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Abstract

:

The Iberian Peninsula has been subjected to numerous fish introductions and the colonization of new areas by non-native species is constantly reported. However, there is a lack of knowledge about many aspects of the bio-ecology of these species and their invasive success within the environmental context of Mediterranean temporary rivers. This study aimed to address the following questions: (i) what are the main regional and local environmental drivers influencing fish assemblages and differentiating native from non-native species, particularly A. alburnus?; (ii) what are the environmental and anthropogenic disturbance factors responsible for the occurrence and abundance of A. alburnus?; (iii) is there a pattern in the spatiotemporal distribution of A. alburnus size classes, along the tributaries of reservoirs where the species occurs? Data on fish species, environmental variables, and anthropogenic disturbance were collected in 77 sites of the Guadiana and Sado river basins in the south of Portugal. Additionally, a seasonal sampling was performed along an upstream-downstream gradient of several tributaries from three reservoirs in these river basins. A multivariate analysis and a multi-model approach were used in data analyses. Native and non-native fish assemblages showed different environmental drivers and responses to anthropogenic disturbance levels, though A. alburnus has revealed similarities with native species. The occurrence of A. alburnus was mainly determined by hydrological and morphological disturbances driven by anthropogenic activities. Furthermore, this species apparently performed seasonal movements along the tributaries of several reservoirs, profiting from these lentic habitats as a stepping-stone for further invasions. This study highlighted the wide ecological plasticity of A. alburnus, as it benefits from the anthropogenic hydrological disturbance (induced by reservoirs), and is also able to cope with the natural hydrological disturbance (resulting from the intermittency of these streams), to guarantee and enhance its invasive success in Mediterranean intermittent streams. It also gives a sound contribution to understand the spread of A. alburnus in these vulnerable freshwater ecosystems, and to delineate management measures, namely by identifying critical points in the river network along with prioritizing river restoration measures that benefit native species.






Keywords:


Alburnus alburnus; spread; invasibility; hydrological disturbance; anthropogenic pressure; intermittent streams












1. Introduction


Mediterranean-climate streams, particularly the temporary ones, are naturally subject to high hydrological variability at seasonal and inter-annual scales [1]. Flow is one of the most important determinants of ecological patterns and processes in rivers [2,3,4], playing an important role in structuring fish assemblages in these streams [5,6,7]. The natural hydrological disturbance that characterizes these streams is disadvantageous for non-native species, thus decreasing the pressure on the native ones, which are adapted to this variability [8,9].



Additionally, freshwater ecosystems in Mediterranean regions have a long history of intense anthropogenic disturbances and continue to face mounting pressures from growing human populations and water impoundments [10,11]. The resulting water quality degradation and hydromorphological alterations increase the likelihood of the establishment and spread of non-native fishes [12,13,14], and account for their abundance in many areas [5,15,16]. Therefore, these regions are hotspots both of endemisms and freshwater fish introductions [17]. In fact, the number of non-native fishes exceed the number of endemic native fishes in each of the five Mediterranean-climate regions of the world [18], leading to the homogenization of the freshwater biota [18,19,20].



Biological invasions, coupled with habitat degradation, are considered one of the leading threats to native fish biodiversity in Mediterranean-climate streams [21]. Several types of adverse ecological impacts have been associated with freshwater fish invasions, operating across multiple levels of biological organization: genetic (gene transcription, hybridization); individual (behavior, morphology, vital rates); population (transmission of parasites/diseases, demographic effects, distributional effects); community (species extirpations, compositional changes, alterations in food webs); and ecosystem (biochemical cycles, energy fluxes between ecosystems, ecological engineering) levels [22,23].



Over the past decades, the Iberian Peninsula has been subject to numerous fish introductions and the colonization of new areas by non-native species is constantly reported [24,25]. The bleak, Alburnus alburnus (Linnaeus, 1758) is a freshwater cyprinid, native in many central European river basins [26]. This species was firstly detected in the Iberian peninsula in 1992 [27], where it has been introduced by anglers as a forage species for sport fish [28,29]. It rapidly spread afterwards and occurs presently in many river basins [26,30], representing a source of potential impacts on native species [23]. The successful expansion of this invasive species seems to be related to hydrological alterations in streams, since it is associated with river systems with dams [30]. The resulting lentic conditions possibly facilitated the establishment of A. alburnus, as in its original distribution area it occupies slow water habitats [31].



Although A. alburnus is considered limnophilic [26], it has successfully invaded lotic environments, and is found at great distances from the reservoirs where it was introduced [32]. This species reaches high abundances under different habitat conditions and is able to change its life cycle characteristics when introduced into new habitats and confronted with scenarios of environmental variability [33], demonstrating high ecological plasticity and adaptability to the natural hydrological variability of Mediterranean temporary streams [32]. However, like for most invasive species, there is a lack of knowledge about many aspects of its bio-ecology and invasiveness within the environmental context of Mediterranean temporary rivers.



Assessing the adaptive strategies that invasive species may use to colonize new invaded areas is a critical step to evaluate likely threats to the native fish fauna and to prevent their spread, which is often easier than controlling or eradicating large established populations [34]. This study aimed to analyze the distribution patterns of A. alburnus in temporary streams of southern Portugal, considering the underpinning environmental and anthropogenic factors, thus contributing to fill knowledge gaps on the invasion and adaptive strategies of this species in Mediterranean temporary rivers. Thus, the following questions were addressed: (i) what are the main regional and local environmental drivers influencing fish assemblages and differentiating native from non-native species, particularly A. alburnus?; (ii) what are the environmental and anthropogenic disturbance factors responsible for the occurrence and abundance of A. alburnus?; (iii) is there a pattern in the spatiotemporal distribution of A. alburnus size classes, along the tributaries of reservoirs where the species occurs? This information is fundamental to delineate measures intending to limit the dispersion of A. alburnus, and to minimize its potential impacts upon the native fish populations and freshwater ecosystems.




2. Materials and Methods


2.1. Study Area


Study sites were located in intermittent streams of the Guadiana and Sado river basins, two of the main rivers in the south of Portugal. This is a lowland region with few low altitude mountains, registering a high mean annual air temperature of 16 °C and a mean annual precipitation of 550 mm [35]. The climate is typically Mediterranean, with high intra and inter-annual variability of precipitation and flow, unpredictable floods between autumn and spring (October–March) and severe summer droughts (June–September) [36]. Sampled streams are naturally subjected to extreme environmental conditions during the dry season, when the flow ceases and large extensions of the streambed can dry up or become reduced to isolated pools, which are the only refuge for the fish fauna until rewetting and reestablishment of the fluvial continuity in the following autumn–winter [9].



Human activity in this region is mainly associated with agro-forestry (olive groves, vineyards, cereal production, and cork extraction) and livestock production, which are responsible for the largest proportion of water demands in the river basins (more than 80%) [37]. Therefore, the principal anthropogenic pressures upon rivers are diffuse agricultural pollution and organic loading, channelization and water abstraction, which have led to significant water scarcity and quality problems, as well as habitat degradation [38]. The irregularity of the annual precipitation and the increasing water demand resulted in the construction of numerous reservoirs in southern Portuguese river basins, namely in Guadiana (N = 29) and Sado (N = 22) [39]. All these factors are responsible for major changes in aquatic ecosystems, threatening the native fish fauna [38,40].



Fish assemblages in the region have relatively low species richness but include many endemic species with high conservation status [41,42]. Native species are dominated by cyprinids that are rapidly declining due to anthropogenic impacts, including non-native introductions [43].




2.2. Fish Sampling and Data Collection


Fish sampling took place during the spring of 2015 and 2016 at 57 sites in several sub-basins of the Guadiana river (Figure 1): Caia (N = 8), Xévora (N = 6), Degebe (N = 6), Lucefécit (N = 1), Álamo (N = 1), Ardila (N = 7), Chança (N = 4), Carreiras (N =2), Vascão (N = 10), Foupana (N = 6), and Odeleite (N = 6). These data were supplemented with information collected in a previous research project conducted in the University of Évora between 2010 and 2012 [44] covering 20 more sites of several sub-basins of the Guadiana (Caia (N = 2), Xévora (N = 1), Degebe (N = 9), Ardila (N = 3), and Vascão (N = 1)) and Sado (Xarrama (N = 1) and Alcáçovas (N = 3)) rivers, in a total of 77 sites. Each of these sites were sampled only once over the study years.



Additionally, in order to analyze the spatiotemporal variability of A. alburnus captures in river networks shaped by reservoirs, a seasonal sampling was carried out in the spring, summer, and autumn of 2015 and 2016 in several sites from two streams of the Degebe (N = 3) and Caia (N = 6) sub-basins in the Guadiana river (Figure 1). These data were also complemented with information collected in the previously mentioned research project [44], in sites from two more streams of Degebe (N = 2) and Alcáçovas (N = 3) sub-basins in the Guadiana and Sado rivers (Figure 1). The four streams sampled are tributaries of the Caia, Alqueva, and Pego do Altar reservoirs, all associated with large dams constructed mainly for public and agricultural supply, covering flood areas of 655 ha, 1970 ha and 25,000 ha, respectively, and registering average maximum and minimum flood levels between approximately 126 m and 133 m [39]. The sites sampled in each tributary sought to cover an upstream-downstream gradient, to the confluence with the respective reservoir (Figure 1). In all cases, the downstream sector suffers the influence of the reservoir, being located between 1000 m and 3100 m (at an average distance of 1700 m) from the reservoir’s lake.



Spring and autumn samplings were carried out in flowing water conditions following the official protocol established for the fish fauna [45] under the implementation of the Water Framework Directive [46]. At each site, a reach with a length 20 times larger than the mean stream width, and a maximum of 150 m, was defined, in order to include all the existing mesohabitats (pool, run, and riffle). Summer samplings were undertaken during the dry period, in isolated pools found within the stream reach defined at each site. Fish were captured with a single-pass using backpack battery-powered electrofishing equipment (IG 200/2B, PDC Hans-Grassl GmbH, Schonau am Konigssee, Germany), wading in shallow areas (<1.2 m) or from a boat in deeper areas, starting at the downstream edge of each reach. Captured individuals were identified at the species level and measured (total length, TL, mm). Individuals of native species were returned alive to the water whereas individuals of non-native species were removed and euthanized by thermal shock (freezing), in compliance with the Portuguese legislation and following the ethical guidelines of the Directive 2010/63/EU on animal welfare [47]. Complementary data from 2010–2012 were collected in the same periods of the year, following the same sampling methods and therefore comparable with data collected in 2015 and 2016. The necessary fishing permits were provided by the National Institute for the Conservation of Nature and Forests (ICNF).



The environmental characterization of the sampling sites was based on regional and local variables. The regional variables included altitude (m), slope (%), mean annual temperature (C), mean annual precipitation (mm), mean annual runoff (mm), stream order, drainage area of the basin upstream of the site (km2), and distance from source at the sampled site (km). Temperature, precipitation, and runoff were obtained from 30-year data series [39]. Topographical variables were derived from a Digital Elevation Model (DEM), with a 90-m grid cell resolution (CGIAR-CSI), using ArcGIS Desktop 10.5. The local variables were evaluated in situ at each site: (i) one measure was taken for water temperature (°C), conductivity (μS∙cm−1), pH, and dissolved oxygen (mg∙L−1) using a multiparameter probe (WTW Multiline 340i), as well as for water turbidity (m) with a secchi disk; (ii) proportion of aquatic vegetation cover (hydrophytes, helophytes and woody debris), shadow and mesohabitat types (pool, run and riffle) were assessed through visual estimation; (iii) mean water depth (m) and mean current velocity (m∙s−1) were measured with a graduated stick and an electromagnetic flow meter (Valeport Model 801), respectively, along transverse transects at regular distances, and a final mean value was calculated; (iv) the dominant substrate class (adapted from the Wentworth scale [48]: 1- mud and sand; 2- gravel; 3- pebble; 4- cobble; 5- boulders; 6- boulders larger than 50 cm) was evaluated based on the weighted average of the observed classes.



At each site, the anthropogenic pressure level was also evaluated based on 10 variables originally developed in the scope of the EU project FAME [49] (Table A1): land use, urban area, degradation of riparian vegetation, longitudinal connectivity of the river segment, sediment load, hydrological regime, morphological condition, presence of artificial lentic water bodies, toxicity and acidification levels, and organic contamination/nutrient enrichment. Each variable was scored between 1 (absence of disturbance) and 5 (maximum disturbance). The sum of all scores represented the total anthropogenic pressure at each site. According to the total value obtained, the sites were classified into three classes of anthropogenic disturbance (following [50], based on the Refcond Guidance Document [51]: least disturbed—class 1 (total pressure lower than 14), moderately disturbed—class 2 (total pressure between 14 and 22), most disturbed—class 3 (total pressure higher than 22). Several physicochemical parameters complemented and supported the evaluation of the anthropogenic disturbance (mainly organic/nutrient enrichment): five day biological oxygen demand—  B O D  5 (mg∙L−1), orthophosphate—  P O  43− (mg∙L−1), nitrite—  N O  2− (mg∙L−1), nitrate—  N O  3− (mg∙L−1), ammonium—  N H  4+ (mg∙L−1), total suspended solids (mg∙L−1) and chlorophyll a (mg∙L−1) (monochromatic method described by [52]). At each site one water sample was collected prior to fish sampling. Laboratory analyses were undertaken according to the Standard Methods for the Examination of Water and Wastewater [53].




2.3. Data Analysis


The captures were standardized for an area of 100 m2 and expressed in terms of density (number of individuals·100 m−2). Data analysis was carried out separately for two data sets: (i) Spring samplings in a wide network of sites from the Guadiana and Sado river basins under lotic conditions; (ii) Seasonal samplings in four intermittent tributaries of different reservoirs registering high abundance of A. alburnus in the Guadiana and Sado river basins, covering an upstream-downstream gradient in three periods of the year (spring, summer, autumn), thus considering both lotic and lentic conditions. In this case, to ensure the comparability of data collected under different conditions between spring/autumn (flowing water and longitudinal continuity) and summer (isolated pools) and with different fishing efficiencies, the relative abundances of fish species were calculated and used in the statistical analysis.



2.3.1. Spring Samples


To examine the relationships between fish species, environmental variables, and anthropogenic disturbance level, a Redundancy Analysis (RDA) [54] was used. A linear ordination method was selected after a preliminary Detrended Correspondence Analysis had shown a gradient length smaller than 3 SD [55]. A stepwise forward selection of the variables was used and the final model was tested with the Monte Carlo test under 999 permutations. Correlations higher than |0.4| were used in gradients interpretation. The level of anthropogenic disturbance was also included in the analysis by creating a triplot ordination diagram where the sampling sites were coded according to the disturbance classes defined above. To account for multicollinearity, variables were maintained in the models only if their addition did not cause any Variation Inflation Factor (VIF) to exceed the value of 3. Species with a frequency of occurrence smaller than 2% were not considered for this analysis, since the relationship between these species and the variables could lack reliability, reflecting only occasional occurrences.



Univariate Generalized Linear Models (GLMs) were used for partitioning the variance [56] among environmental and anthropogenic disturbance variables (predictive variables) on the occurrence and abundance of A. alburnus (response variables). The set of environmental variables included altitude, mean annual runoff, drainage area of the basin, stream order, slope, mean annual temperature, mean annual precipitation, mean water depth, mean stream width, mean current velocity, dominant substrate class, proportion of each habitat type, pH, dissolved oxygen, turbidity, and conductivity. The set of anthropogenic disturbance variables included the 10 variables mentioned above and evaluated at each site (Table A1). Although some environmental variables can be affected and reflect the anthropogenic disturbance of the sites, they do not allow to identify clearly the type of human-induced pressure involved or causing the disturbance, and for that reason they were not considered in the anthropogenic set. Models were performed using the Binomial distribution and logit link function for occurrence data (presence–absence), while the Poisson distribution and log link function were used for abundance data (density). For each response variable, three types of models were generated using the predictive variables: (i) including only environmental variables; (ii) including only anthropogenic disturbance variables; (iii) including a combination of both. The procedure considered all the possible combinations of the predictive variables and model selection was based on the Akaike’s information criterion (AIC) to identify the best models in explaining both response variables. The best models were those with ΔAIC values ≤4 (difference of AIC between each model and the best model). The best global model would be chosen if an Akaike weight (wAIC) >0.9 was achieved (probability of being the best model), otherwise model averaging was applied to the models presenting an Akaike weight sum (wAIC) >0.9, in order to obtain the best average parameter estimates across variables [57]. In the end, the relative importance of the predictive variables was also computed. The proportional contribution of factors and overlaps to the total variation explained by the best models was then calculated [58]. The existence of over-dispersion in data (variance higher than the mean; dispersion parameter >1) was checked during the analyses. Multicollinearity between predictors was assessed with Spearman rank correlation and variance inflation factors (VIF), so that predictive variables were considered correlated if they presented values of |r| > 0.5 (p < 0.05) and VIF > 3 [59] and, in these circumstances, one of them was eliminated. This elimination decision took into account the potential ecological relevance of the variable and the goodness-of-fit of the models (AIC) when different correlated variables were included separately.




2.3.2. Seasonal Samples


Considering the longevity of A. alburnus [60] and the possible bioecological implications over different life cycle stages, size classes were established based on the frequency distribution of lengths. This method allows the decomposition of multimodal frequency distribution samples into normal distribution subgroups representing the age groups (cohorts) [61]. The Sturges’ Rule [62,63] was applied to define the number of classes, using a total of 5021 A. alburnus individuals (total length between 20 mm and 250 mm) captured between 2007 and 2016 by M. Ilhéu (University of Évora (Portugal) unpublished data) in the course of several research projects. The histogram produced (Figure S1) allowed the identification of 5 size classes, but the larger classes were merged due to the low number of captures, thus totaling 4 size classes considered for analysis: ≤60 mm (class 1, young-of-the-year), 60–120 mm (class 2), 120–150 mm (class 3), and 150–200 mm (class 4).



Permutational multivariate analysis of variance (PERMANOVA) [64] was used to evaluate significant differences in the spatiotemporal variability of the relative abundance of the various size classes of A. allburnus, using the Monte Carlo test under 999 permutations. The river sector (upstream, intermediate, and downstream) and the period of the year (spring, summer, and autumn) were used as factors in this analysis. The river sector was assigned to each site based on the respective stream order and distance to the source.



Statistical analyses were carried out using the software Statistica 10.0, Primer 6.0, and Canoco 4.5. GLMs and variance partitioning were performed in the R software [65] using the packages “car” [66], “MuMin” [67], and “modEVA” [58]. Prior to analyses, species data were logged (x + 1) and environmental data were normalized [68]. The significance level was set at 0.05.






3. Results


3.1. Fish Species, Environmental Factors, and Anthropogenic Disturbance


A total of 24 fish species were captured, including 15 native and 9 non-native species. Native species were the only species captured in 17% of the sampled sites, whereas non-native species totally dominated the captures in 8% of the sites. In the Guadiana river basin, 14 native species were recorded, representing 70% of the mean density per site (25.4 ± 39.2 ind·100 m−2), and 9 non-native species, representing 30% of the mean density per site (15.6 ± 45.6 ind·100 m−2). Conversely, in the Sado river basin, a total of 3 native species were captured, which represented 10% of the mean density per site (3.6 ± 7.2 ind·100 m−2), and 6 non-native species, representing 90% of the mean density per site (19.5 ± 40.1 ind·100 m−2).



The first two axes of the RDA accounted for 30% of the total data variability (Figure 2). Nevertheless, these axes revealed a good association between the abundance of species and the relevant environmental variables (0.76 and 0.51, respectively), explaining most of the species-environmental relation (75%), thus supporting the interpretation of the results. Eleven significant variables (p < 0.05) were included in the ordination model. According to the canonical coefficients and inter-set correlations, axis 1 was mainly defined by depth (r = 0.52), proportion of riffles (r = −0.43), dominant substrate class (r = −0.40), and mean annual runoff (r = −0.40). Axis 2 was related with the proportion of runs (r = −0.43) and stream order (r = −0.40). The ordination diagram (triplot of sites × species × environmental variables) showed a good spatial segregation of sites and species, especially along the first axis (Figure 2). This axis reflected an anthropogenic pressure gradient, especially discriminating the least disturbed sites and despite the considerable overlap of moderately disturbed and very disturbed sites. Along this same axis, results also evidenced an environmental gradient from headwaters to lowland streams, expressed mainly by regional scale variables such as stream order, altitude, and runoff. Some local variables strongly associated with the main variables of regional scale were also of particular importance, namely depth, substrate, aquatic cover and percentage of flowing water habitat types.



The output of the RDA analysis clearly distinguished two groups of species associated with the environmental gradients: (i) the group of native species that were primarily associated with less disturbed sites, particularly those located in headwater streams, with higher runoff, coarser substrate, habitat diversity and availability of runs and riffles; (ii) the group of non-native species, more abundant in lowland disturbed streams, with higher stream order, lower runoff and higher percentage of aquatic cover and deeper, lentic habitats, in which A. alburnus is included (Figure 2). Nevertheless, it is important to note that from all the captured non-native species, A. alburnus maintains a close proximity to the native species, namely Pseudochondrostoma willkommii Steindachner, 1866, Luciobarbus microcephalus Almaça, 1967, and Salaria fluviatilis (Asso, 1801), all of which were associated with flowing water habitats, such as runs, with high percentage of woody debris.




3.2. Relative Importance of Environmental Variables and Anthropogenic Disturbance


Based on the results of the average model, the partition of the variance showed some differences in the relative influence of each variable set among the occurrence and abundance of A. alburnus (Figure 3). The occurrence of A. alburnus was mainly determined by anthropogenic disturbance (22%), whereas the abundance of this species showed a proportionally similar influence of the environmental variables (17%) and anthropogenic disturbance (15%). The combined effects of the predictive variables were responsible for an important fraction of the variability of both the response variables, particularly for A. alburnus abundance, in which it represents the largest fraction of the explained variance (21%).



The predictive variables included in the best models of the occurrence and abundance of A. alburnus were very similar and all showed a positive relationship with the response variables (Table 1). Among the environmental models (Env), woody debris, mean water depth and the availability of runs (proportion of run habitats within the stream reach) were the most determinant variables for the occurrence of A. alburnus, all showing maximum values of relative importance. In addition to these environmental variables, the stream order (RI = 0.87) and shadow percentage (RI = 1) showed a significant influence on the abundance of A. alburnus. Regarding the anthropogenic disturbance models (Dist), the sediment load revealed the highest effect (RI = 1) on both the response variables, along with the hydrological regime (RI = 0.85) on the occurrence of A. alburnus, and with lentic water bodies (RI = 1) on the abundance of this species. The joint effect models (Env + Dist) included most of the environmental and anthropogenic variables present in the “pure” effects models, underlining the determinant effect of the selected variables and their high relative importance in the occurrence and abundance of A. alburnus.




3.3. Spatiotemporal Distribution of A. alburnus


The analysis of the variability of A. alburnus captures revealed significant differences (p < 0.05) in the proportional distribution of the different fish size classes along an upstream-downstream gradient in streams connected with a reservoir in the downstream sector (Figure 4). The results showed that the smallest individuals (smaller than 60 mm) where more representative in the upstream and intermediate stream sectors, whereas the larger ones (150–200 mm) were absent from the upstream sectors and were proportionally more abundant downstream. Individuals from size class 2 (60–120 mm) dominated the captures and exhibited a quite similar representativeness within all the stream sectors, whereas those from size class 3 (120–150 mm) followed approximately the same pattern of the larger individuals, although they also occurred in the upstream sector, but in very small proportions. Moreover, the distribution of A. alburnus size classes also changed significantly over the analyzed periods (p < 0.05), mainly due to the higher proportion of size classes 3 and 4 observed in the spring, when compared to the proportions registered in the other periods (Figure 4).



The comparative analysis of the spatiotemporal variation of the relative abundance of each size class of A. alburnus; i.e., their proportional distribution along the period spring-summer-autumn in each river sector (Figure 4)—showed that: (i) class 1 presented a bell-shaped pattern, registering the highest proportions in summer and lower values in spring and autumn; (ii) class 2 presented a stable pattern in upstream and intermediate sectors, but a steep decreasing pattern in downstream sectors, exhibiting the highest values in spring, followed by a proportional reduction in summer and autumn; (iii) classes 3 and 4 presented decreasing patterns of the relative abundance in upstream and intermediate sectors, accompanied by a marked proportional increasing pattern in downstream sectors, with the highest values observed in summer and autumn.





4. Discussion


4.1. Patterns and Drivers of Spatial Distribution


Native species display preferences for fast flowing habitats and show adaptive responses to high flows, which non-native species lack, as they are more adapted to slow flow conditions, therefore displaying preferences for deeper lentic habitats [8]. However, A. alburnus has shown to be the non-native species with the most similar ecological niche compared to native species, especially those with a strong rheophilic character, such as Luciobarbus microcephalus, Pseudochondrostoma willkommii, and Salaria fluviatilis [9], since it was positively related with the availability of run habitats.



The environmental gradient was related to the anthropogenic disturbance gradient, clearly segregating native and non-native species, as the former group was associated with least disturbed sites, whereas the second was more abundant in disturbed ones. Non-native freshwater fish have been frequently documented to succeed in degraded aquatic habitats [69,70,71,72]. This is more likely to occur in higher stream orders, as within the southern Mediterranean region, human settlements occur primarily in lowland regions where landscape attributes are more favorable for urban and agriculture development [73], and thus the impact of pollution is usually greater in higher order streams. Disturbed systems and communities may facilitate biological invasions due to the redistribution of space and energy resources, thus opening a “resource gap” for potential invaders [74,75]. On the basis of the resource availability theory, systems with nutrient enrichment and resource availability are more invasible [74,76] by reducing resource limitation and therefore competition. In this perspective, reservoirs are systems conducive to the establishment of potential invaders [16,77] and this is particularly alarming in the Iberian Peninsula, where an increasing construction of reservoirs is being observed [11,16] due to an increasing demand for water. However, anthropogenic disturbance is not a requisite for successful invasion for all introduced species [72,78,79]. Whether a disturbance will facilitate an invasion depends on whether the disturbance is natural or anthropogenic [80] and whether the species is favored by the changed conditions [12,81,82].



The occurrence of A. alburnus was mainly determined by factors relating to anthropogenic disturbance, whereas the abundance of the species was especially explained by the combined effects of the environmental variables and anthropogenic disturbance, with a proportionally identical influence of the independent effects of these two groups of variables. In any case, the decisive role of the anthropogenic disturbance was evident, consistent with the results obtained for the fish community. Combined, results give support to the ‘‘human activity’’ hypothesis, which argues that human activities facilitate the establishment of non-native species, by disturbing natural landscapes and increasing propagule pressure (i.e., the number of individuals released and the frequency of introductions in a given habitat) [83,84,85].



Despite their different proportional influences, the environmental variables predicting the occurrence and abundance of A. alburnus were very similar, including mean water depth, proportion of runs and percentage of shadow and woody debris, all with positive effects. These hydromorphological local variables are important at the mesohabitat scale, since this species showed a particular preference for medium deep/deep runs and pools, associated with different cover elements, such as woody debris and a high percentage of shadow [86]. Stream order was the only significant regional variable included in the models and it was only included in the “pure” environmental model explaining the abundance of A. alburnus. Therefore, the occurrence of A. alburnus may be spatially wide but higher abundances are more restricted to higher-order reaches, as seen for several non-native species in other studies [21]. This is related to habitat stability, which is higher at lower reaches, as well as close to reservoirs [6,77,87], and is an important environmental factor regulating the colonization and expansion success of invasive species, as they have not evolved in intermittent streams, where water is a limiting resource during part of the year.



Sediment load, alterations of the hydrological regime and the presence of lentic water bodies were the anthropogenic variables determining the occurrence and abundance of A. alburnus. These hydromorphological disturbances are particularly associated with reservoirs, which are known to facilitate the establishment of non-native species [88,89]. Once a population is established in a reservoir, it may facilitate the invasion [77,88,89] and can serve as a stepping-stone for further invasions, a process known as stratified diffusion [88]. Because of their frequent sequential placement in river networks, reservoirs are highly connected to river systems and to other reservoirs, thus, greatly enhancing colonization rates of invasive species [88].



Considering that many non-native species tend to benefit from hydromorphological disturbance associated with reservoirs, an alert program targeting invasive species should be designed at the regional level, linked with the assessment and monitoring of the environmental impact of reservoirs. Further, plans for habitat rehabilitation and anthropogenic pressure reduction should be outlined and implemented, favoring the habitat preferences of native species.




4.2. Possible Seasonal Movements in Temporary Streams


There was a significant variability in the proportional distribution of the size classes of A. alburnus along the upstream-downstream gradient in several reservoir tributaries, with the largest individuals occurring predominantly in the downstream river sectors, whereas the smaller ones were proportionally more abundant upstream. Numerous studies reveal variation in the distribution of large and small fish along longitudinal gradients, with small fish generally predominant in shallow upstream or lateral habitats [90,91,92,93] and large fish being more abundant in deeper downstream or mid-channel habitats [92,94].



The spatiotemporal distribution of the relative abundance of the various size classes over the analyzed periods suggested that A. alburnus may perform seasonal movements between the reservoirs and the upstream sectors of the tributaries (similar to potamodromous migrations of some native cyprinid species). These movements may constitute an excellent adaptation for dispersal, allowing the continued spread of the established population of A. alburnus in the reservoirs. Moreover, migration may be determinant not only as a source of continuing propagule pressure, but also as an important source of genetic variation to the colonizing population, if multiple invasions provide the genetic variation necessary for adaptive evolution [95].



The upstream movements seem to have been performed by individuals larger than 12 mm (size classes 3 and 4), although the largest size class did not occur in upstream sectors. These movements were apparently performed in the spring, when the proportion of these size classes increased in upstream and intermediate sectors, and were probably associated with the reproductive cycle of A. alburnus [32,96,97,98]. Similar upstream movements during the spawning season of A. alburnus have also been observed in the native range of distribution of this species [97]. Individuals between 60 mm and 120 mm (class 2) were always present in all sectors, maintaining identical proportions. However, the large representativeness of this size class during spring in the downstream sector, compared with the remaining periods of the year, suggested a possible movement of these individuals from the reservoirs to the tributaries. The spatial distribution of the smallest individuals (TL < 60 mm, size class 1), corresponding to the young-of-the-year cohort, indicated the potential occurrence of recruitment in spring and summer (also in line with the reproductive cycle of the species), particularly in upstream and intermediate river sectors, although they were also observed in downstream sectors. This pattern may be related with the drifting activity of the young-of-the-year [99].



Conversely, downstream movements were apparently performed by larger individuals (size classes 3 and 4), as suggested by the proportional reduction of these size classes during the summer in upstream and intermediate sectors, simultaneously with an expressive increase of their relative abundances in downstream sectors in the same period. This may have occurred in response to the reduction of flow (and consequent environmental constraints), which occurs in the intermediate and, especially, upstream sectors during the summer in these temporary streams [1]. As such, larger size classes could move to downstream sectors, possibly due to the proximity to the reservoir, where conditions are more stable [100] and food resources [101] allow them to restore their body condition more quickly after the reproductive period, avoiding a possible mortality [32]. Individuals smaller than 120 mm (size classes 1 and 2) did not appear to carry out downstream movements from the upstream and intermediate stream sectors, maintaining identical proportional patterns along the year in these two sectors, and without revealing increased proportions in downstream sectors. Like this, they may remain in the pools that persist during the summer and therefore being part of the fish assemblage able to disperse upstream again in the following spring.



The decrease of the relative abundance of size classes 1, 3, and 4 in upstream and intermediate sectors between summer and autumn suggested the probable occurrence of mortality in the summer pools, which may eventually dry up, or present harsh environmental conditions and limiting food resources, promoting the increase of biotic interactions and in which the fish fauna is very vulnerable to predators [6,7,9]. This apparent environmental filtering was not so evident in intermediate sectors, since these summer pools are larger and suffer from lower volume reduction throughout the dry period, providing better chances for fish survival during this period [102].



The results suggested that the spread of A. alburnus in these tributaries was mainly driven by the smaller reproductive individuals (size class 2), as well as by the young-of-the-year (size class 1) that increase the population abundance annually and then are probably capable to disperse further upstream in the next year, after reaching sexual maturity [98]. Larger individuals (size classes 3, 4) mostly remained in downstream sectors, near or inside the reservoirs, with high water availability and more stable hydrological conditions. This species thus appears to display simultaneously r- and K- selection life strategies to ensure the invasive success in intermittent streams. The r-selection appears to be adopted by the smallest individuals in the upstream and intermediate sectors, responding opportunistically in order to thrive in an unstable environment. The K-selection is likely to be adopted by the larger individuals in downstream sectors, by staying or returning to a more stable environment, reducing the risks of mortality.



Considering the current alarming decline of the native fish fauna in the Iberian Peninsula and realizing that the number of freshwater fish introductions will continue to increase, river basin conservation and management should be a high priority for intermittent streams. Control strategies for known invasive species should be implemented and, above all, the introduction, and spread, of new, potentially invasive species must be prevented. In this perspective, a risk assessment plan identifying critical and most vulnerable points of the river network should be developed. Moreover, studies addressing the swimming and leaping performance of non-native species, as well as their response to different types of barriers [103,104] could provide fundamental knowledge to outline measures that may limit their dispersal into new areas.





5. Conclusions


The occurrence of the invasive A. alburnus in temporary streams from southwestern Iberia was mainly determined by hydromorphological modifications induced by the anthropogenic disturbance, whereas its abundance was mostly explained by the combined effects of the environmental and anthropogenic factors. This species apparently performed seasonal movements along the tributaries of several reservoirs, profiting from these lentic habitats as a stepping-stone for further invasions. This hypothesis advises caution, since observations were based on data from captures rather than on telemetry studies.



The wide ecological plasticity of A. alburnus enables it to benefit from different types of hydrological and morphological disturbances to guarantee and enhance its invasiveness in Mediterranean intermittent streams, namely by coping with and taking advantage from the natural hydrological variability (associated with the seasonal intermittency of these streams) and by profiting from the anthropogenic hydrological disturbance (induced by reservoirs). These findings provide a sound contribution to fill knowledge gaps on the ecology of the invasive A. alburnus and understand how the interplay between multiple factors may influence its establishment and spread in vulnerable freshwater ecosystems.
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Table A1. Description, assessment scale, methods and scoring criteria of the variables used to evaluate the level of anthropogenic disturbance in each sampled site. For land use and hydrological regime, the final score results from a weighted average of the two classes of deviation evaluated.
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Variables

	
Description

	
Assessment Scale

	
Score

	
Criteria

	
Methods






	
Land use

	
Impact of farming/forestry practices

	
River segment

	
5

	
>40% Agricultural use (intensive agriculture), very severe impact (rice field)

	
Local expert assessment complemented with Corine Land Cover (2000, 2006) *




	
4

	
>40% Strong impact (area with strong forestry, including clearcuts)




	
3

	
<40% Moderate impact (subsistence gardens, pastures)




	
2

	
<40% Small impact (cork and holm oaks, high-growth forest)




	
1

	
<10% No significant impacts (natural forest and bush)




	
Land cover and bankface characterization

	
Local

	
5

	
Irrigated crops and/or high stocking




	
4

	
Horticultural crops, semi-intensive grazing




	
3

	
Extensive cultures (e.g., pastures, cereal crops, pine, eucalyptus), extensive grazing




	
2

	
Cork and holm oaks




	
1

	
Natural




	
Urban area

	
Impact of urban areas

	
River segment

	
5

	
Very severe (location near a city with basic sanitation needs)

	
Local expert assessment complemented with Corine Land Cover (2000, 2006) *




	
4

	
Town




	
3

	
Village




	
2

	
Hamlet




	
1

	
Negligible (isolated dwellings)




	
Riparian vegetation

	
Deviation from the natural state of the riparian zone

	
River segment

	
5

	
Lack of riparian shrubs and trees (only the presence of annual plants)

	
Local expert assessment




	
4

	
Fragmented vegetation with bushes and/or the presence of reed




	
3

	
Second replacement step (dominance of dense brushwood)




	
2

	
First replacement step (presence of shrub or tree strata with some level of preservation).




	
1

	
Potential vegetation (presence of shrub and tree strata according to the geo-series)




	
Morphological condition

	
Deviation from the natural state of the stream bed and banks

	
Local

	
5

	
Transverse and longitudinal profile of the channel completely changed, with very few habitats

	
Local expert assessment




	
4

	
Channelized sector, missing most of the natural habitats




	
3

	
Channelized sector, missing some types of natural habitats, but maintaining much of the shape of the natural channel




	
2

	
Poorly changed sector, close to the natural mosaic of habitats.




	
1

	
Morphological changes absent or negligible




	
Sediment load

	
Deviation from the natural sediment load (both carried in the water column and deposited on the riverbed)

	
River segment and local

	
5

	
>75% of coarse particles of the stream bed are covered with fine sediments (sand, silt, clay)

	
Local expert assessment




	
4

	
50–75% of coarse particles of the stream bed are covered with fine sediments (sand, silt, clay)




	
3

	
25–50% of coarse particles of the stream bed are covered with fine sediments (sand, silt, clay)




	
2

	
5–25% of coarse particles of the bed are covered with fine sediments (sand, silt, clay)




	
1

	
<5% of coarse particles of the stream bed are covered with fine sediments (sand, silt, clay)




	
Hydrological regime

	
Deviation from the natural hydrological regime (flow pattern and/or quantity). Includes all sources of hydrologic alteration, such as significant water abstraction.

	
Local (classes regarding flow pattern)

	
5

	
<50% and strong deviation from the natural variability of the flow regime

	
Local expert assessment complemented with information from gauging stations (SNIRH) **




	
4

	
<50% and moderate deviation from the natural variability of the flow regime




	
3

	
>50% and duration of flood periods close to the natural




	
2

	
>75% and duration of flood periods close to the natural




	
1

	
>90% and normal duration of natural flood periods




	
Local (classes regarding mean annual discharge)

	
5

	
<10% of mean annual discharge




	
4

	
<15% of mean annual discharge




	
3

	
>15% of mean annual discharge




	
2

	
>30% of mean annual discharge




	
1

	
>90% of mean annual discharge




	
Toxic and acidification levels

	
Deviation from the natural state of toxicity conditions, including acidification, and oxygen levels

	
Local

	
5

	
Constant for long periods (months) or frequent occurrence of strong deviations from natural conditions (e.g., pH < 5.0, DO < 30%)

	
Local expert assessment complemented with information from gauging stations (SNIRH) **




	
4

	
Constant for long periods (months) or frequent occurrence of strong deviations from natural conditions (e.g., pH < 5.5, DO < 30–50%)




	
3

	
Occasional deviations (single measurements or episodic) in relation to natural conditions (e.g., pH < 5.5, DO < 30–50%)




	
2

	
Occasional deviations (single measurements or episodic) in relation to natural conditions (e.g., pH < 6.0)




	
1

	
Conditions within the normal range of variation




	
Organic and nutrient loads

	
Deviation from the normal values of BOD, COD, ammonium, nitrate, and phosphate concentrations

	
Local

	
5

	
>20% of values in classes D or E

	
SNIRH ** (classification of water quality for multiple uses, according to the guidelines from the Water National Institute), complemented with local expert assessment




	
4

	
>10% of values in classes D or E




	
3

	
>10% of values in class C




	
2

	
No obvious or too small signs of eutrophication and organic loading




	
1

	
No signs of eutrophication and organic loading




	
Artificial lentic water bodies

	
Impact related to the presence of artificial lentic water bodies upstream and/or downstream of the site (upstream change in thermal and flow regimes; downstream invasion by exotic species of lentic character)

	
Local

	
5

	
Local immediately downstream of a large reservoir or within the influence area of its backwater

	
SNIRH ** and available cartography




	
4

	
Local immediately downstream of a mini-hydro or within the influence area of its backwater




	
3

	
Local downstream of a massive standing water body or within the influence area of the reservoir




	
2

	
Local downstream of a mini-hydro or within the influence area of its backwater




	
1

	
No influence of reservoirs




	
Connectivity

	
Impact of artificial barriers to fish migration

	
River basin and segment

	
5

	
Permanent artificial barrier

	
SNIRH **, available cartography, documental data and local expert assessment




	
4

	
Occasional passage of some species




	
3

	
Passage of certain species or only in certain years




	
2

	
Passage of most species in most years




	
1

	
No barriers or existence of an effective pass-through device








* [105]; ** [39].
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Figure 1. Location of the sites sampled during 2010–2012 and 2015–2016 in the Guadiana and Sado river basins in the south of Portugal. Sites are coded with different colors, according to the sampling approach: spring samples (green) and seasonal samples performed in spring, summer, and autumn (red). Sub-basins are identified with numbers: Caia (1), Xévora (2), Degebe (3), Lucefécit (4), Álamo (5), Ardila (6), Chança (7), Carreiras (8), Vascão (9), Foupana (10), Odeleite (11), Alcáçovas (12), Xarrama (13). Reservoirs mentioned in the text are identified with capital letters: Caia reservoir (A), Alqueva reservoir (B), Pego do Altar reservoir (C). 
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Figure 2. Ordination diagram (triplot) of the Redundancy Analysis between fish species and environmental variables (both regional and local). Sampling sites are coded according to the classes of anthropogenic disturbance level defined: least disturbed (white dots), moderately disturbed (grey dots) and most disturbed (black dots). Species abbreviations: Anaecypris hispanica (Ahisp), Iberocypris alburnoides (Ialb), Iberocypris lemmingii (Ilem), Squalius pyrenaicus (Spyr), Cobitis paludica (Cpal), Luciobarbus spp.—juveniles (Lspp), Luciobarbus sclateri (Lscl), Luciobarbus steidachneri (Lst), Luciobarbus comizo (Lcom), Luciobarbus microcephalus (Lmic), Pseudochondrostoma willkommii (Pwil), Salaria fluviatilis (Sflu), Gambusia holbrooki (Ghol), Ameiurus melas (Amel), Cyprinus carpio (Ccar), Micropterus salmoides (Msal), Lepomis gibbosus (Lgib), Alburnus alburnus (Aalb), Hybrids (Ialb × Aalb). Non-native species are enclosed by a dashed line. 
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Figure 3. Veen diagrams showing the partition of the variation in the occurrence (presence/absence) (A) and abundance (density, ind·100 m−2) (B) of Alburnus alburnus explained by environmental and anthropogenic disturbance variables. 
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Figure 4. Relative abundance of the size classes defined for Alburnus alburnus in each stream sector over the sampled periods of year. 
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Table 1. Summary of model selection (∆AIC < 4) for predicting the occurrence and abundance of Alburnus alburnus including different sets of variables (model type): environmental (ENV), anthropogenic disturbance (Dist) and combined effects (Env + Dist). For the best model of each type, the Akaike’s information criterion (AICc), the difference of AIC between each model and the best model (ΔAIC) and the Akaike weight (wAIC) are registered. Outputs of the averaged coefficients (including the best models summing wAIC >0.9) and the relative importance of the significant predictive variables are also presented.
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Best Models

	
Model-Averaged Coefficients

	
Relative Variable Importance (RI)




	
Response Variable

	
Distribution

	
Link Function

	
Model Type

	
AICc

	
ΔAIC

	
wAIC

	
Predictive Variables

	
Estimate

	
Std. Error

	
z Value

	
Pr (>IzI)

	






	
Occurrence (presence-absence)

	
Binomial

	
Logit

	
Env

	
77.400

	
0

	
0.620

	
Woody debris

	
2.184

	
0.791

	
2.763

	
0.006

	
1




	
Mean water depth

	
7.226

	
2.824

	
2.559

	
0.011

	
1




	
Run

	
3.003

	
1.139

	
2.635

	
0.008

	
1




	
Dist

	
67.490

	
0

	
0.080

	
Sediment load

	
3.524

	
1.033

	
3.411

	
0.001

	
1




	
Hydrological regime

	
2.821

	
1.180

	
2.390

	
0.017

	
0.85




	
Env + Dist

	
59.340

	
0

	
0.400

	
Sediment load

	
3.837

	
1.345

	
2.853

	
0.004

	
1




	
Hydrological regime

	
3.480

	
1.314

	
2.648

	
0.008

	
1




	
Mean water depth

	
6.765

	
3.319

	
2.039

	
0.042

	
0.81




	
Run

	
4.205

	
1.500

	
2.803

	
0.005

	
1




	
Abundance (density)

	
Poisson

	
Log

	
Env

	
143.020

	
0

	
0.280

	
Woody debris

	
0.895

	
0.430

	
2.079

	
0.038

	
0.77




	
Shadow

	
1.635

	
0.527

	
3.103

	
0.002

	
1




	
Mean water depth

	
2.589

	
1.010

	
2.563

	
0.010

	
0.73




	
Run

	
1.047

	
0.568

	
1.843

	
0.049

	
0.57




	
Stream order

	
1.402

	
0.730

	
1.922

	
0.047

	
0.87




	
Dist

	
143.140

	
0

	
0.190

	
Sediment load

	
2.129

	
0.514

	
4.141

	
<0.001

	
1




	
Lentic water bodies

	
1.281

	
0.354

	
3.622

	
<0.001

	
1




	
Env + Dist

	
123.460

	
0

	
0.240

	
Sediment load

	
2.057

	
0.627

	
3.282

	
0.001

	
1




	
Lentic water bodies

	
1.280

	
0.373

	
3.428

	
0.001

	
1




	
Shadow

	
1.666

	
0.547

	
3.049

	
0.002

	
1




	
Mean water depth

	
2.020

	
1.141

	
1.769

	
0.050

	
0.44




	
Run

	
1.163

	
0.610

	
1.906

	
0.048

	
0.55
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