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Abstract

:

The installation of hydroelectric plants has generated multiple environmental impacts on the world’s river systems. In central Chile, the impacts of hydroelectric reservoir operation have been documented in ecological and hydrologic regime terms. This investigation assesses the changes in channel morphology, vegetation distribution, and flows in the middle section of the Maule River during the period following the start-up of a hydroelectric plant. Changes in fluvial morphology (active area) and land cover are quantified using LANDSAT images, contrasted with a vegetation sampling and flow analysis. The results show a 12% decrease in active areas of the river, indicating a loss of geomorphological diversity. Within the active channel, there was a gradual increase in plant-covered surface area, which reached 159% between 1989 and 2018, mainly due to reductions in water (−61%), active bar (−35%), and bare soil surface areas (−29%). The changes were evident ten years after plant operations began and intensified during the period known as the megadrought in central Chile (2008–2018). The flow magnitudes present a decrease for exceedance probabilities (P) below 85% in the period after 1985, with a slight increase recorded for low flows (P > 85%). In the segments with superior stabilization, invasive species such as Acacia dealbata (silver wattle) predominated, which are specialists at taking advantage of disturbances to settle and stabilize active areas, narrowing the possibilities for morphological change.
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1. Introduction


Rivers are dynamic systems that are constantly developing and seeking an equilibrium that reflects the characteristics of their natural environments (i.e., watershed and climate) [1,2,3,4,5]. However, humans cause disturbances that alter these dynamics, introducing imbalances that force changes in river systems [6]. Among the most radical modifications of hydrogeomorphological processes are the construction and operation of dams [7]. The number of these structures has increased exponentially since the late 20th century, reaching 58,713 large dams in 2020 [8]. The accumulation and regulation of flows allow water to be used for different purposes such as irrigation, recreation, electricity generation, flood mitigation, and drinking water supply, among others.



Dams retain river flows and sediment to create artificial water reservoirs [7,8,9]; therefore, their design and operation control longitudinal connectivity levels and channel flow regimes. At the hydrological level, investigations have reported changes in magnitude and frequency [10,11,12] that affect the morphology, sediment transport, and ecology of the fluvial system at different magnitudes and timescales. New designs should be consistent with the sustainable development concept to remediate the effects of older designs, and consist of multipurpose hydroelectric plants. Apart from power generation, multipurpose reservoirs should also cover socioeconomic and environmental services [13,14,15].



When the natural flow regime (i.e., liquid and solid) is modified, processes and forms of the river system at different scales are affected [12]. Indeed, Lane [16] explains, using a conceptual model, the response of a river course to such alterations, suggesting changes in the longitudinal slope of the channel and the size of the sediment substrate. The morphological repercussions are reasonably varied and unpredictable. Channels can undergo erosion or accretion [17] as a function of flow regulation and watershed or river segment conditions. For example, variations in longitudinal slope can be conditioned by geological controls that mark inflection points in equilibrium trends. In short, the dynamics are complex and incorporate diverse factors [18].



It is possible to generalize the morphological effects produced by dam construction and operation. Thus, the general patterns of river change present a trend towards channel simplification because of decreased geomorphic activity due to flow regulation and upstream captured sediment [19]. For example, between 1897 and 1959, the South Platte River (Colorado, 41° N) went from having a braided planform and a width of 790 m, to being a meandering river with a 60-m width [20]. Meanwhile, in the Piave River in Italy (46° N), Surian [21] presented a decrease in channel width in the range of 30 to 42%; likewise, Richard et al. [22] in the Rio Grande (New Mexico, 35° N) identified a decrease in active channel width of 51% to 67% between 1918 and 2001. Finally, Graf’s analysis [12] of 36 large dams in the United States determined that the active flood plains were 72% smaller than rivers with regulated flows. Moreover, they had 3.6 times more inactive flood plain areas relative to unregulated rivers.



In addition to the above effects are vegetation growth in the channel and seasonal flood plains, as in the case of the Republican River in the United States (40° N). Specifically, there was extensive growth of willows and poplars, which managed to cover 60% of the bankfull area prior to installing the dam [17]. Lobera et al. [23] indicated that in Mediterranean watersheds of the Iberian Peninsula, the percentage of active bars was about 59% of the total number of bars identified in the late 1970s and that today 97% of bars have been invaded by vegetation, precluding further changes and thus becoming non-active. It bears mentioning that vegetation, depending on the species and growth status, increases soil roughness and confinement, making it more resistant to erosion and thus morphological change [2,24,25]. Most of the mentioned studies took place in developed countries or the Northern Hemisphere, while in developing countries of the Southern Hemisphere, there have been few studies, even though these countries are a notable focal point of dam construction [26].



Located in South America, Chile serves as an important case study, with dam and reservoir development that began in 1838 [27] and accounted for 12% of the country’s energy production in 2020 [28]; recent estimates indicate an increase in the number of reservoirs due to the planning of 26 reservoirs for irrigation and hydroelectricity purposes. In the central Mediterranean zone of Chile in particular (32°–38° S), there are large hydroelectric complexes in drainage basins of the Andes, which present elevations reaching 3500 m above sea level and average lengths of 220 km from their headwaters to their outlets, which generate steep slopes with high hydroelectric potential [29].



Various investigations have addressed the ecological [30,31], hydrological [32,33], and hydromorphological impacts [34] of hydroelectric plants in Chile. However, geomorphological and land cover change aspects are topics still in need of attention. Against this backdrop, the Maule River basin (35° S), located in central Chile, has one of the largest dam systems for hydroelectricity production in the country, specifically the Colbún–Machicura plants located in the middle–upper part of the basin. The construction of the hydroelectric complex ended in June 1985, flooding more than 50 km2 and incorporating more than 500 MW of power production into the central interconnected system (SIC).



In the period when the plant was built, such projects did not require rigorous environmental assessments and were evaluated mainly based on their benefits. Studies indicate that the effects of dams have become apparent only in recent decades, once they have been in operation for 20 to 30 years [10]. In addition, the quantification of their impacts is complicated, given a large number of variables involved and the different time scales at which they occur [35]. The increase in energy and water demand in Chile suggests that such studies are necessary to understand the cause–effect relationships at local and regional scales and thereby provide better tools for water management. Thus, evaluating channel morphology and land cover changes in a middle section of the Maule River, emphasizing vegetation distribution after the Colbún dam began to operate, is an important topic of study. To complement the remote sensing analysis used to assess and classify land cover changes, a tree and shrub species identification was carried out in the field at in situ observation points to improve classification. The identified land cover changes were analyzed based on the magnitude and frequency of flows, on which data was collected from two available gauging stations located along the main river course. The results will provide new information on the impacts of large reservoirs in south-central Chile fluvial systems.




2. Materials and Methods


2.1. Study Area


The Maule River basin (20,295 km2, 35° S) begins in the Andes Mountains and flows into the Pacific Ocean. It presents a nivo-pluvial hydrologic regime with a mean flow of 125 m3/s; discharges above 1000 m3/s generate floods, mainly in neighboring agricultural areas. The upper part of the basin presents a Mediterranean climate (Csb(h)) with a mountain influence, while in the middle section, a Mediterranean climate (Csb) with winter rain and warm summers predominates.



Its middle section (Figure 1) drains an area of 5940 km2 through the central depression, composed of fluvial deposits such as gravels distributed on the floodplain. Larger clasts are found in the channel in a limited matrix of coarse sand to gravel that forms various bars [36]. In this section, the flow is regulated by hydroelectric reservoirs—Cipreses, Pehuenche, Machicura, and Colbún—the last of which receives flows from the upper part of the basin. The Colbún and Machicura reservoirs function as electrical and irrigation systems (Table 1), in which a portion of the flows from the former is incorporated into the Machicura to be distributed through the south channel. This artificial channel is divided into two parts after 22 km. One continues to irrigate the area north of the main channel of the Maule River, and the San Ignacio power plant uses the other before it is reincorporated into the river [37]. The present investigation focuses on three consecutive segments along the channel located downstream of the main dam of the Colbún reservoir and extending until Route 5 South (Figure 1).




2.2. Study Segments


Changes in channel morphology and vegetation distribution were studied in a 36 km segment downstream from the main wall of the Colbún dam and extending until Route 5 South. The river’s length was divided into three segments according to distance and local human alterations along the channel. Segment 1 was the closest to the dam; it extended 10 km from the base of the wall to the first gravel mining site, Los Maitenes, with the first 7 km confined by the foothills of the Andes. Segment 2 extended for 12.5 km, beginning at the downstream end of Segment 1 and extending until the channel that restitutes the water from the Machicura and San Ignacio plants. The third and final segment was the farthest from the plant; it had a length of 13.5 km and extended until Route 5 South.




2.3. Satellite Images


In order to cover the studied period (1985–2018), geographic information systems (GIS) were used to analyze free Landsat images obtained from the United States Geological Service (USGS) EarthExplorer website [38]. Due to the different resolutions of the images, it was decided to use the Landsat 4–5 Thematic Mapper (TM) and Landsat 8 Operational Land Imager (OLI) sensors and Thermal Infrared Sensor (TIRS), which have a resolution of 30 m and data on the study period since 1985. In addition, they include systematic geometric corrections made using ground control points (GCP), enabling multi-temporal analyses.



The image selection was carried out in the Southern Hemisphere’s summer months—between December and February—a period with less cloud cover, lower precipitation and in which the leaves of phreatophytic trees such as poplars and willows are developed [39,40]. The main characteristics of the images are presented in Table 2. The 1985 image shows a difference in the daily flow of approximately 300 m3/s relative to the other satellite images. Thus, in some analyses of land cover change, it was considered only as a reference, as it may overestimate the water cover.




2.4. Changes in Channel Form and Land Cover


Regarding the digitization of the channel form, the “active channel” concept was used. Batalla et al. [42] defined it as the area of the river encompassed within the limits of riparian vegetation, the objective of which was to assess interannual changes in erosion and accretion within the channel. To this end, the manual digitization method was used, which authors such as Dewan et al. [43] highlight as the most precise when defining river boundaries due to the spectral similarity of riparian zones. Thus, polygons corresponding to the active area (AA) were created for each studied year.



Subsequently, the land cover distribution was analyzed by applying a supervised classification process to each image in the active area. To this end, four classes were determined (i.e., water, active bars, bare soil, and vegetation zones), which were easily identifiable considering the resolution of the images and availability of data to validate the classification. Table 3 presents a description of the selected covers. The analysis of space-temporal changes was addressed with mobile periods [43,44] because the years considered in each period were different according to the available satellite images. To better understand the evolution of land cover changes, a summary figure shows the rate of change per year.



The selection of training areas for classification and test areas for validation was based on photo interpretation, field visits, and information such as the National Forestry Corporation Native Forest and Vegetation Inventory [45]. To support the discrimination of boundaries between classes, spectral indices identifying vegetation and water bodies were used: the normalized difference vegetation index (NDVI) and normalized difference water index (NDWI). The training and validation pixel totals varied according to cover distribution by year. The validation data considered about 30 to 50% of the training data.



Once the training areas were validated, each scene pixel was assigned its corresponding class using the support vector machine (SVM) tool in ENVI version 5.3 [46]. This tool has a higher degree of average precision than others, presenting good generalization results, even with limited training areas, for various image types, including the Landsat collection [47,48,49].



In order to validate the classification, test areas were used, which were subjected to a confusion matrix using region of interest (RoI) ground truth, which calculates the relationship between the classes obtained by classification and those used for verification. Again, good overall precision was observed, as Kappa index values varied between 0.89 and 0.95, indicating almost perfect agreement.



Finally, the multi-temporal variations in the analyzed segments were quantified using the TerrSet Geospatial Monitoring and Modelling program [50] by applying the Land Change Modeler (LCM) module, a tool designed for the analysis and prediction of impacts related to land cover changes. Authors such as Mirzaei et al. [51] have used this tool to assess the impacts of floor regulation. The map was developed in ArcMap 10.5 [52] using the Universal Transverse Mercator (UTM) coordinate system with Datum WGS 84 and zone 18S.




2.5. Vegetation Characterization


The main tree and shrub species that grow in the channel and riparian zones were identified to complement the remote sensing analyses. To this end, observation points were established in each segment (Figure 1), with species information recommended by Hauenstein et al. [53] and Otavo [54]. This included plant type as the primary classification factor (tree, shrub, herbaceous); scientific and common names; species origin (native or invasive); and, finally, the level of presence of each, according to qualitative assessment of the number of individuals in the field of vision, broken into four levels (Table 4).




2.6. Flow Analysis


The flow data were obtained from stations managed by the General Water Directorate (DGA-MOP): (i) Rio Maule at Longitudinal, code 07322001; and (ii) Rio Maule at Armerillo, BNA code 07321002. The stations are located downstream and upstream of the study segment, respectively. For the analysis, mean daily flows, recorded as starting in 1962 at Longitudinal and 1947 at Armerillo, were used. The period until 1984 was used to represent unregulated flows (i.e., prior to the dam), and the period between 1985 and 2018 was used to characterize the regulated period (i.e., following the installation of the hydroelectric plant).



Figure 2 shows a first approximation of the data; the variability of the available information can be observed for both periods: (i) before and (ii) after the dam. A frequency analysis allowed flow magnitudes to be associated with exceedance probabilities for both periods. Similarly, spatial correlations for both periods indicated longitudinal connectivity between flows upstream and downstream of the study area. Mean daily flows were also analyzed to assess changes in flow trend magnitudes.





3. Results


3.1. Changes in Channel Form, Erosion, and Accretion of the Active Channel


In 1985, the active channel area was 3800 ha; it underwent significant changes over 33 years of operation of the Colbún–Machicura plants. Indeed, a general reduction in the active area of 12% was found, linked to riverbank accretion processes (Appendix A). The most significant decrease occurred in the 2014–2018 period, with a net change of 7.9%. Observations of changes to the north and south riverbanks revealed no significant differences.



The changing trend by segment was similar, although with variations between periods. For example, segment 1 presented net erosion, with a minor total percent change (10%); only in the 2014–2018 period did it present a variation similar to that of the other segments, with reduction values of 5%. The segments farthest from the hydroelectric plant presented a similar evolution, with progressive, constant decreases through the last year of the study (Figure 3); they also presented the most significant active area reductions: 12% in the case of segment 2 and 15% for segment 3.




3.2. Land Cover Changes


The supervised classification process obtained land cover maps for each analyzed year (Figure 4). An overall view of the initial years (1985–1989) revealed the predominance of bare zones and active bars, which occupied over 50% of the surface area. In second place were vegetation zones, followed by water cover. This last category was the most significant in 1985, possibly associated with the high recorded summer flows (445 m3/s). However, it started to diminish in 1989 and presented lower values even for large summer flows of about 131 m3/s.



Another element that stood out was the 411 ha reduction in vegetation cover from 1985 to 1989, possibly associated with large floods recorded in the mid-1980s, which decreased substantially starting in the 1990s. From 1989 onwards, a gradual increase in vegetation from 866 ha to 2242 ha (159%) was observed. However, in the same period, there were decreases in water (−60%), active bar (−35%), and bare soil covers (−29%), both on the riverbanks and within the channel (Table 5).



At the segment level, 2 and 3 most contributed to vegetation zones; in these segments, colonization increased the initial area by 271% and 159%, respectively. As seen in Figure 4, the dynamic had been gradual and constant since 1989, with a considerable increase starting in 2008, especially in segment 3. Vegetation increased by 65% in only four years, from 801 to 1328 ha. This was attributed to the change in the hydrologic regime, which indicated a significant decrease in high flows during this period associated with the combined effects of the dam operation and the megadrought phenomenon that is currently affecting the region.



In contrast, segment 1 presented limited vegetation colonization, which had not managed to encompass broad areas as in the downstream segments. In addition, active bars increased between 1989 and 1998, after which significant increases were observed. Furthermore, the segment presented a decrease in vegetation cover between 2014 and 2018. As no large floods were observed in the period, it may be assumed that these changes have anthropogenic forcings such as forestry harvests and gravel mining. The latter activity took advantage of low recorded flows and covered large areas, impeding the spread of and destroying vegetation through constant channel modification. Figure 5 shows the appreciable change registered in the segment 1 path of the channel resulting from sediment movements for substrate extraction purposes, which began in 2009.



The dynamics of land cover changes between the 1989 and 2018 periods are shown in Figure 6. The bars represent the proportion of hectares that each land cover contributed to the net change of a particular one. It can be observed that more than 55% of the gains in vegetation cover came from active bars, especially in segments 2 and 3, where over 80% of the bar surface area became plant-covered. On the other hand, over 95% of bare soil losses were direct gains for vegetation cover in segments 2 and 3. In segment 1, the dynamic was different; the vegetation cover gains mainly came from bare soils (55%) and water covers (32%), while the active bars accounted for a lower percentage (13%).



The vegetation cover stood out as the most dynamic in the analysis period. Figure 7 shows the spatial distribution of these variations. Between 1989 and 2018, 1686 ha were colonized, 556 ha remained plant-covered, and only 297 ha were lost. At the segment level, 54% of the gains came from segment 3, 32% from segment 2, and only 14% from segment 1. In terms of losses, 51% came from segment 3, 31% from segment 1, and 18% from segment 2. It is important to note that a large portion of the vegetation loss identified by the 2014–2018 polygons was directly related to gravel mining, which was possible due to the low discharges that offered ideal work conditions in the active channel.




3.3. Plant Species Identification


Tree and shrub species identification complemented the remote sensing analysis in the channel and riverbank zones. At the seven observation points (Figure 1), it was possible to identify 35 species, 48.6% of which were plants, 25.7% tree species, and 25.7% shrub species. The distribution of the number of shrub and tree species was similar among the three segments (Figure 8); only the number of herbaceous plants was more significant in segment 3. In terms of origin, invasive species predominated (63%), while native species of the Chilean Mediterranean zone accounted for no more than 37%.



The most significant number of species (31) was found in segment 1, presenting a larger quantity of native species (12) than the other segments. Both segments 2 and 3 presented 22 species, with a similar distribution of native and invasive species (Table 6). Regarding the level of presence, it was established that native species decreased in the most distant segments (i.e., 2 and 3).



A more detailed view of the species with a high presence revealed that in segment 1, there were invasive species such as Pine (Pinus radiata) and Eucalyptus (Eucalyptus nitens) that reflected forestry activity processes within the channel. In segment 2, Huingán, or Schinus polygamous, stood out as the only native species with a high presence in the study area; starting in this segment Acacia (Acacia dealbata) began to predominate as an invasive species (Appendix B).



One of the most representative species of the Maule Region—Espino Maulino, or Acacia Caven—which used to prevail in the Mediterranean landscape, especially in the grasslands of the foothills, had been reduced to solitary individuals or small stands of thorns in the study area (Figure 9). This reduction was due to anthropogenic factors such as settlement and the land ownership system and structure, among other secondary causes such as fires, tree felling, charcoal production, crops, and livestock [55].




3.4. Flow Regime Variation


The flow frequency variation between the two periods at the station downstream of the study area is shown in Figure 10a. A decrease in flow magnitudes for the exact exceedance probabilities was observed. Specifically, the flow records for the regulated period indicated that medium to high flows occurred less frequently than in the unregulated period, implying that flows that carried out much of the morphological work in the river occurred fewer times than in the unregulated period. This change can be interpreted as presenting a favorable environment for the colonization of active bars by shrub or tree species.



Figure 10b separates the regulated data series into two regulated sub-periods, 1985–2009 and 2010–2018. The first was mainly affected by flow regulation (i.e., first sub-period) and in the second the reduction in flows resulting from the drought was added to the dam’s regulating effects.



It was observed that the combined forcings presented an effect significantly greater than in the first sub-period, and that the complete series (i.e., 1985–2018) blunted the effect of the drought. Meanwhile, Figure 11 shows the results of the correlations between the Armerillo and Longitudinal stations for both non-regulated and regulated periods. A significant decrease in the two applied correlation coefficients was observed. Pearson decreased from 0.9 to 0.53 and Spearman from 0.91 to 0.56, for an average decrease of around 40%, suggesting a decrease in the longitudinal connectivity of the river system.



Figure 12 shows the combined effect of the different land covers along with the mean daily discharge for the operation period. Three different trends were observed, relating to the unregulated period, the regulated period due to the dam operation, and the last decade, which included the drought. For the first 4 to 5 years, there was a steep decrease in the river water surface, with an associated increase in bare soil and active bars, even though discharges remained in the average range. Starting in 1990, the trend changed, indicating vegetation taking over the bare soil and the active bars. The reduction in the water surface area suggested an erosion process in the channel since discharges remained close to the average values. However, there was no significant change in the mean discharge magnitude. Instead, a significant reduction in the daily flow standard deviation values was observed. Figure 12 shows the impact on dam operation of increasing the minimum flows and decreasing the maximums.



Finally, a clear inflection point occurred a little after 2008, coinciding with the beginning of the drought and generating a significant discharge decrease, causing the flow range to decrease even more and allowing vegetation to advance and cover more channel surface. These changes correlated with the increase in vegetation observed in each segment and the decrease in the wet surface, resulting in a confined river system with less lateral mobility and fewer meandering channels, which favors vertical erosion and the establishment of deeper, narrower channels.





4. Discussion


The Colbún–Machicura hydroelectric plants were, at the time, the largest hydroelectricity generation complex in Chile. The end of construction and the start of their operations coincided with the first year analyzed in this study (1985). According to the results, their operation directly affected the morphological equilibrium and vegetation dynamics of the middle section of the Maule River. However, other drivers have probably accelerated the detected changes (i.e., gravel mining, and effects of the megadrought since 2010).



The Maule River (35° S) underwent a 12% reduction in its active area over 33 years, a trend similar to those reported by other authors who have assessed the impacts of dam construction and operation on the fluvial geomorphology and vegetation of rivers. Similar percentages were found in wandering rivers in arid climate zones, including the Green River (40° N) in Colorado, which presented an 11% reduction over 56 years [56], and the Sauce Grande River (38° S) in Argentina, which decreased by 6–30% in 21 years [57]. In some braided rivers the reduction percentages are even more remarkable, in both Mediterranean climate zones, as in the case of the Piave River (46° N) in Italy, where narrowing left the river with only 35% of its original width over a period of 97 years [21], and arid climates, as in the case of the Río Grande (35° S) in New Mexico, where a 70% reduction in 83 years was observed [22].



Nonetheless, not all authors have observed absolute change trends or trends that remain over time. For example, Nelson et al. [58], who studied the Snake River (43° N) in Wyoming, USA, measured a channel narrowing that reached 31% in the first 24 years after dam operation began; however, after a period of large floods, the change reversed almost entirely as the banks eroded and the river area increased by 31%. Vericat and Batalla [59], meanwhile, in an analysis of the sedimentary balance and morphology of the Ebro River (42° N) in Spain, observed a reduction in channel width that reached 20%. Nonetheless, they also highlighted zones that presented accretion due to lateral erosion processes that became the river’s only sediment source after the dam was installed. However, this is not the case with the Maule River, as the insignificant zones with accretion are typically associated with anthropogenic pressures.



Additionally, the narrowing of the active area could be related to the data obtained on gains and losses of the different land covers. Indeed, more than half of the vegetation gains took place on active bars throughout the study area, a percentage that increased to 80% in the farthest segments (i.e., 2 and 3), where vegetation increased by an average of 215% in the 1989–2018 period. The trends are consistent with the findings of other authors, who analyzed the effects of dam construction on vegetation. For example, in a study covering more than 70 segments in four large basins of the Iberian Peninsula, Lobera et al. [23] found that almost all the previously active bars in the most regulated segments had stabilized due to vegetation colonization. Meanwhile, Tealdi et al. [60], to model the impacts of regulation on vegetation, compiled the results of various studies, which mainly reported a significant increase in vegetation zones, with an upward trend in exotic species over native species.



The results show that the distance factor plays a role in the observed effects on vegetation. Segment 1, the closest to the dam, presented the least successful colonization, which could be associated with less favorable factors such as unusual discharges that generate flood pulses, and more extensive bed slopes and, therefore, more significant flow velocity. It is also essential to consider recent anthropogenic factors in this segment (i.e., deforestation and gravel mining), which have increased due to the low flows, and cover large areas and directly affect the channel form and vegetation distribution. In the case of the two more distant segments, gravel mining takes place in a smaller area, and there are no forestry plantations. In addition, segment 3 receives flows from the hydroelectric restitution canals located 22 km downstream of the main wall, which do not exceed 10 m3/s; therefore, their flow is not significant relative to the main channel. Furthermore, the findings are consistent with Gordon and Meentemeyer [61]. Their study compared regulated and unregulated segments in the Dry Creek (38° N), a tributary of the Russian River in California; they divided the river into 10 sub-segments and found that the vegetation increase was more significant in the farthest segments.



Regarding the temporality of the changes, according to Lobera et al. [23], the system needs time to generate observable effects for bar stabilization. For example, Merrit and Cooper [56] observed vegetation colonization in almost all the active bars of the studied segment of the Green River; these changes were observable 10 years after dam closure. In the case of the Maule River, such changes began to be observed between 1989 and 1998, although they presented a greater increase in the 2008–2018 period.



There have been no similar studies focusing on vegetation changes in Chile in other dammed Mediterranean rivers; however, Batalla et al. [42] investigated the Ñuble River (36° S), an Andean fluvial system without major human interventions. In their analysis of approximately 10 years, with high-resolution satellite images, they showed that the system had undergone a progressive reduction in geomorphic activity in the last decade due to the decrease in flood flows that facilitated the colonization and stabilization of bars.



Notwithstanding the vast difference in intervention between the two rivers, the results obtained were similar to those achieved in the Maule River, especially with the explosive increase in vegetation covers in the lower segments between 2008 and 2018. Thus, the increase in vegetation beginning in 2008 seems to be boosted by the hydrological phenomenon known as the megadrought [62]. According to Garreaud et al. [63], who analyzed the phenomenon from a climate dynamics perspective, the drought that has affected central Chile from 2010 to date has brought about a decrease in precipitation, causing a deficit of 20 to 40% in the Maule River basin. Thus, future investigations could consider the combined effect of the flow regulation of the dam and the decrease in flows associated with the megadrought described in the previously mentioned studies.



The climate fluctuations that have had Chile in a state of high alert for so many years seem to explain the similarity of the effects on the geomorphic dynamics of the Ñuble and Maule rivers; however, it is not possible to fully attribute them to these factors. The reality is that the Maule River is under multiple pressures: flow reduction due to climate variability and change, creation of various large gravel mining sites in the last decade, deforestation, and invasion of exotic species, among others, the effects of which are significantly heightened by the regulatory effects of the dams.



Regarding species identification in the Maule River, the high presence of exotic species and the specific predominance of Acacia dealbata (silver wattle) are consistent with the conditions present in the study area. Similarly, Fuentes-Ramírez et al. [64] studied the dynamics of silver wattle invasion in south-central Chile. Their study highlights that the species is often successful in “uninvaded areas” and can also take advantage of disturbances to establish itself while limiting the development of native species. This success may be due to its high capacity for colonization, allowing it to assume control of sites that have been disturbed and pose a threat to natural habitats by competing with and replacing native species, decreasing native biodiversity and homogenizing the community. These previous findings explain how the high presence of Acacia dealbata in segments 2 and 3 could be related to their lower species diversity. Finally, the presence of these tree species could significantly impact future flooding processes by increasing channel roughness; floods under these conditions have been reported in other coastal Mediterranean rivers of Chile [65,66].




5. Conclusions


The middle section of the Maule River has undergone a notable reduction in geomorphic activity since 1985. Moreover, the boundaries of its active areas have been pressured by the advance of vegetation on its banks, which stabilized and changed the morphological configuration of the channel. The effects translated into an overall reduction in the active area of 12% between 1985 and 2018. Furthermore, the drought has played a significant role in augmenting these impacts on the river system within this period. These results suggest that the flow’s regulating effect, combined with the drought, has considerable consequences for the hydrologic regime. If low rainfall persists, significant reductions in high flows are expected, with a subsequent decrease in morphological work.



Within the active channel, there was a gradual increase in vegetation-covered surface area, which reached 159% between 1989 and 2018, and occurred at the expense of a reduction in water (−61%), active bar (−35%), and bare soil (−29%) areas. The variations reached a significant point between 2008 and 2014, when around 800 ha was stabilized in less than five years. The areas not colonized/stabilized by vegetation are usually linked to human activities such as gravel mining, logging, and agriculture. The extensive increases in vegetation surface area will imply higher discharges for significant geomorphic work, thus favoring vertical erosion with a concurrent decrease in water surface elevation and the connected water table.



The observed hydrological changes and regulated discharge effects play an important role for vegetation growth, especially that of invasive species that prevail in the study area. Tree and shrub species have the greatest presence in Maule River (Acacia dealbata, or silver wattle) and are in some cases associated with plantations (Eucalyptus nitens and Pinus radiata). Species such as silver wattle have advantages over native species, as they are specialists at colonizing by taking advantage of anthropogenic disturbances and alterations. The abundant vegetation will not only restrict the lateral channel displacement but could be a potential risk for future floods due to the resulting increase in roughness.
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Table A1. Net change in active areas in each analyzed segment.






Table A1. Net change in active areas in each analyzed segment.





	
Analysis Period

	
Net Change




	
Study Area

	
Segment 1

	
Segment 2

	
Segment 3




	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%






	
1985–1989

	
25.1

	
0.7

	
−66.2

	
−5.6

	
27.2

	
2.6

	
64.1

	
4.0




	
1989–1998

	
76.7

	
2.0

	
25.9

	
2.3

	
−6.1

	
−0.6

	
56.9

	
3.5




	
1998–2008

	
−153.9

	
−3.9

	
−14.3

	
−1.2

	
−43.5

	
−4.1

	
−96.1

	
−5.6




	
2008–2014

	
−131.5

	
−3.5

	
−6.3

	
−0.6

	
−48.0

	
−4.8

	
−77.1

	
−4.8




	
2014–2018

	
−287.4

	
−7.9

	
−56.3

	
−5.0

	
−49.2

	
−5.1

	
−181.8

	
−11.9




	
1985–2018

	
−471.0

	
−12.4

	
−117.3

	
−9.9

	
−119.7

	
−11.6

	
−234.1

	
−14.8








Note: The percentages are calculated based on the surface area of each individual segment.












Appendix B




[image: Table] 





Table A2. Identification of tree, shrub, and herbaceous species in the study area.






Table A2. Identification of tree, shrub, and herbaceous species in the study area.





	
Type

	
Scientific Name

	
Common Name

	
Origin

	
Presence




	
S1

	
S2

	
S3






	
Tree

	
Acacia dealbata

	
Aromo

	
I

	
L

	
H

	
H




	
Tree

	
Acacia melanoxylon

	
Aromo Australiano

	
I

	
R

	
R

	
R




	
Tree

	
Aristotelia Chilensis

	
Maqui

	
N

	
L

	
-

	
-




	
Tree

	
Eucaliptus Nitens

	
Eucaliptus

	
I

	
H

	
R

	
R




	
Tree

	
Pinus Radiata

	
Pino

	
I

	
H

	
M

	
M




	
Tree

	
Populus nigra

	
Álamo Negro

	
I

	
M

	
M

	
L




	
Tree

	
Salix babylonica

	
Sauce Llorón

	
I

	
R

	
L

	
M




	
Tree

	
Schinus polygamus

	
Huingán

	
N

	
L

	
H

	
M




	
Tree/Shrubs

	
Acacia Caven

	
Espino

	
N

	
M

	
R

	
R




	
Shrubs

	
Baccharis Linearis

	
Romerillo

	
N

	
M

	
M

	
M




	
Shrubs

	
Cestrum parqui

	
Palqui

	
N

	
R

	
-

	
-




	
Shrubs

	
Fabiana Imbricata

	
Piche

	
N

	
-

	
R

	
L




	
Shrubs

	
Muehlenbeckia hastulata

	
Quilo

	
N

	
L

	
R

	
-




	
Shrubs

	
Pluchea absinthioides

	
Brea

	
N

	
L

	
M

	
L




	
Shrubs

	
Psoralea glandulosa

	
Culén

	
N

	
L

	
R

	
-




	
Shrubs

	
Rosa Rubiginosa

	
Rosa Mosqueta

	
I

	
L

	
L

	
L




	
Shrubs

	
Rubus Ulmifolius Schott

	
Zarzamora

	
I

	
M

	
M

	
L




	
Shrubs

	
Sophora Macrocarpa

	
Mayu o Mayo

	
N

	
M

	
-

	
-




	
Annual Plant

	
Aira caryophyllea

	
-

	
I

	
M

	
-

	
-




	
Annual Plant

	
Avena Barbata

	
Avena

	
I

	
R

	
R

	
M




	
Annual Plant

	
Briza Minor

	
Tembladera

	
I

	
R

	
-

	
-




	
Annual Plant

	
Centaurea Species

	
Abrepuño

	
I

	
-

	
R

	
L




	
Annual Plant

	
Datura stramonium

	
Chamico

	
I

	
R

	
R

	
R




	
Annual Plant

	
Polygonum aviculares

	
Hierba del Pollo

	
I

	
R

	
-

	
R




	
Perennial

	
Brassica rapa subsp. campestris

	
Yuyo

	
I

	
-

	
-

	
R




	
Perennial

	
Cirsium vulgare

	
Cardo Negro

	
I

	
R

	
R

	
R




	
Perennial

	
Galega officinalis

	
Galega

	
I

	
L

	
R

	
-




	
Perennial

	
Hypericum perforatum

	
Hierba de San Juan

	
I

	
M

	
-

	
-




	
Perennial

	
Mentha pulegium

	
Poleo

	
I

	
-

	
R

	
-




	
Perennial

	
Oenothera acaulis

	
Don Diego de la Noche

	
N

	
R

	
-

	
R




	
Perennial

	
Rumex acetosella

	
Vinagrillo

	
I

	
R

	
-

	
-




	
Perennial

	
Verbascum thapsus

	
Hierba del Paño

	
I

	
L

	
-

	
R




	
Perennial

	
Vicia magnifolia

	
Arvejilla

	
N

	
R

	
-

	
-




	
Perennial/Annual

	
Cyperus Species

	
Cortadera

	
I

	
R

	
R

	
R




	
Perennial/Climbing plant

	
Galium hypocarpium

	
Relbún

	
N

	
R

	
-

	
-








Note: S1 = Segment 1; S2 = Segment 2; S3 = Segment 3; I = Invasive; N = Native; H = High; M = Medium; L = Low; R = Rare.
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Figure 1. Study area. (A) The three studied river segments, locations of the main hydroelectric power plants, and vegetation sampling points. (B) Regional context of the basin. 
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Figure 2. Daily mean flows upstream and downstream of the study area, for Maule River at Armerillo and Maule River at Longitudinal stations, respectively. 
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Figure 3. Net percent change by segment. Note: the change percentages are indicated with respect to the beginning of each analyzed year and the last period indicates the overall change for 1989–2018. 
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Figure 4. Land cover for the middle section of the Maule River, 1985–2018. 
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Figure 5. Recorded changes in the channel corresponding in segment 1: (a) December 1985, (b) October 2020. Source: Modified from Landsat resolution 30 m and Google images. 
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Figure 6. Contributions to net change per land cover 1989–2018. 
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Figure 7. Distribution of losses and gains in vegetation cover. 
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Figure 8. Number of plant species per type. 
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Figure 9. (a) Acacia dealbata specimens in the channel in Section 3, (b) Acacia caven, in the study area. 
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Figure 10. (a) Flow exceedance probability for both periods, (b) Flow exceedance probability, with separation of the regulation period before and after 2010 (i.e., documented beginning of the drought). 
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Figure 11. Mean daily flow data correlations between the Armerillo and Longitudinal stations, for (a) the period before and (b) after the dam. 
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Figure 12. Combined land cover changes along with mean daily discharges during the entire studied period (unregulated + regulated + drought). 
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Table 1. Characteristics of the plants of the Colbún–Machicura hydroelectric complex.
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	Name
	Type of Plant
	Generation Power (MW)
	Reservoir Surface (km2)
	Storage Capacity (Million m3)





	Colbún
	Reservoir plant
	474
	46.6
	1490



	Machicura
	Reservoir plant
	95
	8
	55



	San Ignacio
	Run of river plant
	37
	-
	-



	Chiburgo
	Run of river plant
	19
	-
	-
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Table 2. Characteristics of the selected multispectral Landsat images.
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	Satellite
	Sensor
	Date
	Level of

Processing *
	Cloud Cover (%)
	Average Daily Flow (m3/s)





	Landsat 5
	TM
	9 January 1985
	L1T
	0.00
	445.0



	Landsat 4
	TM
	14 December 1989
	L1TP
	2.00
	18.10



	Landsat 5
	TM
	14 February 1998
	L1T
	13.00
	131.0



	Landsat 5
	TM
	10 February 2008
	L1TP
	1.00
	19.3



	Landsat 8
	OLI-TIRS
	25 January 2014
	L1TP
	0.56
	22.9



	Landsat 8
	OLI-TIRS
	22 December 2018
	L1TP
	4.22
	46.2







* Note: Due to the implicit level of processing of L1T (Level 1 Terrain) and L1TP (Level 1 Terrain and Precision) Landsat images, it was not necessary to apply geometric correction in the preprocessing of the images [41]. Source: Authors, with metadata from satellite images and flow information from the General Water Directorate (DGA).
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Table 3. Land cover class definitions.






Table 3. Land cover class definitions.





	Land Cover
	Description





	Water
	Bodies of water such as river branches or pools.



	Active Bars
	Bare sediment zone that is frequently flooded and is characterized by an absence of vegetation and the presence of “boulders” characteristic of the active zone of the river.



	Bare Soil
	Bare zone with more cohesive sediment cover with a greater degree of stability; infrequently flooded.



	Vegetation
	The vegetation zone in the river; includes both native vegetation and invasive plantation or wild species. They become stable zones within the channel (islands).
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Table 4. Level of presence of the identified species.






Table 4. Level of presence of the identified species.





	Level of Presence
	Description





	High (H)
	The most representative species, with presence in more than 50% of the field of vision.



	Medium (M)
	Between 50% and 30% of the field of vision.



	Low (L)
	Between 30% and 10% of the field of vision.



	Rare (R)
	Species of which only particular individuals were found.
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Table 5. Area per land cover.






Table 5. Area per land cover.





	
Segments

	
Cover

	
Area in Hectares per Year

	
% 1989–2018




	
1985

	
1989

	
1998

	
2008

	
2014

	
2018






	
Study area

	
Water

	
1015

	
518

	
468

	
373

	
267

	
204

	
−61




	
Active bars

	
1684

	
1932

	
1752

	
1752

	
1309

	
1248

	
−35




	
Bare Soil

	
657

	
1316

	
1201

	
999

	
766

	
937

	
−29




	
Vegetation

	
1277

	
866

	
1210

	
1508

	
2290

	
2242

	
+159 *




	
Segment 1

	
Water

	
302

	
144

	
60

	
87

	
61

	
35

	
−76




	
Active bars

	
468

	
446

	
633

	
615

	
618

	
613

	
+37




	
Bare soil

	
222

	
456

	
323

	
259

	
197

	
249

	
−45




	
Vegetation

	
272

	
219

	
248

	
305

	
390

	
369

	
+68




	
Segment 2

	
Water

	
328

	
141

	
74

	
86

	
38

	
37

	
−74




	
Active bars

	
571

	
736

	
656

	
557

	
437

	
356

	
−52




	
Bare soil

	
170

	
314

	
356

	
324

	
321

	
317

	
+1




	
Vegetation

	
300

	
178

	
283

	
402

	
573

	
661

	
+271




	
Segment 3

	
Water

	
384

	
232

	
334

	
200

	
169

	
133

	
−43




	
Active bars

	
645

	
750

	
463

	
579

	
253

	
280

	
−63




	
Bare soil

	
264

	
546

	
522

	
417

	
248

	
371

	
−32




	
Vegetation

	
705

	
469

	
679

	
801

	
1328

	
1213

	
+159








* Note: Due to the high flows recorded in 1985 the percent change was calculated for 1989–2018.
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Table 6. Total of native and introduced species by segment of analysis according to level of presence.






Table 6. Total of native and introduced species by segment of analysis according to level of presence.





	
Level of Presence

	
Segment 1

	
Segment 2

	
Segment 3




	
Native

	
Invasive

	
Native

	
Invasive

	
Native

	
Invasive






	
High

	
-

	
2

	
1

	
1

	
-

	
1




	
Medium

	
3

	
4

	
2

	
3

	
2

	
3




	
Low

	
5

	
4

	
-

	
2

	
2

	
4




	
Rare

	
4

	
9

	
4

	
9

	
2

	
8




	
Total

	
12

	
19

	
7

	
15

	
6

	
16
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