. CG) seems to be a negative one, as these taxa were only present in the non-invaded sites. Elmids, which are scrapers, were only present at the non-invaded river site (FN), while the rest of those with varied functionality such as predators, scrapers and collectors, were only present at the non-invaded reservoir site (PL). The relatively low abundance of some taxa has previously been attributed to the impact of invasive bivalves, when this may actually reflect the different habitat requirements of the two groups (Aldridge et al., 2007). For example, the muddy substrates associated with lentic habitats favor Dytiscidae (Aldridge et al., 2007), while unionids are rarely found in such habitats (Killeen et al., 2004). In this study, both river sites were comprised of fast-flowing waters, and both reservoir sites possessed a sediment composition in which small particles predominate, elmids and dysticid had lower abundance values at invaded river and reservoir sites.
The presence of C. fluminea influences the composition and functionality of macroinvertebrate assemblages, by affecting food availability, especially algal particles or organic matter composed of plankton and sediment. The competition causes a decrease in the density of some taxa. However, as observed, the density of some groups such as scrapers or gatherers, either decreased or indeed increased in the presence of this species, probably as a result of their varying feeding strategies (for example, some gastropod scrapers, whose density decreased, have very little mobility, compared to some ephemeral scrapers, whose density increased). The effect seen on some predators of certain groups may be related to the impact on food chains, and the reduced densities of some primary consumers due to competition.
Despite the potential impact of invasion on the decrease or increase of some major taxa or functional groups compared to non-invaded sites, perhaps the most important finding of this study was the similarity between invaded sites. Under the new conditions created by Corbicula fluminea, similar species prevail, as highlighted by the nMDS, ANOSIM and SIMPER analyses. The rearrangement of macroinvertebrate assemblages across the landscape of Limay River leads to homogenization, with biodiversity (as β diversity) loss. This could be especially harmful in Patagonia’s fragile ecosystems.
CONCLUSIONS
The invasive species C. fluminea had a negative influence on the abundance values of some taxa such as gastropods, bivalves, Coleoptera and Trichoptera, due to the competition for the food resource, in these habitually not-very-productive arid Patagonian habitats. However, no influence of the invasive species was found on the total density and α diversity of macroinvertebrates. These variables were mainly driven by the productivity of the sites.
The decreased abundance of collector-filter functional group in the presence of C. fluminea could be related to competition for scarce plankton resources, in these mostly oligotrophic environments. A possible mechanism for the depletion of some benthic macroinvertebrate taxa could be the combination of filter and pedal feeding described for this invasive species. The increase in the density values of Ephemeroptera, which consist of several functional feeding groups, at the invaded sites indicates that the presence of C. fluminea can favor highly mobile taxa with better food-finding capabilities, probably through its bioturbating activities.
In the absence of control, the presence of C. fluminea in the aquatic ecosystems of Patagonia could continue to expand, exerting a homogenizing influence on the benthic assemblages of macroinvertebrates and bringing about a loss of β diversity.
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