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Abstract

:

Reservoirs provide valuable services to human beings, especially in arid, semi-arid, and Mediterranean regions affected by water scarcity. The present effort aims to study the environmental descriptors of variation and the main factors influencing phytoplankton composition, structure, and diversity in five reservoirs in Santiago Island, Cape Verde, a region affected by water availability. Five campaigns took place from 2016 to 2020 to sample phytoplankton and measure environmental variables according to standard analytical methodologies. Environmental results (17 water physicochemical variables, air temperature, and precipitation) revealed that reservoirs differ in the geological influence variables. The high levels of P and N in water seem to be related to Land Use/Land Cover and are responsible for water-quality degradation. Cyanobacteria dominated the phytoplankton community and posed high risk levels, especially considering that the identified taxa are potential producers of different toxins. Taxa responsible for this dominance were not the same in all reservoirs, emphasizing the dominant role of local habitat factors on community composition and diversity. Overall, the results reveal the importance of defining integrated management plans/strategies for the set of five studied reservoirs, since the processes influencing variation in the phytoplankton community are temporal-scale dependent, with similar biogeographic patterns.
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1. Introduction


Dams have been used as important strategies to face water scarcity in regions where this resource needs to be stored for human development. In this situation, arid, semi-arid, and Mediterranean regions stand out since reservoirs have provided valuable services such as drinking water supplies, hydropower, and irrigation [1,2,3,4].



Phytoplankton plays an important role in maintaining the balance of reservoirs by consuming carbon dioxide and nutrients and releasing oxygen. The structure of this community is closely related to environmental factors, particularly nutrients, water temperature, and light availability [5,6,7]. Increasing water temperature gives Cyanobacteria a selective advantage over other phytoplankton groups. Therefore, monitoring and forecasting of the phytoplankton community are of great importance, especially when changes are driven by human activities, such as agriculture, livestock, wastewater, and urban runoff. In this context, phytoplankton can act as an alert proxy, indicating eutrophication levels and undesirable changes in the ecosystem. One of the best-known changes associated with eutrophication is the mass development of Cyanobacteria, which occur worldwide in many lakes, reservoirs, and rivers [8,9,10]. Dense accumulations of Cyanobacteria are commonly associated with nutrient-rich, warm ecosystems with little movement or mixing among layers [11].



Cyanobacteria are often potentially toxin-producing organisms and can compromise the use of water by putting human and animal health at risk [12,13,14]. These situations are a major concern for entities responsible for water treatment, supply systems, and health-related institutions. Additionally, some authors predict that the proliferation of toxic Cyanobacteria will occur more frequently in the future because of global warming and climate change [15,16,17,18,19]. Studies suggest that toxic Microcystis genotypes are favored over non-toxic ones at warmer temperatures [20]. Among the most prevalent cyanotoxins is Microcystin, which can be detected in planktonic genera but also in benthic Cyanobacteria [21]. In freshwater ecosystems, the most abundant and spread out Microcystin-producing genera are Microcystis, Planktothrix, and Dolichospermum [22]. Those genera are largely distributed in eutrophic waters enriched with P and N and can move along the water column of turbid and shallow water systems to uptake resuspended P from sediments [21]. Microcystins, which are encoded by the mcy cluster (microcystin synthetase), have been categorized in several cyanobacterial genera [23,24]. This cluster contains nine to ten genes, and the detection of genes from the mcy cluster usually indicates the presence of potentially toxic Cyanobacteria [21]. Concerning Nodularins, these are encoded by the ndaS gene cluster, and the projected biosynthetic pathway shares a similar structure with the mcy gene cluster [25]. Blooms of Nodularin-producing species, namely Nodularia spumigena, are mainly present during late summer, in N-reduction conditions with a low N:P ratio and high temperatures, where other phytoplanktonic species cannot grow [25,26].



In shallow eutrophic waters, particularly in tropical latitudes, Cyanobacteria are more frequent, where key drivers are the constant light and temperature conditions [27]. In these conditions, blooms persist year-round [28,29,30]. Droughts also play an important role in cyanobacterial bloom dynamics [31,32,33,34]. The absence of precipitation during drought events reduces water availability and affects multiple ecological conditions [35,36]. In fact, droughts have been reported to favor cyanobacterial dominance [32,33,34,35,36,37]. Contrariwise, extreme prolonged drought in shallow lakes may also limit Cyanobacteria due to high inorganic turbidity, in favor of mixotrophic organisms or diatoms [33,38].



The complexity of these dynamics is higher in arid environments because of the wide hydrological fluctuations brought by long-lasting droughts, combined with the high unpredictability of rainfall events, which has been aggravated due to climate change [39]. Semi-arid regions may be the most sensitive areas to global changes because of their fragile ecosystems [40]. In these regions, potential evaporation exceeds precipitation on an annual average basis, and landscapes are characterized by dry climates, low vegetation cover, high erosion, and low water infiltration capacity of the soil [40]. Therefore, understanding the environmental patterns and the drivers that regulate the structure of biological communities in reservoirs located in semi-arid regions is pivotal for the implementation of an integrated management strategy that prevents anthropogenic degradation and, consequently, consolidates ecosystem conservation, as well as human and animal health.



In Cape Verde, the problems related to water scarcity arise in a particular way. The archipelago is located 450 km from Senegal, comprising a vast region of arid and semi-arid climate that also covers the entire northwest of the African Continent, in transition to the desert climate. Until very recently, the water exploited in Santiago Island was mostly of underground origin, coming from springs, wells, and boreholes in an estimated total of 53,989 m3 per day, with springs contributing about 44%, boreholes 28%, and wells 29% [41]. The use of underground resources was close to the maximum, which imposed an urgent mobilization of means to allow the use of water from other sources, especially for agriculture activities [41]. Therefore, in 2006, the first dam was built in Cape Verde, and others soon followed, making a total of nine dams, seven of which were built on Santiago Island. The objectives of this governmental option were to increase the access to water for the irrigation of agricultural land, and the storage capacity to cope with drought periods [42].



Regarding the study of these reservoirs, there are some data on their characteristics, mostly academic studies that refer to particular aspects of the reservoirs, especially the oldest one, Poilão [42,43,44,45,46]. However, there are no comparative studies on water quality and ecological integrity that could be used to support the implementation of integrated basin management to protect these sensitive systems that are extremely vulnerable to accelerated degradation that puts public health, and ultimately water use, at risk.



In this framework, the present study aims to investigate environmental descriptors of variation and the main influencing factors on phytoplankton taxonomic composition, structure, and diversity, including cyanobacterial dominance and toxin production in five reservoirs in Santiago Island.



We tested the following hypotheses:




	
The variation in phytoplankton taxonomic composition within each reservoir is mainly governed by local environmental conditions due to the high dispersal ability of phytoplankton at small spatial scales (Santiago Island scale).



	
Phytoplankton abundance, community composition, and cyanobacterial dominance are dependent on the quantity of the water and nutrient inputs in the reservoirs.








It is expected that the obtained results will be useful to promote the protection of these strategic water reserves and highlight the need to implement Hydrographic Basin Plans in Cape Verde, promoting ecological integrity and environmental health.




2. Materials and Methods


2.1. Study Area: Regional Context


The Cape Verde archipelago is located on the eastern edge of the North Atlantic, about 450 km of the west coast of Africa, 1400 km South-southwest (SSW) of the Canary Islands, limited by parallels 17°13′ and 14°48′ of north latitude and through meridians 22°42′ and 25°22′ of west longitude. The archipelago is formed by ten islands, nine of which are inhabited, and thirteen islets, which occupy a total area of 4033 km2 and an exclusive economic zone (EEZ) that extends over approximately 700,000 km2 (Figure 1). According to data from the National Institute of Statistics (INE), Continuous Multi-Objective Survey, Body Mass Index (BMI) [47], the Cape Verde archipelago has a resident population of 549,699 inhabitants. The archipelago has a maximum elevation of 2829 m a.s.l. on Fogo Island; geologically, it is made up of sub-aerial, predominantly basaltic, emissions from lava flows and pyroclastic materials (i.e., slag, bagacin, or lapilli and ash) [48]. Therefore, soils are generally coarse textured and thin, with reduced ability to retain water. Globally, Cape Verde has an average temperature of 25 °C, presenting, like other Sahelian countries, two seasons: A dry season, from December to June, and a wet season, from August to October. July and November are considered transitional months. According to [49], more than 75% of the average annual precipitation, around 300 mm, occurs in August and September. However, the Cape Verde archipelago presents islands with a predominantly arid climate and others with a predominantly semi-arid climate. The rainy season has an average duration of 15 to 25 days in the arid areas, and 45 to 55 days in the semi-arid areas.



Santiago Island is in the southern part of the Cape Verde archipelago, between the parallels 15°20′ and 14°50′ of north latitude and the meridians 23°50′ and 23°20′ of west longitude (Figure 1b). It is the largest of the ten inhabited Cape Verde islands, with an area of 991 km2, corresponding to about 25% of the total archipelago area. Santiago Island is elongated in the NNW-SSE direction and presents rugged relief with wide and open valleys. The highest point is Pico de Antónia at 1394 m a.s.l., located in the south-central part of the island. The northern two-thirds of the island is cut by deep valleys, but in certain places (i.e., west of the city of Assomada and the center of the island) there are sloping paleotopographies that can be recognized as comprising large non-conformities covered by younger lavas [50]. Regarding data from [47], the island has an estimated population of 309,372 inhabitants, administratively distributed in nine Municipalities (Tarrafal, Santa Catarina, Santa Cruz, Praia, S. Domingos, S. Miguel, S. Salvador do Mundo, S. Lourenço dos Órgãos, and Ribeira Grande de Santiago). The rainfall follows the characteristic archipelago seasonality (an annual mean of around 300 mm), with the wet period between August and October. According to [51], the relief and far southern location of the island contribute to greater precipitation compared to other islands, and the steep slope mainly leads the superficial water flows towards the sea. Regarding vegetation (ranging from cactus at low altitudes to pampas, steppes, and grassland vegetation at higher altitudes), the Santiago Island vegetation is intrinsically linked to climatic conditions and human settlements. Thus, the current vegetation consists largely of species introduced by man and other vectors such as birds and marine currents [52]. In this context, [53] notes the importance of deliberate uses, but with a lack of control, of certain exotic species in reforestation and soil conservation actions in Cape Verde, namely Prosopis juliflora (Sw.) DC., Leucaena leucocephala (Lam.) de Wit, and Furcraea foetida (L.) Haw., which has translated into invasions of native vegetation habitats. In the case of the American Acacia (Prosopis juliflora), [53] showed that currently this species is distributed throughout the archipelago (except for São Nicolau), having been extensively planted due to its resistance to dry conditions [54].



Water scarcity and the geomorphological characteristics promoted investment from the governments of Cape Verde in the construction of infrastructure (dams), aiming to increase the availability of water for agriculture (Table 1). The first to be built was the Poilão dam, followed by the construction of six more on Santiago Island (Table 1). From these, in the framework of this study, Poilão, Saquinho, Faveta, Figueira Gorda, and Flamengos were assessed, but Salineiro and Principal dams had to be excluded because the first one retains little water due to infiltration problems and the construction of the second was not completed by the time this study was finished.



Considering the possible human influence on reservoir water characteristics, as well as local populations’ access to water and sanitation, these data were also consulted and are summarized in Table 2. The information includes data for the year 2019 on the number of inhabitants of Cape Verde and of the municipalities where the reservoirs are located, as well as data on the access to water, solid waste evacuation, and wastewater evacuation [47], differentiated by a water network connected or not connected to the public, as well as means of evacuation.



Table 2 shows that 31.0% of the Cape Verde population does not have access to piped water from the public network, especially in rural areas where this percentage reaches 42.6% of the population, with higher values for S. Miguel, S. Lourenço dos Orgãos, and especially in São Salvador do Mundo municipalities, where 84.4% of the population is not connected to the public network. Under these conditions, the population is mostly supplied by auto-tanks, public fountains, and other sources, such as boreholes, wells, and springs. Furthermore, 68.4% of the Cape Verdean population does not have a connection to the public sewer network for the evacuation of wastewater. In rural areas, the situation is more serious, with 96.7% of the population not having this connection, using rudimentary septic tanks and nature for their discharges. This situation is particularly dramatic in the municipalities of Santa Catarina, S. Lourenço dos Orgãos, and São Salvador do Mundo, with only 3.8%, 1.0%, and 1.1% of the population connected to the public sewer network. In these municipalities, septic tanks represent the main means of evacuation. However, it should be noted that the discharge directly into nature is extremely high, above 25% in rural areas, particularly in the municipalities where the five reservoirs are located. Concerning solid waste, evacuation systems include junk cars and containers, the latter being one of the main types of discharge connected to the public system (65.2% in urban areas, 46.6% in rural areas). However, the percentage of the population that is not connected to the evacuation system is very high, especially in rural areas, with emphasis on the municipalities of S. Miguel (47.3%), Santa Cruz (31.7%), Santa Catarina (62%), S. Lourenço dos Orgãos (41.9%), and S. Salvador do Mundo (43.1%). It should also be noted that in these municipalities, the percentage of solid waste that is dumped into nature/surroundings from households is high (higher than 20% in the municipalities of S. Miguel, Santa Catrina, and S. Salvador do Mundo).




2.2. Geological Units and Land Use/Land Cover Characterization of Reservoir Drainage Basins


To characterize the geological units for the five drainage basins (Figure 1a), an analysis of spatial data was carried out using the Geographic Information System (GIS), ArcGIS Software version 10.7.1 (Coordinate System: Lambert Conformal Conic 2SP; Projection: Lambert Conformal Conic; Datum: WGS 1984). Subsequently, a map of the geological units of the hydrographic basins (Figure 2) was prepared based on the Geological Map of Santiago Island at a scale of 1:100,000 [56], with the basin limits calculated through the IDECV website [51].



Similarly, the percentage of Land Use/Land Cover (LULC) in each drain basin (Figure 3) was estimated by Remote Sensing (DR) and by GIS techniques. First, the website https://earthexplorer.usgs.gov/(accessed on 29 April 2019) was used to obtain the satellite images. Then, the classification of images was conducted by analyzing the cartographic database (MDT) at the National Institute of Territory Management [57]. The classification of Landsat 5 images and the respective validation was performed using GIS modelling (ArcGIS 10.6) software, obtaining the LULC per pixel, referring to the previously defined occupation and land use classes using the maximum likelihood classification tool: Agriculture, vegetation, urban settlements, erosion area, bare soil, and agroforestry. It is noteworthy that the LULC estimation was conducted for 2018, which serves as a reference for the study period (2016–2020).




2.3. Meteorological Characterization


The meteorological data of air temperature and monthly accumulated precipitation during the study period were obtained from the five closest meteorological stations to the reservoirs, operated by the National Institute of Meteorology and Geophysics (Figure 4). Additionally, to characterize the extension of the dry period during the study period, a thermo–pluviometric diagram was prepared using the GAUSSEN method (Figure 5). This method considers dry months as those in which PPT < 2 T (PPT represents the monthly accumulated precipitation in mm and T the monthly mean air temperature in °C).




2.4. Sampling Sites and Periods


The reservoirs of Poilão, Faveta, Figueira Gorda, Saquinho, and Flamengos on Santiago Island (Figure 1a and Figure 2) were sampled from 2016 to 2020 episodically in five campaigns: June 2016, May 2017, December 2017, October 2018, and February 2020. These campaigns took place mostly in the dry season, except for October 2018, which theoretically belongs to the wet season. In fact, 2017, 2018, and 2019 correspond to three years of drought, with annual rainfall well below the average for the country.



It should be noted that (i) sampling in Flamengos only started in December 2017, at the beginning of the filling, after the completion of the dam construction; (ii) in October 2018, only Flamengos, Figueira Gorda, and Poilão were sampled, since Saquinho and Faveta were dry; (iii) for the same reason, in 2019, no sampling campaign was carried out; and (iv) since the drought in Cape Verde was extended, in February 2020, Figueira Gorda and Flamengos were sampled, with the latter only in two persistent pools (pool 1: ~30 m2, also called “big pool”; and pool 2: ~15 m2, named “small pool”), fed by groundwater.




2.5. Environmental Parameters


In each campaign, in the deepest point closest to the dam of each reservoir, an in situ water physical-chemical characterization was carried out using a TROLL 9500 PROFILER XP multi parametric probe to measure temperature (T, °C), pH, dissolved oxygen (DO, % of O2 saturation), and depth (m). Simultaneously, water samples were collected at two depths (surface and bottom), using a Van Dorn bottle (capacity of 3 L). These samples were refrigerated (at 4 °C) until transport (no longer than 3 days) in polyethylene containers to the Water Laboratory, University of Évora, Portugal for laboratory analysis. The reservoirs depth in each of the sampling periods, as an indicator of the availability of water in each of the systems, is presented in Table 1. The chemical parameters were analyzed according to standard methods [58]: Total nitrogen (TN, mg N/L), nitrates (NO3, mg N/L), ammonium (NH4, mg N/L), total phosphorus (TP, mg P/L), sodium (Na, mg/L), potassium (K, mg/L), calcium (Ca, mg/L), chlorides (Cl, mg/L), sulfates (SO4, mg/L), carbonates (CO3, mg/L), bicarbonates (HCO3, mg/L), magnesium (Mg, mg/L), and silica (SiO2 mg Si/L). Additionally, the N:P ratio was computed, with the TN and TP analyzed.




2.6. Phytoplankton


2.6.1. Phytoplankton Assemblages and Diversity


For phytoplankton analysis, at each site, a composite sample representative of the euphotic zone (calculated as 3.0 times the Secchi disk depth [59]) was conducted, using a Van Dorn bottle (capacity of 3 L) [60]. Phytoplankton samples were immediately preserved in the field with Alkaline Lugol’s solution (0.5%).



In the laboratory, phytoplankton was identified to the lowest taxonomical level using an inverted microscope (Leica DMlL, 1000× magnification) and specific bibliography [61,62,63,64,65,66,67,68]. Phytoplankton quantification was carried out with an inverted microscope using sedimentation chambers of different volumes [69]. The phytoplankton biovolume was estimated on the basis of geometrical formulas [70,71] using an average of 20–30 individuals and was expressed in mm3/L [72]. Two complementary matrices were obtained at the end of the identification process: Density and biovolume matrix.



An analysis of diversity was carried out following metrics and indexes calculated using Paleontological Statistics software (PAST v.4.03) [73]: (i) The Shannon Index (H’) [74] measures the degree of uncertainty in predicting to which taxon an individual randomly removed from the population would belong; (ii) Margalef’s diversity index (M) is a richness index that compensates the effects of sample size by dividing the number of taxa into a sample by the natural log of the number of individuals [75]; (iii) the Evenness index [76] refers to the similarity of frequencies of the taxa in a population; and (iv) the dominance index (1–Simpson’s Index) varies from 0 (with all taxa present in equal amounts) to 1. Sequentially, the total number of taxa of each sample was evaluated through the alpha diversity (α), i.e., taxa richness.



In order to evaluate how α diversity varies along the temporal gradient of the study period, and to follow the renewal or replacement of taxa over the study period, the beta diversity (β) was determined through the utilization of two different indexes The first is a dissimilarity index of β − 1 [77], which measures how much regional diversity exceeds the average α diversity, calculated by the expression   β – 1 =    (   S   α  m e d i u m      )  – 1   N – 1   ,   where S is the regional diversity (gamma diversity [γ], number of taxa in the group of reservoirs in each period), αmedium is the average α diversity for the group of reservoirs in each period, and N is the number of reservoirs in the period. The second is a similarity index (Sorensen index), which measures how much the average similarity exceeds the γ diversity, calculated by the expression   β =   2 × C     ∑  i n  S      where C corresponds to the number of common taxa and S is the regional diversity.




2.6.2. Risk Levels of Toxic Cyanobacteria Occurrence


The global and individual reservoir risk levels for each sampling period were determined according to the WHO Guidelines in Bathing Waters [78], using the Cyanobacteria cell density criterion, based on four different classes: (i) No Risk (no detection of Cyanobacteria), (ii) Low Risk (Cyanobacteria density <20,000 cells/mL), (iii) Moderate Risk (Cyanobacteria density between 20,000 cells/mL–100,000 cells/mL), and (iv) High Risk (Cyanobacteria density >100,000 cells/mL). Despite the fact that this criterion was specifically proposed for bathing waters, it constitutes a good indicator for the assessment of potential risk for animals and human exposure/contact.



To complement the risk level assessment, and due to the constant frequency of high densities of Cyanobacteria in the studied reservoirs, the presence of potentially toxin-producing Cyanobacteria and toxin-producing genes of microcystins, nodularins, and cyndrospermopsin were tested and identified using molecular biology techniques for the two last campaigns (October 2018 in Flamengos, Figueira Gorda, and Poilão reservoirs, and February 2020 in Flamengos and Figueira Gorda reservoirs).



These molecular biology techniques, such as the Real-Time Polymerase Chain Reaction (RT-PCR), were carried out after total DNA extraction using TRItidy GTM according to manufacturer indications. For the RT–PCR reaction, each well contained 1× iTaq™ universal SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA), 250 nM of each primer sequence, 0.5 µM Bovine Serum Albumin (BSA), and 1µL of template DNA, in a total of 20 µL per well. Duplicates of all samples were prepared. The Real-Time PCR procedure started with the first denaturation step at 95 °C for 5 min, followed by the second step with denaturation at 95 °C for 10 s, annealing at 58 °C for 20 s, and an elongation step at 72 °C for 30 s. This second step was repeated for 40 cycles. As the final step for the melting temperature determination, the temperature started at 65 °C and increased every 0.5 s until it reached 95 °C. The results were expressed considering the melting curves for each gene, since for each PCR product, there is a specific melting curve. Therefore, each time the denaturation peak surpasses the baseline, the result is considered positive, that is, there is the presence of the specific target gene in the respective sample [79]. The genes, amplicon size with respective melting peaks temperatures, references, and what the sequences represent for each gene are represented in Table 3. The results are represented as melting curve graphs using Bio–Rad CFX Manager software (Bio-Rad, Hercules, CA, USA).





2.7. Statistical Analysis


2.7.1. Environmental Parameters


The statistical analysis of the environmental parameters was based on a matrix of 17 variables × 32 samples. A multivariate ordination analysis was carried out to analyze the entire dataset. The ordination was made through a principal component analysis (PCA), using the software Paleontological Statistics (PAST v. 4.03) [73]. Data were previously transformed by log (x + 1), not only to bring the data closer to normality, but also to improve the recovery power of patterns and minimize the influence of the variances of each variable and of the various measurement units [85]. Prior to further data processing, a normality analysis was carried out (Shapiro–Wilk W.).



After having verified that most data vectors did not follow a normal distribution, with p values lower than the comparison factor (p = 0.05), non-parametric tests were applied (Kruskal–Wallis and Pairwise Mann–Whitney) to analyze differences among reservoirs and sampling periods. In addition to the parameters that showed significant differences, line graphs were plotted.



Statistical analyses, specifically the normality (Shapiro–Wilk W, p = 0.05), non-parametric Kruskal–Wallis (significance factor p < 0.05), and Pairwise Mann–Whitney (significance factor p < 0.05) tests, were carried out using the Microsoft Excel supplemental software Real Statistics.




2.7.2. Phytoplankton


Regarding phytoplankton data, an exploratory analysis was carried out based on the density and biovolume of phytoplankton taxonomic groups for each reservoir by sampling period. As expected, the phytoplankton data did not follow a normal distribution, since the community presented different densities per species. In this sense, a non-parametric multidimensional scaling (nMDS) ordination was applied (Bray–Curtis distance, minimum stress 0.01, Kruskal fit scheme), based on the density of the phytoplankton matrix (92 taxa × 19 samples). In addition, the differences between groups identified in the rankings were validated using a non-parametric similarity analysis (ANOSIM) [86]. This method uses the value of R to assess the difference between defined a priori groups, utilizing random permutations in the Bray–Curtis similarity matrix. In the next step, SIMPER analysis was applied to determine which species contribute the most to the differentiation of groups and which contribute to the similarity within each group [87]. nMDS, ANOSIM, and SIMPER analyses were performed using the PRIMER v. 5.2.0 program [87].



To evaluate the role of Cyanobacteria (density and biovolume) in shaping the phytoplankton community, non-parametric Spearman correlations were performed between this group and different diversity metrics/indexes: The Shannon Index (H’), Margalef’s diversity index (M), Evenness index (J), Dominance index (D), α diversity, Density (Nº), and Biovolume (Bv).




2.7.3. Relationship between Environmental Variables and Phytoplankton Descriptors


A multiple-regression analysis by the least-squares method and descending stepwise procedure was carried out to analyze the influence or relationship of the environmental variables in the phytoplankton structure (i.e., structural community metrics: Total density, Cyanobacteria density, Bacillariophyta density, Chlorophyta density, total biovolume, Cyanobacteria biovolume, Bacillariophyta biovolume, Chlorophyta biovolume, H’, M, J, D, and α diversity). In this analysis, Cryptophyta, Dinoflagellata, and Euglenophyta were discarded due to their low representation. The significance degree of the regressions was tested by an analysis of variance, using the value of F for p < 0.05 as critical. The coefficient of determination (R2) was calculated as a measure of the proportion of variance that is explained by the independent variables. Since the regression analyses assume the normality of the data, the data were transformed into log (x + 1) prior to the analysis. The multiple regression analysis was conducted using Paleontological Statistics software (PAST v.4.03).






3. Results


3.1. Geological Units and LULC Characterization


3.1.1. Characterization of Geological Units


In the drainage basins of the main rivers, where the dams are located, the geological units can be grouped from the oldest to the most recent in seven main complexes/formations [88,89] (Figure 2).



The Ancient Internal Eruptive Complex (CA) is present in the headwaters of the Ribeira de Boaventura and Ribeira de Picos basins and in the middle zone of the Ribeira do Charco basin following this stream to the mouth (Figure 2). This geological unit represents the substratum of the island, corresponding to the oldest formation that emerges due to the current level of erosion of the island, and constitutes the base of all other formations. It is characterized by the existence of a dense network of very altered lodes, being almost impossible to individualize in many of the spots.



The Flamengos Formation (FF) comprises the Flamengos, Boaventura, and Picos basins. It follows the Flamengos and Boaventura streams from the source to the mouth and a large part of the middle section of the Picos stream and its basin. This formation corresponds to a very extensive and uniform underwater volcanic sequence, consisting of mantles, breccias, and underwater pyroclasts, with great uniformity and extension. The Flamengos formation is exposed by erosion in deep valleys in the center of the island, and lavas dip 20°–30° to the northeast.



The Pico da Antónia Eruptive Complex (PA) extends to the more southern basins (Ribeira Seca and Ribeira de Picos), occupying the northern part of the Flamengos basin and the areas furthest away from the Picos stream. Although it has little expression, it is also present in the Charco Basin in the central zone embedded in CA. The PA outcrops are responsible for the highest elevations and structural platforms on the island of Santiago. This complex includes pyroclastic products with explosive and effusive activities, and sub-air and sub-sea lavas. The lava mafic rocks of the PA are ultrabasic alkaline comprising basanites, melanephelinites, and nephelinites.



The Assomada Formation (AF) occupies the Charco stream basin, although its presence is residual in the headwater of Flamengos, Boaventura, and Picos basins. It is an eruptive formation made up of mantles, drainages, and basaltic pyroclasts, originating from an exclusively subaerial activity. The lavas constitute extensive, almost horizontal flows that reach the coast, having flowed to the west, creating an angular disagreement (~10°–12°) with the outflows of the PA.



The Monte das Vacas Formation (MV) is mainly present in the Ribeira do Charco basin, on the northern and southern borders of the upper part of the basin. It is also present in a small spot at the southern border of the Boaventura river basin (in the upper zone). This geological formation consists of a few dozen basaltic pyroclast cones (tufts, bagasse, bombs, and slag) and some small associated layers or drains. Originally the pyroclastic materials are black in color, but on the Island of Santiago, they have a reddish-brown color due to very advanced alteration.



The Recent Sedimentary Deposits (RC) follow the course of the main streams in each of the basins, especially in the downstream sections of the dams up to the mouth. The sedimentary formations (of the Quaternary age) constitute old alluviums in almost all the streams, currently forming terraces (gravel deposits) that are being progressively destroyed. There are also slope deposits, sometimes very thick and vast, as well as flood deposits and recent river alluvium, forming floodplains that are sometimes very extensive. There are also sands and pebbles on the beach in the terminal section of the streams.



The Orgãos Formation (OF), in the Ribeira Seca basin, occupies the central area of the basin closest to the main river. It is also present in a small spot at the southern part of the Charco stream basin. This formation corresponds to a brechoid conglomerate formed by elements of various dimensions, and it marks a long period of relative calm in the eruptive activity and probably a humid climate favorable to intense water erosion.




3.1.2. LULC Characterization


The five drainage basins of the main rivers where the dams are located have similar LULC occupation patterns (Figure 3), the most representative being the erosion areas and urban settlements. Erosion dominates Flamengos and Figueira Gorda basins (74.3% and 75.2%, respectively), followed by Poilão (51.5%), Faveta (46.4%), and Saquinho (40.4%). On the contrary, urban settlements were more common in Saquinho (58.2%) and Faveta (44.7%) and lower in Flamengos and Figueira Gorda basins (19.5%). The other classes present insignificant occupations. Even so, Poilão and Faveta basins stand out with higher natural vegetation cover (10.3% and 5.2%, respectively) and agriculture (7.1% and 3.6%, respectively).





3.2. Meteorological Characterization


The difference in the monthly accumulated precipitation between 2016 and the following three years (2017–2019) is evident, with special emphasis on September (241.31 mm) and November (average of the five meteorological stations = 125.21 mm) (Figure 4). In 2016, the total precipitation average was 507.95 mm, much higher than the 30-year average climatic value of 300 mm for the island. However, the situation for the following three years is reversed, with the average annual precipitation less than 300 mm (i.e., 198.88 mm in 2017, 120.44 mm in 2018, and 217.4 mm in 2019). 2018 was particularly dry, especially in the Faveta, Saquinho, and Poilão areas, with total annual precipitation of 68.49 mm, 69.48 mm, and 73.24 mm, respectively. The air temperature presents a similar annual pattern over the four years, with higher temperatures in September and October (28.2 °C and 27.3 °C, respectively).



In the thermal-pluviometric diagram (2016–2020 period). the precipitation greatly exceeds the temperature in September, and only slightly in November, therefore only September and November can be considered wet (Figure 5). Great inter-annual variability was observed, with emphasis on the wet year of 2016, which increased the average precipitation value, especially for September.




3.3. Environmental Parameters: Spatial and Temporal Patterns


3.3.1. Global Trends


The results of the PCA for the first two axes (Figure 6) present eigenvalues of 4.72 and 2.85, respectively, which correspond to an accumulated variance of 44.51%. The first axis explains 27.76% of the total variance and presents a temporal connotation. It opposes the samplings carried out in June and May, mainly at the surface (positive side), to the samplings carried out in October and December, with higher precipitation (PPT). The parameters responsible for this ordination were, for the negative side, HCO3, TN, NH4-N, PPT, and Ca; for the positive side, they were CO3, Na, DO, K, and SO4. Note that the samples with higher scores on the negative side are from the bottom, which can be explained by the higher values of HCO3, TN, and NH4-N, where the effects of precipitation on the input of organic nutrients from the basins are visible. The second axis (16.76% of the total variance) split the samples collected in Saquinho reservoir on the negative side. Moreover, the negative part of the axis contained the Poilão reservoir sampled in October, characterized by higher values of DO, pH, and TP, in opposition to the samples with higher values of Mg, Cl, Si, and Na, mainly from February and December (positive scores on the axis).




3.3.2. Spatial Patterns


The results of Kruskal–Wallis tests showed differences among reservoirs only for Ca (p < 0.05), Mg (p < 0.01), Cl (p < 0.01), and SO4 (p < 0.01) (Figure 7). Pairwise Mann–Whitney comparison tests showed that Saquinho presented significantly lower Ca values than Figueira Gorda (p < 0.05). For Mg, Saquinho exhibited significantly lower values than all the other reservoirs, (Flamengos (p < 0.05), Figueira Gorda (p < 0.01), Faveta (p < 0.05), and Poilão (p < 0.01)). A similar pattern was observed for Cl, with significantly lower values in Saquinho ((Flamengos (p < 0.05), Figueira Gorda (p < 0.01), and Faveta (p < 0.01)), except for Poilão, with no significant differences due to reduced values detected in October 2018. For this same parameter, the Pairwise Mann–Whitney comparison test also revealed significant differences between Figueira Gorda and Faveta reservoirs (p < 0.01). Again, for SO4, Saquinho was significantly different from all the others (Flamengos, p < 0.05; Faveta, p < 0.01; and Poilão p < 0.01), with lower concentrations (exception for Figueira Gorda, with no significant differences due to reduced values detected in October 2018, 0.073 mg SO4/L, and in December 2020, 14.0 mg SO4/L). Additionally, for SO4, Flamengos was significantly different from Faveta (p < 0.05) and Poilão (p < 0.05), and Figueira Gorda was significantly different from Faveta (p < 0.05) and Poilão (p < 0.05), both due to comparatively lower values.




3.3.3. Temporal Patterns


Figure 8 shows the temporal evolution of the physicochemical parameters that significantly differentiated the five campaigns through the application of Kruskal–Wallis tests (K, p < 0.001; HCO3, p < 0.01; TN, p < 0.001; NO3-N, p < 0.001; TP, p < 0.001; and N:P, p < 0.05). For K, June 2016 and May 2017 do not differ from each other, but are significantly higher than December 2017 (p < 0.05) and October 2018 (p < 0.01). In turn, December 2017 and October 2018 do not differ from each other but are significantly lower than February 2020 (p < 0.01 and p < 0.05, respectively). For HCO3, June 2016 is significantly lower than December 2017 (p < 0.05), October 2018 (p < 0.01), and February 2020 (p < 0.05). In turn, May 2017 is significantly lower than October 2018 (p < 0.05), and December 2017 is significantly lower than October 2018 (p < 0.05). In February 2020, there was a larger variability in the magnitude of the data vector (min = 0.0 mg HCO3/L, max = 506.1 mg HCO3/L), and consequently did not differ from any of the other samplings. For NO3-N, June 2016 is significantly lower than May 2017 (p < 0.05), December 2017 (p < 0.001), and October 2018 (p < 001). Sequentially, May 2017 differs from December 2017 (p < 0.05) and October 2018 (p < 0.01), and December 2017 is significantly different from October 2018 (p < 0.01). Similarly, in February 2020, there is greater variation in the data vector (min = 0.043 NO3 mg N/L, max = 506.1 NO3 mg N/L), although not differing from the other sampling campaigns.



For TN, there was a slight increase from June 2016 to December 2017, like that observed for NO3-N. Only June 2016 is significantly lower than May 2017 (p < 0.01), December 2017 (p < 0.001), and October 2018 (p < 0.01). Contrary to the other parameters, TP showed the greatest magnitude of variation in June 2016. However, the detected concentrations were significantly lower in May 2017 (p < 0.01) and December 2017 (p < 0.001). In turn, May 2017 is significantly lower than October 2018 (p < 0.05), and December 2017 is significantly lower than October 2018 (p < 0.01) and February 2020 (p < 0.01). Lastly, October 2018 is significantly higher than February 2020 (p < 0.05). For this parameter, it is important to note that mean values (mean = 1.01 mg P/L and median = 0.45 mg P/L) were very high, well above the maximum recommended value (0.2 mg P/L) by Cape Verdean legislation and above the limit that classifies the systems as eutrophic (0.035 mg P/L). Except for the sampling carried out in December 2017 in the bottom of Flamengos reservoir (0.029 mg P/L), the remaining samples showed concentrations above the eutrophication limit, consequently favorable to primary productivity. The N:P ratio consistently presented very low values for all samples in June 2016 (below 1.4), significantly different from May 2017 (p < 0.01), December 2017 (p < 0.001), October 2018 (p < 0.01), and February 2020 (p < 0.05). In May and December 2017, the N:P values were higher and significantly different (p < 0.05) from the remaining campaigns. In October 2018, the N:P ratio decreased, being significantly different from June 2016 (p < 0.01), May 2017 (p < 0.05), and December 2017 (p < 0.01). February 2020 presented higher variability among sampled reservoirs, only being significantly different from June 2016.





3.4. Phytoplankton


3.4.1. Phytoplankton Assemblages and Diversity


A total of 92 taxa were identified in the dataset (Table S1), from which 46 were present only in one sample and 13 in two samples. These 92 taxa are distributed in 62 genera, from which 17 are Bacillariophyta, 41 are Chlorophyta, 6 are Cryptophyta, 23 are Cyanobacteria, 2 are Dinoflagellata, and 3 are Euglenophyta. Most of the genera comprise only one to three taxa, except for the Chlorophyte genera Scenedesmus (seven taxa), Monoraphidium (seven taxa), and Coelastrum (five taxa), and for the Cryptophyte genus Cryptomonas (four taxa). Taxa with the highest relative frequencies were in Chlorophyta, Tetraedron minimum (A.Braun) Hansgirg (identified in 73.68% of the samples) and Scenedesmus communis E.Hegewald (47.37%); in Cryptophyta, Cryptomonas erosa Ehrenberg (63.16%); in Cyanobacteria, Aphanizomenon sp. (42.11%) and Merismopedia tenuissima Lemmermann (42.11%); and in Dinoflagellata, Peridinium sp. (42.11%).



Thirty taxa presented bloom densities (>2000 cells/mL), specifically 2 Bacillariophyta (Aulacoseira granulata (Ehrenberg) Simonsen and Cyclotella sp.), 9 Chlorophyta (Coelastrum astroideum De Notaris, Crucigenia tetrapedia (Kirchner) Kuntze, Kirchneriella sp., Monoraphidium contortum (Thuret) Komárková-Legnerová, Monoraphidium komarkovae Nygaard, Muriellopsis sp., Nephrochlamys sp., Tetraedron minimum (A.Braun) Hansgirg, and Ulothrix sp.), 4 Cryptophyta (Cryptomonas curvata Ehrenberg, C. erosa Ehrenberg, C. ovata Ehrenberg, and Komma caudata (L.Geitler) D.R.A.Hill), and 15 Cyanobacteria (Anabaena sp., Anabaenopsis sp., Aphanizomenon aphanizomenoides (Forti) Hortobágyi & Komárek, A. manguinii Bourrelly, Aphanizomenon sp., Coelosphaerium sp., Cuspidothrix sp., Leptolyngbya sp., Merismopedia tenuissima Lemmermann, Microcystis sp., Oscillatoria limosa C. Agardh ex Gomont, Phormidium sp., Planktolyngbya limnetica (Lemmermann) Komárková-Legnerová & Cronberg, Planktolyngbya sp., and Raphidiopsis sp.).



The relative abundance of phytoplankton group density for all the studied sites showed the dominance of Cyanobacteria in most samples. Exceptions were Figueira Gorda in June 2016, Saquinho and Faveta in December 2017, Poilão in October 2018, and both pools from Flamengos sampled in February 2020 (Figure 9a). With consistent dominance, May 2017 stands out, where Cyanobacteria showed a relative abundance ~100% in all reservoirs, due to blooms of different taxa.



Thus, in Faveta, the dominance is due to two taxa, Aphanizomenon aphanizomenoides (100,923 cells/mL) and Planktolyngbya sp. (295,560 cells/mL). In Figueira Gorda, it is also due to two taxa, Aphanizomenon manguinii (939,863 cells/mL) and Microcystis sp. (413,511 cells/mL). In Poilão, it is due to a bloom of Aphanizomenon sp. (62,937 cells/mL). In Saquinho, it is due to three taxa, Anabaenopsis sp. (160,021 cell/mL), Microcystis sp. (5,183,352 cells/mL), and Phormidium sp. (28,700 cells/mL). Although less frequently, the dominance of other taxonomic groups was observed, namely Chlorophyta in Figueira Gorda in May 2016, in Faveta in December 2017, and Poilão in October 2018, with blooms of Tetraedron minimum (16,627 cells/mL), Muriellopsis sp. (27,282 cells/mL), and Coelastrum astroideum (20,818 cells/mL). Regarding Bacillariophyta, although present in low numbers in most samples, they were dominant in Saquinho in December 2017 through two taxa, Aulacoseira granulata (8726 cells/mL) and Cyclotella sp. (17,497 cells/mL). The Cryptophyta, Dinoflagellata, and Euglenophyta were present in low abundances, contributing only slightly to the overall productivity of the studied systems.



Cryptophyta and Dinoflagellates gain relevance when relative biovolume is considered (Figure 9b). Cryptophyta stands out in Saquinho in June 2016 (32.2%) and December 2017 (22.2%), and in Faveta in December 2017 (76.1%); and Dinoflagellates in June 2016 in Figueira Gorda (15.7%), Faveta (22.8%), and especially in Poilão (63.5%). For Chlorophytes, the situation also changes, especially in Flamengos in December 2017 (78.5%). The Bacillariophyta also assume higher relative biovolume, with special emphasis on the pools in Flamengos, February 2020 (pool 1, 81.4%; pool 2, 93.5%). Euglenophytes, although never dominant in the phytoplankton community, gain relevance, especially in pool 1 (“big pool”) in Flamengos in February 2020 (16.8%).



The nMDS analysis (Figure 10) presented a stress level of 0.18, below the limit of 0.2 for a potentially useful 2D representation. This 2D ordination revealed that phytoplankton samples are not grouped by reservoirs (Figure 10a), a result also confirmed by ANOSIM with no significant differences detected (Global R = 0.074) (Table S2). Contrariwise, samples are grouped by months (Figure 10b). This result was further confirmed by ANOSIM (R = 0.556, p < 0.001) (Table S2), revealing significant differences despite the low average similarity within months (between 8.57% and 0.26%), indicating that the detected difference among months is not very robust. Moreover, no significant differences were identified between June 2016/May 2017, and December 2017/June 2016.



The SIMPER analysis for the sampling months revealed that Tetraedron minimum (Chlorophyte) and Raphidiopsis sp. (Cyanobacterium) were indicators for June 2016, despite the low average similarity value (Table S3). Tetraedron minimum, which contributed 88.65% to the similarity of the group, was present in the Faveta, Figueira Gorda, and Poilão reservoirs. Raphidiopsis sp. (3.4% contribution to similarity) was only present in the Figueira Gorda and Poilão reservoirs. The Cyanobacteria Aphanizomenon aphanizomenoides, Planktolyngbya sp., and Microcystis sp. were indicators for May 2017, with very high abundances. The first two taxa were present in Faveta and Poilão reservoirs with concentrations of high and moderate risk levels (see 3.4.2 Risk Levels of Toxic Cyanobacteria Occurrence). Microcystis sp. was present in Figueira Gorda and Saquinho reservoirs, also with very high levels (i.e., high risk to human health, >100,000 cells/mL). May 2017 is separated from the other months only by Cyanobacteria taxa. Planktolyngbya limnetica, which contributed 72.2% to the similarity average of December 2017, and was present in Faveta, Figueira Gorda, Saquinho, and Flamengos. The second indicator taxon for this sampling month was Cryptomonas erosa (13.81%), a Cryptophyte present in all the reservoirs. Aphanizomenon sp. was also an indicator in December 2017, despite its low contribution to the similarity of the group (7.1%). For October 2018, similarity is attributed to Scenedesmus communis E.Hegewald, Coelastrum astroideum, and Scenedesmus acutus Meyen (Chlorophyta). February 2020 is characterized by a greater number of indicator taxa, namely, one Cyanobacterium (Planktolyngbya sp.) and five Bacillariophyta (i.e., Navicula veneta Kützing, Caloneis bacillum (Grunow) Cleve, Nitzschia palea (Kützing) W.Smith, Eolimna subminuscula (Manguin) Gerd Moser, Lange-Bertalot & Metzeltin, and Tryblionella apiculata W.Gregory). In fact, February 2020 corresponds to a period of extreme drought; Faveta, Poilão, and Saquinho reservoirs were dry, Figueira Gorda had very little water (less than 4 m depth), and the Flamengos reservoir was also dry, with the exception of the two pools fed by groundwater. In these systems, the total density was much lower than that detected in previous months (3079 cells/mL in Figueira Gorda, 3067 cells/mL in pool 1 “big pool” and 1614 cells/mL in pool 2 “small pool”), and the community had fewer Cyanobacteria and a great diversity of Bacillariophyta, with special emphasis on Navicula veneta, Caloneis bacillum, and Eolimna subminuscula, present in the three sampling sites (Table S3). It should also be noted that the average similarity of the indicator taxa was very low, which shows little robustness in the individualization of months.



Descriptive statistics of different phytoplankton diversity metrics and indexes calculated for the studied reservoirs are presented in Table 4.



Overall, no significant differences were obtained among reservoirs and sampling months for phytoplankton diversity metrics/indexes. In fact, the median for α diversity is similar among reservoirs (Table 4). In Figure 11, Figueira Gorda sampled in October 2018 stands out with the lowest α diversity, as does Saquinho in December 2017 with the highest value. This was also the reservoir that showed the highest average density (median = 5,372,280 cells/mL) (Table 4). H’ showed very low values for all reservoirs (Table 4), and the highest value was observed in February 2020 in an extreme drought situation. The same pattern was observed for M, with the highest value recorded in Saquinho in December 2017. Noteworthy are the extremely high D and low J values observed in the Saquinho in May 2017, in a situation with a relative abundance of Cyanobacteria close to 100%. No strong correlations were found between different diversity metrics/indexes and environmental variables. However, M showed a positive correlation with Ca (r = 0.599, p < 0.01). D presented negative correlations with Ca (r = −0.47, p < 0.05), SO4 (r = −0.470, p < 0.05), and HCO3- (r = −0.476, p < 0.05). Complementarily, J revealed a positive correlation with HCO3- (r = 0.526, p < 0.05) and a negative correlation with CO3 (r = −0.483, p < 0.05). Evenness J also showed a positive correlation with Total P (r = 0.475, p < 0.05). In turn, N presented a negative correlation with Total P (r = −0.49, p < 0.05) and HCO3- (r = −0.582, p < 0.01).



The α diversity and β diversity throughout the study period are presented in Figure 11. The Sorensen β diversity and β-1 diversity show an inverse evolution pattern, related to their characteristics (β diversity is a similarity index [77] while β − 1 diversity is a dissimilarity index). May 2017 and October 2018 are the months with the most distinct communities, evident in the similarity index values for both months and the dissimilarity index value for October 2018. It should be noted that October corresponds to the wet period, where the effect of precipitation (albeit reduced), together with the high temperatures recorded (27.3 °C average value), may have contributed to the differentiation of communities among reservoirs. In fact, the phytoplankton communities of Figueira Gorda and Flamengos were dominated by Cyanobacteria (99.90% and 98.52%, respectively), while in Poilão, the phytoplankton was dominated by chlorophytes (92.0%). December 2017 also presented lower similarity (measured by the Sorensen index), given the higher value of α diversity recorded in the Saquinho reservoir (24 taxa).



The γ diversity, presented in Figure 12, reveals that Bacillariophyta, Chlorophta, Cryptophyta, Cyanobacteria, and Euglenophyta were present in all samples (although with different diversities), which was not observed for Dinoflagellata (absent in the samples of October 2017 and February 2020). Chlorophyta is the most represented group, followed by Cyanobacteria with the exception of February 2020, with greater representation of Bacillariophyta. The highest γ diversity was detected in December 2017, related to the highest representativeness of Chlorophyta, whilst the lowest values were detected in February 2020.




3.4.2. Risk Levels of Toxic Cyanobacteria Occurrence


The Cyanobacteria taxa present in each reservoir, as well as their cell density and the relative abundance for the month of occurrence, are presented on Table S4.



In all reservoirs, bloom densities (above 2000 cells/mL) were detected. Aphanizomenon sp. appeared in a bloom situation in 26.3% of the total samples; Microcystis sp. and Planktolyngbya limnetica shaped blooms in 21% of samplings. With a relative frequency of 15.7%, Aphanizomenon aphanizomenoides, A. manguinii, and Planktolyngbya sp stand out; Raphidiopsis sp. was present twice in a bloom situation; and those with a bloom in a single sample are Anabaena sp., Anabaenopsis sp., Coelosphaerium sp., Cuspidothrix sp., Leptolyngbya sp., Merismopedia tenuissima, Oscillatoria limosa, Phormidium sp., and Planktothrix agardhii (Gomont) Anagnostidis & Komárek.



Additionally noteworthy are certain taxa that were present with a relative abundance greater than 50% and extremely high densities (above or close to 100,000 cells/mL): Aphanizomenon aphanizomenoides (Faveta in June 2016, Poilão in May 2017), A. manguinii (Figueira Gorda October 2018), Coelosphaerium sp. (Flamengos in October 2018), Cuspidothrix sp. (Poilão in December 2017), Planktolyngbya limnetica (Saquinho in December 2017), Planktolyngbya sp. (Faveta in May 2017, Figueira Gorda in December 2020), and Microcystis sp. (Figueira Gorda in December 2018, Saquinho in June 2016 and May 2017).



Additionally, the significant correlations obtained between Cyanobacteria (both in terms of cells density and biovolume) and diversity metrics/indexes are indicators of the global dominance of these organisms (Table 5). Except for α diversity (S), all the other metrics and indexes showed significant correlations, positive with D (both for Cyanobacteria N and Bv) and obviously negative with H’ M (this one only Cyanobacteria N), and J.



According to the cyanobacteria cell-based criterion [78], all reservoirs presented a risk level, with more than 50% of samples carried out in a high-risk situation (Figure 13a). Moderate risk was only detected in Figueira Gorda and Poilão, with all reservoirs showing at least one sampling carried out in a low-risk situation. Flamengos was the only reservoir that presented a single no-risk situation.



Regarding the sampling periods (Figure 13b), May 2017 and February 2020 stand out from the rest. In May 2017, all the samplings were realized in a high-risk situation (above 100,000 cells/mL). February corresponds to the period with lower risk conditions, integrating the sampling carried out in pool 2 “small pool”, with no cyanobacteria.



Melting curve analyses for each reservoir and different target genes (see Table 3) are presented in Figure 14. For Flamengos (a), both in October 2018 and in small pool 2 in February 2020, the melting curves surpass the baseline, indicating that the presence of Cyanobacteria was detected (a1). Nevertheless, none of the other toxin-producing genes were detected in either October 2018 or February 2020. For Figueira Gorda, the presence of Cyanobacteria was detected in October 2018 and February 2020 (b1). On the contrary, in Poilão, none of the target genes were detected (c1–c5). In Figueira Gorda, sampled in October 2018, all the target genes responsible for the presence of Cyanobacteria and toxin-producing genes such as Microcystins, Nodularins, and Cylindrospermopin (b1–b5) were present. In the same reservoir, in February 2020, the presence of Cyanobacteria was detected, as well as the presence of toxin-producing genes of Microcystins, Nodularins, and one gene responsible for cylindrospermopsin production (Polyketide synthetase).




3.4.3. Relationship between Environmental Variables and Phytoplankton Descriptors


Of all the phytoplankton metrics, multiple regression models with environmental descriptors were only found for the total biovolume, Bacillariophyta, Chlorophyta, and Cyanobacteria densities (Table 6). The total biovolume was related to geological influence variables (Na, Mg, and HCO3), T, and NO3-N. The density of Bacillariophyta was negatively related to CO3 and PPT. The density of Chlorophyta seems to also be dependent on geological influence variables (K and HCO3) as well as on nitrogen (TN and NH4-N), showing a negative relationship, probably due to their assimilation and transfer to the algal biomass. The density of Cyanobacteria was related to Na (geological influence) and TP (although negatively due to its assimilation), with a high coefficient of determination (R2 = 0.71). It should be noted that the coefficients of determination were relatively high (greater than 0.50), especially for the total biovolume and density of Cyanobacteria. The lower coefficients of determination observed in the models for Bacillaryophyta and Chlorophyta, and the non-existence of significant models for the other phytoplankton metrics, can be related to the fact that the analyzed environmental parameters do not constitute the only determinant or explanatory descriptors of the phytoplankton.






4. Discussion


4.1. Environmental Parameters: Spatial and Temporal Patterns


The physicochemical results revealed that the reservoirs differed significantly only for the predominantly geological influencing variables (Ca, Mg, Cl, SO4), and that the Saquinho reservoir tended to have lower concentrations of Ca, Mg, Cl, and SO4. This reservoir is in the middle zone of the Charco stream, under the geological influence of the Assomada Formation, made up of mantles, drainages, and basaltic pyroclasts, comparatively poorer in mineral elements than the other geological units where the other reservoirs are located [90]. Some authors refer to the relevance of natural geological and biological processes as sources of nutrients to aquatic ecosystems [91,92,93,94], adding that catchment water quality varies spatially with geology and soils [95].



The reservoirs were not different according to organic variables, which can be explained by the high concentrations of P and N recorded in the five reservoirs above the Cape Verdean legislation and the limit that classifies the systems as eutrophic. The high levels of P and N in the water seem to be mainly due to the LULC, understood to be responsible for water quality degradation by several authors [96,97,98,99,100]. In the study basins, the high levels of P and N may be mainly attributed to the large occupation of erosion areas (to which semi-arid lands are highly susceptible) and urban settlements [101,102,103].



The torrential precipitation regime can transport large quantities of sediment, especially when the cover needed to protect the soil from wind and water erosion is not complete, characterizing source-limited denudation, with more material transported than detached in an erosion scenario [104]. This erosion hazard during drought events can increase with prolonged grazing pressure, reducing the plant cover [102,105,106,107]. Noteworthy are the Flamengos and Figueira Gorda reservoirs with more than 70% erosion areas, and Saquinho, Faveta, and Poilão, with urban settlements representing more than 30%. On the other hand, in the municipalities where the reservoirs are located, most of the population is not connected to the public sewer network nor to the evacuation system of solid wastes. Consequently, the water in the reservoirs reflects this situation, which is aggravated in wet periods due to the torrential regime of precipitation. This observation is evident for TP, which tended to have higher concentrations in June 2016 and October 2018, with a consequent decrease in the N:P ratio. Although June corresponds to the dry period, 2016 was classified as a wet year, which may be related to the higher concentration of TP in the water and also to the greater variation in the data vector, since precipitation varies regionally. Consequently, the respective erosion and nutrient input, resulting from the torrential precipitation regime in a source-limited denudation situation characteristic of semi-arid regions [103,104,105,106,107,108], is also variable. October 2018, in turn corresponding to the wet period and the highest TP concentration detected (also coinciding with consistently lower N:P values), may also be related to the external input resulting from soil erosion and the carryover from waste solids and effluents produced in the basin.



A similar pattern is not, however, detected for TN and NO3-N, with an increasing trend from June 2016 to December 2017 and a decrease in October 2018. In October 2018, coinciding with lower NO3-N concentrations, a bloom of Aphanizomenon manguinii (N2-fixing taxa) was recorded in Figueira Gorda. On the contrary, in Flamegos, a bloom of Coelosphaerium sp. (non-N2-fixing Cyanobacteria) was identified, and Chlorophyte blooms were registered in Poilão (Coelastrum astroideum), which globally, may have contributed to a decrease in NO3-N and TN available in the water in these two reservoirs.



The temporal dynamics were mainly dictated by precipitation, which showed a large variation over the studied period, being inversely related to the temperature, which evidenced a similar annual pattern (Figure 4). 2016 corresponded to a wet year followed by three extremely dry years (2017, 2018, and 2019). It should be noted that in 2018, the Saquinho, Faveta, and Poilão reservoirs were completely dry, and in February 2020, the Flamengos reservoir only presented water in two remaining pools, dug by the local population to extract water from underground sources. In this transported-limited situation, with more material detached than carried way (sensus Ahnert, 1998), the available P released from sediments could be quickly absorbed by the phytoplankton, which can be inferred from the low N:P ratio values detected in the Figueira Gorda reservoir and in the small pool of the Flamengos reservoir.



Overall, the physicochemical variables that significantly differentiated the sampling campaigns, with higher values in February 2020 (peak of drought) in Flamengos (big pool), were HCO3, due to the influence of groundwater, and TN and NO3-N, due to the organic contamination of waste, resulting from its use by the population. In the dry period, it is common practice in Cape Verde for the local population to invade dry areas within the reservoirs and practice subsistence agriculture. This fact was verified in Poilão, Faveta, Figueira Gorda, and Flamengos reservoirs.



The PCA analysis did not differentiate the reservoirs for the overall environmental variables, which is in agreement with the results of the Kruskal–Wallis tests (i.e., reservoirs only differed due to their geological characteristics), revealing no significant differences for organic pressure indicator variables. Both axes presented temporal significance. The first axis differentiated the samplings according to rainfall and the parameters that may have entered the systems from the drainage basins (TN and NH4-N). The second axis separated Saquinho from the other reservoirs, due to the different geological characteristics of the basin. It should be noted that over the study period, the water depth and the availability of water in the reservoirs were decreasing, which is why no separation was detected between surface and bottom samplings.




4.2. Phytoplankton


4.2.1. Phytoplankton Assemblages and Diversity


Considering the level of eutrophication registered, the preponderance of Cyanobacteria in all reservoirs is not surprising, since one of the most visible and the well-known changes associated with eutrophication is the mass development of these organisms [109,110,111,112,113,114]. Cyanobacteria emerged with very high densities, dominating the phytoplankton community globally for the five reservoirs in May 2017. However, the taxa responsible for this dominance were not the same in all reservoirs, particularly for May 2017 but also for the other sampling periods. An observation that can be explained in light of the metacommunity ecology, which addresses local communities as sets of habitat patches interconnected by dispersal processes [115,116], is focused on how and to what extent organisms drive the structure of these metacommunities , emphasizing the dominant role of local habitat factors on community composition and biodiversity [110,117,118].



Less frequently, taxa belonging to other algal groups were also dominant, particularly Chlorophyta and Bacillaryophyta. In terms of biovolumes, other groups gained relevance, particularly the Cryptophyta, specifically in Faveta in December 2017 where they were dominant.



nMDS and ANOSIM analyses showed that phytoplankton is not grouped by reservoirs, with a more consistent grouping for the sampling periods. However, the average of similarity within months was low, which indicates slight internal cohesion, explained by the variability of the dominant taxa within reservoirs. Similarly, the SIMPER analysis, used to identify characteristic taxa of the groups validated by ANOSIM (i.e., sampling months), showed low average similarity values, which reveals little robustness of these taxa indications. In other words, although there are differences among sampling months, the resulting temporal succession is not very strong, which is probably due to the drought in 2017, 2018, and 2019 that tended to homogenize communities [119,120]. In June 2016, with greater water availability, the indicator taxon was Chlorophyta (Tetraedron minimum), which bloomed in the Faveta, Figueira Gorda, and Poilão reservoirs; in May 2017, the indicator taxa were only Cyanobacteria, given the dominance of this group in all reservoirs. Again, in the wet period (October 2018), the indicator taxa were all Chlorophytes, which in some reservoirs were also blooming. The rainfall seems to have contributed to the community structure change in some reservoirs, breaking the dominance of Cyanobacteria. On the contrary, during the peak of the drought (February 2020), Bacillaryophyta in the two pools fed by groundwater (located inside Flamengos reservoir) stood out as dominant. In this context, [110] found that the influence of eutrophication on phytoplankton is dependent on system size and that differences in the dynamics of key species and community composition are to be expected.



Strong correlations between the different diversity metrics/indexes and environmental variables were not detected. However, some correlations with geological influence variables stood out (Ca, SO4, HCO3, and CO3), which basically differentiate Saquinho, located on a distinct geological unit (Assomada Formation, AF), from the other reservoirs. The positive correlation between J and the phytoplankton density and the negative correlation between the phytoplankton density and TP were also highlighted. The influence of TP in the distribution of species can be explained by its rapid assimilation in bloom situations, consequently presenting a negative correlation with phytoplankton density, despite the high levels of TP concentrations above 0.035 mg/L (the limit of eutrophication). This means that even in situations with high N:P ratios, TP does not limit the phytoplankton development (only in December 2017 in the bottom of Flamengos reservoir, the TP concentration was lower than 0.035 mg/L).



The two β-diversity indexes emphasize complementary aspects in the succession of taxa over time and are important for understanding the temporal dynamics in a universe that progressively lost representation due to extreme drought. Both indices highlight October as the period that showed more distinct communities, probably related to the higher TP concentration from the basin, owing to the influence of precipitation. In fact, the phytoplankton assemblages of Figueira Gorda and Flamengos were dominated by Cyanobacteria, while in Poilão, phytoplankton was dominated by chlorophytes. The Sorensen index also shows greater similarity in May 2017, which is mainly due to the dominance of Cyanobacteria in all reservoirs with a high percentage of common taxa among reservoirs. In accordance with a β-diversity concept [121], species turnover implies the replacement of species as a consequence of environmental changing, and systems with high β diversities usually have a higher conservation value [122]. The wet period causes a change in the community, which is reflected differently in each reservoir (great dissimilarity), being fundamental for a renewal of the community structure. The γ diversity was utilized to measure reservoir phytoplankton richness at the Santiago Island macro-scale [123]. Our findings point to Chlorophytes having the greatest taxonomic richness in all periods, apart from February 2020, when Bacillariophyta was dominant in the community. The preponderance of Chlorophytes richness is common in lentic environments, regardless of their trophic level and nutrient concentration, as this class is characterized by high morphometric and physiological variability, allowing adaptability to a wide variety of conditions [124,125]. Cyanobacteria is the group with the second greatest taxonomic richness, in a proportion equivalent to approximately half of that recorded for Chlorophytes. N:P < 22 was adopted by [126] to describe Cyanobacteria dominance, since these organisms can compete for nitrogen better than other phytoplankton groups. Thus, in situations with excessive P loading, nitrogen becomes scarce, and cyanobacteria are predicted to be dominant. In fact, 72% of the total analyzed samples presented N:P ratios < 22, which demonstrates conditions for Cyanobacteria dominance. Nevertheless, the taxa variation/replacement in Santiago reservoirs seems to be the predominant mechanism in shaping phytoplankton γ diversity. In this sense, these organisms do not experience dispersal limitation [127] and their biogeographic patterns reflect current environmental conditions, regardless of the geographic distance among systems [128], in accordance with the statement that the biogeographic distribution of microorganisms is under the view of ‘Everything is everywhere, but the environment selects’ [129,130].




4.2.2. Risk Levels of Toxic Cyanobacteria Occurrence


The results showed that all reservoirs presented Cyanobacteria with high densities and relative abundance greater than 50%. However, only Figueira Gorda bloomed in all sampling periods, although with different risk levels. The taxa responsible for blooms and risk levels were also different among reservoirs and sampling months, making it difficult to establish a scenario for the occurrence of a certain taxon. However, in global terms, of the 23 identified Cyanobacteria, 74% showed at least one bloom episode.



Regarding TP concentration, all reservoirs are eutrophic, which explains the high density of Cyanobacteria, with the dominance of potentially toxin-producing genera (e.g., Anabaenopsis, Aphanizomenon, Coelosphaerium, Dolichospermum, Microcystis, Oscillatoria, Phormidium, Planktothrix, and Raphidiopsis), already reported in several areas around the world [12,13,131,132,133,134,135,136,137]. Therefore, in all reservoirs, high-risk situations were identified, especially considering the identified taxa are potential producers of different toxins, namely microcystins, anatoxins, anatoxin-a, cylindrospermopsins, and saxitoxins [137].



Only in Figueira Gorda, both in October 2018 and February 2020, was a similar region of mcy/nda, responsible for producing Microcystin and Nodularin, detected. The Cylindrospermopsis gene cluster (cyr) was described from Cylindrospemopsin-producing genera, such as Anabaena, Aphanizomenon [138], and Raphidiopsis curvata F.E.Fritsch & M.F.Rich [139]. Two other genetic clusters were identified in Cylindorspermopsis raciborskii (Woloszynska) Seenayya & Subba Raju and included the polyketide synthetase (PKS) and non-ribosomal peptide synthetase (PPS). Although the function is still characterized as unclear, it is probably responsible for additional bioactive secondary metabolites synthesis [140]. Cylindrospermopsin is only produced when both genes are present in the DNA. The fact that only one of the genes was detected in Figueira Gorda in February 2020 means that the species present at that date were not producers of Cylindrospermopin, perhaps because of intraspecific genetic variability. There is a probability that, due to climate change, the increasing temperature will contribute to the diffusion and success of Cylindrospermopsin-producing genera [141].



Water from reservoirs is often used for irrigation through illegal direct extractions, animal watering, and other domestic uses. Some authors point out that continuous exposure to contaminated water, even with low concentrations of cyanotoxins, may also pose a risk of chronic health effects [21,131,142]. Furthermore, there are risks associated with other routes of exposure, such as aerosols, during recreational activities, or from direct or indirect contact with contaminated water [142,143]. In addition, it has been documented that cyanotoxins can become accumulated in horticultural crops [144] with consequences for plant physiology and consumer health. Following [145], food safety is a major concern in most African countries due to the lack of knowledge, education, and sanitation, being a determinant to improve public health and nutrition security. Toxin accumulation patterns in edible fractions of plants and daily Microcystin–LR intake estimations that exceeded both the chronic reference dose (0.003 μg/kg of body weight) and total daily intake guidelines (0.04 μg/kg of body weight) in areas where eutrophic water sources were being used for irrigation were described by [146].




4.2.3. Relationship between Environmental Variables and Phytoplankton Descriptors


Phytoplankton productivity occurs under the influence of different abiotic variables, often interdependent and difficult to separate, which trigger the disorderly proliferation of species and bloom development [110,111,114]. In this sense, this study intends to determine, for the circumstances of the sampling, the influence or relationship between environmental variables and phytoplankton.



Nutrient availability has often been associated with higher primary productivity, which in situations of low N:P ratios promote the development of Cyanobacteria, since these organisms have the ability to fix N2 [147,148], which was observed for 72% of all the analyzed samples. Consequently, P and N have been referred to as the main nutrients responsible for primary productivity [11,148]. Thus, the existence of negative correlations between phytoplankton metrics and nutrients could ensue from its assimilation and consequent transformation into biomass [148,149,150,151]. This was the case for the resulting negative models of chlorophytes and Cyanobacteria densities, with TN and NO3-N in the first case and TP in the second case. The obtained models showed the importance of geology, with phytoplankton metrics dependent on micronutrient variables, which obviously do not determine primary productivity alone, but rather in association with other variables. Temperature is also a variable often associated with phytoplankton development, and particularly with cyanobacterial blooms [152]. In fact, the temperature was one of the independent variables in the model established for total biovolume, regardless of the low variation in air temperature (20.1–28.6 °C) recorded in the basins where reservoirs are located. This means that even with ideal temperature conditions throughout the year, the warmer months favor the development of phytoplankton. Likewise, precipitation, which tends to occur in warmer months, negatively influenced the model established for the density of Bacillariophyta. Therefore, these algae were present in a bloom situation in the Saquinho reservoir in December 2017, which registered precipitation of around 2 mm. In this case, the reduced precipitation caused the environmental conditions for the proliferation of Aulacoseira granulata and Cyclotella sp., to the detriment of other algae.






5. Conclusions


The physicochemical results revealed that Santiago Island reservoirs only differ from each other in their geological influence variables. No separation by pressure variables was observed, which can be explained by the high concentrations of P and N recorded, above the Cape Verdean legislation and the limit for eutrophication. The high levels of P and N in water seem to be mainly due to LULC, which may be responsible for water quality degradation.



Considering the level of eutrophication registered during the study, the dominance of Cyanobacteria in the reservoirs with very high densities and biomass is not surprising. Thus, in all reservoirs, high-risk situations were identified, especially considering that the identified taxa are potential producers of different toxins. This is important for a region where the local population is supplied mostly from water sources not connected to the public network. The taxa responsible for this dominance were not the same in all reservoirs, emphasizing the role of local habitat factors on community composition and biodiversity (confirmation of the first hypothesis). The two β diversity indices emphasize complementary aspects in the temporal succession of taxa. Both indices highlight the wet period with more distinct assemblages, probably related to the higher concentrations of TP, which enter reservoirs from erosion processes caused by precipitation. The taxa variation/replacement among Santiago reservoirs seems to be the predominant mechanism in shaping phytoplankton γ diversity, and its biogeographic pattern reflects current environmental conditions, regardless of the geographic distance among systems.



In the studied reservoirs, phytoplankton productivity occurs under the influence of different abiotic variables, often interdependent and difficult to separate, which clarify the disorderly proliferation of species and bloom development. Chlorophyte and Cyanobacteria density showed negative correlations with nutrients, resulting from their assimilation and consequent transformation into biomass. Temperature and precipitation were also associated with phytoplankton development, which was observed for total biovolume and Bacillariophyta density, respectively (confirmation of the second hypothesis).



The present study provides useful information for Cyanobacteria bloom control and management strategies for reservoirs under semi-arid climate conditions, such as those in Santiago Island. Overall, the results reveal the importance of defining integrated management plans and strategies for the set of five reservoirs studied, since the processes influencing variation in the phytoplankton community are temporal-scale dependent, with similar biogeographic patterns. We encourage future studies, including large temporal-monitoring programs, to evaluate factors associated with shifts in cyanobacterial dominance to increase the level of confidence and safeguard human and animal health and the ecological integrity of the ecosystems. Therefore, understanding the relationship between LULC and reservoir services (Ecosystems Service consensus) is critical to improving ecosystem health and sustainability. For this, it is essential to involve local inhabitants and stakeholders to reach a consensus about LULC within reservoir drainage basins and surroundings in order to preserve ecosystems and promote the ecosystem services (e.g., irrigation and water supply).
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Figure 1. (a) Santiago island with the five drainage basins of the main rivers, where the studied reservoirs are located. ● Saquinho reservoir; ▲ Flamengos reservoir; ■ Figueira Gorda reservoir; + Faveta reservoir; ♦ Poilão reservoir. (b) Map of Cape Verde archipelago showing its location on the west coast of Africa with Santiago Island identified within a circle. The map of Africa is not to scale. 
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Figure 2. Map of geological units of the five drainage basins with the dam location on the main river. From North to South: Flamengos in Flamengos stream ▲; Saquinho in Charco stream ●; Figueira Gorda in Boaventura stream ■; Faveta in Picos stream +; Poilão in Seca stream ♦. 
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Figure 3. Percentage of the LULC classes in the selected drainage basins. FL—Flamengos basin. SA—Charco basin. FG—Boaventura basin. FV—Picos basin. PO—Seca basin. 
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Figure 4. Precipitation and temperature graphs from the meteorological stations that better characterize each reservoir. Monthly mean air temperature (red line); monthly accumulated precipitation (blue bars). 
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Figure 5. Extension of the dry period (2016–2020). Mean of monthly accumulated precipitation (blue line) and temperature (red line) data obtained from the five meteorological stations that better characterize each reservoir. 
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Figure 6. Principal Component Analysis (PCA) biplot for the first two axes, representing the distribution of samples according to environmental gradients. Reservoirs are represented by different shapes and colors, and the codes include S = Surface or B = Bottom samples and the sampling date Month/Year. The codes for the physicochemical parameters are: T—temperature (°C); PPT—monthly accumulated precipitation (mm); TN—total nitrogen; NO3—nitrates; NH4—ammonium; TP—total phosphorus; Na—sodium; K—potassium; Ca—calcium; Cl—chlorides; SO4—sulfates; HCO3—bicarbonates; CO3—carbonates; Mg—magnesium; Si—silica; and DO—Dissolved Oxygen. 
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Figure 7. Graphs with the physicochemical descriptors responsible for the significant differentiation among reservoirs (results of Kruskal–Wallis tests): (a) Calcium (Ca, mg/L), (b) magnesium (Mg, mg/L), (c) chlorides (Cl, mg/L), (d) sulfates (SO4, mg/L). Reservoirs are represented by different shapes and colors, and the codes include FL—Flamengos reservoir, SA—Saquinho reservoir, FG—Figueira Gorda reservoir, FV—Faveta reservoir, PO—Poilão reservoir, S—Surface, B—Bottom, P1—Pool 1, the big pool in Flamengos, P2—Pool 2, the small pool in Flamengos. XX axis show sampling date M/YY. 
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Figure 8. Graphs with the physicochemical descriptors responsible for the significant differentiation among sampling campaigns (results of Kruskal–Wallis tests): (a) K (mg/L), (b) HCO3 (mg/L), (c)TN (mg N/L), (d) NO3-N (mg N/L), (e) TP (mg P/L) and (f) TN:TP ratio. XX axis show sampling date M/YY. 
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Figure 9. Relative abundance of phytoplankton groups in density (a) and biovolume (b) for the five reservoirs along the studied period (June 2016–February 2020). FL—Flamengos reservoir; FL_bP—big pool in Flamengos reservoir; FL_sP—small pool in Flamengos reservoir; SA—Saquinho reservoir; FG—Figueira Gorda reservoir; FV—Faveta reservoir; PO—Poilão reservoir. 






Figure 9. Relative abundance of phytoplankton groups in density (a) and biovolume (b) for the five reservoirs along the studied period (June 2016–February 2020). FL—Flamengos reservoir; FL_bP—big pool in Flamengos reservoir; FL_sP—small pool in Flamengos reservoir; SA—Saquinho reservoir; FG—Figueira Gorda reservoir; FV—Faveta reservoir; PO—Poilão reservoir.



[image: Water 13 02888 g009]







[image: Water 13 02888 g010 550] 





Figure 10. 2D non-metric multidimensional scalling ordination plot of samples based on phytoplankton assemblages, with identification of reservoirs (a) and sampling months (b). (a) ▲ Flamengos reservoir; + Faveta reservoir; ■ Figueira Gorda reservoir; ● Saquinho reservoir; ♦ Poilão reservoir. (b) ▲ June; ▼ May; ■ December; ● February; ♦ October. 
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Figure 11. α diversity per reservoir over the study period. Evolution of β diversity based on the similarity index (Sorensen index) and on the dissimilarity index. 
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Figure 12. Regional γ diversity of the five reservoirs per sampling month, distributed by taxonomic classes. 
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Figure 13. Risk levels of the five studied reservoirs (a) and sampling months (b) for cyanobacteria cell density. FL—Flamengos reservoir; SA—Saquinho reservoir; FG—Figueira Gorda reservoir; FV—Faveta reservoir; PO—Poilão reservoir. 
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Figure 14. Melting curves for the different reservoirs. Flamengos (a), Figueira Gorda (b), Poilão (c) (each curve represents a sampling date) and different target genes. (1) shows the gene that identifies the presence or absence of Cyanobacteria (16 rRNA gene), (2) presence or absence of Microcystin-producing gene (mcyB), (3) presence or absence of nodularin-producing gene (mcyE/nda), (4,5) presence and absence of cylindrospermopsin-producing genes (Peptide synthetase) and polyketide synthetase, respectively. 
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Table 1. Characteristics of the dams on Santiago Island, Cape Verde, including depth in each of the sampling periods. Dam characteristics recorded from [55].
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Poilão

	
Saquinho

	
Salineiro +

	
Faveta

	
Figueira Gorda

	
Flamengos

	
Principal +




	
Stream

	
Ribeira Seca

	
Ribeira Charco

	
Ribeira Grande

	
Ribeira Picos

	
Ribeira Boaventura

	
Ribeira Flamengos

	
Ribeira Principal






	
Year of construction

	
2006

	
2013

	
2013

	
2013

	
2014

	
2017

	
2019




	
Maximum height (m)

	
26.0

	
33.9

	
31.0

	
36.5

	
34.7

	
32.5

	
42.8




	
Maximum capacity (103 m3)

	
1700

	
700

	
700

	
700

	
1800

	
850

	
700




	
Available water volume for irrigation (103 m3/year)

	
1200

	
563

	
596

	
536

	
1455

	
852

	
520




	
Irrigated area (ha)

	
100

	
66

	
58

	
86

	
105

	
80

	
85




	
Maximum flood discharge (m3/s)

	
320.0

	
312.0

	
214.5

	
186.6

	
363.0

	
271.0

	
200.0




	
Reservoir depth in June 2016 (m)

	
8

	
*

	
*

	
10

	
8

	
9

	
*




	
Reservoir depth in May 2017 (m)

	
7

	
*

	
*

	
9

	
8

	
7

	
*




	
Reservoir depth in December 2017 (m)

	
4

	
6

	
*

	
9

	
8

	
7

	
*




	
Reservoir depth in October 2018 (m)

	
4

	
5

	
*

	
*

	
9

	
*

	
*




	
Reservoir depth in February 2020 (m)

	
*

	
1

	
*

	
*

	
4

	
1 **

	
*








+ not included in the present study; * not sampled; ** depth of the remaining pools inside the reservoir.
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Table 2. Water access, sanitation (wastewater and solid waste evacuation), and inhabitants of Cape Verde, and municipalities most represented in each of the drainage basins on which reservoirs are located in Santiago Island. Data of water access and sanitation are in percentage (%); inhabitant data are in absolute number (Nº). Flamengos reservoir is located in the municipality of S. Miguel, Saquinho reservoir in Santa Catarina, Figueira Gorda reservoir in S. Cruz, Faveta reservoir in S. Salvador do Mundo, and Poilão reservoir in S. Lourenço dos Orgãos.
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Water Access and Sanitation

	
Cabo

Verde

	
Urban

Area

	
Rural

Area

	
São

Miguel

	
Santa

Cruz

	
Santa

Catarina

	
São Lourenço

dos Órgãos

	
São Salvador

do Mundo






	
Access to Water

	
Connected to the network

	
69.0

	
74.7

	
57.4

	
52.2

	
69.0

	
57.7

	
56.2

	
15.6




	
Not connected to the network

	
31.0

	
25.3

	
42.6

	
47.6

	
31.0

	
42.3

	
43.8

	
84.4




	
   Neighbours

	
9.3

	
11.9

	
3.9

	
4.3

	
7.8

	
4.2

	
4.2

	
0.0




	
   Engine

	
8.5

	
7.8

	
10.0

	
4.4

	
5.2

	
14.8

	
12.5

	
26.3




	
   Fountain

	
7.1

	
5.0

	
11.7

	
8.8

	
4.9

	
6.5

	
1.9

	
16.3




	
   Other sources

	
6.1

	
0.5

	
17.2

	
30.3

	
13.1

	
16.8

	
25.2

	
41.8




	
Wastewater

evacuation

	
Connected to the sewer network

	
31.6

	
44

	
3.3

	
54.9

	
29.6

	
3.8

	
1.0

	
1.1




	
Septic tanks

	
51.0

	
43.4

	
68.4

	
6.2

	
22.4

	
69.0

	
74.7

	
71.9




	
Rudimentary septic tanks

	
2.6

	
2.5

	
2.7

	
0.0

	
10.3

	
2.6

	
0.0

	
0.0




	
No access-discharge into the nature

	
14.8

	
10.1

	
25.6

	
38.9

	
37.7

	
24.6

	
24.3

	
27.0




	
Solid waste

evacuation

	
Connected to the management system

	

	

	

	

	

	

	

	




	
   Containers

	
59.1

	
65.2

	
46.6

	
49.4

	
56.9

	
35.1

	
57.0

	
52.4




	
   Dump trucks

	
23.0

	
31.5

	
5.6

	
3.2

	
1.5

	
2.9

	
1.1

	
4.5




	
No connection to the management system

	

	

	

	

	

	

	

	




	
   Buried/Burned

	
9.6

	
1.6

	
26.7

	
20.8

	
15.0

	
39.3

	
33.0

	
23.0




	
   Dumped into the nature/surroundings of the houses

	
8.3

	
1.7

	
21.1

	
26.5

	
16.7

	
22.7

	
8.9

	
20.1




	
Inhabitants

	

	
549,699

	

	

	
13,779

	
25,917

	
47,604

	
6,879

	
8,582
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Table 3. Primer sequences for specific target genes with respective amplicon size (base pairs, bp), specific melting temperature, references, and observations.
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Target Gene

	
Primer Direction 5′–3′

(Forward and Reverse)

	
Amplicon (bp)

	
Melting Temp. (°C)

	
Reference

	
Observations






	
16S rRNA

	
AGAGTTTGATCCTGGCTCAG

GCTTCGGCACGGCTCGGGTCGATA

	
780

	
83.5–85.0 °C

	
[80,81]

	
Universal gene for identifying the presence of Cyanobacteria




	
mcyB

	
TGGGAAGATGTTCTTCAGGTATCCAA

AGAGTGGAAACAATATGATAAGCTAC

	
350

	
78.0–79.5 °C

	
[82]

	
Genes specific for B and E regions of the Microcystin gene and common region of Microcystin and Nodularin gene-specific




	
mcyE/nda

	
TTTGGGGTTAACTTTTTTGGCCATAGTC

AATTCTTGAGGCTGTAAATCGGGTTT

	
472

	
80.0–83.0 °C

	
[83]




	
Peptide synthetase

	
GGCAAATTGTGATAGCCACGAGC

GATGGAACATCGCTCACTGGTG

	
597

	
83.0 °C

	
[84]

	
Specific genes to produce proteins responsible for the synthesis of Cylindrospermopsin.




	
Polyketide synthetase

	
GAAGCTCTCTGGAATCCGGTAA

AATCCTTACGGGATCCGGTGC

	
650

	
81.0–82.0 °C

	
[84]
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Table 4. Phytoplankton diversity metrics of the studied reservoirs; median (interquartile range) values are presented.
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	Metrics
	Faveta
	Figueira Gorda
	Poilão
	Saquinho
	Flamengos





	Nº of Taxa (S)
	10.0

(9.5–13.0)
	9.0

(8.0–11.0)
	15.0

(13.3–16.0)
	15.0

(12.0–19.5)
	11.5

(10.5–14.0)



	Density (N)
	4.0 × 105

(2.2 × 105–4.0 × 105)
	1.2 × 105

(2.0 × 104–1.4 × 106)
	2.9 × 105

(11 × 105–7.5 × 105)
	5.4 × 106

(2.7 × 106–5.9 × 106)
	3.2 × 105

(2.5 × 103–7.9 × 105)



	Biovolume (Bv)
	10.68

(7.25–25.0)
	7.58

(6.02–40.60)
	3730.00

(19.91–58.92)
	111.99

(71.02–158.70)
	6.47

(1.22–18.42)



	Shannon Index (H’)
	0.93

(0.76–1.07)
	0.60

(0.60–0.62)
	0.94

(0.66–01.30)
	0.17

(0.11–0.96)
	1.19

(0.57–1.84)



	Margalef (M)
	0.76

(0.73–0.96)
	0.75

(0.57–0.87)
	1.03

(0.89–1.23)
	0.89

(0.70–1.53)
	1.31

(1.11–138))



	Evenness (J)
	0.42

(0.43–0.26)
	0.28

(0.26–0.32)
	0.35

(0.25–0.49)
	0.08

(0.05–0.31)
	0.53

(0.23–0.81)



	Dominance (D)
	0.59

(0.51–0.60)
	0.64

(0.59–0.70)
	0.57

(0.45–0.64)
	0.93

(0.60–0.96)
	0.47

(0.22–0.74)
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Table 5. Spearman correlation between Cyanobacteria density (N). Cyanobacteria biovolume (BV) and diversity metrics. Significant p values (* p < 0.05. ** p < 0.01. *** p < 0.001) are presented.
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	Metric
	Cyanobacteria Density (N)
	Cyanobacteria Biovolume (BV)





	Nº of Taxa (S)
	0.032
	0.131



	Density (N)
	0.970 ***
	0.936 ***



	Biovolume (Bv)
	0.950 ***
	0.810 ***



	Dominance (D)
	0.688 **
	0.591 **



	Shannon Index (H’)
	−0.753 ***
	−0.683 ***



	Margalef (M)
	−0.542 *
	−0.429



	Evenness (J)
	−0.813 ***
	−0.748 ***
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Table 6. Summary results of multiple regression analysis applied to phytoplankton determinant descriptors. Significant p values (* p < 0.05 ** p < 0.01 *** p < 0.001) are presented. D.F.—Degrees of Freedom.
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Dependent Variable

	
Independent Variables

	
Regression Coefficient

	
F Value

	
R2

	
D.F.






	
Total biovolume

	
Na

	
1.77 *

	
19.34

	
0.84

	
18




	
Mg

	
−1.71 **




	
NO3-N

	
4.56 ***




	
HCO3

	
−0.21 *




	
T

	
8.58 ***




	
Density of Bacillariophyta

	
CO3

	
−0.61 **

	
12.11

	
0.55

	
18




	
PPT

	
−2.66 ***




	
Density of Chlorophyta

	
K

	
−3.49 ***

	
10.20

	
0.67

	
18




	
NH4-N

	
−13.17 *




	
HCO3

	
−0.43 *




	
TN

	
−4.13 *




	
Density of Cyanobacteria

	
Na

	
5.79 **

	
23.42

	
0.71

	
18




	
TP

	
−3.77 ***
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