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ABSTRACT
This work reviews the limnology of the largest multi-use reservoir in NE Brazil, the Castanhão Reservoir 
in Ceará State, during 5 years of an extended drought when the reservoir’s volume decreased from 88% 
to about 30%. Major physical and chemical parameters of the water column, phytoplankton community, 
trophic state and sediment geochemistry were monitored, as well as the impact from extensive aquaculture. 
Water quality of the full reservoir was maintained due to hydrodynamics, which transport nutrients to the 
hypolimnion of a stratified water column, rendering an oligotrophic state to the reservoir, notwithstanding 
the large nutrient inputs from aquaculture and irrigated agriculture. However, with the extension of 
the drought period, the reservoir volume reduced, decreasing water depth leading to breaking of the 
thermocline due to wind forcing, and mixing the entire water column. This increased turbidity, nutrient 
availability and primary productivity, also changed phytoplankton functional groups. As a result, at the end 
of the monitoring period, when the reservoir attained its lowest volume, its trophic state became eutrophic. 
Under a scenario of climate change, where annual precipitation is decreasing, human uses of reservoirs in 
the semiarid should be very restricted to maintain water quality proper for human use. 
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INTRODUCTION

The growing scarcity of water in the 21st century 
is considered a most serious global environmental 
problem. In semiarid areas, in particular, the 
irregularity and/or deficiency of rainfall and 
high evaporation, which frequently exceeds 

precipitation, usually result in loss of shallow water 
bodies and high variation of annual river flows, 
making the capture and storage of water extremely 
difficult. In the Brazilian semiarid, the most densely 
populated semiarid region in the world, long-term 
droughts result in severe negative impacts over the 
social and economic activities of the region and 
triggered a permanent process of river damming 
and building of artificial reservoirs to increase 
water storage capacity and minimize the adverse 
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effects of these extended drought periods (Alvala 
et al. in press). 

Periodical extended droughts are also the 
primary cause of water quality deterioration due 
to increasing concentrations of dissolved salts 
and decreasing oxygen levels (Freire et al. 2009). 
Reduction of the reservoir volume results in 
nutrient accumulation and concentration, leading 
to increasing algal density and the frequency of 
cyanobacteria blooms, thus rendering these systems 
much more vulnerable to eutrophication (Molisani 
et al. 2010). The recent development of intensive 
fish cage aquaculture in many reservoirs in the 
Brazilian semiarid and the expansion of irrigated 
agriculture, additionally contribute to a further 
deterioration of water quality, in particular during 
extended drought periods (Oliveira et al. 2015). 
To a certain extent, however, once normal rainfall 
reestablishes, lakes and reservoirs may return 
to their typical trophic state, depending on the 
extension of the interval between two consecutive 
drought periods. 

Superimposed onto this normally irregular 
climate conditions, global climate change has to 
be taken into consideration. Reduced rainfall and 
increased frequency of extended droughts result 
in the concentration of dissolved nutrients already 
present in water. On the other hand, increased 
frequency and intensity of extreme rainfall events 
augment nutrient inputs from the watershed. These, 
in the semiarid region, will intensify the drivers 
involved in the eutrophication process (Touhami et 
al. 2015). For example, in arid and semiarid regions 
in Australia, in the Colorado River Basin in the USA, 
and around the Mediterranean Sea, strengthening 
and increasing frequency of pluriannual drought 
periods have been recorded (Dawadi and Ahmad 
2013). In the semiarid northeastern Brazil, where 
annual rainfall has been decreasing steadily over 
the past 50 years (Moncunill 2006), increasing 
frequency and duration of extended drought periods 
have also been recorded, highlighting the importance 

of including global climate change as a significant 
driver with sensitive impacts on the environmental 
and socio-economic conditions of the Brazilian 
semiarid (Krol and Bronstert 2007). Few studies, 
however, cover entire drought periods to allow 
the understanding of the different biogeochemical 
processes undertaking the eutrophication process. 
Moreover, although these reservoirs in the Brazilian 
NE are generally located far from large centers, 
testing new methodologies for remote assessing of 
water quality has become necessary. We present 
here a review of the results obtained during a 
long-term monitoring period (2010-2015) at the 
Castanhão Reservoir, the largest water storage and 
multiple use reservoir in the Northeastern semiarid 
region. During this limnological monitoring 
period, the reservoir volume dropped about 90% 
from its maximum capacity. Apart from the 
limnological data, an evaluation of the state of 
the principal area of this reservoir using images 
from the World View sensors (Digital Globe 2009) 
used here as a proposal for remote monitoring, 
is also discussed. The acquisition of the images, 
the atmospheric corrections and the classification 
process to generate the features were highlighted 
as a “synoptic chart” of the estimation of the spatial 
distribution of chlorophyll-a. To generate features 
of the resulting classification, a direct method of 
decision tree, a classification method, based on 
logical rules inference (Breiman et al. 1984) was 
used. The trees used were parameterized in bands 
of the electromagnetic spectrum associated with 
the absorbance and reflectance of chlorophyll-a. 

ENVIRONMENTAL SETTING OF 
THE CASTANHÃO RESERVOIR

The Castanhão reservoir (Latitude 5.50oS; 
Longitude 38.47oW) in the Middle Jaguaribe River 
watershed is located entirely within the semiarid 
region in the State of Ceará, in Northeastern Brazil. 
The Castanhão reservoir flooded completely for the 
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fi rst time in 2004. Its total water storage capacity 
is 6.7 billion m³ whereas the normal operating 
capacity is 4.45 billion m³. The reservoir covers a 
fl ooded area of 325 km² and is 48 km in length, with 
a depth exceeding 50 m in some areas (DNOCS 
2017). The classifi cation of the World Commission 
on Dams (2000) includes the Castanhão as a large 
reservoir (Figure 1). Water level fl uctuations are 
determined primarily by the dam system operation. 
However, during extended drought periods, there is 
a drastic reduction in the stored volume due to the 
prolonged absence of rain in the reservoir’s basin 
and high evaporation. 

The semiarid climate of Northeastern Brazil, 
which includes the Castanhão basin, features 
peculiarities associated with the behavior of its 
regulating weather systems marked by irregularities 
in rainfall across time and space. The climate is 
considered hot/semiarid (BSw’h’, according to 

Köpper Classifi cation) with temperatures higher 
than 26 °C. Average annual rainfall varies from 
400 to 1,000 mm and a historical annual mean of 
756.5 mm during the past 80 years is recorded 
(FUNCEME 2016). The Middle Jaguaribe Basin, 
where the reservoir is located, is the driest sub-
basin of the river and shows a trend of decreasing 
annual precipitation in the past 90 years (Gondim 
et al. 2012, Campos 2014, Fernandes et al. 2017). 
Potential evaporation amounts for about 2,100 mm 
(SRH 2008). Low rainfall and high evaporation 
induce ephemeral conditions to the Jaguaribe River, 
dried during most of the dry season and with rainy 
season fl ows varying from 71 m3.s–1 to a maximum 
discharge of 3,485 m3.s–1 prior to dam construction 
(Dias et al. 2009). The rainy season extends from 
January to June while the dry season occurs from 
July to December. During the past 90 years extended 
drought occurred in three periods (1941-1950; 

Figure 1 - The lake and basin of the Castanhão reservoir, Ceará State, NE Brazil, showing most signifi cant anthropogenic 
activities. Psi refers to the location sample station in the aquaculture farm mentioned in Figure 11. Numbers within the 
reservoir refer to sampling stations listed in Figures 8 and 9.  Adapted from Santos et al. (2017).
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1976-1985; and the present one, which started in 
2012 and is still occurring). During the driest years 
of these periods mean annual rainfall reached their 
minimum, significantly below the historical annual 
average: 302 mm (in 2012), 350 mm (in 1983), 
and 484 mm (1953), also suggesting strengthening 
of drought intensity in more recent years. Since 
these extended drought periods relate with strong 
El Niño events, whose tendency to increase due to 
global climate changes is expected, the Castanhão 
reservoir basin annual rainfall shows a forecast of 
at least 20% till during the next 40 years (Fernandes 
et al. 2017). Since increasing water necessity from 
major human activities, in particular agriculture, is 
also expected, this scenario will worsen (Krol and 
Bronstert 2007, Marengo et al. in press). 

A very diverse relief dominates the region, a 
result of the large area covered by the Castanhão 
reservoir basin, including most of the different 
types of geological formations present in the State 
of Ceará. Most of its area is represented by the 
geomorphological units of the residual granitic 
outcrops and the inland depression, dominated 
by the savanna-like Caatinga Biome. Soil types 
of larger distribution are oxisols and ultisols, 
including quartz sands, halic planosols and podsols 
(IPECE 2011, COGERH 2011).

The Castanhão reservoir basin covers about 
6,150 km2 within the Middle Jaguaribe River 
watershed. The basin includes nine municipalities 
with very low urban and industrial development 
harboring a total population of 101,244 inhabitants, 
57% of them inhabiting rural areas (IBGE 2010). 
The reservoir supplies water to 2.5 million 
inhabitants across the State of Ceará through a large-
scale water diversion system and supports over 
40,000 ha of irrigated agriculture. Dam operation 
is defined based on the water volume stored in the 
previous rainy season to attend the demands of the 
subsequent hydrological year (COGERH 2011, 
DNOCS 2017). Multiple water uses of the reservoir 
include tourism, fishing, and cage aquaculture. Cage 

fish farming have become the main activity of this 
reservoir with projected yield of 50,000 ton/year 
when the legal 1% limit of reservoir area will be 
used for aquaculture (Bezerra et al. 2014). Annual 
yield reached its maximum in 2011 (19,000 t) but 
has decreased to less than 10,000 t due to decreasing 
water quality following reduction of the reservoir 
volume (Oliveira et al. 2015).

NUTRIENT EMISSIONS TO THE 
CASTANHÃO RESERVOIR

Nutrient emissions to the Castanhão reservoir result 
from natural and anthropogenic sources. Natural 
sources include atmospheric deposition and the 
denudation of soils; whereas major anthropogenic 
sources are irrigated agriculture, husbandry, fish 
aquaculture and urban runoff and solid waste 
disposal. Of those, only aquaculture released 
nutrient directly to the reservoir water column 
(Molisani et al. 2013, 2015, Avelino 2015, Santos 
et al. 2016). The comparison between estimates 
of the natural and anthropogenic nutrient loads to 
the watershed of the Castanhão reservoir indicates 
that anthropogenic sources correspond to almost 
all emissions of nitrogen and phosphorus to the 
reservoir (Table I). Therefore, changes of trophic 
state of the reservoir are directly associated with 
the occupation of its drainage basin and the type 
and intensity of activities carried out within the 
reservoir, in particular fish farming (Barbosa et al. 
2012, Molisani et al. 2015). 

A significant fraction of the total nutrients load 
to the basin is retained in soils prior to reaching 
the Castanhão Reservoir. Molisani et al. (2015) 
measured the Jaguaribe river nitrogen contribution 
to the reservoir during the rainy season. Although 
the results were extrapolated from this single rainy 
season (Molisani et al. 2013), they estimated a six-
month nitrogen input of 733 tons. Using their daily 
river flow and phosphorus concentrations obtained 
from our group (Cajuí 2015), we estimated about 
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212 tons, as a six-month flux for this element. It is 
very difficult to reach an annual contribution based 
on the rainy season river flow only, since a small, 
but significant contribution, still occurs during the 
dry season, directly from atmospheric deposition 
and intermittent rainfall. Most importantly, at 
least for nitrogen and phosphorus, loads from 
aquaculture and irrigated agriculture on the 
reservoir margin, enter the water column directly. 
Notwithstanding, comparing both estimates, 
retention of these two nutrients in the basin prior 
to reaching the reservoir would vary from 70% 
and 85% of the total emissions of nitrogen and 
phosphorus to the reservoir watershed, respectively. 
Therefore, highlighting the direct sources of 
nutrients to the water column, in particular 
intensive fish aquaculture and irrigated agriculture 
as the major responsible for any change in nutrient 
concentrations in the reservoir’s water column.

Permanent and temporary agricultural crops 
occupy an area of 195.2 km2 in the Castanhão 
reservoir watershed (IBGE 2010). There are 
three irrigated perimeters around the Castanhão 
(Figure 1); Curupati (4.47 km2), Alagamar (3.12 
km2) and Mandacarú (3.90 km2), whose effluents 

may reach directly the reservoir since, at least for 
the Curupati and Alagamar, these perimeters are 
located on the reservoir margins (Figure 1). The 
calculation of estimated discharges, obtained 
through emission factors and production figures 
(Paula Filho et al. 2015), indicates that agriculture 
contributes with about 116 t.yr-1 and 80 t.yr-1 of 
the total anthropogenic emissions of nitrogen and 
phosphorus to the reservoir, respectively, mostly 
including nutrients from excessive fertilizer use 
leached from soils and transported to the reservoir. 

Another important source of nutrients directly 
released in the reservoir is fish aquaculture. The 
Castanhão reservoir has 600 concessions won by 
fish farmers. There are approximately 15,000 net-
tanks, producing about 18,000 tons of Tilapia per 
year: around 60% of the total production in the 
State of Ceará. The water surface of the reservoir 
is 325 km² and the total area exploited with cage 
aquaculture is currently only 0.4%; i.e. only 40% of 
the production capacity is used for fish farming in 
reservoir. The potential for exploitation of Tilapia 
aquaculture can reach 1% of the water surface, 
increasing its production capacity to 40,000 t.y-1.  
The estimated annual discharges of nitrogen and 
phosphorus to the reservoir from aquaculture reach 
518 tons and 163 tons (Avelino 2015), respectively; 
representing the most important direct nutrient 
source to the reservoir and equivalent to 71% 
and 77% of the total fluvial input of nitrogen and 
phosphorus respectively, estimated by Molisani 
et al. (2013) and 30.6% and 16.3%, respectively, 
of the total anthropogenic emissions to the entire 
Castanhão watershed (Table I). Considering the 
large relative retention of nutrients in the basin soils 
prior to reaching the reservoir, aquaculture and 
local irrigated agriculture perimeters are the most 
important sources of nutrients to the reservoir water 
column and can efficiently trigger eutrophication. 

TABLE I
Comparison of natural and anthropogenic emissions 

of nitrogen (N) and phosphorus (P) (t.ano-1), estimated 
using emission factors, to the Castanhão Reservoir Basin 

(Avelino 2015).

Emissions to the basin (t.ano-1) N P

Natural emissions 292 39
Anthropogenic emissions 2,073 1,487
Total emission to the basin 2,365 1,524
% of the anthropogenic contribution to 
the basin 87.7 97.4

Direct emissions to the reservoir (t.ano-1) N P

Fish aquaculture 518 163
Irrigated agriculture 116 80
Total direct anthropogenic emissions 
reservoir 634 243
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HYDROLOGICAL SETTING

The river and basin runoff contributions of water to 
the reservoir influence the water circulation pattern 
in the lake. Also, basin discharges influence the 
average flow velocity, residence time and dilution 
of dissolved chemical species in the water column. 
The temporal variability of the rains results 
in the variability of the flows in the rivers and 
therefore reservoir volume and depth, which will 
eventually control the vertical stratification of the 
water column. Under high freshwater income and 
therefore high volume and depth, the water column 
remains mostly stratified. However, as water 
inflow decreases following drought conditions, 

lower volume and decreasing depth may facilitate 
the breaking of the water column stratification due 
to wind forcing. Changes in the reservoir volume 
during the monitored period due to the prolonged 
absence of rainfall in the region were reflected in 
the thermal structure of the water column (Figure 
2). In water column profiles the highest average 
temperature differences below and above the 
thermocline were observed in November 2011 
(1.3°C) and March 2012 (1.9°C) characterizing a 
well-established stratification pattern in the deeper, 
lacustrine sector of the reservoir. After, however, 
differences between surface and bottom water 
temperatures were well below 1.0°C.

Figure 2 - Thermal structure of the water column: a) November 2011, b) March 2012, c) August 2012, d) January 
2013, e) August 2013, f) May 2014, based on original data from Santos et al. (2017).
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At the Castanhão reservoir, the monitoring of 
current velocities and directions obtained through 
the deployment of an ADCP (Santos et al. 2017; 
Oliveira et al. 2015) showed the highest current 
velocities at the surface and a decrease towards 
the reservoir bed. This supports the relatively 
small remobilization of bottom sediment and the 
permanence of the water column stratification. The 
observed water circulation pattern facilitates the 
renewal and dilution of incoming waters and its 
dissolved salts, including those from anthropogenic 
sources such as aquaculture and irrigated 
agriculture. 

The processed images showed this water 
distribution trend taking into consideration the 
chlorophyll-a spectral signature. Figure 3 presents 
the pigmentation characteristics from the processed 
image, obtained in February 2012, over about 78 
Km2 of open water of the reservoir basin. This 
processed image provided the following estimative: 
a) High (red): 6.5%, b) Average (orange): 33.8% 
and c) Low (green): 59.7%. In March 2012, the 
maximum concentration of chlorophyll-a verified 
in the laboratory through the analysis of water 
samples obtained in situ varied from 2.3 to 5.3 
µg.L-1, with an average of 3.7 µg.L-1 (Table II, 

Table SI - Supplementary Material), while the level 
of the reservoir was approximately 80% of its total 
volume.

The water circulation pattern results in the 
export of incoming elements to the open reservoir, 
where they can eventually settle in deeper and 
stratified areas of the reservoir and accumulate in 
the hypolimnion. Molisani et al. (2013) followed 
the fate of excess feed pellets used in local tilapia 
farms, they observed that the sedimentation 
time of these particles was long enough to have 
them transported to deeper areas of the reservoir, 
relatively far from their originating sites in local 
fish farms. However, once the volume decreases 
and wind forcing, acting upon the reservoir surface 
disrupts the thermal stratification, the accumulated 
elements and particles in the hypolimnion may 
be resuspended and redistributed through the 
oxic, surface waters, and therefore available for 
biological uptake, which eventually may trigger 
eutrophication.

The reduced seasonal variation typical of 
tropical lakes hampers the predictability of annual 
occurrence of thermal patterns and associated heat 
flows (Lewis 1983). The mixing patterns in these 
lakes are complex and daily water temperature and 
density variation might be more significant than 
the corresponding seasonal variation (Tundisi 
and Matsumura-Tundisi 2008). These variability 
patterns in thermal structure occur more frequently 
in lakes and reservoirs under semiarid climate 
(Bouvy et al. 2003, Souza Filho et al. 2006). 
For example, in the Pacajus reservoir, also in 
the northeastern semiarid region, wind forcing 
produces rapid water mixing during the dry season 
when wind velocities are maximum. During these 
events, sediment resuspension occurs changing 
water column properties (Freire et al. 2009). The 
prolonged low rainfall that characterized the study 
period renders this situation more frequent in the 
Castanhão reservoir, favoring changes in water 
chemistry and phytoplankton composition, specially 

Figure 3 - The processed image of the principal open area of 
the Castanhão reservoir in 2012, showing chlorophyll content 
dispersed through the central area.
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TABLE II
Average values for the limnological variables monitored in surface and bottom waters in the Castanhão reservoir, NE 

Brazil.

Variables Depth November 
2011 March 2012 August 2012 January 2013 August 2013

May
2014

Temp.
(°C)

Surface 28.9 ± 0.3a 30.2 ± 0.6b 27.8 ± 0.3c 28.8 ± 0.3a 29.1 ± 0.5a 30.0 ± 1.0b

Bottom 27.6 ± 0.4ac 28.3 ± 0.6ab 27.4 ± 0.2c 28.5 ± 0.3b 28.3 ± 0.2ab 29.4 ± 0.5d

Secchi
{Z}(m)

Surface
3.4 ± 0.6ac

{6 - 12}
2.3 ± 0.4b

{6 - 9}
3.4 ± 0.3c

{9 - 12}
2.8 ± 0.4ab

{6 - 10}
2.5 ± 0.4b

{6 - 10}
2.3 ± 0.8b

{5 - 9}

Turbidity
(NTU)

Surface 1.3 ± 0.1ab 1.1 ± 0.1a 1.3 ± 0.2ab 1.5 ± 0.3ab 1.5 ± 0.6ab 1.9 ± 1.0b

Bottom 1.0 ± 0.1a 1.3 ± 0.9a 1.5 ± 0.4a 1.6 ± 0.4a 1.7 ± 0.7a 1.7 ± 0.9a

Conduc.
(µS.cm-1)

Surface 295 ± 2a 313 ± 4ab 315 ± 8b 343 ± 7c 347 ± 9c 353 ± 20c

Bottom 289 ± 1a 301 ± 4a 313 ± 7a 341 ± 7b 340 ± 2b 348 ± 31b

DO
(mg.L-1)

Surface 7.0 ± 0.1a 6.6 ± 0.2a 7.0 ± 0.3a 6.8 ± 0.7a 6.6 ± 0.4a 7.7 ± 1.8a

Bottom 6.6 ± 0.3ab 2.3 ± 2.6a 6.3 ± 0.5b 3.0 ± 2.6a 4.5 ± 2.2ab 2.6 ± 3.3a

pH
Surface 8.1 ± 0.1abc 8.1 ± 0.2abc 7.7 ± 0.3ab 7.5 ± 0.3a 8.2 ± 0.4bc 8.7 ± 0.7c

Bottom 7.4 ± 0.1ad 8.1 ± 0.2abc 7.8 ± 0.1ab 7.2 ± 0.6d 8.2 ± 0.5bc 8.6 ± 0.5c

Chlor-a
(µg.L-1)

Surface 2.6 ± 1.2a 3.7 ± 1.2ab 4.0 ± 1.2ab 4.1 ± 1.3ab 5.2 ± 2.5ab 14.8 ± 11.4b

Bottom 2.4 ± 1.7a 1.3 ± 1.7a 2.7 ± 1.4a 2.4 ± 1.8a 3.5 ± 0.8a 10.5 ± 13.5a

Tot-P 
(µg.L-1)

Surface 27.2 ± 8.9ab 17.2 ± 7.1a 22.3 ± 2.6a 30.1 ± 10.7ab 20.6 ± 8.7a 49.1 ± 18.8b

Bottom* 39.5 ± 19.7ab 32.2 ± 14.6a 25.4 ± 4.3a 43.8 ± 19.5ab 19.2 ± 5.8a 70.0 ± 40.0b

Tot-N
(µg.L-1)

Surface 510 ± 133a 397 ± 167a 489 ± 190a 405 ± 170a 481 ± 158a 598 ± 312a

Bottom 559 ± 40ab 432 ± 151ab 457 ± 167ab 452 ± 202ab 345 ± 194a 706 ± 322b

Volume 
(m3) - 5.0 x 109 4.8 x 109 4.2 x 109 3.6 x 109 3.2 x 109 2.6 x 109

Different superscript letters are significant different at p ≤ 0.05. *Bottom depth for chlorophyll-a samples were considered the limit 
of the euphotic zone depth (Z).
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providing optimum conditions to cyanobacteria 
blooms. Therefore, the hydrodynamics of the 
Castanhão reservoir and its response to wind and 
volume changes plays a key role in the water 
column chemistry and biology.

LIMNOLOGY

Nutrient inputs arriving in the reservoir from its 
basin or emitted directly into the water column, 
such as those present in aquaculture effluents, 
may be either retained within or exported from 
the reservoir, depending on the basin hydrological 
regime and dam operation characteristics (Friedl 
et al. 2004, Teodoru and Wehrli 2005, Cook et 
al. 2010). In the semi-arid region of northeastern 
Brazil, water is preferably used for human 
consumption and irrigation. Therefore, in these 
reservoirs, there is a strong regulation of water, 
which implies in the reduction of the discharge 
downstream and releasing controlled flows, 
defined operationally to supply the estimated water 
demand downstream of the dam. The tight water 
regulation of the Castanhão reservoir induces high 
retention of the incoming materials. As a result, 
water quality varies directly with reservoir volume 
and the magnitude of emissions. We review here 
the summary of a 5-year monitoring period, during 
which water volume decreased form about 100% 
to 30% of the total maximum volume, due to an 
extended drought period (Figure 4).

Table II shows a summary of the major 
physicochemical parameters monitored in the 
reservoir during the period between November 
2011 and May 2014, obtained from 10 sampling 
stations covering the entire reservoir area 
(Figure 1). Detailed statistics are available in the 
supplementary material (Table SI). Surface water 
temperature varied little, roughly oscillating from 
summer to winter within 1 ºC. Bottom water 
temperature was 1-2 ºC lower than surface, which 
makes the stratification of the water column 

possible. Dissolved oxygen concentrations in 
surface waters were essentially equal throughout 
the monitoring period (p > 0.05) (Table II). Surface 
waters were well oxygenated and no values below 
those set by the Brazilian legislation (CONAMA 
2005), a minimum of 5.0 mg.L-1, were recorded 
(Santos et al. 2017). However, thermal stratification 
of the water column can lead to the formation of an 
oxycline, which results in a significant reduction in 
the dissolved oxygen in the hypolimnion. 

During the monitoring period in November 
2011 and August 2012, no oxycline was 
established in all the monitored sampling stations, 
notwithstanding the establishment of a thermocline 
in the deeper station. After these years, however, an 
oxycline was observed in all further campaigns, in 
particular in the deeper, open reservoir area, with 
dissolved oxygen concentrations as low as 0.07 
mg.L-1 and with a maximum of 2.62 mg.L-1 (Santos 
et al. 2017). Water quality and management of the 
reservoir uses need to take into consideration the 
thermal and oxygen stratification pattern, since 
they influence ecologically important phenomena, 
such as eutrophication and algal blooms (Nogueira 
et al. 2007).

Following the reduction in the reservoir 
volume, the electrical conductivity of surface waters 
increased, as expected (Table II). Other drivers 
of increasing conductivity are the lack of water 
renewal by rainfall, the strong evaporation and the 
permanent influence of anthropogenic activities, 
which favor a rapid increase in the concentration of 
salts and in the accumulation of nutrients, as well 
as an augment of pH (Santos et al. 2017). Other 
studies in lakes and reservoirs in semiarid regions 
also observed high electrical conductivity, typically 
exceeding 300 µS.cm-1, and generally exhibiting a 
negative correlation with the water level (Bouvy et 
al. 1999, Eskinazi-Sant’anna et al. 2007, Chellappa 
et al. 2008, Barbosa et al. 2012). 

The concentrations of chlorophyll-a differ 
significantly (p ≤ 0.05) between the sampling 
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campaigns and gradually increased with the reduction 
of the reservoir volume (Table II). Chlorophyll-a 
concentration is a good proxy of phytoplankton 
biomass and a valuable indicator of the trophic 
status of a water body. The majority of the observed 
Chlorophyll-a profiles (68%) showed highest 
concentrations between 2 and 10 m (Figure 5).

Salas and Martino (2001) used chlorophyll-a 
concentrations to classify the trophic status of 
tropical lakes and suggested concentrations of 5 to 10 
µg.L-1 as indicative of a mesotrophic state. Average 
chlorophyll-a concentrations in the Castanhão 
reservoir remained below 5 µg.L-1 up to January 
2013. Afterwards, concentrations in all stations 
exceeded 5 µg.L-1, and exceeded 10 µg.L-1, in May 
2014 in large sections of the reservoir, suggesting 
a shift from mesotrophy to eutrophy during this 
period. 

The processed images from 2013 also showed 
visually this variability of the trophic state (Figure 
6), which increasing chlorophyll content mostly 
spread through shallower areas along the northern 
littoral, where major fish farms are located. 
This processed image provided the following 
estimative: Low (in green): 51.85%, Medium (in 
orange): 39.3% and High (in red): 8.85%. It should 
be noted that the maximum level of chlorophyll-a 
verified in the laboratory, through analyses of 
the in situ samples varied from 2.6 to 9.8 µg.L-1, 
with an average of 5.2 µg.L-1, nearly doubling the 

concentrations observed in February-March 2012 
(Table II, Table SI).

Simultaneously to the increase in chlorophyll-a 
content in the water column, total phosphorus 
concentrations exceeded 35 µg.L-1, reaching 
nearly 50 µg.L-1 in May 2014. These observed 
concentrations are within the range of values 
considered as the initial values at which the 
deleterious environmental effects of eutrophication 
begin to appear (Dodds et al. 1998, Salas and 
Martino 2001). Also, much higher total phosphorus 
concentrations were measured in the hypolimnion (> 
70 µg.L-1). Under such scenario, mixing of the water 
column affects the permanence of cyanobacterial 
blooms and favors the development of turbulence-
tolerant organisms, such as diatoms, as well as 
species with high growth rates and nutritional 
requirements, such as phytoflagellates (Chalar et al. 
2002, Barbosa and Padisák 2002). 

The phytoplankton communities of the 
Castanhão Reservoir included six identified 
taxonomic classes (Cyanophyceae, Chlorophyceae, 
B a c i l l a r i o p h y c e a e ,  Z y g n e m a p h y c e a e , 
Coscinodiscophyceae and Xanthophyceae) (Silva 
2015), distributed in seven functional groups (MP, 
S1, SN, P, D, X1 and F) (Barroso et al. 2018), 
which responded to limnological conditions and 
also serve as indicators of trophic state. In March 
2012, for example, cyanobacteria typical of turbid 
environments dominated, with Planktolyngbya 
minor/limnetica (S1), Pseudanabaena limnetica 
(S1) and Pseudanabaena catenata (MP) as 
major species. On the other hand, August 2012 
and January 2013 were sampling campaigns 
characterized by Pseudanabaena/Romeria sp., 
Pseudanabaena biceps, Planktolyngbya limnetica 
(S1) and diatoms from functional groups D 
and P, well adapted to mixing conditions and a 
mesotrophic state. In August 2013, Cyanophyceae 
adapted to turbid waters of the S1 group and fast 
growing Chlorophyceae of functional groups X1 
and F dominated the phytoplankton community 

Figure 4 - Variation of the reservoir volume relative to its 
maximum safe operation capacity, between 2010 and 2015 in 
the Castanhão Reservoir (COGERH 2017).
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Figure 5 - Vertical profile of chlorophyll-a, phosphorus and nitrogen concentrations in 
station 7 (location in Figure 1) in the Castanhão reservoir, NE Brazil. a) March 2012; 
b) January 2013; c) May 2014. Bold line = Temperature; Dotted line = Variables. 
Since we have used a probe for chlorophyll quantification in the profile, values may 
include other pigments, in particular below 10-12 m of depth.
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(Silva 2015, Barroso et al. 2018). The dominance 
of these cyanobacteria from functional group 
S1 during most of the 2012-2013 period was an 
indicative of increasing water mixing. Stronger 
mixing conditions during drought years related 
to lower reservoir volume, was indicated by the 
replacement of small diatoms (MP and C) by large 
diatoms belonging to functional groups D and P 
(Barroso et al. 2018).

The increased concentration of organic 
detritus at the bottom of the water column and 
the subsequent decomposition of this material 
consume large amounts of oxygen and induce 
strong oxygen deficits and nutrient accumulation 
in the hypolimnion. Algal blooms on the reservoir 
surface constituted by Microcystis sp. (Silva et al. 
2013), were observed in March 2012 along with 
the lowest Secchi disk measurements (Table II) and 
thermal stratification (Figure 2) and accompanied by 
chemical oxygen stratification (Santos et al. 2017). 
Both water stability and an increased residence time 
favor the predominance of Microcystis sp. (Costa et 
al. 2009). However, chemical oxygen stratification 
was observed in January 2013 despite the presence 
of thermal instability, yet no differences were 

observed in the water mass densities, suggesting 
the possibility that anoxic processes were already 
affecting the water column. 

The total phosphorus concentrations differ 
significantly throughout the sampling period (p 
≤ 0.05) (Table I). Highest concentrations (> 45 
µg.L-1) occurred in the lacustrine zone in January 
2013 and May 2014 and in the fluvial zone in May 
2014. These concentrations are above the threshold 
established by the Brazilian legislation, maximum 
≤ 30 µg.L-1 for water bodies of Class 2 (CONAMA 
2005). Soluble reactive phosphorus concentrations 
were below the detection limit (<1 µg.L-1) in most 
parts of the surface reservoir (Santos et al. 2017). 
Detectable concentrations, in the profiles, occurred 
between 2.5 ± 0.8 µg.L-1 and 114.5 ± 1.0 µg.L-1). 
Phosphorus distribution within the water column 
showed that in about 70% of the sampling profiles, 
highest phosphorus concentrations were found in 
bottom waters (see Figure 5), which suggests an 
important role of bottom sediments in phosphorus 
availability. Also, there was a direct relationship 
of the temporal variation patterns between 
chlorophyll-a and total phosphorus, suggesting the 
role of phosphorus in phytoplankton biomass in the 
water column (Figure 7). 

Average total nitrogen concentrations in 
surface reservoir did not differ significantly 
throughout the sampling period (397 - 598 µg L-1) 
(p > 0.05) (Table II). In most sampling stations and 
campaigns, nitrate, ammonia nitrogen and nitrite 
concentrations were below the detection limit. 
The highest detected concentrations were 83.0 ± 
3.5 µg.L-1 (March 2012) for nitrate and 327.2 ± 
1.0 µg.L-1 (May 2014) for ammonia nitrogen. The 
availability of ammonia nitrogen in lacustrine zone 
in March 2012 might explain the algal blooms 
observed during that sampling campaign. Highest 
concentrations of ammonia nitrogen occurred in the 
deeper layers suggesting the favoring of ammonia 
formation under low oxygen. Detectable nitrite 
concentrations (2.5 ± 0.1 µg.L-1) occurred only in 

Figure 6 - The processed image from Castanhão reservoir in 
2013 showing the increased eutrophication process.
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January 2013 and May 2014 (Santos et al. 2017), 
also suggesting the initiation of the eutrophication 
process.

The highest  nutrient  concentrations 
were measured in May 2014 and result from 
their accumulation in the hypolimnion due 
to hydrodynamics and the persistence of the 
thermocline. The hypolimnion is therefore a 
significant nutrient source to the reservoir, in 
particular of phosphorus and ammonia nitrogen. 
Molisani et al. (2013) suggested that over 97% 
of the fluvial input of phosphorus and nitrogen 
are retained in the reservoir hypolimnion, when 
volume is maximum and winds are unable of 
breaking the thermocline and mixing the entire 
water column. But this situation is reversed when 
volume decreases, and the hypolimnion changes 
from a sink to a source of nutrients to the water 
column, as have been observed in the Castanhão 
and other reservoirs in the Northeastern Brazil 
semiarid region, in particular during extended dry 
periods (Santos et al. 2017, Bouvy et al. 2003, 
Freire et al. 2009, Geraldes and Boavida 2005). 

The primary productivity in the Castanhão 
reservoir is limited by phosphorus in most of 
the monitored period, as suggested by the high 
correlation between phosphorus and chlorophyll-a 
(Santos et al. 2017). However, in some stations 
it is possible a limitation by nitrogen and/or co-
limitation by nitrogen and phosphorus. Eventually, 
variations in the reservoir water level can result in 
changes in the physical and chemical structure of the 
system and consequently the dynamics of plankton 
communities, including zooplankton abundance 
(Geraldes and George 2012), phytoplankton 
abundance (Chalar 2006), cyanobacteria blooms 
(Bouvy et al. 2003, Silva et al. 2013) and diversity 
(Costa et al. 2009). Naselli-Flores (2000) even 
suggested that water level fluctuations, influence 
phytoplankton composition more strongly than 
the nutrient levels. For example, a reduction in 
the reservoir volumes in Sicily during the spring, 

because of the high demand from summer usage, 
strongly affected the phytoplankton and nutrient 
dynamics, leading to eutrophication and the 
selection of cyanobacteria species that were 
harmful to human health (Naselli-Flores 2003). 
In the Castanhão reservoir however, since nutrient 
concentrations and distribution in the water column 
are strongly influenced by volume variation, 
through breaking of the thermocline and mixing 
of the water column, it is not possible to separate 
the effects of nutrients and volume as proposed by 
Naselli-Flores (2000).

When all data from the 5-year monitoring 
period are analyzed together, three spatially 
separated compartments are easily observed at the 
end of the monitoring period in May 2014 (Figure 
8). These compartments respond differently to 
changes in volume, with the shallower section 
close to the Jaguaribe river mouth (stations 1 and 2, 
in Figure 8), reaching super-eutrophic conditions, 
whereas the deepest stations (5 to 9) remain 
mesotrophic.

The calculate trophic state index (TSI) 
indicated a change in the trophic status of the 
Castanhão reservoir from oligotrophic to eutrophic 
during this extended drought period (Figure 9). In 
a short monitoring study between November 2006 
and July 2007, Molisani et al. (2010) classified this 
reservoir as mesotrophic and detected anoxic events 
as well as the presence of cyanobacteria typical 
of mesotrophic/eutrophic environments, just after 
a two-year drought period. It is a strong evidence 
that hydrodynamics is a very important factor for 
the operation of the Castanhão reservoir, in order to 
maintain the reservoirs water quality. The potential 
capacity to monitoring this system using satellite 
image with resolution similar to World View 2, 
proved able to classify the trophic state and evaluate 
the chlorophyll-a dispersion along the reservoir, as 
demonstrated in this period. The remote monitoring 
stands as an alternative, minimizing the high costs of 
in situ monitoring of distant areas, where analytical 
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laboratories are located and of the logistics of 
people and equipment transport. In many semi-arid 
reservoirs, it is observed that the trophic state is 
related to the seasonal fluctuations in the system’s 
hydrology controlled by rainfall (Naselli-Flores 
2000, Chaves et al. 2013, Batista et al. 2014) and 
this points to the intensification of the monitoring 
efforts in the future.

The observed deterioration of the TSI suggests 
that the first process to occur is the concentration 
and accumulation of nutrients from anthropogenic 
activities, following the decrease in the reservoir 
volume, breaking thermal stratification, mixing of 
the water column, and, at least in the shallowest 
stations, sediment resuspension. 

The eutrophic section in May 2014 also 
receives an important contribution from the Rio do 
Sangue sub-basin, which is responsible for about 
37.5% of N and 36.8% of P entering the Castanhão 
Reservoir basin. Close to the Rio do Sangue outfall 
at the reservoir, the highest concentrations of 
chlorophyll-a (33.0 ± 1.0 µg.L-1), phosphorus (55.1 
± 3.8 µg.L-1) and nitrogen (926.7 ± 114.7 µg.L-1) 
were observed by Cajuí (2015), thus contributing 
to the super-eutrophic conditions of this section of 
the reservoir in May 2014.

SEDIMENTS

Lakes and reservoirs sediments interact with the 
water column either as a sink or source of nutrients 

Figure 7 - Variation in total phosphorus concentrations and chlorophyll-a content relative to 
the total volume in the Castanhão Reservoir during the monitoring period.
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and contaminants, depending of their physical and 
chemical conditions. Among the major elements, 
whose availability strongly depends on sediments, 
is phosphorus (Ding et al. 2015, Ni and Wang 
2015, Tang et al. 2014, Sen et al. 2007), a limiting 
nutrient to productivity but also the key element 
involved in the eutrophication process, as in the 
case of the Castanhão reservoir, where phosphorus 
is strongly linked to primary productivity and the 
eutrophication state of the reservoir, as discussed 
above. Therefore, to understand the eutrophication 
process in the Castanhão reservoir towards its 
management, the complex nature of the P fate in 
the reservoir’s sediments needs to be addressed.

Sediments of the Castanhão Reservoir has been 
reported enriched with total phosphorus relative to 
those from affluent rivers, such as the two major 
contributors to the reservoir, the Jaguaribe River 
proper and the Riacho do Sangue. Molisani et al. 
(2013) estimated, based on inflow-outflow balance 
of soluble reactive phosphorus, total phosphorus 
and suspended solids, that the Castanhão Reservoir 
can retain over 95% of these incoming materials. 
Also, a positive correlation was observed between 
suspended solids and total phosphorus, suggesting 
the joint deposition of suspended solids and 
nutrients and further accumulation in bottom 
sediments Molisani et al. (2010). During their 
studies, the Castanhão reservoir displayed nearly 
70% of its full water storage capacity and was 
considered oligotrophic, with fully stratified waters 
and still incipient aquaculture as a direct source of 
nutrients to the reservoir.

Cajuí (2015) reported a 4-fold increase in total 
phosphorus content in reservoir sediments adjacent 
to the confluence of the Riacho do Sangue relative 
to the concentrations found in sediments sampled 
upstream from the discharge point at the reservoir 
(0.38 and 0.04 to 0.10 mg.g-1, respectively). Total 
nitrogen (4.5 and 0.3 to 0.9 mg.g-1 respectively) 
and organic matter content (16.4 and 3.9 to 5.4%, 

respectively) showed the same pattern. The results 

confirm previous balances of the high capacity of 
the reservoir in retaining incoming nutrients and 
particles from the watershed. The Jaguaribe River 
downstream from the dam showed increasing total 
phosphorus concentrations during the past decade 
(Marins et al. 2007) associated with increasing 
phosphorus emissions to the lower basin, mostly 
from increasing untreated urban discharges and 
aquaculture; but also presented lower concentrations 
than those observed in the reservoir.  

Total phosphorus concentrations in bottom 
sediments of the Castanhão reservoir varied little 
from 170 µg.g-1 to 250 µg.g-1, and were relatively 
lower than values found in recently flooded 
reservoirs, such as the three Gorges in China, where 
total phosphorus concentrations 911 ± 99 µg.g-1 (Wu 
et al. 2016) are much lower than older reservoirs, 
as expected, where values can reach up to 10 times 
higher, due to continuous natural and anthropogenic 
inputs from watersheds (Zhang et al. 2010). 

Spatial distribution of total inorganic 
and organic phosphorus showed decreasing 
concentrations from the fluvial zone to dam 
zone in January 2013, when water flow from the 
upstream basin was still significant, suggesting a 

Figure 8 - Total (TP), organic (TOP) and inorganic (TIP) 
phosphorus (µg.g-1) distribution in bottom sediments of the 
Castanhão Reservoir. Station 1 is the most influenced by the 
upstream watershed; stations 7 and 10 are located at the dam 
area. Location of stations as in Figure 1.
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Figure 9 - Trophic state index changes in the Castanhão reservoir in NE Brazil, along the monitoring period.
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stronger influence from the upstream watershed, in 
agreement with the nutrient mass balance proposed 
by Molisani et al. (2010, 2013), also derived under 
high river contribution. This trend has been also 
observed in other subtropical reservoirs (Wu et al. 
2016). However, as the reservoir volume decreases, 
both phosphorus species concentrations increased 
downstream from zone fluvial reaching maximum 
values in the dam area, suggesting the augmenting 
importance of local phosphorus sources, in 
particular fish farms and irrigated agriculture, 
preferentially located around the dam area and the 
continuous decrease in the phosphorus contribution 
from the watershed due to decreasing rainfall 
(Figure 10). 

The eventual release of P to the water column 
will depend, therefore, on inorganic speciation of 
phosphorus in sediments and the redox conditions 
of overlying bottom waters and porewaters, which 
may affect phosphorus-iron complexes (Boström 
et al. 1988, Mhamdi et al. 1994, Pettersson 1998, 
Chalar and Tundisi 2001, Søndergaard et al. 2003, 
Fonseca et al. 2011). 

Iron oxides are the major carrier of phosphorus 
to bottom sediments, in particular in tropical climate 
and under oxic conditions in the water column.  In 
the Jaguaribe River sediments, iron phosphates 
are the major form of sedimentary phosphorus. 
This fraction will easily dissolve and release its 
phosphorus burden, responding to the lowering of 
the redox potential of waters (Marins et al. 2007). 
Although phosphorus speciation in the Castanhão 
sediments were not performed simultaneously to the 
limnological analysis discussed above, unpublished 
data from our group (Teles et al. 2015) showed that 
reduced iron Fe2+ is the dominant fraction in the 
reservoir sediments, suggesting that reduction of 
ferric species due to low redox potential is already 
taking place. Our monitoring of dissolved oxygen 
concentrations in bottom waters is in agreement 
with the release of phosphorus to the water column 

from the sediment environment, particularly as the 
reservoir volume is reduced (Santos et al. 2017).

THE IMPACT OF FISH FARMING

Fish farming is considered a sustainable major 
source of protein to humans and a feasible option 
to capture fisheries, which is reported as decreasing 
worldwide (FAO 2012). The activity has developed 
technologies that allow for intensive farming 
practices with high and increasing productivity, 
which resulted in decreasing prices and an 
increasing participation of aquaculture products 
in the human diet. However, the dependence of 
modern aquaculture practices on large inputs of 
artificial feed, fertilizers and of other chemical 
additives have raised concern on the impact of these 
substances on aquatic environments and eventually 
to food security and public health.

The most widespread fish species presently 
farmed around the world are a few species of 
tilapia, in particular the Nile tilapia (Oreochromis 
niloticus). Brazil holds the 5th largest tilapia 
production in the world (FAO 2014) and Ceará State 
is the second in Brazil (IBGE/SIDRA 2015). In the 
Northeastern semiarid, tilapia production is carried 
out in artificial reservoir, whose major use is to 
supply good quality water for human consumption. 
Therefore, fish aquaculture may pose a threat to 
water quality due to poor management or under 
extreme climate conditions. Reservoir management 
regulation accepts up to 1% of the surface area 
to harbor intensive cage aquaculture. However, 
if reservoir volume decreases significantly, the 
activity can prove unsustainable. 

During the 2010-2014 period, total tilapia 
production from the Castanhão reservoir averaged 
18,000 tons per year, but considering the total 
potentially available area on the reservoir legally 
able to harbor fish cages, production figures could 
reach 40,000 tons per year. A major environmental 
aspect of intensive fish aquaculture practiced in 
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the Castanhão reservoir is the intensive use of 
aquafeed to sustain high production figures of about 
150 t.ha-1.yr-1; to reach such a production, with 
a conversion rate of 1.7, about 258 t.ha-1.yr-1 of 
aquafeeds are necessary (Oliveira et al. 2015). 
Excess aquafeeds and fish excreta result in this 
activity displaying the largest emission factors 
for nitrogen and mercury and the second largest 
for phosphorus, among all anthropogenic sources 
emitting these substances to the Castanhão reservoir 
(Table III). At present, due to the relatively small 
area used by fish farms, the activity contributes 
little to the total annual load of nutrients and metals 
to the reservoir, but already respond with 25% and 
9% of the total nitrogen and phosphorus loads, 
respectively. In addition, fish cage aquaculture 
is the only activity whose emission is directly 

released into the reservoir waters, which increases 
its environmental significance.

The influence of the intensive fish farming 
upon the reservoir is clearly shown in Figure 11, 
that depicts a similarity analysis of areas under the 
influence of fish cages and in the open reservoir, 
based on sediment characteristics. The analysis 
shows three distinct and separated groups; one 
including only the station within the farm area 
(Psi), another group (stations 1, 3 and 5), located 
along the major axis of the reservoir, roughly 
following the previous Jaguaribe River bed and a 
third group (stations 7 and 10), in the open reservoir 
area. Sediments, rather than the water column, 
integrate through time discharges of pollutants and 
therefore are better compartments to understand 
the cumulative impact of anthropogenic emissions 
(Salomons and Förstner 2010) even those from the 
fish farms to the environment. Oliveira et al. (2015) 
have also detected significant differences between 
organic carbon and Hg concentrations in sediments 
below fish cages and sediments sampled outside 
the area of influence of the fish farm. Analysis 
of sediment cores clearly showed increasing 
concentrations of both variables at the onset of fish 
farming in the Castanhão reservoir.

When integrating the observed distribution of 
nutrients in water and sediments and the reservoir 
hydrodynamics, a model of the evolution of 
eutrophication and its triggering processes can be 
detailed integrating the role of aquaculture and the 
changing volume of the reservoir (Figure 12). The 
model explains why the water column surrounding 
fish farms are relatively oligotrophic and how the 
decreasing water volume affect hydrochemistry. 

When normal rainfall conditions prevail, the 
reservoir reaches such high volume and depth that 
stratification of the water column occurs. Under 
the prevailing eastern winds typical of the region, 
surface currents push surface waters to the NW coast 
of the reservoir, where major fish farms are located. 
Upon reaching the shore, currents loop back into 

Figure 10 - Total (TP), organic (TOP) and inorganic (TIP) 
phosphorus (µg.g-1) distribution in bottom sediments of the 
Castanhão Reservoir. Station 1 most influence by upstream 
watershed; stations 7 and 10 at the dam area. Location of 
stations as in Figure 1.
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the reservoir, washing out through the bottom and 
export effluents from fish cages to depths below 
the thermocline, accumulating nutrients in the 
hypolimnion and keeping most of the water column 
oligotrophic. Details on this hydrodynamic pattern 
can be seen in Oliveira et al. (2015, 2017). This 
is facilitated by the dynamic of aquafeed pellets, 
which floats long enough to be transported prior 
to sedimentation, as demonstrated by Molisani et 
al. (2015). This process explains why the water 
column, even surrounding fish farms, are relatively 
oligotrophic as demonstrated in many previous 
surveys (Molisani et al. 2010, 2013, 2015, Barroso 
et al. 2018, Santos et al. 2017). 

During extended drought periods such as 
the present one that started in 2012, abnormally 
small contribution from rivers and the watershed 
runoff reduces the reservoir volume, breaking 
the stratification of the water column and 
mixing bottom waters with surface. Nutrients 
and organic matter that were accumulated in the 
hypolimnion, below the thermocline, during high 
water conditions, are upwelled to the photic zone 
triggering eutrophication and reducing water 
quality that also affects fish farming.

CONCLUSIONS

The accumulating knowledge on the limnology 
of reservoirs located in the semiarid NE Brazil, 

already allows to understand the chain of events 
that may eventually result in eutrophication, 
compromising their multiple uses and posing 
a threat to water consumers and other economic 
activities, in particular aquaculture, which depends 
not only on a large water availability, but mostly on 
water quality.

Extended periods of drought result in a dramatic 
fall of reservoir volume, which in turn provokes shifts 
in the structure of the water column, breaking the 
thermocline and triggering eutrophication. However, 
the establishment of compartments characterized 
by distinct physical and chemical parameters in the 
different regions of the reservoir, suggests that the 
changing of the trophic state is unevenly distributed 
in the reservoir area. 

The long-term limnological scenario described 
for the Castanhão reservoir points to a revision of 
management regulation of this reservoir, and is 
probably valid for other reservoirs in the semiarid 
arid NE region, to secure a sustainable utilization 
of their water resources. The large variability of 
climate, in particular the rainfall regime, presently 
further enhanced as an impact from global climate 
change, has to be taken into consideration when 
establishing sustainable uses, especially aquaculture 
permits and land use surrounding the reservoir, 
since these two activities are the major contributors 
with nutrients and pollutants to reservoir and are, 
therefore, directly linked to water quality. 

TABLE III
Comparison of nitrogen, phosphorus, copper and mercury emission factors (Cu, N, and P; kg.ha-1.yr-1) (Hg; g.ha-1.yr-1) 

and average total annual loads from different anthropogenic activities (Cu and Hg; kg) (N and P tons) after (Lacerda et 
al. 2011, Avelino 2015, Oliveira et al. 2017) occurring in the Jaguaribe River Basin and Castanhão Reservoir fish farm, NE 

Brazil.

Activity Emission factors Annual input

Element Hg Cu N P Hg Cu N P

Agriculture and Husbandry <0.003 47.2 6.0 4.2 <0.01 7,600 1,348 1,215

Wastewaters discharge 0.2 2.7 4.9 1.3 10 700 227 55.8

Solid wastes disposal 0.4 3.2 - - 9 200 - -

Fish farm 1.24 2.0 7.0 2.2 0.15 148 518 163
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Figure 12 - Limnology and hydrodynamics of the Castanhão reservoir during normal rainfall 
regime and after an extended drought period showing the processes involved with triggering 
eutrophication.

Figure 11 - Dendrogram based on sedimentary characteristic separating those under the 
influence of fish cages and other stations in the reservoir.
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