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Cyanobacterial blooms in marine and freshwater environments may be favored by shifts in physical water column parameters due to warming under climate change. The Patos Lagoon (PL), a subtropical coastal environment in southern Brazil, is known for recurrent blooms of Microcystis aeruginosa complex (MAC). Here, we analyze the variability of these blooms and their relation to changes in wind direction and speed, rainfall and freshwater run-off from 2000 to 2017. Also, we discuss both longer time-series of air temperature and rainfall and a review of local studies with microcystins produced by these noxious species. Since the 1980s, MAC blooms were associated to negative anomalies in annual precipitation that occur during La Niña periods and, in the last years (2001–2014), accompanied by a trend in low river discharge. MAC blooms were conspicuous from December to March, i.e., austral summer, with massive patches seen in satellite images as for 2017. We suggest that low rainfall and run-off years under NE wind-driven hydrodynamics might accumulate MAC biomass in the west margin of the PL system. In contrast, a positive, long-term trend in precipitation (from 1950 to 2016; slope = 3.9868 mm/yr, p < 0.05) should imply in high river discharge and, consequently, advection of this biomass to the adjacent coastal region. Due to the proximity to urban areas, the blooms can represent recreational and economic hazards to the region.
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INTRODUCTION

Increasing trends in frequency and intensity of cyanobacterial blooms in several aquatic systems have been observed worldwide (Paerl and Huisman, 2009; Paerl and Otten, 2013; Cloern et al., 2016; Paerl, 2017). Many cyanobacteria of the genus Microcystis Lemmermann 1907, can affect the environment and trigger shifts in trophic structure and dynamics, influencing their competitors, consumers and decomposers (Paerl and Pinckney, 1996; Paerl, 2017). Microcystis aeruginosa (Kützing) Kützing 1846 (hereafter referred as to MAC for Microcystis aeruginosa complex) can bring about economic issues to the fisheries and production of cultivated animals because they are microcystin producers, a hepatotoxin that can potentially affect invertebrates and some vertebrates (Yunes et al., 1996, 1998a). Interestingly, some new brands of microcystin variants found in benthic cyanobacterial mats from Svalbard archipelago appear to have a neurotoxic potential (Kleinteich et al., 2018). More seriously, harmful cyanobacteria blooms (cyanoHABs) can pose health problems to populations living in cities located near aquatic systems recurrently affected by these biological features (Yunes et al., 1998b; Paerl, 2017).

A recent review has already been shown that these microcystins can be raised in importance through many coastal ecosystems; yet estuarine and marine waters are under-investigated (Preece et al., 2017). For instance, MAC biomass should be advected from freshwater to marine systems as into the San Francisco Bay estuary (Lehman et al., 2005). As well Microcystis and other cyanoHABs have been reported since the 1980s in the Baltic Sea (Suikkanen et al., 2013; Preece et al., 2017) under a climate change scenario and shifts of hydrological cycle (IPCC, 2014). CyanoHABs have been strongly related with short-term environmental variations both in space and time scales (e.g., seasonal cycles) (Paerl, 2017 and references therein). As primary producers' uptake tends to lower the nutrient levels within the water bodies and strong water column stratification takes place, cyanoHABs can be favored as seen during summer periods worldwide. Furthermore, nutrient pulses into lagoonal systems and coastal regions, mainly of nitrogenous forms, originated by anthropogenic activities might be relatively higher than the natural inputs with uncertain environmental and economic consequences (Battye et al., 2017). This kind of anthropogenic influence has been associated with the increasing trend of cyanoHABs (Paerl, 2017 and references therein).

The predominance of cyanobacteria in summer periods has been observed in the Patos Lagoon (PL) system, southern Brazil. PL is characterized as a mainly light-limited environment and, sporadically in some winters, co-limited by light and nutrients (Odebrecht et al., 2010a). For instance, the effect of nutrient inputs has been partly associated with anthropogenic eutrophication processes within the estuarine region (Niencheski and Baumgarten, 2007; Haraguchi et al., 2015). However, no studies have investigated the annual frequency and intensity of cyanoHABs in the PL system. And long-term changes in these features can be associated to anthropogenic eutrophication (from agricultural, domestic/urban and industrial sources) or related to natural meteo-hydrological variability in the region (wind, rainfall, river discharge).

These variations can also be linked to global warming trend effects on primary producers. For instance, there is an increasing trend in the relative contribution of dinoflagellates and cyanobacteria to the phytoplankton community in parallel with high diatom growth in the estuarine region of PL system (Haraguchi et al., 2015). Long-term studies (1993–2012) revealed that high rainfall and river discharge periods tend to present very low phytoplankton biomass (Haraguchi et al., 2015), whereas cyanoHABs can be advected from the northernmost parts of PL system to the coastal region (Yunes, 2009). Reports indicate that these limnic cyanoHABs can notably be seen along the coastline close to the outlet channel of PL system, mainly during warmer months (Yunes et al., 1998a). In addition, other studies have observed massive cyanoHABs under La Niña typical conditions (low rainfall and river discharge) (Yunes et al., 1998a; Odebrecht et al., 2005). Conversely, during El Niño when annual precipitation and river discharge is high in the region, low phytoplankton biomass is observed within the PL system (Odebrecht et al., 2010a).

Considering all the information above, this work addresses an environmental characterization of cyanoHABs (related to MAC) under an interannual variability context, in the PL system and presents some other cyanobacteria species found in non-bloom conditions. Additionally, the role played by the meteorological variables wind speed and direction and rainfall, and freshwater run-off on the occurrence of these blooms of MAC is investigated. Lastly, this study discusses the influence of global warming effects on the meteorological interannual variability and over the intensity and temporal variation of MAC blooms in the PL system.

MATERIALS AND METHODS

Study Area

The study region is the Patos Lagoon system (30°12′-32°12′S, 050°40′-052°15′W), a subtropical coastal lagoon located in the southernmost part of Brazil (Figure 1). It is the second largest waterbody in Brazil and the largest lagoonal complex in South America. The lagoon waters span 320 km to the north and between 3 and 64 km wide. A drainage basin of approximately 200,000 km2 formed by several rivers, provides 75–80% of freshwater to the Patos Lagoon estuary. Lagoon waters are used for drinking supply, fisheries, leisure, navigation, and agriculture and receive domestic and industrial sewage. Dissolved nutrients (from river inputs) transit ~225 km from the north before reaching the estuarine area at the Feitoria Channel (31°41′S and 051°55′W). The sea provides another 10% of water and nutrient input. The São Gonçalo River completes the volume of estuarine waters and also supplies water to houses, industries, and farms in the region. Cyanobacterial blooms of Microcystis aeruginosa complex (MAC) are frequent in the estuary waters mainly during summer months. Although the first scientific record dates back to 1987 (Odebrecht et al., 1987), anecdotal evidence of these cyanobacterial blooms across the PL estuary from old local villagers dates back to the beginning of the 20th century (Yunes et al., 1998a). More details on environmental characteristics and hydrology in this region are presented in Yunes et al. (1998a); Odebrecht et al. (2005); Haraguchi et al. (2015) and Abreu et al. (2016).
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FIGURE 1. Map of the study area showing (A) cities at the west margin of the Patos Lagoon system, where patches (two red ellipses) of Microcystis spp. have been notified; (B) patches of Microcystis spp. (inside of the red circle) seen on 02 February 2017, retrieved from Landsat-8 Enhanced Thematic Map plus (ETM+; https://eros.usgs.gov/satellite-imagery).



Cyanobacteria Data

This study uses cyanobacterial bloom (related to MAC) and non-bloom data in an interannual variability context, from few records beginning in the 1980s to summer periods from 2011 to 2017. Available estimates of cyanobacteria composition and/or abundance were obtained from the State Foundation for Environmental Protection Agency (FEPAM; http://www.fepam.rs.gov.br). FEPAM conducts a monitoring program at recreational beaches in the Patos Lagoon during warm periods (November/December to February/March) and after notification of any massive, visible cyanobacteria patches. FEPAM has been estimating cyanobacteria abundance for Tapes (30.66°S, 051.39°W; from 2011 to 2017) and for São Lourenço do Sul (31.38°S, 051.96°W; only from Nov2011 to Feb2012). Sedgewick-Rafter counting chamber was used to determine the abundance of cyanobacteria (cell mL−1). As the technical staff from the FEPAM conducted all the morphological identification and counting of these cyanobacteria (e.g., Komárek et al., 2014), we have strictly followed the list of species found for those cities above, even with some species assembled in the genus Anabaena. The presence of the benthic cyanobacteria Anabaena could be ascribed to the sampling points placed near the margins (<1 m), where resuspension could have mixed planktonic and benthic species. Besides these estimates, data from published studies on cyanobacterial blooms in the region (Yunes et al., 1998a; Odebrecht et al., 2005; Rosa and Garcia, 2013) were revisited in order to draw the relationship between these blooms and meteorological/hydrological parameters in a long-term approach. Moreover, a review of all experimental and field data available of levels/effects of toxins produced by these cyanobacteria, especially of the genus Microcystis, are discussed to illustrate their potential threats to ecosystem functions and services to the cities bordering the Patos Lagoon.

Meteorological and Hydrological Parameters

A database encompassing multiple sources of meteorological information since 1950, including precipitation and air temperature data, was used in this work for drawing trend lines. Data from a Brazilian meteorological station in the Rio Grande (INMET, Rio Grande) were obtained for the period from 2001 to March 2017 (end of austral summer). Daily river discharge data were obtained from the National Water Agency (http://www2.ana.gov.br) from 2000 to 2014, specifically for the three largest rivers (Jacuí, Taquari, and Camaquã), which together are the major tributaries to the Patos Lagoon (Vaz et al., 2006). We adopted the approach used by Haraguchi et al. (2015), where each monthly mean river discharge was calculated, and the relative contribution of a river to the combined discharge was used to estimate for those missing monthly discharges. Recent data of wind speed and direction (from 2001 to 2013) were also obtained from a meteorological station in the Rio Grande city (near the navigational channel), and used in the free software WRPLOT (https://www.weblakes.com/products/wrplot/) for plotting 4-day, weekly, monthly and summer wind rose diagrams. In order to relate this wind pattern with the summer cyanobacterial patches, wind roses for the austral summer period from December to February were presented. 3.4-ENSO (El Niño Southern Oscillation) index (http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/) was used to check at some extent the relationship between hydrological anomalies potentially linked to phytoplankton/cyanobacteria dynamics in the PL system, taking into account interannual variations.

Statistical Analyses

Monthly and annual means were calculated to describe the seasonal and long-term trends of the meteorological and hydrographic variables in the PL system. 3.4-ENSO index anomalies were calculated and divided into La Niña (<0) and El Niño (>0) years for better visualization. In a meteorological context, anomalies assess the deviation in observed values of certain variables in relation to its historical or climatological means. Therefore, we estimated annual anomalies of air temperature and rainfall by the using the following equation: αi = xi - [image: image] where α corresponds to the anomaly of a certain variable (air temperature or rainfall), i corresponds to a particular year, x is the meteorological variable of a i year [image: image] and is the mean value of that variable taking into account the whole period of time. The seasonal and interannual variability in air temperature, rainfall, and freshwater discharge were analyzed by plotting respective trend lines. Published data (Yunes et al., 1998a; Odebrecht et al., 2005; Rosa and Garcia, 2013) and recent estimates of cyanobacterial abundance/biomass were overlaid as labels on the rainfall anomaly graph. Recent cyanobacteria abundance data were shown as minimum and maximum values of cell mL−1.

RESULTS

Meteorological and Hydrological Parameters

A non-significant, decreasing trend in river discharge from 2001 to 2014 was calculated (slope = −0.0296 m3s−1/yr; p = 0.29) (Figure 2A), and low values were generally observed during the summer periods (January to March; data not shown). In contrast, the period from 1950 to 2016 revealed no trend in air temperature (slope = 0.0035°C/yr; p = 0.26) (Figure 2B) but a significant positive rainfall trend (slope = 3.9868 mm/yr; p < 0.05) (Figure 2C). From 2001 to 2016, some years were highlighted (2001–2008, 2012 and 2014–2015) by positive anomalies and other few years (2009–2011, 2013 and 2016) with negative air temperature anomalies (Figure 3A). Positive precipitation anomalies were observed for 2001–2003, 2007, 2009, 2011 and 2013–2015 (Figure 3B). The years with more pronounced positive anomalies in air temperature and annual precipitation were particularly 2001–2002 and 2014–2015. At the time interval of 2001–2013, the wind rose charts showed a typical pattern of dominant north-easterly winds (~35%) for summer (from December to February next year) reflecting the pattern in the whole period (Fig. 4). This predominance of NE wind ranged from 16.7% in 2005–2006 up to ~47% in 2007–2008 (Figure 4), however, it was noteworthy that the number of valid data points in 2005–2006 was lower (N = 860) than in other summer periods (N = 2130–2190).
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FIGURE 2. Annual trend (2000–2014) in river discharge (m3 s−1) (A) of three principal rivers (Jacuí, Taquari and Camaquã) for the Patos Lagoon system, and annual trends (1950–2016) for air temperature (°C) (B) and accumulated precipitation (mm) (C) based on the Rio Grande meteorological station (INMET, Brazil). Note there are missing data for some particular time periods in Figure 2A as follows: in ([image: image]) August–October 2009 for Jacuí river and October 2009 for Taquari river, and March 2011 for the three rivers; and in (♦) November–December 2014 for Camaquã river. Also, note dashed lines referring to 95% confidence intervals in (A).
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FIGURE 3. Temperature (°C) (A) and accumulated precipitation (mm) (B) anomalies, based on annual mean data from the Rio Grande meteorological station (INMET, Brazil), for the Patos Lagoon system. Time intervals for these respective graphs are the same as shown in Figure 2.
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FIGURE 4. Wind roses chart with wind speed (m s−1) and direction, corresponding to the whole time series of 2001–2013 and, in sequence, from December to February, beginning in the austral summer of December-2001 to February-2002 and ending in the austral summer of December-2012 to February-2013. Note that the wind rose from 2005 to 2006 is very dissimilar to others, but having the N = 860 of valid data points while the other wind roses have valid data points ranging from 2,130 to 2,190.



Relation Between Cyanobacteria Data and Environmental Parameters

Estimates of Microcystis aeruginosa complex (MAC) and/or other cyanobacteria in non-bloom conditions for the summer periods (December–February) of 2011–2017 are presented (Table 1). Blooms were noticed in both cities of Tapes and São Lourenço do Sul at the west margin of PL during the summer period of 2011–2012 with similar concentration (maximum up to 4 × 104 cell mL−1). The highest abundance was determined for the summer of 2016–2017 in Tapes only (attaining 2.3 × 106 cell mL−1), when there was a bloom of MAC. During this latter period, intense chlorophyll-a stripes were visible in an image derived from the Landsat-8 ETM+ but mainly near São Lourenço do Sul and Pelotas (see Figure 1). In the other summer periods, filamentous cyanobacteria were prominent such as Dolichospermum, Gleiterinema, and Limnothrix along with chroococcaleans (Merismopedia and Microcystis) denoting a mixed assemblage of cyanobacteria species (Table 1). In the summer of 2011–2012, benthic filaments of Anabaena spp. were also noticed.


Table 1. Minimum and maximum values of cyanobacteria cells mL−1 during warmer months (December–February) near the cities of Tapes and São Lourenço do Sul, with major taxa identified.
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La Niña and neutral years were evinced at the end of 2007 and 2010 and in January–February of 2001 and 2012 when there were negative anomalies (Figure 5A). Also, similar negative anomalies were seen in January–March of 2006, 2009, 2014 and 2017 (Figure 5B). On the other hand, the highest positive anomalies characterized the El Niño of 2015–2016 (Figure 5B).


[image: image]

FIGURE 5. Anomalies of the ENSO3.4 index for the time series of 2001–2017 split into (A) La Niña years and (B) El Niño years.



Some observations or published data of MAC across the PL system were overlaid as numbers on the annual precipitation from 1950 to 2016–2017 (Figure 6). There were registered high abundances of MAC only on the negative anomaly of annual precipitation, i.e., over dry years, specifically in 1988, 1994, 2006, 2010–2012, and 2017 (Figure 6). These published data described these years associated with long water residence time and strong thermal stratification in the Patos Lagoon.
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FIGURE 6. Cyanobacteria blooms or non-blooms estimates published and of this work (summers of 2012, 2013, 2014, 2015, 2016, and 2017) overlaid with an anomaly of rainfall time-series as in Figure 3B. Note that the anomaly of rainfall time-series ends in 2016. 1 refers to Odebrecht et al. (2005), and 2 Yunes et al. (1998a), 3 and 4 Rosa and Garcia (2013), and 5 refers to cyanobacteria estimates near the cities of Tapes and São Lourenço do Sul (offered by FEPAM, Brazil) (see text for more details).



DISCUSSION

We have used data of air temperature, annual precipitation, and river discharge to conduct this long-term study aiming to relate cyanobacteria abundance, mainly blooms of MAC, with meteorological and hydrographic variability in the Patos Lagoon system. For the period of 2001–2017 we found somehow an association between the ENSO effect and the records of cyanobacteria concentrations >103 cells mL−1 in particular austral summer period (January–March), mainly during La Niña and negative monthly anomalies in El Niño years. It seems that low rainfall related to negative anomalies of ENSO index could mean the MAC populations should not be quickly advected from the limnic parts of the PL system. This dynamic could make more apparent the biomass accumulation of MAC across that limnic region. However, there will be necessary further studies on hydrodynamics and water residence time in order to draw a comprehensive picture of the frequency and intensity of MAC blooms along the whole PL system. Also, we clearly identified that a monitoring program on these MAC blooms need to be implemented as these microcystin-producing species have been raised worldwide (Preece et al., 2017 and references therein). Microcystis blooms have been more common both in freshwater ambients and contiguous estuarine and marine systems, for instance, in the Argentinean and Uruguayan coastal regions under influence of Río de La Plata, many European nearshore aquatic systems and USA estuaries and bays (Preece et al., 2017). Coupling with climate change effects, many works stated that hydrologic alterations including intense storms and prolonged droughts followed by increased rainfalls will lead to increased freshwater inputs; and these hydrologic shifts can transport nutrients, dilute coastal receiving waters, promote cyanoHABs, and increase the occurrence of microcystins within those ambients (Paerl and Huisman, 2009; Paerl and Otten, 2013; Preece et al., 2017).

ENSO influence over the hydrological cycle on the southernmost part of Brazil is fairly well known (e.g., Odebrecht et al., 2010b). These ENSO influence and rainfall effects on phytoplankton dynamics, not specifically on cyanobacteria, have already been discussed for the years from 1993 to 2012 (e.g., Haraguchi et al., 2015). These authors observed that high rainfall and river discharge periods are associated with low phytoplankton biomass. Also, they showed that dinoflagellates and cyanobacteria presented an increasing trend in relative contribution to the phytoplankton community in the estuarine region of PL (Haraguchi et al., 2015).

Otherwise, when a longer time-series (1950–2016) is considered, we observe a significant increasing trend in rainfall, which should be interpreted distinctly in relation to the dynamics of MAC in the PL system. Although no complete time-series of MAC or other cyanobacteria is available for this whole period, we could expect that MAC blooms tended to be advected to the outlet of the PL system after and during time periods of heavy rain. However, the lack of data prevents us from affirming whether these MAC blooms had not happened in the past decades.

In summer and autumn, the growth and patch development of cyanobacteria are typically registered (Yunes, 2009), and NE wind is predominant in the region. Considering this wind pattern and the high prevalence of cyanobacteria, we suggest that cyanobacteria surface scums can be transported from the northern region to the southern estuarine portion of PL and to its adjacent coastal region. Also, some advection of cyanobacterial patches may occur to the west margin of this aquatic system where many cities are located, as seen in a LandSat8 ETM+ image for February-2017 (see Figure 1).

Since the tidal range in PL is low (amplitude 0.4 m) and the hydrodynamics is mainly controlled by the action of wind and freshwater discharge (Möller et al., 2001; Vaz et al., 2006), the NE wind pattern could partially explain the observations of high numbers of cyanobacteria near the cities of Tapes (4 × 104 cells mL−1) and São Lourenço do Sul (2.5 × 104 cells mL−1) in summer period of 2011–2012 (as seen at Table 1 and Figure 4). Then, coupled with high rainfall periods, NE winds should accelerate the export of MAC biomass to the coastal region. In contrast, southerly winds are more important during the winter periods, from June to September (data not shown), when the passage of frontal polar systems (Stech and Lorenzetti, 1992; Klein, 1997) cause many environmental alterations in the phytoplankton dynamics (Odebrecht et al., 2010a).

Despite our short time-series, the decreasing trend in river discharge could be associated with the years of low rainfall (see Figure 3B, 6), and are coincidental with the available high cyanobacteria estimates. As saltwater intrusion seems to increase the retention times promoting phytoplankton blooms during low runoff periods in the PL estuary (Haraguchi et al., 2015; Odebrecht et al., 2015), we might suggest that these periods could also favor the development of cyanobacteria blooms in the upper parts of the PL due to a longer retention time. As the season progresses, a part of these cyanobacterial blooms could be advected to the estuary and coastal region, mainly during high rainfall periods (Odebrecht et al., 2005), probably coupled with the NE winds. Furthermore, this kind of event has been seen during field surveys (Yunes et al., 1998a) and MAC development within the PL does depend upon salt intrusion to make phosphates available from sediments and increase the pH suitable for cyanobacteria (Yunes, 2009).

Implications of Cyanohabs (Especially of MAC) and Their Potential Effects

The earliest published data of laboratory tests of toxicity of cyanobacteria in the Patos Lagoon system dated back to late summer 1994 (Table 2), when the culture of Microcystis aeruginosa complex (MAC) labeled as M. aeruginosa RST9501 strain was initiated. The predominant species in all these blooms were always related to MAC, while other species rarely occurred. In general, those microcystin-related toxicity tests gave positive results for the crustaceans Ceriodaphnia dubia (Monteiro et al., 2006), Artemia salina (Yunes et al., 1996, 1998a) and the native estuarine species Kalliapseudes schubartii (Montagnolli et al., 2004) and, also toxin accumulation by the white clam Mesodesma mactroides (Leão et al., 2010). Among the microcystin variants detected within the Patos Lagoon system, D-Leu microcystin LR was the predominant form synthesized by those Microcystis blooms during summer (Matthiensen et al., 2000). As far as we know, only a biodegradation process carried by heterotrophic bacteria Burkholderia appeared to diminish microcystins concentration into sediments and water column (Lemes et al., 2008).


Table 2. Studies with Microcystis aeruginosa blooms and strain RST9501 isolated from the Patos Lagoon estuary from 1994 to 2012.
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Microcystis might outcompete other phytoplankton species under nutrient-depleted waters (e.g., poor in Si) and within the stronger thermal-stratified water column, which are conditions normally found in the summer period (Paerl, 2017 and references therein). However, this scenario of the nutrient-limited condition should not be the case of the PL system (Odebrecht et al., 2015), where light has been considered the main limiting factor for phytoplankton growth (Abreu et al., 2016). Particularly, MAC has proved to display a fairly complex life cycle with different colony sizes within the PL (Yunes et al., 1996) and in accordance to the literature (Reynolds et al., 1981), which can add to their fitness within a varying light ambient.

Moreover, the majority of works related to MAC in the PL focused on its potential toxicity with environmental and human health impacts (Yunes, 2009 and references therein). Likewise, those works compiled in Table 2 pointed out that the massive blooms formed in pre-limnic and limnic waters of the PL would exert their potential noxious effects depending on the wind-driven hydrodynamics as described here. These blooms can even be an undesirable feature in human activities, such as fishing and leisure, along with the beaches and cities of PL margins (Yunes, 2009).

In short, we can suggest that these MAC blooms will tend to be more critical during low rainfall periods and/or negative summer anomalies seen in the 3.4-ENSO index (December to February, at least, but appearing up to April-May next year). At the same time, the westward NE wind-associating advection of these potentially toxic, cyanobacterial patches can be a serious threat to human health at the margins of some cities. Otherwise, heavy rainfall precipitation/positive anomalies of the 3.4-ENSO index should alleviate the permanence of these MAC blooms near these cities. As well, there should be an export of organic suspended material and cyanotoxins to the estuary of Patos Lagoon and to the immediate coastal region.
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