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Abstract:



We analyzed chlorophyll-a and Colored Dissolved Organic Matter (CDOM) dynamics from field measurements and assessed the potential of multispectral satellite data for retrieving water-quality parameters in three small surface reservoirs in the Brazilian semiarid region. More specifically, this work is comprised of: (i) analysis of Chl-a and trophic dynamics; (ii) characterization of CDOM; (iii) estimation of Chl-a and CDOM from OLI/Landsat-8 and RapidEye imagery. The monitoring lasted 20 months within a multi-year drought, which contributed to water-quality deterioration. Chl-a and trophic state analysis showed a highly eutrophic status for the perennial reservoir during the entire study period, while the non-perennial reservoirs ranged from oligotrophic to eutrophic, with changes associated with the first events of the rainy season. CDOM characterization suggests that the perennial reservoir is mostly influenced by autochthonous sources, while allochthonous sources dominate the non-perennial ones. Spectral-group classification assigned the perennial reservoir as a CDOM-moderate and highly eutrophic reservoir, whereas the non-perennial ones were assigned as CDOM-rich and oligotrophic-dystrophic reservoirs. The remote sensing initiative was partially successful: the Chl-a was best modelled using RapidEye for the perennial one; whereas CDOM performed best with Landsat-8 for non-perennial reservoirs. This investigation showed potential for retrieving water quality parameters in dry areas with small reservoirs.
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1. Introduction


The Brazilian semiarid region has a dense network of surface reservoirs, with storage capacities typically ranging from 1 to 103 hm3. Small (<10 hm3) and medium-sized reservoirs (10–50 hm3) prevail. They are embanked streams that collect water in the rainy season (January–May) to secure water supply during the dry season (June–December). In fact, about 90% of the water demand in the state of Ceará is supplied by surface reservoirs [1]. However, these systems show low standards of water quality, mainly due to eutrophication, which causes water use conflicts and calls for an improvement of water resource management [2]. Due to operational and financial difficulties, conventional in situ monitoring of water quality in such a complex system is limited in spatial coverage and sample representativeness. Therefore, remote sensing is seen as a complementary to traditional approaches of water resources monitoring, providing a synoptic view of environmental systems.



Satellite Remote Sensing (RS) has been used for inland water monitoring in the Brazilian semiarid region with regard to the water extents and bathymetries of surface reservoirs [3,4,5]. Furthermore, for quality monitoring, several authors presented encouraging results for satellite RS application in rivers and large lakes of different locations [6,7,8,9,10,11,12,13,14]. However, there are only a few studies applying satellite RS to small complex inland water bodies such as the water-surface reservoirs in semiarid Brazil, where monitoring and understanding the magnitude and composition of optically visible water constituents, in particular the concentration of Chlorophyll-a (Chl-a) and Colored Dissolved Organic Matter (CDOM), are highly relevant given the dense population that relies on the water supply.



The photosynthetic pigment Chl-a serves as a proxy for phytoplankton and is one of the major indicators of the trophic state [15]. RS algorithms for deriving inland water Chl-a concentration mainly use the absorption in the red wavelength region versus the near-infrared (NIR) reflectance in the case of eutrophic lakes [16]. The maximum red-absorption around 675 nm of Chl-a has been standardized as the most important wavelength to extract information on Chl-a in eutrophic waters [17]. In turn, CDOM is the most abundant fraction of dissolved organic material in natural surface waters, being the major light absorbing constituent in surface waters, in the case of high concentrations causing the yellowish-brown color of the water. Besides the light absorbance, organic matter water concentration affects the ecosystem functioning through its influence on acidity, transportation and reactivity of toxic substances, photochemistry and energy supply [15,18,19,20]. The increase in the CDOM concentration lowers the reflectance values mainly in the blue and the green ranges of the spectrum (especially below ~500 nm), and its absorbance increases exponentially with decreasing wavelength [21]. CDOM in water bodies originates from allochthonous and autochthonous sources. The main source of allochthonous CDOM are humic and fulvic substances derived from terrestrial vegetation and soil in the drainage basin area, whereas the main contributors for autochthonous CDOM are phytoplankton and submersed aquatic vegetation [22,23,24,25].



The amount and type of Dissolved Organic Matter (DOM) are important factors for understanding the sources of organic compounds and their possible effect on inland water ecology. Autochthonous CDOM is more biologically labile, less chromophoric and constituted by molecules of low molecular weight. Therefore, it is less affected by photodegradation and more susceptible to biodegradation. Contrastingly, terrigenous CDOM is less biologically labile and has aromatic molecules, being more resistant to overall degradation, but more susceptible to photodegradation processes [21,24,25,26]. The specific absorption coefficient (aCDOM) provides the magnitude of DOM influencing the transparency of column water [15,19]. Spectral slope (S) describes the exponential reduction of absorption at a given wavelength range, being an important parameter for studying CDOM type and CDOM dynamics. Spectral slope is used as an indicator for the CDOM source (allochthonous versus autochthonous) and for the status of degradation. The spectral slope ratio (Sr) between the ultraviolet region (275–295 nm) and the visible region (350–500 nm) is used as a weight molecular indicator of source and photobleaching of CDOM [21,25,26,27,28].



Presently, there is a scientific community effort in designing and validating RS algorithms to assess CDOM [8,9,10,11,16,29,30]. Nonetheless, there is no universal wavelength and/or spectral range to retrieve CDOM, since it may vary according to spectral interference levels of high concentrations of other optically-active constituents in water. Inland water RS has been a challenge, because these environments are optically complex and their optical properties are highly variable (even within the same water body), limiting the development of algorithms and their applicability [30,31].



Eutrophication corresponds to an imbalance in aquatic environments due to the excess of nutrients, mainly phosphorus and nitrogen [15]. This is even more harmful in drylands, such as the Brazilian semiarid region, due to the low runoff coefficient and the excessive evapotranspiration leading to recurrent droughts, which causes water level reduction [5]. Consequently, the water residence time of the reservoirs is high (2–3 years on average), and the water quality is often low [32,33,34]. Land use/land cover changes in the sub-catchments, including agricultural runoff and poor sewage treatment infrastructure, are interfering factors leading to environmental vulnerability of water bodies and anthropogenic eutrophication [34,35,36].



The Trophic State Index (TSI) was initially proposed for temperate regions by [37] and comprises Chl-a, phosphorus concentration and Secchi disk depth measurements. Later, the trophic state classification was adjusted for warm-water tropical lakes [38,39], and some authors have also applied it to the tropical semiarid reservoirs, obtaining satisfactory results [32,34,36,40].



Few studies address the relation between CDOM and other trophic level indicators. However, organic compounds are one important factor affecting phosphorus precipitation and mobilization in the aquatic system [15,41]. Phosphorus is recognized as a limiting nutrient of eutrophication process, while DOM contributes to control this nutrient, thus regulating the trophic level of the water body. Moreover, CDOM concentration interferes in the transparency of the water and consequently in the availability of light in the water column, regulating the photosynthetic activity. The term “dystrophy” is used as a category for systems rich in humic substances, and these present low productivity associated with high humic color [15]; the trophic levels are associated with different input loads (phosphorus or CDOM) and also are related to internal processes. Generally, eutrophic ecosystems receive high concentrations of phosphorus and have high primary productivity, whereas dystrophic systems have a higher intake of CDOM, and the bacterial metabolism in these systems can be suppressed by low pH [19,20,42].



This study aims at analyzing the dynamics of Chl-a and CDOM from in situ measurements, as well as at assessing the potential of multispectral satellite data for retrieving Chl-a concentration and specific absorption coefficient of Colored Dissolved Organic Matter (aCDOM) in three small surface reservoirs in the semiarid Brazil region. More specifically, this work comprises three steps: (i) analysis of in situ Chl-a and the dynamics of attributes related to the eutrophication process; (ii) characterization of in situ Dissolved Organic Matter (DOM) obtained from absorption and spectral slope of CDOM; (iii) estimation of Chl-a and CDOM through OLI/Landsat-8 (https://earthexplorer.usgs.gov/) and RapidEye satellite data. Furthermore, limitations of satellite monitoring of small complex tropical inland water bodies are discussed and recommendations for future in situ data collections and satellite monitoring strategies presented.




2. Materials and Methods


2.1. Study Area


The study focuses on three reservoirs: Marengo (MAR), Paus Branco (PB) and São Nicolau (SN), located in the Madalena Basin (124 km2, see Figure 1), nested in the Banabuiú River Basin, State of Ceará, Brazil. This region has a semiarid climate with water scarcity in the dry season (most prominently between July and December) and high inter-annual rainfall variability. The total average precipitation is approximately 600 mm·year−1; the potential evaporation is around 2500 mm·year−1; the monthly temperatures range from 26 °C to 28 °C. The basin is vulnerable to droughts, and the investigation occurred during a pluriannual recorded drought, which started in 2012 [43].


Figure 1. Study site and sampling spots in the reservoirs Paus Branco, São Nicolau and Marengo in the Madalena Basin, nested in the Banabuiú River Basin, Ceará, Brazil. Projection system: Universal Transverse Mercator (UTM) in meter; Datum: WGS 84 (World Geodetic System).
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The Madalena Basin is located within the Land Reform Settlement “25 de Maio”. The main water source for the local population (around 600 families), for animal supply, for fishing and for small-scale irrigation is comprised by the surface reservoirs. The three reservoirs were chosen for this study because they are distinct in terms of size and limnological characteristics. Marengo is a Perennial (PR) and highly dendritic reservoir with 75.3 km2 of hydrographic basin and a maximum storage capacity of 15.3 hm3, whereas Paus Branco and São Nicolau are Non-Perennials (NPR) and have 36.1 km2 and 22.5 km2 of hydrographic basin and a maximum storage capacity of 5.5 hm3 and 0.89 hm3, respectively.



The catchment areas of the focus reservoirs are subject to a similar land use and land cover: free access of animals to water bodies, floodplain crops (called “vazantes”), agrochemical use, practice of soil burning, exposed soil (areas prepared for agriculture or livestock farming) and poor sanitary infrastructure. These practices favor the process of eutrophication. No occurrence of macrophytes is noticeable in the Marengo reservoir (Figure 2a), whereas there was a dense presence of emerged macrophytes in Paus Branco (Figure 2b) and the occurrence of submersed species in São Nicolau (Figure 2c) during the investigation period.


Figure 2. (a) Absence of macrophytes in the water surface in Marengo reservoir; (b) high density of macrophytes (free and rooted species, floating, free and submersed) in Paus Branco reservoir; (c) presence of submersed macrophytes in São Nicolau reservoir (2015).
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2.2. Limnological and Environmental Data


2.2.1. Hydrochemistry and Hydro-Optics


Water samples were collected by boat at a water depth of 30 cm from the surface, stored in cooled Styrofoam containers and carried to the laboratory for the analysis of Total Phosphorus (TP), orthophosphate (PO43−) and Chlorophyll-a (Chl-a). The water filtration for the subsequent CDOM lab analysis was carried out in loco through cellulose acetate membranes (pore size: 0.45 µm). Water transparency was measured with a Secchi disc (25-cm diameter). The sampling was conducted from May 2014 to January 2016, totaling 16 field campaigns (Table 1) and covering both dry and rainy seasons.



Table 1. Sampling and image acquisition dates, time interval between sample collection and image acquisition and percentage of cloud coverage per scene or tile. The absence of images is indicated by N.A. (not available). REIS, RapidEye Earth Imaging System.







	
FIELD SAMPLING DATE

	
SATELLITE PRODUCT




	
OLI/Landsat-8

	
REIS/RapidEye




	
Acquisition Date

	
Time Interval (days)

	
Cloud Cover (%)

	
Acquisition Date

	
Time Interval (days)

	
Cloud Cover (%)






	
31 May 2014

	
2 June 2014

	
2

	
9.8

	
9 June 2014

	
10

	
15 (N)/20 (S)




	
2 July 2014

	
N.A.

	

	

	
N.A.

	

	




	
2 August 2014

	
5 August 2014

	
3

	
3.4

	
5 August 2014

	
3

	
0.3 (N)/0.9 (S)




	
30 August 2014

	
N.A.

	

	

	
N.A.

	

	




	
27 September 2014

	
22 September 2014

	
5

	
12.5

	
N.A.

	

	




	
31 October 2014

	
N.A.

	

	

	
16 October 2014

	
15

	
4.4 (N)/4.7 (S)




	
29 November 2014

	
N.A.

	

	

	
7 December 2014

	
8

	
5 (N), 17 (S)




	
27 December 2014

	
N.A.

	

	

	
N.A.

	

	




	
3 February 2015

	
28 January 2015

	
6

	
8.8

	
N.A.

	

	




	
13 March 2015

	
N.A.

	

	

	
N.A.

	

	




	
18 April 2015

	
N.A.

	

	

	
N.A.

	

	




	
23 May 2015

	
N.A.

	

	

	
N.A.

	

	




	
19 June 2015

	
N.A.

	

	

	
18 June 2015

	
1

	
0 (N), 2 (S)




	
3 September 2015

	
24 August 2015

	
9

	
<1

	
7 September 2015

	
4

	
2 (N)




	
11 November 2015

	
12 November 2015

	
1

	
16.7

	
N.A.

	

	




	
13 January 2016

	
N.A.

	

	

	
N.A.

	

	








Note: N corresponds to North (RapidEye Tile 2436712) and S corresponds to South (RapidEye Tile 2436812).








In situ reflectance spectra were measured with an ASDFieldSpec®3 Hi-Res spectroradiometer (Analytical Spectral Devices, Inc.; Boulder, CO, USA) with a field-of-view of 25°, spectral resolution of 1.4 nm and a 350–2500 nm spectral range. A Spectralon reference panel was used to represent a Lambertian surface and to provide the reflected measurement of the downwelling component. Measurements of the upwelling signal were taken between 10 a.m. and 2 p.m. and with an azimuth angle away from the Sun in accordance with NASA’s protocols. Measurements of water radiance were carried out simultaneously with the water samplings on 27 December 2014 (in Marengo), on 3 February 2015 (in Marengo and São Nicolau) and on 11 November 2015 (in Marengo and Paus Branco). The values of the upwelling and downwelling measurements were normalized into the reflectance, R, using Equation (1), according to [44].


[image: ]



(1)




where Rλ represents the reflectance factor (dimensionless); DNa,λ is the upwelling spectral radiance as the Digital Number (DN) measurement; and DNr,λ is the downwelling spectral radiance reflected from the reference panel.



Concentration of Chl-a was obtained using a spectrophotometry method from extraction with acetone 90%, while TP was measured by digestion with persulfate followed by the ascorbic acid method [45]. PO43− and Total Suspended Solid (T.S.S.) concentration were also obtained, according to American Public Health Association (APHA) [45]. The absorbance of CDOM (Aλ) was measured within wavelength range 250–800 nm by a Lambda 950 UV-VIS spectrometer, (PerkinElmer, Inc., Norwalk, EUA) with a 5-cm quartz cuvette. This measurement was converted to CDOM absorption (m−1) according to Equation (2):
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(2)




where aCDOM corresponds to the absorption coefficient of CDOM per wavelength (λ); ACDOM stands for spectral absorbance per wavelength (λ); and ‘l’ is the cuvette path length in meters [46]. Furthermore, according to the authors op cit., we applied Equation (3) to determine the spectral slope in both the ultraviolet SUV (S275–295) and in the visible SVIS (S350–500) domains. Subsequently, the slope ratio Sr (S275–295:S350–500) was obtained to characterize CDOM types.
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(3)







In Equation (3), aCDOM(440) is the specific absorption coefficient at 440 nm (m−1); and S (λ0 − λ) is equal to the spectral slope over a particular wavelength domain of aCDOM(440) (nm−1).




2.2.2. Calculation of the Trophic State Index


The Trophic State Index (TSI) proposed by [37] was applied, as modified by [38], as expressed in Equations (4)–(6), which takes into account the Secchi dick transparency depth (m); as well as TP and Chl-a concentration (mg·m−3):
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(4)
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(5)
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(6)







The average value among Equations (4)–(6) was assumed as the representative TSI. The criterion for the classification of the trophic state is: ultra-oligotrophic (TSI ≤ 24), oligotrophic (24 < TSI ≤ 44), mesotrophic (44 < TSI ≤ 54), eutrophic (54 < TSI ≤ 74) and hypereutrophic (TSI > 74), as adopted by [38].




2.2.3. Environmental Data


Precipitation: Monthly data on precipitation were taken from the Madalena city rain gauge because it is the nearest gauge to the reservoirs. The period of data coincides with that of the field campaigns (from May 2014 to January 2016), and the data were obtained from Foundation of meteorology and water resources of State of Ceará—FUNCEME [47].





2.3. Optical Satellite Data Processing


Assessing water quality of inland waters by means of optical RS requires sensors that operate in the visible to near infrared wavelength range with a sufficient spatial/temporal resolution to adequately capture the magnitude of the optically active constituents of the water body. The Landsat program provides more than 40 years of satellite observations and is currently continued with LDCM (Landsat Data Continuity Mission) operating with the Operational Land Imager (OLI) on board of Landsat-8 (L8). L8 was launched on 11 February 2013 with a revisit time of 16 days and a spatial resolution of 30 m for Bands 1–7 [48]. It has five bands in the visible to near-infrared wavelength range: b1 (blue; 435–451 nm), b2 (blue; 452–512 nm), b3 (green; 533–590 nm), b4 (red; 636–673 nm) and b5 (NIR; 851–879 nm).



While the Landsat series is considered as a medium resolution mission, the RapidEye Earth Imaging System (REIS) provides a much higher spatial resolution. The RapidEye (RE) products used in this study were provided by the RapidEye Science Archive (RESA) at German Aerospace Center (Köln, Germany) and have a pre-processing level of 3A, i.e., they are orthorectified resulting in a spatial resolution of 5 m [49]. RE imagery has five bands in the VNIR interval: blue (440–510 nm), green (520–590 nm), red (630–685 nm), red edge (690–730 nm) and near-infrared (760–850 nm). The main feature that distinguishes RE from most other multispectral satellites is the red edge band. It is spectrally located between the red band and the NIR band without overlap, and it covers the portion of the spectrum where the reflectance of vegetated surfaces drastically increases from the red wavelength region towards the NIR reflectance plateau providing additional information about vegetation characterization [50]. The optical satellite datasets were selected on dates closest to the field samplings, with the restriction of cloud cover lower than 20%. The satellite dataset used in this investigation consisted of six L8 scenes (Path 217/Row 63) and eleven RE tiles (2436712 and 2436812), as indicated in Table 1.



L8 satellite images were obtained from the United States Geological Survey (USGS) as the Landsat Surface Reflectance L1T product that had been preprocessed (georeferenced and atmospherically corrected) using the L8SR software (USGS, Sioux Falls, EUA) [51]. The atmospheric correction of the RE images was carried out in -2 within ERDAS IMAGINE® (ATCOR 3, version 9.0.2, Wessling, Germany; and Wil, Switzerland) using the MODTRAN-4 code (MODerate Resolution Atmospheric TRANsmittance Algorithm). For this processing, a pre-defined calibration file was used for flat terrain with an elevation of 200 m and the option for the atmospheric model for “dry tropical areas” [52].



We masked out water with higher NIR reflectance to ensure that these pixels were free from floating vegetation and did not include areas of exposed mud flats. Subsequently, we defined Regions Of Interest (ROIs) to extract reflectance values at or close to the in situ sampling sites and calculated an averaged reflectance per ROI based only on open water pixels. We investigated the sensitivity of the spectral L8 and RE bands related to Chl-a, in particular the ‘relative greenness’, i.e., the height of the green reflectance peak versus the absorption by phytoplankton pigments in the blue and red wavelength region of the first and second Chl-a main absorption bands using [(2 × green)/(blue + red)].



For CDOM the green/red ratio approach according to [8] was tested. However, a high CDOM concentration and therefore absorption in some of the surface waters spectrally flattened the surface reflectance over a very broad wavelength range resulting in a too small range of the ratio values. Therefore, the blue instead of the green wavelength region was chosen in order to increase the value range utilizing the blue/red ratio, for both satellite products (L8 and RE) and keeping the principle of Kutser’s CDOM band ratio algorithm of using a shorter wavelength band with exponentially higher CDOM absorption versus the longer wavelength red spectral band.



Regressions of the ‘relative greenness’ versus in situ Chl-a and also of the blue/red ratio values versus in situ CDOM were established. Additionally, several bands or bands’ combination for retrieving these limnological attributes were tested. The Nash–Sutcliffe coefficient (NSE) [53] was adopted for validation and calibration as a performance indicator for all models tested. RMSE observations’ Standard Deviation Ratio (RSR) and Percent Bias (PBIAS) were also carried out as model evaluation statistics [54].





3. Results


3.1. Assessment of Chlorophyll-a Dynamics and Trophic State Level


The results related to trophic state show a high trophic status for Marengo reservoir during the entire study period, reaching its highest value of hypertrophy (TSI = 83.0) at the end of the wet season in May 2015. Paus Branco and São Nicolau reservoirs presented lower values for mean TSI than Marengo, and they varied between oligotrophic, mesotrophic and eutrophic levels. Both reservoirs showed changes in the trophic level significantly related to the first rains in March 2015 (Figure 3).


Figure 3. Observed precipitation at Madalena rainfall gauge (Ceará) and mean Trophic State Index (TSI) at Marengo, São Nicolau and Paus Branco reservoirs from May 2014 to January 2016.
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SN remained eutrophic, and later, it completely dried, preventing sampling in this reservoir after September 2015 when it was at the limit level of hypereutrophic status. PB showed a highly dynamic behavior. It was eutrophic from August to October 2014, showing better trophic conditions between November 2014 and February 2015 up to reaching an oligotrophic level (TSI = 26.8 in December 2014 and TSI = 35.9 in February 2015), returning to a eutrophic level in March and April 2015 (rainy season) and a mesotrophic level in May and June 2015 (end of rainy season); from September 2015 and subsequent months, PB was classified as a eutrophic lake.



The occurrence of submersed macrophytes is usually correlated with lower trophic levels. This trophic level estimate was also supported by Secchi disk depth >1.0 m from August 2014 to February 2015 for SN reservoir and equal to 0.9 m (on average) from September 2014 to June 2015 for PB, being much higher than those observed for MAR. This parameter indicates the amount of light penetration into the water.



The third limnological attribute considered in the TSI estimate is TP, which stimulates the growth of algae and is a proxy indicator of water fertility. It was above 30 mg·m3 for all reservoirs during the studied period. This value corresponds to the threshold for Case 2 waters according to Brazilian Council of Environment—Resolution No. 357 [55]. The orthophosphate (PO43−) organic fraction available to aquatic plants was higher for PB and SN possibly due to the proliferation of macrophytes. The attributes measured in our investigation are summarized in the Table 2.



Table 2. Summary of attributes measured during seasonal analyses in Marengo, Paus Branco and São Nicolau reservoirs (Ceará, Brazil). T.S.S., Total Suspended Solids; aCDOM, absorption coefficient of Colored Dissolved Organic Matter.







	
Attributes

	
Statistic

	
Marengo

	
Paus Branco

	
São Nicolau




	
Rainy

	
Dry

	
Rainy

	
Dry

	
Rainy

	
Dry






	
Secchi Disk (m)

	
n

	
n = 22

	
n = 31

	
n = 14

	
n = 21

	
n = 17

	
n = 23




	
Min-Max

	
0.1–0.3

	
0.1–0.3

	
0.3–1.5

	
0.4–1.1

	
0.4–1.5

	
0.2–1.5




	
Mean ± SD

	
0.18 ± 0.06

	
0.2 ± 0.07

	
0.9 ± 0.3

	
0.7 ± 0.1

	
1.0 ± 0.4

	
0.95 ± 0.4




	
T.S.S. (mg·L−1)

	
n

	
n = 18

	
n = 12

	
n = 14

	
n = 12

	
n = 15

	
n = 8




	
Min-Max

	
28.2–90.5

	
27.8–77.8

	
2.3–129.0

	
3.6–14

	
0.4–26

	
1.2–101.3




	
Mean ± SD

	
47.8 ± 12.6

	
51.4 ± 12.3

	
20.0 ± 23.3

	
7.7 ± 3.4

	
6.0 ± 6.1

	
23.7 ± 30.3




	
Chl-a (µg·L−1)

	
n

	
n = 22

	
n = 27

	
n = 14

	
n = 14

	
n = 15

	
n = 22




	
Min-Max

	
28.2–90.5

	
20.2–263.0

	
<1–41.0

	
<1–34.7

	
<1–25.0

	
<1–23.2




	
Mean ± SD

	
158.2 ± 79.0

	
80.2 ± 42.1

	
8.9 ± 10.1

	
10.6 ± 10.5

	
5.7 ± 7.2

	
2.5 ± 3.8




	
TP (mg·m−3)

	
n

	
n = 22

	
n = 31

	
n = 12

	
n = 27

	
n = 18

	
n = 23




	
Min-Max

	
161.1–571.1

	
101–1130

	
28–236.4

	
25–501

	
218–666

	
204–2851




	
Mean ± SD

	
248.2 ± 80.2

	
266 ± 174

	
102.4 ± 49

	
145 ± 97

	
376 ± 104

	
527 ± 234




	
PO43− (mg·m−3)

	
n

	
n = 22

	
n = 24

	
n = 12

	
n = 18

	
n = 18

	
n = 20




	
Min-Max

	
0.0–0.1

	
0.0–0.2

	
0.0–0.1

	
0.0–0.2

	
0.1–0.4

	
0.2–2.8




	
Mean ± SD

	
0.0 ± 0.0

	
0.1 ± 0.1

	
0.0 ± 0.0

	
0.1 ± 0.1

	
0.2 ± 0.1

	
0.4 ± 0.2




	
aCDOM(440) (m−1)

	
n

	
n = 19

	
n = 22

	
n = 8

	
n = 13

	
n = 15

	
n = 18




	
Min-Max

	
2.1–13.0

	
0.4–8.7

	
1.1–5.1

	
2.4–7.3

	
0.9–12.2

	
3.1–9.9




	
Mean ± SD

	
4.1 ± 2.2

	
3.3 ± 1.5

	
3.0 ± 0.6

	
4.1 ± 1.0

	
4.5 ± 2.9

	
6.7 ± 1.9











3.2. Characterization of Dissolved Organic Matter


When analyzing the CDOM absorption spectra, high variation between the three studied water bodies and high seasonal dynamics were observed. The values ranged from very low aCDOM(440) = 0.8 m−1 (for SN, in April 2015) up to high values of aCDOM(440) = 12.9 m−1 (for Marengo, in January 2016), as shown in Figure 4a and also described in Table 2. Marengo reservoir presented aCDOM(440) equal to 2.6 m−1 on average from May 2014 to April 2015; from this period onwards, there was a gradual increase, reaching its maximum value in the last month of the study period. Different from MAR reservoir, SN reservoir showed a CDOM decrease from the beginning of samplings until April 2015, when a tendency towards an upward behavior developed. PB reservoir showed a similar behavior to SN starting at an aCDOM(440) average equal to 7.3 m−1 in August 2014 and gradually decreasing until 1.1 m−1 (in April 2015) and increasing again in the following months.


Figure 4. (A) Mean values of specific absorption coefficient aCDOM at 440 nm; (B) spectral slope of CDOM in the ultraviolet range (275–295 nm); (C) spectral slope of CDOM in the visible range (350–500 nm) and; (D) ratio slope (SUV/SVIS) for Marengo, Paus Branco and São Nicolau reservoirs from May 2014 to January 2016.
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CDOM showed an inverse relationship with water transparency being remarkably observed for SN and PB reservoirs. SN had lower Secchi disk measurements in the initial months (from May to July 2014) with an average equal to 0.5 m and brownish water, showing higher transparency and clearest water between October and December 2014 with an average depth of 1.3 m. Simultaneously, aCDOM(440) showed higher values in rain season months in 2014 (10.1 m−1, on average) and had in general much lower concentrations in the dry period of 2014 (equal to 3.8 m−1, on average) for this reservoir. The same result is observed for PB where the lower transparency water observed was equal to 0.5 m in August 2014, whereas aCDOM(440) in this sampling was 7.3 m−1, the highest aCDOM value for this reservoir. These findings indicate the interference of CDOM concentration in the transparency of water as also found in the relevant publications on water organic matter interactions [15,19].



Spectral Slope (S) gives information on CDOM structure and composition and also its susceptibility to photo- and bio-degradation. SN and PB showed low SUV values (within the spectral range between 275 and 295 nm; SUV = 0.02 nm−1 on average), in contrast to Marengo, which showed higher SUV values. All reservoirs presented a heterogeneous behavior with regard to SVIS (within the spectral range between 350 and 500 nm), where the values ranged on average from 0.015 nm−1 (for SN reservoir in May 2014) to 0.023 nm−1 (for Marengo in April 2015). Very close values between the three reservoirs studied (±0.002 nm−1) were observed. Regarding the Slope ratio (Sr), the values ranged between 0.8 (for SN in June 2014) and 1.5 (for Marengo in August 2014). A similar behavior as for SUV was observed with Marengo reservoir presenting the highest values in comparison to SN and PB. All results are shown in Figure 4.




3.3. Exploratory Analysis of In Situ Reflectance Data


Radiometric in situ data are expressed as spectral reflectance (Figure 5). Each measurement was taken from an average of three readings resulting in a spectral database of 45 spectral signatures showing distinct features between MAR, PB and SN reservoirs. Across the spectrum, the reflectance from Marengo was higher than the reflectance from PB and SN reservoirs. On every measurement date of December 2014 (Figure 5a), February 2015 (Figure 5b) and November 2015 (Figure 5c), the reflectance showed a distinct reflectance peak in the green region (~570 nm), an absorption feature in the red (~675 nm) and another high reflectance peak around 710 nm. The reflectance spectra from SN in February 2015 show the lowest reflectance values and overall flatness. The reflectance spectra from PB in February 2015 show high reflectance in the visible, but more absorption in the NIR wavelength region than the reflectance of Marengo.


Figure 5. In situ spectral reflectance of the Marengo (MAR), Paus Branco (PB) and São Nicolau (SN) reservoirs sampled on: (a) December 2014; (b) February 2015; and (c) November 2015.
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3.4. Satellite-Based Estimation of Chlorophyll-a and CDOM


The reservoirs were separated into two groups, perennial and non-perennial, which have different CDOM and chlorophyll-a regimes to evaluate the capability of L8 and RE reflectance in retrieving chlorophyll-a and CDOM. The proxy for the Chl-a algorithm [(2 × green)/(blue + red)] is based on the principle of combining maximum and minimum reflectance values, since the green wavelength range is related to a region of low absorption by chlorophyll-a, while the blue and red wavelength ranges are domains where energy absorption by chlorophyll-a is high. However, this spectral band combination (Index 1, I1) showed a low Pearson correlation (r = 0.1 for L8 and r = −0.23 for RE), whereas the blue/NIR ratio (Index 2, I2) and the NIR reflectance (Index 3, I3) had the best Pearson correlation with values equal to -0.5 and 0.84 for L8 and RE, respectively.



The blue/red ratio (Index 4, I4) applied for retrieving CDOM showed a Pearson correlation of 0.23 and −0.22 for L8 and RE, respectively. Only the green reflectance (Index 5, I5) showed an acceptable Pearson correlation for CDOM retrieval, this attribute with values of −0.47 and −0.57 for L8 and RE, respectively. These are the highest correlations found and evaluated. Table 3 presents all models tested for each group of reservoirs (perennial, non-perennials and all reservoirs).



Table 3. Index and equations applied for estimation of Chlorophyll-a and CDOM from OLI/ Landsat-8 and REIS/RapidEye datasets for Marengo reservoir (perennial reservoir), Paus Branco and São Nicolau (non-perennial reservoirs).







	
Attribute: Chlorophyll-a (µg·L−1)




	

	
OLI/Landsat-8

	
REIS/RapidEye

	
OLI/Landsat-8

	
REIS/RapidEye




	

	
Index I1 = [(2 × Green)/(Blue + Red)]

	
Index I2 = (Blue/NIR)

	
Index I3 = NIR




	
PR

	
Chl = −74.33 × I1 + 170.09

	
Chl = 96.52 × I1−1.66

	
Chl = −90.12 × I2 + 137.12

	
Chl = 848.9 × I3 − 6.62




	
NPR

	
Chl = 0.07 × I14.55

	
Chl = 1.2 × I11.15

	
Chl = 0.02e3.02 × I2

	
Chl = 74.07 × I3 − 0.36




	
All

	
Chl = 0.27 × I111.76

	
Chl= 3.89 × I11.0

	
Chl = 14.70 × I22.94

	
Chl= 11951 × I32.46




	
Attribute: CDOM (m−1)




	

	
OLI/Landsat-8

	
REIS/RapidEye

	
OLI/Landsat-8

	
REIS/RapidEye




	

	
Index I4 = (Blue/Red)

	
Index I5 = Green




	
PR

	
CDOM = 8.04 × I4x2.65

	
CDOM = 2.25 × I40.02

	
CDOM = 89.82 × I5 − 0.54

	
CDOM = 2.03 × I5−0.01




	
NPR

	
CDOM = 11.03 × I45.07

	
CDOM = 2.86 × I4−0.30

	
CDOM = 0.5437 × I5−0.56

	
CDOM = 9.12e−12 × I5




	
All

	
CDOM = 0.16e4.09 × I4

	
CDOM = −0.06 × I4 + 0.64

	
CDOM = 0.59 × I5−0.53

	
CDOM = 0.80 × I5−0.24








Note: PR = Perennial Reservoir; NPR = Non-Perennial Reservoirs; All = perennial and non-perennial reservoirs.








The closest relationship between simulated and measured Chl-a concentration was found for the perennial reservoir data type that is characterized by high phytoplankton concentration and is successful using the NIR reflectance of the RE satellite (Figure 6B) with a reasonable degree of reliability (NSE = 0.66, RMR = 0.57, PBIAS = 0.24). The fit values smoothly improved when all reservoirs together were considered with a validation NSE = 0.71, RMR = 0.52 and PBIAS = 0.24. However, the NIR reflectance showed a low fit for non-perennial reservoirs characterized by low phytoplankton abundance (NSE = 0.15, RMR = 0.87, PBIAS = 0.31).


Figure 6. Chlorophyll-a. (A) Perennial reservoir and Landsat-8; (B) perennial reservoir and RapidEye; (C) non-perennial reservoirs and Landsat-8; (D) non-perennial reservoirs and RapidEye.
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The results of models tested for retrieving CDOM are displayed in Figure 7, and a closer relationship between simulated and measured CDOM concentration was found for non-perennial reservoirs data using the green reflectance of the L8 satellite (Figure 7C) with a high degree of reliability indicated by NSE = 0.89, RMR = 0.56 and PBIAS = 0.09. However, this same band had a low fit for the perennial reservoir (NSE = 0.25, RMR = 0.81, PBIAS = 0.12) and showed reasonable values indicated in the calibration considering all reservoirs (perennial and non-perennial), but this presented a low fit for validation, demonstrating that the best performance is reservoir specific.


Figure 7. CDOM. (A) Perennial reservoir and Landsat-8; (B) perennial reservoir and RapidEye; (C) non-perennial reservoirs and Landsat-8; (D) non-perennial reservoirs and RapidEye.



[image: Water 09 00913 g007]






The coefficient evaluation statistics (NSE, RMR and PBIAS) values found for all models tested are presented in Table 4.



Table 4. Pearson correlation (r) and coefficient of determination (R2) values between indexes versus the concentration of Chlorophyll-a or CDOM in situ measurements, Nash–Sutcliffe coefficient (NSE), RMSE observations’ Standard Deviation Ratio (RSR) and Percent Bias (PBIAS) used for each equation.







	
Attribute

	
Chlorophyll-a

	
CDOM




	
L8

	
RE

	
L8

	
RE

	
L8

	
RE

	
L8

	
RE




	
I1

	
I1

	
I2

	
I3

	
I4

	
I4

	
I5

	
I5






	
r, all reservoirs

	
0.10

	
−0.23

	
−0.50

	
0.84

	
0.23

	
0.22

	
−0.47

	
−0.57




	
R2, PR reservoir

	
0.12

	
0.24

	
0.13

	
0.66

	
0.50

	
0.13

	
0.15

	
0.00




	
R2, NPR reservoirs

	
0.14

	
0.54

	
0.38

	
0.29

	
0.75

	
0.10

	
0.77

	
0.29




	
R2, all reservoirs

	
0.28

	
0.20

	
0.13

	
0.40

	
0.69

	
0.25

	
0.48

	
0.65




	
NSE, PR reservoir

	
−0.21

	
0.15

	
0.15

	
0.62

	
−13.54

	
−0.15

	
0,25

	
−0.47




	
NSE, NPR reservoirs

	
−0.18

	
−0.32

	
−0.16

	
0.15

	
0.17

	
−0.32

	
0.89

	
−0.79




	
NSE, all reservoirs

	
−3.89

	
−0.40

	
−0.45

	
0.71

	
−80.28

	
−1.18

	
0.38

	
0.28




	
RMR, PR reservoir

	
1.05

	
0.85

	
0.87

	
0.57

	
0.73

	
0.93

	
0.81

	
3.58




	
RMR, NPR reservoirs

	
1.02

	
1.06

	
1.01

	
0.85

	
1.29

	
1.03

	
0.56

	
1.20




	
RMR, all reservoirs

	
2.15

	
1.14

	
1.17

	
0.52

	
8.73

	
1.39

	
0.76

	
0.80




	
PBIAS, PR reservoir

	
0.12

	
0.43

	
0.31

	
0.24

	
0.80

	
−0.17

	
0.12

	
0.98




	
PBIAS, NPR reservoirs

	
0.93

	
0.51

	
0.94

	
0.66

	
0.49

	
0.26

	
0.09

	
0.43




	
PBIAS, all reservoirs

	
0.12

	
0.90

	
0.78

	
0.24

	
−1.24

	
0.88

	
0.12

	
0.28












4. Discussion


4.1. Limnological Dynamics and Trophic Conditions


Limnological dynamics in the semiarid reservoirs are strongly influenced by seasonality and also by the prevailing hydro-climatic conditions [34,56]. Generally, it is expected that rainfall stimulates fluctuations in trophic conditions of water bodies due to an increase of sediment input from the drainage areas. This sediment can be rich in organic material and nutrients, promoting the eutrophication process in the reservoirs.



Work comprising the trophic level of Marengo reservoir between the rainy season (April 2011 and March 2012) and the dry season (October 2012 and November 2013) reported the seasonality related to the tendency of water quality deterioration during the dry season, while the TSI estimated for the wet period showed a better condition [34]. However, our investigation was carried out at the beginning of five consecutive years of drought in the State of Ceará [43], which explains the high mean TSI for Marengo in the middle of 2014 worsening during 2015, indicating hypereutrophic conditions. Overall, the reservoirs studied are characterized by high trophic levels between September 2015 and January 2016, which can be explained by the prolonged drought. Hydrological drought is indeed an important factor that controls water quality in aquatic ecosystems, mainly due to water level reduction, increase in residence time and shifts in internal processes [40,56].



The temporal variation in the trophic status of the General Sampaio reservoir (located in the center of the state of Ceará, Brazil) was also verified [32], showing lower values during the rainy season and gradually increasing values throughout the dry period in 2012. Altogether, the hydrological regime in semiarid Brazil acts on limnological dynamics in two ways: with the first rains of the wet season, a deterioration trend of water quality occurs due to the high input of organic matter and nutrients carried from the drainage areas; in a second phase, the water tends to show an improved quality resulting from the dilution of the material carried; the water quality can be upgraded when there is an overflow event in the reservoirs. Usually, there is a deterioration trend of water quality during the dry period [34], and this condition is intensified in extreme hydrological droughts [40].



The results showed intense trophic dynamics for SN and PB reservoirs in comparison to MAR reservoir. This fact can be mainly explained by the aquatic ecosystem size, since smaller lakes have more intense limnological dynamics [15]. In the case of SN reservoir, the dense occurrence of Ceratophyllum demersum can be directly linked to the low trophic status found from May 2014 to February 2015. It is an exotic submerged species that exerts strong competition with nutrients, while its distribution depends on transparency conditions of the water column [57,58].



Despite the fact that the drainage areas of MAR, PB and SN reservoirs are apparently subject to similar practices and land uses (agricultural production with livestock accessing the water bodies, precarious sewage infrastructure in the villages contributing to the supply of nutrients especially though surface runoff), these reservoirs show distinctively different limnological conditions. It shows that the limnology also depend on other factors such as residence time, size and storage capacity of the water bodies, operating rules, morphology features and internal lake processes that occur due to high water level fluctuations.



The different limnological conditions between MAR, PB and SN reservoirs can mainly be linked to characteristics of intermittence, since Marengo is perennial, already built in 1934 (and enlarged in 1956), while SN and PB were built more recently and are non-perennial, highly disturbed limnological systems. There are records of emptying during 2013 in case of PB and from October 2015 (until the end of this research) in the case of SN. Furthermore, small local communities take advantage of the water level decrease and use the (still) moist area of the reservoir floor for cultivating (floodplains, popularly called “vazantes” in the semiarid Brazil). Therefore, when these reservoirs fill up again, a distinct condition related to aquatic metabolic processes arises and leads to different physiochemical characteristics in waters. This factor may also affect the later pattern of spatial and temporal distribution of macrophytes species.




4.2. Dynamics of CDOM


Considering that an optical characterization approach using CDOM is commonly performed in temperate and boreal lakes [13,22,59], it is emphasized that there is, to our best knowledge, no reference for small surface reservoirs of in semiarid Brazil that includes different limnic ecosystems, different seasons and years. A study carried out in the hypertrophic Barra Bonita hydroelectric reservoir located in São Paulo (subtropical Brazilian region), which has a storage capacity of 2600 hm3, measured aCDOM(440) equal to 1.6 m−1 in May 2014 (end of the wet season) and around 2.8 m−1 in October 2014 (end of the dry season) [60]. In the same study area, Alcântara et al. [61] described aCDOM(440) values between 0.6 m−1 (in January 2014) and 1.7 m−1 (in September 2014) for this eutrophic system. Both works related the results to the seasonality with lower CDOM values for the wet season and higher concentration in the dry season. In comparison, we observe a high dynamic of CDOM that seems to be related to wet and dry seasonality and to the different sizes of the reservoirs: the short water retention time in the reservoirs of Madalena basin and a close hydrological connection to the drainage system, as well as high water level fluctuations influencing the thermal stratification are also important factors to explain the high CDOM dynamic and also the dynamics of the trophic level found in this study.



Theoretically, rainfall has an impact on the CDOM concentration mainly due to material and detritus transported from the drainage area to the water bodies. Taking into account that humic-rich discharges follow the hysteresis process [19], the rainfall effects in the wet and dry seasons did not seem so evident in our investigation throughout the entire study period. In the first wet season of 2014, rainfall effects were very well visible. CDOM regimes in the smaller SN and PB reservoirs were highly decreasing at the end of the wet season. The moderate wet season of 2015 seemed not to have a considerable impact on the CDOM regimes in the smaller reservoirs because no changes in CDOM related to precipitation could be observed. In contrast, the prolonged drought period may be a stronger interfering factor on the temporally-variable CDOM in reservoirs of Madalena basin. CDOM in MAR and PB reservoirs considerably increased in December 2015 and January 2016 after the end of the dry season. The availability of light in the water column regulates the photosynthetic activity, driving low phytoplankton concentrations in the case of high CDOM, as it occurs in the SN and PB reservoirs during the wet season of 2014–2015.



Optical measurements of CDOM absorbance are increasingly used to track the composition and the source of organic matter in aquatic ecosystems. No consensus exists on strictly formulated value ranges for the interpretation of CDOM slope values across specific wavelength regions and the slope ratio. Literature findings emphasize that typically lower slope values indicate high molecular weight DOM and/or increasing aromaticity as is typical for the humic-rich DOM type from terrestrial sources [26,28]. Previous studies have reported SUV values in the range of 0.02–0.03 nm−1 for pelagic ocean waters dominated by phytoplankton [62], 0.014–0.018 nm−1 for wetlands [26] and a wide range of 0.012–0.023 nm−1 for terrestrial aquatic systems [63]. The spectral slope ratio Sr is shown to be negatively correlated with DOM molecular weight and to generally increase with irradiation due to photodegradation [26,28]. Previous studies have reported Sr values with a wide range of 0.76–1.79 in wetlands [26] and 0.7–2.4 in eutrophic shallow lake waters [25]. Experiments carried out on CDOM photodegradation from algae leachates observed unusual initial SUV values > 0.055 nm−1 and very low SVIS values around 0.001 nm−1 resulting in Sr values around 50 that may not represent a true exponential fit during the first days of the leaching experiment [28]. SUV values and Sr from algae leachates returned to commonly reported values within a few days.



The CDOM type of Marengo reservoir is consistently characterized by high SUV values of 0.025 nm−1, indicating a dominance of phytoplankton-derived CDOM. Phytoplankton degradation in eutrophic systems is an important source of DOM with an autochthonous characterization, which has already been demonstrated for other eutrophic systems [25,64]. In contrast, the much lower SUV values from SN and PB reservoirs indicate a more humic-rich CDOM type. aCDOM(440) values from SN and PB reservoirs were high in 2014 with decreasing values after the wet season of 2014 accompanied by decreasing SUV that may indicate the loss of aromaticity.



The SVIS values showed a lower range than SUV, but followed in general the temporal dynamics of SUV. A close result was reached for lakes in Florida, with lower variability of SVIS in comparison to SUV [10]. Work on optical conditions of two tropical freshwater systems (located in Minas Gerais, Brazil) in 2013, both characterized by low CDOM, but with different phytoplankton regimes, measured mean values of SUV and SVIS around 0.02 nm−1 and Sr equals to 1.2 for the eutrophic water body, the Pampulha reservoir, which indicates CDOM derived from phytoplankton [64]. These findings reinforce the suggestion that S and Sr values in the lower range characterize PB and SN reservoirs, likely much more influenced by allochthonous sources due to their much smaller water volume. The CDOM source in the higher trophic Marengo reservoir tends more to in situ production of CDOM from phytoplankton. Hypertrophic systems like MAR experience massive algal blooms with several hundred µg·L−1 Chl-a. The occurrence of Cyanobacterial Harmful Algal Blooms (CyanoHAB) may lead to Microcystis-DOM, which is highly biolabile, which implies high biological alteration and turnover rates of DOM in the environment [27].



To understand the origin and the fate of DOM in the investigated, very contrasting systems of MAR, PB and SN reservoirs, further samplings and investigations are needed. It is recognized in the literature that macrophytes and periphery act on the metabolism of DOM [22,23,24,25] and are also introducing DOM in aquatic systems.




4.3. Bio-Optics and Remote Sensing Application


The spectral responses of water can present a diverse behavior and magnitude of its constituents, especially in complex waters. Brezonik et al. [10] undertook field spectrometry on a large number of lakes in Minnesota (U.S.) of different trophic levels and CDOM [10]. This work collected relevant spectral groups in terms of CDOM regime and trophic level into: (A) moderate color (from CDOM) in combination with highly eutrophic (from SD and Chl-a); (B) high color and mesotrophic to eutrophic; (C) high color, oligotrophic (dystrophic system); (D) low color, oligotrophic; and (E) low color, moderately eutrophic. Class B showed the highest variability of the reflectance spectra within one group that could not further be separated related to suspended particulate matter, which was not an input option in this study. The authors describe for Group B either nearly flat and the lowest reflectance in the case of CDOM being the dominant factor or an overall lower reflectance <600 nm compared to the other groups in the case of other water color-influencing factors, such as phytoplankton.



Researchers from the Brazilian semiarid area applied field spectroscopy in their remote sensing study of the Orós reservoir (State of Ceará, Brazil), and they verified that this is a eutrophic reservoir with a reflectance peak in the green and a second (lower) one in the NIR and the pigment absorption bands in the blue and red wavelength region [12], such as is described for Group A in [10]. Reflectance spectra from Marengo also show a distinct reflectance peak in the green region (~570 nm), an absorption feature in the blue and the red (~675 nm) and another reflectance peak in the NIR domain around 710 nm. This is a similar spectral shape for Marengo in the case of all measurements, being a behavior associated with a high concentration of photosynthetic pigments. The reflectance spectral type for Marengo can also be classified as Group A proposed by [10] as moderate CDOM in combination with highly eutrophic.



The presence of CDOM can be observed from the high absorbance of light in the shorter wavelength regions with the exponential reduction of values towards the longer wavelengths [11,61]. Because of the lowest phytoplankton concentration in PB and SN reservoirs throughout most of the observation period, we assign PB and SN to the spectral Group C, high color, oligotrophic, dystrophic system according to [10]. In the case of high CDOM and a low concentration of particles for scattering, the reflectance spectra show overall a flat reflectance. In the case of high phytoplankton concentration, phytoplankton cells and colonies highly scatter, raising the reflectance across the visible spectrum. PB shows higher phytoplankton development and changes to the spectral Group B, high color and mesotrophic to eutrophic.



The satellite data analysis showed the limitations one has to deal with when using satellite data for such complex and small inland water bodies of varying character. Differentiation of absorption from phytoplankton and non-algal organic particles versus CDOM in surfaces waters is complex and challenging, resulting from the variation of the shape and magnitude of the water surface reflectance [10,11]. The Chl-a model that best performed used the NIR reflectance from the RapidEye dataset (Figure 6B). This was clearly perceived for Marengo reservoir, due to the high Chl-a concentration. Landsat-8 imagery was applied for mapping Chl-a concentration in a hypertrophic tropical lake (Barra Bonita hydroelectric reservoir (BBHR), São Paulo State, Brazil) with satisfactory results [60]. This study found the best fit by applying an NIR-red ratio with R2 > 0.7 for hypereutrophic data. However, no index from L8 showed reasonable results for our data. The best fit obtained for CDOM simulation was based on I5 (green reflectance derived from L8 data), as shown in Figure 7C for the non-perennials reservoirs (PB and SN). This result can be explained by the fact that CDOM spectral influence is most evident in lakes with low abundance of phytoplankton corroborating to the assumptions of Brezonik et al. [6,10].



Similarly to our investigation, Alcântara et al. [61] tested the potential of the red/blue-green ratio for predicting aCDOM(440) from Landsat-8 images. They also worked in the same hypertrophic reservoir studied by [60], and the best fit was yielded through the red-blue ratio band, derived by in situ hyperspectral remote sensing reflectance (Rrs), at 650 nm (L8 Band 4) and 480 nm (L8 Band 2), i.e., [Rrs(650)/Rrs(480)]. This performance was validated by a good coefficient of determination (R2 = 0.7). However, in our investigation, the red-blue ratio band did not show a good correlation against in situ aCDOM(440). Other studies also show how satellite-derived CDOM estimation deteriorates if lakes are eutrophic with high phytoplankton [10,65].



With regard to the performance of Chl-a and CDOM algorithms, it was not possible to collect in situ data in all reservoirs on the exact same day as the satellite overpasses. Nevertheless, in the same way as discussed by Hansen et al. [66], the time interval between samplings and image acquisition does not seem to be the main factor interfering with the results. For the small reservoirs SN and PB, we experienced difficulties in extracting ‘pure water pixels’ at or close to the sampling sites that are not influenced by macrophytes. In the case of PB, we estimate that there will be always a background signal of floating and emergent macrophytes specifically in the coarser spatial resolution Landsat pixels. The time shift between image acquisition and in situ data collection may be a problem in case of heavy precipitation events flushing into reservoirs that could impact thermal stratification and by this the phytoplankton biomass and dissolved organic matter in the reservoirs, which was not perceived during our study, however.



This notwithstanding, future research is required to monitor these highly dynamic systems throughout the dry and wet seasons and throughout the years to better understand the spatiotemporal pattern of Chl-a and CDOM and also to improve remote sensing indices and understand which indices can be transferred to other water bodies for upscaling for larger area mapping. It could be advisable to undertake a pre-classification for spectral types such as presented in [10] and subsequently apply optimized indices for these different trophic levels and CDOM regimes. It is emphasized that also global CDOM algorithms may be applied if the spectral responses of the lake systems are better understood [10,14]. For mapping of Chl-a, a pre-classification distinguishing lower trophic from higher trophic systems may improve the prediction accuracies due to the distinctly different spectral signatures of the water bodies resulting from the phytoplankton with high phytoplankton leading to high green and NIR reflectance in contrast to oligotrophic systems. Additionally, a pre-classification of emergent and floating macrophytes is needed excluding non-pure water pixels.





5. Conclusions


This study aimed at analyzing the eutrophication dynamics in three small water surface reservoirs in semiarid Brazil. The study is based on an extensive in situ sampling for chlorophyll-a and CDOM data including other attributes to characterize the trophic state of the reservoirs for a period of 20 months from May 2014 to January 2016. The studied reservoirs include the perennial highly dendritic reservoir Marengo (MAR, 15 hm3) and the smaller non-perennial reservoirs Paus Branco (PB, 5 hm3) and São Nicolau (SN, 0.9 hm3) in the state of Ceará, Brazil. The large MAR is eutrophic, whereas the smaller reservoirs experienced extreme water level fluctuations (from completely full to completely empty), extensive occurrence of macrophytes and low phytoplankton concentrations. The investigated reservoirs showed higher eutrophication levels towards the end of the monitoring period, when compared with the initial situation, because the monitoring period fell into a multi-year hydrological drought (2012–2016), which contributed to worsen the water quality.



The absorption and spectral slopes of CDOM were used for the characterization of DOM in the reservoirs. CDOM Slopes (S) and Slope ratio (Sr) suggest that the perennial eutrophic MAR reservoir is mostly influenced by autochthonous CDOM, which fits with the dominance of phytoplankton with moderate CDOM in this system. Contrarily, the small and highly disturbed limnic ones (PB and SN) presented extreme water level fluctuations and occasional complete drying-up. CDOM S and Sr values in the PB and SN reservoirs indicate a dominance of allochthonous-derived CDOM. This is the first approach using absorption and slope spectra of CDOM for Brazilian semiarid reservoirs providing additional information for the traditional parameters of water quality.



In addition, in situ spectral reflectance measurements were performed and the reservoirs classified by spectral group type, according to Brezonik et al. [10]: the perennial Marengo reservoir could be assigned to the highly variable Spectral Group A (moderate CDOM in combination with highly eutrophic); whereas the non-perennial reservoirs could be assigned to Spectral Group C (high CDOM, oligotrophic-dystrophic system). The spectral group classification of PB shifted towards the end of the study period to B (high CDOM and mesotrophic to eutrophic status).



This research shows the challenges for optical remote sensing applications for different spectral types with widely-variable trophic state. The Chl-a model that performed best used the NIR band from RapidEye and was successful only for the eutrophic MAR reservoir, due to the high Chl-a concentration. The best fit for CDOM retrievals used the green band from Landsat-8 imagery, performing best for non-perennial reservoirs with high CDOM without optical interference by phytoplankton as in the perennial reservoir. Further collection of in situ data throughout the dry and wet season is required to improve the indices and to apply them to a larger number of water bodies.



The land cover and land use changes in the watershed also contributed to an increase in the eutrophication of the reservoirs, especially during the rainy season. Therefore, we strongly recommend the land use classification for linking it to trophic conditions of the studied reservoir. Considering the water scarcity of the Brazilian semiarid region, our investigation encourages an important path for water resource management, showing a meaningful potential for retrieving the quality of water bodies in areas where small and medium-sized reservoirs are the main source of water supply for the dense rural population. Due to the large number of reservoirs in the semiarid area, the governmental and state agencies prioritize monitoring only large strategic reservoirs even though not on a regular basis, whereas there is a complete absence of monitoring of water quality of small semiarid reservoirs.
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