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ABSTRACT

Eutrophication is a global problem and an important cause of  the ecological health degradation of  aquatic ecosystems. The aim was 
to evaluate the effect of  prolonged drought period (2012 to 2019) on the trophic state of  two Brazilian semi-arid reservoirs, Boqueirão 
de Parelhas (BOQ) and Passagem das Traíras (TRA). The work was carried out according to a drought classification system, based 
on the Standardized Precipitation Index (SPI), with an aggregated timescale of  36 months, defining three periods. In the Period I, 
higher values of  Secchi and lower values of  turbidity, solids, nutrients and chlorophyll-a were registered, when compared to the other 
periods, mainly in BOQ. The principal component analyses of  both reservoirs reveled a showed a temporal trend of  the sample units 
according to the consequences of  the prolonged drought. The results indicated changes in limnological variables due to the reduction 
of  accumulated water volume, and they demonstrated that prolonged droughts impact the intensification of  eutrophication in both 
systems. The trophic state of  the BOQ reservoir was changed from mesotrophic to eutrophic as a consequence of  the drought, while 
in TRA the eutrophic state remained, but with more intensified symptoms, with higher concentration values of  nutrients, solids and 
algal biomass.
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RESUMO

A eutrofização é um problema global e uma importante causa da degradação da saúde ecológica dos ecossistemas aquáticos. O objetivo 
foi avaliar o efeito do período prolongado de seca sobre o estado trófico de dois reservatórios semiáridos brasileiros, Boqueirão de 
Parelhas (BOQ) e Passagem das Traíras (TRA). O trabalho foi realizado de acordo com um sistema de classificação de secas, com base 
no Índice Padronizado de Precipitação (SPI), com uma escala de tempo agregada de 36 mese definindo três períodos. No Período I, 
maiores valores de Secchi e menores valores de turbidez, sólidos suspensos totais, fósforo total e clorofila-a foram registrados quando 
comparados aos demais períodos, principalmente em BOQ. As análises de componentes principais de ambos os reservatórios revelaram 
uma tendência temporal das unidades amostrais de acordo com as consequências da seca prolongada. Os resultados indicaram mudanças 
nas variáveis ​​limnológicas devido à redução do volume de água, e demonstraram que secas prolongadas impactam na intensificação 
da eutrofização em ambos sistemas. O estado trófico do BOQ foi alterado de mesotrófico para eutrófico como uma consequência 
da seca, enquanto que em TRA o estado eutrófico permaneceu, mas com os sintomas intensificados, com altas concentrações de 
nutrientes, sólidos e biomassa algal.

Palavras-chave: Défict hídrico; Qualidade da água; Terras secas; Índice de precipitação padronizado.
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INTRODUCTION

Eutrophication is the process of  the excessive accumulation 
of  nutrients (nitrogen and phosphorus), resulting in a high primary 
productivity, loss of  ecological balance, and progressive degradation 
of  the aquatic ecosystem (Schindler, 2006; Moal  et  al., 2019). 
As a result of  this process, there is an increase in algal biomass 
and turbidity, a reduction of  transparency, changes in the color 
and odor of  the water, and a decrease in the concentration of  
dissolved oxygen (Dodds et al., 2009).

Cultural eutrophication, result of  anthropogenic activities, 
was described decades ago and currently still represents an 
expanding phenomenon (Smith & Schindler, 2009; Moal et al., 
2019). This process is, therefore, the result of  poor management 
of  water resources, in which it must meet the growing demand 
demanded by the global increase in the human population and 
also support discharges of  domestic, industrial and agricultural 
effluents (Tundisi & Matsumura-Tundisi, 1992).

Hydrological and climatic factors play important roles in 
water levels and the water residence time, directly affecting the 
water quality of  the reservoirs (Naselli-Flores & Barone, 2005; 
Soares et al., 2012; Jeppesen et al., 2015). These changes can modify 
the trophic state (Naselli-Flores & Barone, 2003; Rocha et al., 
2018; Wiegand et al., 2021).

In several studies of  projections of  future precipitation 
changes over Brazil (derived from global and regional climate 
models), scientists have found a consistent pattern of  droughts 
in the northeastern part of  the country (Alves et al., 2021). These 
create hydrological stressors in aquatic ecosystems, especially in 
arid and semiarid regions (Jeppesen et al., 2009; Roland et al., 
2012; Marengo et al., 2016).

The effects of  precipitation variability on water quality 
can be due to the combination of  two mechanisms: the higher 
concentration of  nutrients in periods of  drought, mainly due to 
the reduction in water volume; and an increase in allochthonous 
material during periods of  sporadic heavy rains (Nobre  et  al., 
2020). Prolonged drought events, intensified by climate change, 
negatively affect water quality (Moss et al., 2011). Droughts are 
conditioned by the occurrence of  El Nino, but the observation of  
more extreme climatic variability in the last five decades reveals that 
its incidence and consequences are linked to human action (Viana, 
2013). The overlapping of  droughts with pre-existing socioeconomic 
and political issues puts great pressure on the availability and 
quality of  freshwater in the region. It strongly threatens water, 
energy, and food security as well (Gutiérrez et al., 2014). Droughts, 
in particular, are expected to increase in frequency and intensity 
in northeastern Brazil due to climate change, especially in the 
semiarid region (World Bank, 2013). This region is vulnerable to 
the extremes of  interannual climate variability (mainly droughts) 
and climate change scenarios, indicating that it will be affected 
by rainfall deficits and increased aridity in the second half  of  the 
21st century (Intergovernmental Panel on Climate Change, 2014; 
Marengo & Bernasconi, 2015).

Nowadays, these events can already be observed. The drought 
of  2012 to 2016 was the more intense of  the last 60 years, according 
to the Agência Nacional de Águas (2016), and it has had impacts on 
many districts in the semiarid regions of  the states of  northeastern 
Brazil, affecting almost 9 million people (Marengo et al., 2013, 

2018, 2020; Cunha et al., 2019; Centro Nacional de Monitoramento 
e Alertas de Desastres Naturais, 2019; Bravo et al., 2021). As a 
result, the drought that affected the Brazilian semiarid region had 
a negative impact on human water supply and agriculture with an 
intensity that was not seen in the previous decades (Alvalá et al., 
2017). Rainfall variability, land degradation, desertification, and 
socioeconomic characteristics are some of  the factors that, if  
combined, could make this region one of  the world’s most vulnerable 
to climate change (Intergovernmental Panel on Climate Change, 
2014). In this sense, studies indicate that the semiarid region has 
already shown symptoms of  intensification of  eutrophication due 
to these extreme drought events, increasing the concentration of  
nutrients, conductivity, solids and algal biomass (Brasil et al., 2016; 
Costa et al., 2016; Figueiredo & Becker, 2018; Rocha et al., 2018). 
Furthermore, the decrease in water volume in these dry periods 
favors the blooms of  potentially toxic cyanobacteria (Bouvy et al., 
1999; Costa et al., 2019, Medeiros et al., 2015, Vanderley et al., 2021).

Despite these studies in the semiarid region, little is reported 
on a larger time scale. Thus, even though a descriptive study and 
there being some publications on the theme of  water quality 
and drought in the Brazilian semiarid region, our work has an 
important time scale, which encompasses this prolonged drought 
in the region that lasted eight (08) consecutive years, from 2012 to 
2019 (Alvalá et al., 2017; Centro Nacional de Monitoramento e 
Alertas de Desastres Naturais, 2019).

In this study, we assessed the prolonged drought impacts 
on the reservoirs water quality in the semiarid tropical region, 
verifying changes in the trophic state. The hypothesis of  the work 
was that there is an intensification of  the trophic state of  the 
reservoirs due to extreme drought events. Under ideal conditions 
throughout the year (ie, lack of  rainfall, high light and temperature), 
droughts can intensify the risk and variety of  problems associated 
with eutrophication.

MATERIALS AND METHODS

Study area

The reservoirs that were studied are located in the semiarid 
region of  Rio Grande do Norte State (northeast Brazil), in the 
hydrographic basin of  the Piranhas-Açu River (Figure 1): Boqueirão 
de Parelhas (6°41’15” S; 36°41’15” W) located in Parelhas City, 
and Passagem das Traíras (6°27’16” S; 36°52’29” W) in São José 
do Seridó City.

The Boqueirão de Parelhas reservoir was built in 1988, 
whereas Passagem das Traíras reservoir was in 1994. Boqueirão de 
Parelhas has a maximum accumulation capacity of  84,792,119.23 m3, 
comprising an area of  1267.27 ha with a maximum design depth of  
29 meters (Secretaria de Estado do Meio Ambiente e dos Recursos 
Hídricos do Rio Grande do Norte, 2019). Passagem das Traíras has 
a maximum accumulation capacity of  49,702,393.65 m3, covering an 
area of  1042.90 ha with a maximum depth of  25.5 meters (Secretaria 
de Estado do Meio Ambiente e dos Recursos Hídricos do Rio 
Grande do Norte, 2019). The reservoirs are mostly used to human 
water supply, feed animals, irrigate, and provide recreation. Both 
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reservoirs are located in a rural area, with little urbanization zone. 
In this region, the diffuse pollution, resulting from agriculture and 
livestock, seems to be the external loading of  nutrients (Medeiros, 
2016; Cavalcante et al., 2017). In addition, internal loading is the 
source that maintains the high algal biomass during drought periods, 
characterized by the intermittent rivers in the region, especially in 
Boqueirão de Parelhas (Cavalcante et al., 2021).

The region where the reservoirs are located has a semiarid 
tropical climate of  low latitudes and altitude -BS’h (Alvares et al., 
2014), with annual precipitation between 200 mm to 650 mm per year, 
which is at its maximum during summer and autumn. The highest 
accumulated precipitation (~ 319 mm) occurs from March to May 
(Reboita et al., 2010; Oliveira et al., 2016). A significant part of  
these rains occurs in late summer and early autumn, influenced by 
the Intertropical Convergence Zone (ZCIT) associated with the 
convergence of  humidity (Reboita et al. 2010, Molion & Bernardo, 
2002). The years with the highest rainfall totals occur when the 
ZCIT reaches its southernmost position during summer and 
autumn (Melo et al., 2009). Remnants of  the frontal systems that 
reach the Brazilian semiarid region (Reboita et al., 2010; Molion 
& Bernardo, 2002) and Upper Tropospheric Cyclonic Vortices 
(Reboita et al., 2010; Kousky & Gan, 1981; Morais et al. 2020), 

notably during the southern summer (depending on its location) 
also form the dynamic mechanisms responsible for the rain in 
the region.

Sampling

Water samples were collected every month at the sampling 
point (Figure 1), near by the dam and water intake, the deepest 
point in the reservoirs. This study was designed to address three 
periods: January 2012 to December 2012; January 2014 to December 
2014; and June 2018 to May 2019.

The water samples were integrated into the epilimnion 
using a vertical Van Dorn bottle. Epilimnion was determined from 
vertical dissolved oxygen and temperature profiles. The profiles 
were measured using a multiparametric probe (Hidrolab DS5) 
from 2012 to 2014, and with a portable oximeter (Instrutherm 
MO-900) during the years 2018 and 2019. The water transparency 
was measured by a Secchi disk.

The samples for ammonia analysis were stored in an amber 
bottle and the other samples were stored in polyethylene bottles. 
Both were previously washed with 10% hydrochloric acid (HCL) 

Figure 1. The geographic location of  Rio Grande do Norte State (in gray) in northeast Brazil, and the reservoirs shape (A) Passagem 
das Traíras and (B) Boqueirão de Parelhas, indicating the sampling point (•).
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and deionized water, and they were also stored in thermal boxes 
with ice during transport until carrying out the analyses.

Sample analysis

In the laboratory, the turbidity (TURB) was measured 
using a turbidimeter (PoliControl AP2000), and the electrical 
conductivity (EC) was measured by the use of  a conductivity 
meter (Tec-4MP). Total phosphorus (TP) was analyzed by the 
ascorbic acid method after oxidation with potassium persulfate 
(Valderrama, 1981). The ammonium ion (NH4

+) was determined 
by employment of  the colorimetric method through nesslerization 
(American Public Health Association, 2005).

For inorganic nutrients, the water samples were filtered 
through fiberglass filters (0= 47 mm; porosity of  1.2 μm). Subsequent 
to that was the carrying out of  the analysis of  soluble reactive 
phosphorus (SRP) by using the ascorbic acid method (Murphy 
& Rilley, 1962), as well as nitrate (NO3

-), using sodium salicylate 
(Muller & Widemann, 1955). Both analyses were measured by 
spectrophotometry. The filters were used for the analysis of  total 
suspended solids (TSS) and chlorophyll-a (Chl-a). The TSS was 
determined by gravimetric method, after drying the filters overnight 
at 100 °C (American Public Health Association, 2012). Chl-a was 
extracted with 95% ethanol and measured by spectrophotometry 
(Jespersen & Christoffersen, 1987). The concentrations of  dissolved 
inorganic nitrogen (DIN) were determined from the sum of  the 
concentrations of  NH4

+ and NO3
-.

Data analysis

Data on monthly rainfall were provided by the Agricultural 
Research Corporation of  the state of  Rio Grande do Norte 
(EMPARN). Based on this information the Standardized Precipitation 
Index – SPI (McKee et al., 1993) was calculated with the aid of  
Software R (SPEI package). The SPI is based on the probability 
of  precipitation for different timescales and can be used to classify 
droughts. The drought categories include mild drought, moderate 
drought, severe drought, and extreme drought (Table 1).

The monthly drought classification for Boqueirão and 
Passagem das Traíras followed the SPI classifications (Santos, 
2020). Thus, the months of  our study were subdivided into 
periods according to the SPI, calculated based on precipitation 
(McKee et al., 1993) with an aggregated timescale of  36 months 
(SPI-36). This timescale was the best correlated with the time 
needed for the effects of  the drought to be felt in the volume of  
the reservoirs (Santos, 2020).

Thus, the periods were categorized by SPI-36, and were 
denoted as Period I (P I), the beginning of  the drought, representing 
the mild drought (January 2012 to December 2012); Period II (P 
II) representing the extreme/severe drought scenario (January 2014 to 
December 2014); and Period III (P III) with mild drought (June 
2018 to May 2019).

The accumulated water volume measurements of  the 
reservoirs throughout the study period were provided by the 
Rio Grande do Norte Water Management Institute (IGARN) 
and the State Secretariat of  Water Resources of  Rio Grande do 
Norte (SEMARH).

Classification of  the trophic state addressed in this work 
was based on the values of  the concentrations of  TP and Chl-a 
to categorize the trophic state of  the reservoir, according to 
Thornton & Rast (1993): Mesotrophic (TP < 50 μg.L-1 and Chl-a 
< 15 μg.L-1); Eutrophic (TP > 50 μg.L-1 and Chl-a > 15 μg.L-1).

The nonparametric Kruskal–Wallis test was employed to 
determine differences in water quality variables among the three 
periods and the reservoirs. The post hoc test used was Fisher’s 
minimum significant difference criterion. The alpha parameter was 
0.05. The correction adjustment method used was Bonferroni. 
Data analyses were performed using  the statistical  software R 
‘agricolae’ package (De Mendiburu, 2021).

Descriptive analyses of  limnological and hydrological 
variables were performed. Principal Component Analysis (PCA) 
was used to verify temporal gradients of  the sample units, water 
volume, and limnological variables in relationship to the severity 
of  the drought, using PcORD® v.6 (Mccune & Mefford, 2011). 
For the ordination analysis, the data were transformed by log x + 1.

To obtain shapefiles showing the drainage and water area 
during each monitored period. Thus, a supervised classification 
was carried out using satellite images from LANDASAT 7 and 
8. Satellite images were obtained from the Earth Explorer site 
of  the United States Geological Survey (USGS). Furthermore, 
Google Earth was used to help identify the water present in each 
period presented.

RESULTS

Meteorological and hydrological scenarios

For the Boqueirão de Parelhas reservoir, Period I was 
registered as a time of  mild drought; however, in the first seven 
months of  the year there was no drought. Period II was classified 
as a time of  severe to extreme drought, and Period III was categorized 
as a time of  mild drought (Figure 2).

For the reservoir of  Passagem das Traíras, Period I was 
mostly categorized as a time of  mild drought; however in the first 
four months of  the year there was no drought. During Period 
II, the classification of  drought was from moderate to severe, 
reaching the classification of  extreme drought; and Period III 
was classified as a time of  mild drought (Figure 2).

At the beginning of  the study, in both reservoirs the water 
volumes were around 60% accumulation (2012). Throughout the 
study, the drought intensified, becoming categorized as severe to 

Table 1. Drought categories (Gummus & Algin 2017), adapted.

SPI CLASSES Classification of
Drought

SPI ≤ -2 Extreme Drought
-2 < SPI ≤ - 1,5 Severe Drought
-1,5< SPI ≤ -1 Moderate Drought
-1 < SPI ≤ 0 Mild Drought
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extreme in 2014 (Figure 2). In Period III the drought was categorized 
as mild for both water sources, but only Boqueirão de Parelhas was 
able to slightly recover its accumulated water volume, reaching 
about 36% of  its volume by the end of  the study (Figure 2).

In Period I, in both reservoirs, the water volume had the 
highest medians (Table 2). In all three periods, the Passagem das 
Traíras reservoir had a lower percentage of  maximum volume 
storage (Table  2). In the Period I, the Boqueirão de Parelhas 
reservoir (BOQ) displayed higher values of  water volume (Figure 3), 
differed significantly (p<0.05, Kruskal-Wallis test) from Passagem 
das Traíras (TRA). Over the other periods studied (II and III), 
there was a gradual decrease in water volume for BOQ, which 
was statistically different between periods (Figure 3). TRA also 
presented the same trend (Figure 3).

Limnological scenario

In the Period I, at the beginning of  the drought, for BOQ, 
higher values of  Secchi transparency (Secchi) and lower values 

of  turbidity, total suspended solids (TSS), total phosphorus (TP) 
and chlorophyll-a (Chl-a) were presented, differed significantly 
(p<0.05) when compared to the other periods II and III), and 
also in relation to the TRA (Figure  3). For TRA there was a 
trend of  increase in TSS concentrations and reduction of  Secchi 
from period I to periods II and III (Figure 3), but they were not 
statistically different. Even for this reservoir the concentration 
of  TP was lower in period I, being statistically different from the 
other periods, which recorded higher values and were not different 
from each other (Figure 3).

TURB (BOQ 18.1 NTU; TRA 39.5 NTU), TSS (BOQ 
19.6 mg.L-1; TRA 43.0 mg.L-1), EC (BOQ 1998 μS.cm-1; TRA 
39.5 μS.cm-1), and DO (BOQ 8.05 mg.L-1; TRA 12.17 mg.L-1) 
presented higher median values during Period II, when severe 
drought/extreme drought was noted for both reservoirs (Table 2). 
Secchi depth showed the lowest median (BOQ 0.5 m; TRA 
0.20 m) in Period II for both reservoirs (Table  2). TP (BOQ 
88.7 μg.L-1; TRA 258.4 μg.L-1) and SRP (BOQ 6.43 μg.L-1; TRA 
101.24 μg.L-1) displayed higher median values in Period III for 
both reservoirs (Table 2).

Figure 2. Accumulation of  the monthly water volume (%) in the P I, P II and P III Periods of  the reservoirs, and the standardized 
precipitation index for thirty-six months - SPI36. (A) Boqueirão de Parelhas; (B) Passagem das Traíras. P I= Period I. P II= Period II and 
P III = Period III.
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Nitrate (NO3
-) presented in Boqueirão de Parelhas had the 

highest median in Period II, 200.5 μg.L-1; however, in Passagem 
das Traíras the highest concentrations were found in Period 
III, 220.9 μg.L-1 (Table 2). The highest median values of  Chl-a 
concentrations were recorded in Boqueirão de Parelhas in Period III 
(61.15 μg.L-1), whereas for Passagem das Traíras they were recorded 
in Period II (210.4 μg.L-1) (Table 2). Ammonia (NH4

+) showed 
the highest median value in both reservoirs (BOQ 202.8 μg.L-1; 
TRA 638.3μg.L-1) in Period II (Table 2).

The principal component analysis (PCA) of  Boqueirão de 
Parelhas reservoir (Figure 4A), with ten (10) limnological variables 
and water volume, explained 63.8% of  the data (axis 1: 42.4%, axis 
2: 21.4%). The first axis was positively correlated to water volume 
(0.80) and Secchi transparency (0.93), and negatively correlated 
to TP (-0.82), TSS (-075), Turbidity (-0.85) and chlorophyll-a 
(-0.90). The second axis was mainly positively correlated to SRP 
(0.57) and DIN (0.45), and negatively correlated to pH (-0.72) 
and conductivity (-0.89). Axis 1 (p = 0.001) showed a temporal 
trend of  the sample units according to the consequences of  the 
prolonged drought. On the positive side of  this axis were related 
sample units of  the Period I (beginning of  the drought), with 
higher water volume and light (Secchi depth and low turbidity), 
and lower algal biomass concentrations. On the negative side of  
this axis were related the sample units of  the prolonged drought, 
Periods II and III, with higher concentrations of  total phosphorus, 
turbidity, total suspended solids and algal biomass. Axis 2 (p 
= 0.001) presented a temporal trend according to the drought 

severity between Periods II and III. On the negative side were 
sample units from period II, classified as severe to extreme drought 
by SPI-36, with high values of  pH and electrical conductivity. 
On the positive side were sample units from period III, classified 
as mild drought (end of  dry period) with high values of  dissolved 
nutrients (SRP and DIN).

For the Passagem das Traíras reservoir, the PCA (Figure 4B) 
explained 64.14% of  the data (axis 1: 34.74%, axis 2: 29.4%). 
The most important variables in the ordering of  axis 1 were: 
Secchi (0.83), SRP (0.77), pH (-0.77), chlorophyll-a (-0.77), turbidity 
(-0.67), TSS (-053), dissolved oxygen (-0.51). In relation to axis 2, 
the most important variables were: water volume (-0.92), electrical 
conductivity (0.79), TP (0.73) and DIN (0.63). Axis 1 (p = 0.001) 
showed a temporal trend of  the sample units according to the 
intensity of  the drought, classified by the SPI-36. On the negative 
side were sample units of  Period II (severe/extreme drought) with 
higher pH values, turbidity, DO, TSS and algal biomass. On the 
positive side were sample unit of  Period 3 (mild drought – the end 
of  the prolonged drought) with high Secchi depth and soluble 
reactive phosphorus. Axis 2 (p= 0.001) showed a temporal trend 
of  the sample units according to the water volume. On the negative 
side were sample units of  Period I with high water volume. On the 
positive side segregated the sampling units of  Periods II and III, 
with the consequences of  the prolonged drought period, with 
low water volume and higher values of  nutrients (TP and DIN) 
and conductivity.

Table 2. Descriptive statistics (average, standard deviation, median, minimum, and maximum) of  the limnological variables studied 
in the reservoirs during the study periods.

Variáveis
Period I Period II Period III

Boqueirão Passagem das 
Traíras Boqueirão Passagem das 

Traíras Boqueirão Passagem das 
Traíras

Volume (106 m3) 41.13 ± 7.4; 40.87 
(31.41 – 51.57)

19.91 ± 6.76; 19.61 
(10.46 – 29.82)

16.04 ± 2.42; 17 
(11.82 – 18.74)

2.44 ± 0.85; 2.34 
(1.14 – 3.74)

28.96 ± 3.27; 28.9 
(24.14 – 34.7)

1.05 ± 0.67; 0.88 
(0.37 – 2.33)

Secchi (m) 1.89 ± 0.72; 1.99 
(0.85 – 3.5)

0.31 ± 0.04; 0.3 (0.23 
– 0.4)

0.5 ± 0.09; 0.52 (0.3 
– 0.6)

0.24 ± 0.14; 0.2 (0.12 
– 0.61)

0.65 ± 0.18; 0.65 
(0.35 – 0.95)

0.44 ± 0.22; 0.43 
(0.12 – 0.8)

EC (μS.cm-1) 1263 ± 100; 1253 
(1131 – 1420)

839 ± 134; 826 (660 
– 1064)

1948 ± 233; 1998 
(1466 – 2210)

1996 ± 349; 2006 
(1326 – 2770)

657.7 ± 124.8; 711 
(418 – 813)

1225 ± 478; 1173 
(474 – 1786)

pH 8.65 ± 0.22; 8.69 
(8.31 – 8.96)

8.83 ± 0.37; 8.93 
(8.12 – 9.36)

9.21 ± 0.76; 9.23 (7.8 
– 10.25)

9.88 ± 0.51; 9.99 
(8.65 – 10.51)

8.22 ± 0.56; 8.09 
(7.57 – 9.32)

8.36 ± 0.35; 8.37 
(7.73 – 8.74)

DO (mg.L-1) 7.74 ± 1.09; 7.97 
(6.09 – 9.26)

10.15 ± 3.54; 9.05 
(5.8 – 16.49)

8.35 ± 1.52; 8.05 
(6.27 – 11)

12.81 ± 3.47; 12.17 
(0 – 19.83)

7.69 ± 1.97; 7.85 (3.7 
– 11.1)

8.3 ± 1.4; 8.05 (5.7 
– 10.9)

Turb (NTU) 3.83 ± 2.77; 3.0
(1.26 – 11.4)

32.76 ± 12.4; 34.0 
(14.4 – 49.1)

17.41 ± 7.59; 18.1 
(8 – 37)

35.54 ± 22.62; 39.5 
(6.8 – 72)

17.19 ± 7.99; 14.7 
(5.2 – 36.4)

19.45 ± 8.43; 17.3 
(5.2 – 34)

TSS (mg.L-1) 7.23 ± 6.69; 5.0 (3.14 
– 27.6)

23.77 ± 6.47; 23.4 
(13.2 – 32.8)

23.25 ± 14.23; 19.6 
(12 – 66)

41.29 ± 14.79; 43.0 
(20 – 62)

14.15 ± 6.72; 13.7
(4 – 23.25)

28.22 ± 14.33; 26.5 
(8 – 60)

TP (μg.L-1) 29.06 ± 12.91; 30.3 
(6.83 – 54)

116.76 ± 44.63; 
109.8 (56.2 – 216)

85.97 ± 28.01; 73.83 
(57 – 134.83)

297.9 ± 124.5; 268.5 
(168 – 567)

88.22 ± 33.6; 88.7 
(32.4 – 144.67)

317.7 ± 214.2; 258.4 
(27.83 – 673)

NO3
- (μg.L-1) 118.0 ± 38.1; 109.2 

(59.5 – 174)
126.17 ± 66.55; 

119.5 (39.5 – 297)
181.1 ± 75.7; 172.7 

(91.5 – 341.5)
206.79 ± 48.41; 

200.5 (132 – 298)
303.3 ± 654.4; 129.3 

(19 – 2376)
203.9 ± 125.6; 220.9 

(29 – 472.5)
NH4

+ (μg.L-1) 487.9 ± 253.2; 422.0 
(239– 1159)

1007 ± 288; 991.7 
(612 – 1429)

189.3 ± 69.5; 202.8 
(66.1 – 262.9)

719.0 ± 433; 638.3 
(376.0 – 2001.8)

812.9 ± 885; 421.3 
(27.9 – 2790.2)

688.6 ± 498.2; 634.1 
(13.5 – 1685.1)

SRP (μg.L-1) 4.22 ± 3.26; 3.99 (0 
– 13.29)

9.68 ± 8.64; 5.75 
(3.83 – 33)

3.52 ± 3.74; 2.57 (0 
– 11.33)

16.23 ± 32.17; 4.3 
(1.17 – 114.5)

7.23 ± 6.25; 6.43 
(0.71 – 22.29)

187.37 ± 101.24; 
155.4 (66.5 – 369)

Chl-a (μg.L-1) 11.64 ± 7.51; 8.56 
(3.77 – 25.69)

156.79 ± 26.1; 
159.00 (110.8 – 

203.3)

63.32 ± 27.4; 57.62 
(14.99 – 116.82)

233.3 ± 140; 210.40 
(65.15 – 460.43)

63.6 ± 29.4; 61.15 
(26.38 – 106.71)

63.5 ± 33.0; 52.40 
(20.38 – 117.51)

Volume = water volume, Turb = turbidity, Secchi = Secchi depth, TSS= total suspended solids, EC = electrical conductivity, DO = dissolved oxygen, NO3
- = nitrate, 

TP = total phosphorus, NH4
+= ammonium ion, SRP = soluble reactive phosphorus and Chl-a = chlorophyll-a.
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Figure 3. Box plots whisker, median values (lines inside boxes) and standard deviation (bars) for A) water volume; B) turbidity; 
C) Secchi depth; D) total suspended solids (TSS); E) total phosphorus (TP); F) chlorophyll-a (Chl-a), during Period I, II and III, in 
Boqueirão de Parelhas and Passagem das Traíras reservoirs. Means followed by the same letter do not differ from each other by the 
Kruskal-Wallis test followed by Fisher’s post hoc p < 0.05.
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Water volume (Vol), Secchi depth (Sec), electrical conductivity 
(EC), hydrogen potential (pH), dissolved oxygen (DO), turbidity 
(Turb), total suspended solids (TSS), total phosphorus (TP), soluble 
reactive phosphorus (SRP), chlorophyll (Chl-a).

Based on the concentrations of  TP and Chl-a to categorize 
the trophic state of  the reservoirs, Passagem das Traíras maintained 
a eutrophic state throughout all of  the study periods, whereas 
Boqueirão de Parelhas changed the trophic state from mesotrophic 
(2012) to eutrophic (2014 and 2018/2019) (Figure 5).

DISCUSSION

In this study a report on the intensification of  the 
eutrophication of  reservoirs in Brazil’s semiarid region has been 
offered. Changes in the trophic state have been reported, mainly 
related to impacts in the increase of  nutrients and algal biomass.

The decrease in rainfall, associated with high temperatures, 
contributed to the intensification of  eutrophication with an increase 
in the concentration of  nutrients, chlorophyll concentration, 
conductivity, and total suspended solids. This pattern was noted 
in several studies in the same semiarid region during an extreme 
drought (Roland et al., 2012; Brasil et al., 2016; Gomes, 2016; 
Costa  et  al., 2016; Mendonça  et  al., 2018; Rocha  et  al., 2018; 
Figueiredo & Becker, 2018; Leite & Becker, 2019; Lacerda et al., 
2018; Braga & Becker, 2020). Despite these studies reported in the 
semiarid region, little is covered on a larger time scale. The results 
of  these studies, including those from our work, converge with the 
results of  Moss et al. (2011) that reported the conection between 

climate change and eutrophication. Changes in the precipitation 
and evaporation regime, allied to high temperatures and caused by 
climate changes, can aggravate the phenomenon of  eutrophication 
(Moss et al., 2011). Thereby, a negative water balance due to the 
heat can increase the concentration of  nutrients, which increases 
the mineralization and algal biomass (Moss et al., 2011).

Wiegand et al. (2021) pointed out that the trophic state of  
the reservoirs, which was already high before the drought (mainly 
eutrophic and hypereutrophic), the trophic state index of  91% of  
the reservoirs increased in the dry period. In our study, three periods 
during a prolonged drought (2012 to 2019), were highlighted to 
verify the effects of  the intensification of  eutrophication caused 
by the reduction of  water volume. Despite not having worked with 
trophic index as Wiegand et al. (2021), our study found the same 
patterns working with the trophic state approach by Thornton 
& Rast (1993), taking into account the concentration values of  
TP and algal biomass (chlorophyll-a), as well as other studies in 
the region reported (Rocha et al., 2018; Braga & Becker, 2020; 
Cavalcante et al., 2021; Vanderley et al., 2021).

During the intensification of  the drought, as identified 
in this study, the Boqueirão de Parelhas reservoir showed an 
accelerated eutrophication process, changing the trophy state from 
mesotrophic to eutrophic. Meanwhile, the Passagem das Traíras 
reservoir, classified since the beginning of  the study as eutrophic, 
maintained its trophic state; however, there was an increase in its 
availability of  nutrients with the decrease of  its water volume.

With projections indicating greater water deficits in 
the region where the Boqueirão de Parelhas and Passagem das 

Figure 4. Principal components analysis (PCA) scores applied to environmental variables in Boqueirão de Parelhas (A) and Passagem 
das Traíras (B) reservoirs. The sample units were according to period classification (Period I, II and III).
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Figure 5.  Classification of  the trophic state of  the Boqueirão de Parelhas and Passage of  Traíras reservoirs over the monitored 
periods, showing the drainage area. Red represents the eutrophic state; yellow represents the mesotrophic state (classification according 
Thornton & Rast, 1993).
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Traíras reservoirs are located, it is projected that, over a period 
of  50 years (2016 to 2065), the water deficit will increase by up to 
133% (Centro de Estudos em Sustentabilidade, 2018). Thus, the 
trend is that freshwater ecosystems that already have problems 
related to water quality intensify the symptoms of  eutrophication.

The principal component analyses (PCA) of  both reservoirs 
reveled a showed a temporal trend of  the sample units according to 
the consequences of  the prolonged drought. The results indicated 
changes in limnological variables due to the reduction of  accumulated 
water volume, and they demonstrated that prolonged droughts 
impacted the intensification of  eutrophication in both systems.

Although SPI improves the drought severity index, 
changing from severe-extreme drought of  Period II to mild drought 
of  Period III, the water volume, in both systems, were still below 
50% accumulation, mainly Passagem das Traíras, which visibly 
cannot recover its volume. This pattern is due to the fact that 
rivers in the region are intermittent (Barbosa et al., 2012). First 
all, when the rainfall begins, occur the “rewetting phase” of  the 
river. At a delayed time, the reservoir receives the water, and 
accumulates in the dam (sampling point in our study in both 
reservoirs). With the lack of  precipitation and external supply of  
nutrients throughout periods of  drought, the concentrations of  
nitrogenous and phosphate compounds tend to increase by the 
internal loading (Cavalcante et al., 2021), which is potentially related 
to the high evaporation rate and decomposition of  the organic 
matter (Brasil et al., 2016). For this reason, with water volumes 
still low in Period III, there are still high nutrients concentrations 
(as TP) and algal biomass (Chl-a), pattern observed in other 
studies from the same region (Brasil  et al., 2016; Rocha et al., 
2018; Wiegand et al., 2021). Also, the prolonged drought led to 
changes in the chemical conditions of  the reservoirs, and it also 
increased the conductivity and salinity, as has happened in other 
warm climates, as mediterranean (Jeppesen et al., 2015).

Projections indicating the intensification of  extreme events 
may increase the water deficit and susceptibility of  the semiarid 
region of  northeastern Brazil in the face of  climate change. 
Our work can be used to help predict the consequences of  extreme 
drought events in Brazilian semiarid reservoirs, since the results 
exposed the most recurrent problems with water quality introduced 
by prolonged droughts. Our findings can be extended to other 
freshwater ecosystems that have similar characteristics, such as 
extreme events (especially droughts) and high temperatures, like 
some semiarid regions around the world.

CONCLUSIONS

The study reported that prolonged droughts negatively affect 
water quality in the reservoirs of  semiarid regions, which worsens 
symptoms of  eutrophication. A prolonged drought, resulting 
from the change in the precipitation regime over time, results in 
changes to limnological variables, which further aggravates the 
water quality of  reservoirs, as shown in both reservoirs we studied. 
Also has been shown that in Boqueirão de Parelhas reservoir, the 
trophy state was changed from mesotrophic to eutrophic, while 
in Passagem das Traíras the eutrophic state remained, but with 
more intensified symptoms, with higher concentration values of  
nutrients, solids and algal biomass.
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