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Abstract: Aim: Global patterns of temperature and precipitation have significantly changed over 
the last century and nearly all predictions point to even greater changes by the end of 2100. Long 
periods of drought in semi-arid regions generally reduce reservoirs and lakes water level, increasing 
the nutrients concentrations in the water. Our principal hypothesis is that water volume reduction, 
driven by prolonged droughts, will increase reservoirs susceptibility to eutrophication and accordingly 
an increase in trophic state. To test this hypothesis, we used a comparative analysis of ecosystems in a 
space-for-time substitution approach, in a Brazilian semi-arid region, to predict the consequences of 
reservoirs water volume reduction on key limnological variables. Methods: We sampled 16 reservoirs 
located in two sub-basins with contrasting rainfall regimes, inserted on Piranhas-Açu watershed. 
The Seridó River basin (SB) is dry and the Piancó River basin (SB) is humid, with annual mean 
precipitation of 500 and 700 mm, respectively. Linear regressions analyzes were performed to assess 
whether the percentage of maximum volume stored (%MVS) is a good predictor for total phosphorus 
(TP), total nitrogen (TN) and chlorophyll-a (CHLA). In addition, a two factorial analysis of variance 
(two-way ANOVA) was performed to test for period (dry, very dry and extremely dry), basin 
(SB and PB) and their interactions effects on TP, TN, CHLA, conductivity, turbidity, and Secchi 
depth. Results: The results showed a reduction in the reservoirs %MVS both for PB and SB regions. 
At the extremely dry period, all reservoirs were classified as eutrophic, but TP concentrations reached 
much higher values in SB than in PB. The linear regressions analyses showed that the TP and TN were 
negatively related to %MVS during all periods sampled. The two-way ANOVA showed that there 
were significant basin and period effects on TP, TN, Secchi depth and turbidity, whereas for CHLA 
and conductivity only basin effects were observed. In addition, we found significant interaction effects 
between period and basin on TP, TN and turbidity. Conclusions: We conclude that the contrasting 
levels of rainfall observed between the two basins affect the water quality and trophic state of the 
reservoirs and these effects are magnified by water volume reduction. Therefore, our findings might 
help to predict the consequences of rainfall reductions on freshwater ecosystems of Brazilian drylands.  
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systems (Arfi, 2003). Intense rainfall may intensify 
soil erosion and increase the input of phosphorus 
and nitrogen in water bodies, which is often 
aggravated by multiple types of land use (e.g. 
agriculture, livestock and human occupation) 
(Mooij et al., 2009; Moss et al., 2011). In semi-
arid regions, the generally observed negative water 
balance (water loss higher than gain) might be 
aggravated by prolonged droughts and intense water 
abstraction, which will inevitably decrease reservoirs 
and lakes water level and accordingly concentrating 
nutrients in a smaller volume (Costa et al., 2016) 
and increasing their susceptibility to eutrophication 
(Moss et al., 2011).

Eutrophication is a natural or artificial process 
driven by the enrichment of water by nutrients, 
mainly phosphorus and nitrogen, which increases 
primary productivity and eventually favors 
blooms of cyanobacteria species, with consequent 
disequilibrium of aquatic ecosystems, progressive 
degradation of the water bodies (Dodds  et  al., 
2009), and dramatic shifts in reservoirs trophic food 
webs (Jeppesen et al., 2015).

Significant changes are expected in nutrients 
cycling with the acceleration of the eutrophication 
process, compromising the water quality of lakes 
and reservoirs. The phytoplankton growth, for 

1. Introduction

The global patterns of temperature and 
precipitation have significantly changed over the 
last century and nearly all predictions point to even 
greater changes by the end of 2100, intensified by 
the environmental impacts driven by anthropogenic 
actions (Meehl et al., 2007). Most climate change 
models have foreseen increased frequency of 
extreme events, such as intense rainfall and severe 
drought (IPCC, 2014), which will magnify 
reservoirs water level fluctuations. According to 
the Intergovernmental Panel on Climate Change 
(IPCC), world arid and semi-arid regions are the 
most susceptible and sensitive to climate changes, 
because the high variability on rainfall in time and 
space (IPCC, 2014). For the Brazilian semi-arid 
region, for instance, climate models predict a 
temperature increase of about 5 °C and rainfall 
reduction of about 50% at the rainy season, as well 
as increases in intensity and duration of droughts 
during the 21st century (Oyama & Nobre, 2003)

Extreme climate events play a crucial role in 
regulating nutrients in freshwater ecosystems. 
Seasonal fluctuations in reservoirs water level 
are associated with changes in the physical, 
chemical and biological characteristics of these 

Resumo: Objetivo: Os padrões globais de temperatura e precipitação mudaram significativamente 
ao longo do último século e quase todas as previsões apontam para mudanças ainda maiores até o 
final de 2100. Longos períodos de seca em regiões semiáridas geralmente reduzem o nível de água 
dos reservatórios e dos lagos, aumentando as concentrações de nutrientes na água. Nossa principal 
hipótese é que a redução do volume de água, impulsionada por secas prolongadas, aumentará a 
susceptibilidade dos reservatórios à eutrofização e, portanto, um aumento no estado trófico. Para 
testar esta hipótese, utilizamos uma abordagem comparativa utilizando o espaço em substituição ao 
tempo para prever as consequências da redução do volume de água dos reservatórios de uma região do 
semiárido brasileiro sobre variáveis limnológicas chave. Métodos: Foram estudados 16 reservatórios em 
duas sub-bacias, com regimes de precipitação contrastantes, inseridos na bacia Piranhas-Açu. A bacia 
do Piancó (PB) e a bacia do Seridó (SB) são consideradas seca e úmida, respectivamente. Análises 
de regressões lineares foram realizadas para avaliar se a porcentagem de volume máximo armazenado 
(%MVS) é um bom preditor para estimar as concentrações de fósforo total (TP), nitrogênio total 
(TN) e clorofila-a (CHLA). Além disso, foi realizada uma ANOVA bifatorial para comparar os efeitos 
da diferença dos períodos (seco, muito seco e extremamente seco), das regiões geográficas (SB e PB) 
e das interações entre esses fatores sobre TP, TN, CHLA, condutividade, turbidez e profundidade 
do Secchi. Resultados: Os resultados mostraram uma redução de %MVS nos reservatórios tanto 
em SB quanto em PB. No período definido como extremamente seco, todos os reservatórios foram 
classificados como eutróficos, mas as concentrações de TP atingiram valores muito mais altos em SB 
do que em PB. As análises de regressões lineares mostraram que o TP e TN estavam relacionados 
negativamente com % MVS durante todos os períodos amostrados. Os resultados da ANOVA 
bifatorial mostraram que houve efeitos significativos da bacia e do período sobre TN, TP, profundidade 
Secchi e turbidez, enquanto que para a CHLA e condutividade, apenas os efeitos da bacia foram 
observados. Além disso, efeitos de interação foram observados entre período e região sobre TP, TN 
e turbidez. Conclusões: Conclui-se que as diferenças contrastantes de precipitação pluviométrica 
entre duas sub-bacias afetam a qualidade da água e o estado trófico dos reservatórios e esses efeitos 
são potencializados com a redução do volume de água. Portanto, nossas descobertas podem ajudar a 
prever as consequências das mudanças climáticas nos ecossistemas de água doce do semiárido brasileiro.  

Palavras-chave: seca; mudanças climáticas; fósforo; escassez hídrica; qualidade da água.
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instance, intensifies organic matter degradation 
leading to oxygen depletion that causes mortality 
of aquatic organism and affects the visual quality 
of water (Carpenter  et  al., 1998; Bouvy  et  al., 
1999; Dokulil & Teubner, 2000; Gemelgo et al., 
2009; Bonilla  et  al., 2012; Sukenik  et  al., 2012; 
Brasil  et  al., 2016). However, the water level 
reduction may also increase water turbidity without 
increasing primary producers, due to augmented 
resuspension of sediment with inorganic origin that 
reduces light availability and limits phytoplankton 
growth (Medeiros et al., 2014; Costa et al., 2016; 
Jeppesen et al., 2015).

Brazil’s semi-arid region is tropical with a highly 
seasonal rainfall concentration, stable (seasonal) high 
temperatures and occasionally endures long periods 
of drought. These factors lead to a high coefficient 
of variation of annual rivers flow that, combined 
with the lack of perennial rivers and natural lakes, 
has led to the need for, and dependence upon, 
man-made lakes to meet the water requirements of 
industry, agriculture, and households (Thornton & 
Rast, 1993). Moreover, water quality degradation 
derived from eutrophication affects the multiple 
social and ecological services provided by freshwater 
ecosystems, such as recreation, aesthetic value, 
tourism potential, public water supply, fishing and 
biodiversity (Barbosa et al., 2012; Miranda et al., 
2014). Since lakes and reservoirs provide essential 
freshwater ecosystem services, studies about 
reservoir’s trophic states in regions severely affected 
or threatened by prolonged drought events are 
useful to hone the current management policies of 
water use in semiarid regions.

Even though there are multiple studies in 
the Brazilian semi-arid region dealing with 
eutrophication and their associated problems in lakes 
and reservoirs (Freire et al., 2009; Barbosa et al., 
2012; Medeiros  et  al., 2014; Costa  et  al., 2016; 
Brasil  et  al., 2016), few have analyzed how 
dramatic shifts in rainfall reduction affect key 
limnological variables, such us total phosphorus 
and chlorophyll-a. Thus, this study aims to test 
the hypothesis that the reduction of water volume, 
driven by prolonged droughts, affects the trophic 
state of Brazilian semi-arid reservoirs by increasing 
their susceptibility to eutrophication. To do so, 
we used a comparative analysis of ecosystems in a 
space-for-time substitution approach to predict the 
consequences of reservoirs water volume reduction 
on the total concentrations of phosphorus, 
nitrogen and chlorophyll-a, turbidity, conductivity, 
and Secchi depth. We compared the previous 
variables from two sets of reservoirs located in a 
Brazilian semi-arid region with contrasting levels 
of precipitation.

2. Material and Methods

We studied 16 reservoirs (Table 1) belonging to 
the Piranhas-Açu River watershed (04°-08°S and 
36°-39°W), which are totally inserted in the semi-arid 
region (in the Caatinga biome) of Northeastern 
Brazil. The Piancó (PB) and Seridó sub-basins (SB) 
are inserted, respectively, upstream and downstream 
of the Piranhas-Açu River watershed (Figure  1). 
The two sub-basins are characterized by having 
contrasting precipitation regimes: PB is humid with 
annual precipitation around 700 mm, whereas SB 

Table 1. Morphometric variables for the 16 reservoirs included in the analyses.

Reservoirs Sub-basins Maximum capacity 
storage (m3) Area (ha) Average depth 

near the dam (m)
Condado Piancó basin 35,016.000 441.00 14.7
Serra Vermelha I Piancó basin 11,801.173 155.21 8.0
Piranhas Piancó basin 25,696.200 234.2 16.0
Vazante Piancó basin 9,091.200 133.76 16.0
Bruscas Piancó basin 38,206.463 306.26 15.0
Saco Piancó basin 97,488.089 640.78 21.0
Cachoeira dos Alves Piancó basin 10,611.196 208.81 3.8
Jenipapeiro (Buiú) Piancó basin 70,757.250 692.65 18.0
Gargalheiras Seridó basin 44,421.480 780.00 11.0
Cruzeta Seridó basin 23,545.745 616.00 1.5
Itans Seridó basin 81,750.000 1340.00 5.5
Carnaúba Seridó basin 25,710.900 506.50 3.0
Passagem das Traíras Seridó basin 49,702.394 1004.82 5.0
Esguicho (Divino Espírito Santo) Seridó basin 27,937.310 430.18 4.7
Caldeirão de Parelhas Seridó basin 9,320.657 183.78 2.2
Boqueirão de Parelhas Seridó basin 84,792.119 1267.27 7.5
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is dry with annual precipitation around 500 mm 
(ANA, 2010). The regional climate is tropical 
semi-arid (BS’h’; Kottek et al., 2006; Alvares et al., 
2013), characterized by having negative water 
balance most of the year and rainy season occurring 
between January and May (AESA and SEMARH).

The sampling periods were categorized as dry 
(Jun/2014), very dry (Jan/2014) and extremely dry 
(Jan/2016). These periods were defined according 
to the accumulated rainfall in each season sampled 
compared to the historical average. All information 
were based on the monitoring rainfall data collected 
by the Agricultural Research Company of Rio 
Grande do Norte state (EMPARN) and the Water 
Management Executive Agency (AESA) of Paraíba 
state. The study was carried out during an event of 
prolonged drought in the Brazilian semi-arid region.

Integrated water samples were collected from the 
water column using a PVC tube at five sites on the 
deepest point of each reservoir (near the dam) in 
the three sampling campaigns. Subsamples from the 
integrated water samples were used for estimating 
total concentrations of phosphorus, nitrogen 
and chlorophyll-a. Chlorophyll-a (CHLA) was 

extracted from the fiber filters (GF/C Whatman) 
with 95% ethanol and absorbance was measured 
at 665 and 750 nm (Jespersen & Christoffersen, 
1987). Turbidity and conductivity were measured 
each meter from the surface to the bottom, using 
multiparameter probe Horiba (U-22 model, 
Kioto, Japan). Water transparency was measured 
through the Secchi disk. The concentrations of 
total phosphorus were analyzed by the ascorbic 
acid colorimetric method, after oxidation with 
potassium persulfate (Valderrama, 1981). Total 
nitrogen (TN) was analyzed by the combustion 
of water samples using a carbon analyzer TOC-V 
Shimadzu with a TN analyzer attached.

The morphometric variables and the percent 
of maximum volume stored (%MVS) and their 
variations in the reservoirs throughout the study 
period were provided by the Water Management 
Executive Agency of Paraíba state (AESA) and 
the State Secretariat for the Environment and 
Water Resources of Rio Grande do Norte state 
(SEMARH).

We classified the reservoirs trophic state 
according to Thornton & Rast (1993). Reservoirs 

Figure 1. Map of Brazil highlighting the Piancó (PB) and Seridó (SB) basins inserted in the Piranhas-Açu River 
watershed. The lines connecting places that receive equal amounts of rainfall (isohyets), show the differences in mean 
annual rainfall (MAR) between the regions. Both sets of reservoirs are located in the semi-arid, but in the SB the 
MAR is around 500 mm/year, whereas in the PB the MAR is around 700 mm/year.
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with total phosphorus (TP) concentrations lower 
than 50 μg/L and total chlorophyll-a (CHLA) lower 
than 15 μg/L were considered mesotrophic, whereas 
those with TP higher than 50 μg/L and CHLA 
higher than 15 μg/L were considered eutrophic.

A two-way ANOVA was performed to test the 
isolated and combined effects of the region and the 
sampling periods on TP, TN, CHLA, conductivity, 
turbidity, and Secchi depth. In addition, A simple 
linear regression was done to assess if the %MVS were 
related to the response variables TP, TN, and CHLA. 
Prior to performing the analysis, all variables were 
log transformed (log  x+1) to improve normality. 
A Shapiro-Wilk test was performed to check for 
data normality.

3. Results

In all three periods, the reservoirs in the 
Seridó basin had lower percentage of maximum 
volume storage than reservoirs in the Piancó 
basin (Figure 2). For PB, the median %MVS was 
approximately 40% in the first and second sampling 
period, but a drastic decrease was observed at the 
last period with most of the reservoirs reaching less 
than 20% of MVS (Figure 2). For SB, the median 
%MVS was nearly 15% in the dry and very dry 
sampling periods and decreased to almost 0% at 
the last period (Figure 2).

Conversely, in all three periods the reservoirs 
in the Seridó basin had higher concentrations of 
total phosphorus (Figure  3A) and chlorophyll-a 
(Figure  3C), and conductivity (Figure  3D) than 
in the Piancó basin. For the first two periods, the 
values of TN (Figure  3B), turbidity (Figure  3E) 

and Secchi depth (Figure  3F) did not show any 
difference between the regions, however, in the last 
period there was an increase of TN and turbidity 
and a reduction of Secchi depth in SB in relation to 
PB. Based on TP concentrations, the trophic state 
of PB reservoirs varied between mesotrophic and 
eutrophic, whereas SB reservoirs were all classified 
as eutrophic (Figure  3A). At the last period, 
all reservoirs in both regions were classified as 
eutrophic, but TP concentrations reached much 
higher values in SB than in PB (Figure 3A). Based 
on CHLA concentrations, the great majority of the 
reservoirs were considered eutrophic at the dry and 
very dry periods (Figure 3C). At the last sampling 
period (extremely dry), some reservoirs of PB moved 
from eutrophic to mesotrophic state, while in all 
SB reservoirs CHLA concentrations had the highest 
values (Figure 3C).

The two-way ANOVA results (Figure 3) showed 
that both region and period affected TP, TN, 
turbidity and Secchi, but CHLA was only affected 
by region and conductivity was only affected by 
period. Interaction effects between region and 
season were found only for TP, TN and turbidity.

The linear regressions analyses showed that 
the TP and TN were negatively related to %MVS 
during all sampling periods, especially in the 
extremely dry period for TP, where the coefficient 
of determination (R2) were higher (Figure  4A 
and Figure 4B). However, significant relationship 
between CHLA and %MVS was only found at the 
very dry and extremely dry periods (Figure 4C).

4. Discussion

This study describes the intensification of 
eutrophication due to reduction in water volume 
storage caused by prolonged drought in two 
semi-arid regions with contrasting rainfall regimes. 
We confirm our hypothesis that water level 
reduction affects the reservoirs trophic state 
enhancing the risk of eutrophication. The natural 
differences in the precipitation levels between 
the two regions added to their distinct initial 
conditions, led to an aggravation of reservoir’s 
trophic state. Reservoirs located in the Seridó Basin 
(SB) were more susceptible to drought effects than 
those in the Piancó Basin (PB), mainly because it 
is located in the driest region.

In Northeastern Brazil, seasonal variations in 
reservoirs water volume are generally followed by 
nutrients and chlorophyll-a concentrations increase, 
especially during drought periods (Miranda et al., 
2014; Brasil  et  al., 2016). In our study, we 

Figure 2. Variation of the percent of maximum volume 
stored (%MVS) in the reservoirs during the dry, very 
dry and extremely dry seasons. Bands inside the boxplots 
represent their medians and vertical bars represent 
minimum and maximum values. PB – Piancó basin; 
SB – Seridó basin.
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observed regional and seasonal differences in the 
percentage of water volume storage along the 
three samplings periods (dry, very dry and extremely 
dry). The  high water evaporation rates in the 
regions (PB and SB) combined with the lack of 
precipitation (i.e. prolonged drought) and reservoirs 
water abstraction were probably the main drivers of 
change on water volume along the periods.

The Piancó basin is naturally more humid than 
the Seridó basin (ANA, 2014) and, therefore, the 
evaporation rates in this region are smaller compared 
to SB, which may explain the differences observed 
in the percentage of accumulated water of the 

reservoirs between the regions. In the extremely 
dry period, both groups of reservoirs underwent 
great water losses, leading some to reach nearly zero 
percent of water volume storage in SB.

Total phosphorus is considered an important 
factor for predicting phytoplankton biomass and 
water quality in lakes and reservoirs of tropical 
and subtropical regions (Attayde & Bozelli, 1998; 
Huszar  et  al., 2006). Based on TP, most of the 
reservoirs in our study were considered eutrophic 
(> 50 μg/L) (Thornton & Rast, 1993), but in PB 
some reservoirs were mesotrophic during the dry 
and very dry period. This can be explained by the 

Figure 3. Results of two-way ANOVA for testing the periods (dry, very dry and extremely dry), basins (PB and SB) 
and their interaction effects on total phosphorus (A), total nitrogen (B), chlorophyll-a (C), conductivity (D), turbidity 
(E) and Secchi depth (F). The trophic level classification (Mesotrophic – TP < 50 μg/L, CHLA < 15 μg/L; Eutrophic 
– TP > 50 μg/L, CHLA > 15 μg/L) was based on Thornton & Rast (1993). The y-axes are in logarithmic scale. Bands 
inside the boxplots represent their medians and vertical bars represent minimum and maximum values. PB – Piancó 
basin; SB – Seridó basin. The asterisks symbols denote: *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001.
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differences observed in the percentage of water 
volume stored (%MVS) between regions. However, 
between the dry and very dry periods, PB reservoirs 
showed little variability in %MVS due to the 
registered rainfall in the dry period.

Prolonged drought events and accordingly 
decrease in lakes and reservoirs water volume 
can magnify eutrophication and degradation of 

water quality (Bouvy et al., 1999; Jeppesen et al., 
2015; Brasil et al., 2016). Similarly in our study, 
reservoirs from SB responded to water volume 
reduction with increasing total concentrations 
phosphorus, nitrogen and chlorophyll-a, turbidity 
and conductivity, and decreasing water transparency 
(Figure  3). The same patterns were observed for 
PB reservoirs, but the changes were not so marked 

Figure 4. Simple linear regressions relating the percentage of maximum water volume storage (% MVS) and the 
total concentrations of total phosphorus (A), total nitrogen (B) and chlorophyll-a (C). The continuous, dashed and 
pointed lines represent the dry, very dry and extremely dry periods, respectively. The asterisk (*) denotes that the 
regression model was significant.
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(Figure 3). Furthermore, interaction effects between 
period and basin (region) were found for TP, TN 
and turbidity. This may be explained by the natural 
regional differences in humidity observed between 
the SB (dry) and PB (humid) regions (Figure 1), 
which magnified the effects of water volume 
reduction on the nutrients and turbidity.

Recent studies have indicated that the decrease 
in %MVS may lead to increased concentrations of 
nutrients and algal biomass in shallow and deep 
reservoirs (Bouvy  et  al., 1999; Jeppesen  et  al., 
2015; Brasil et al., 2016). Our results corroborated 
with this and showed that TP, TN and CHLA 
were negatively related to %MVS irrespective of 
the sampling period. However, it is important 
to emphasize that each aquatic ecosystem can 
respond in a different way to seasonal hydrological 
events due to their intrinsic morphological and 
climatological characteristics (Coops et al., 2003). 
In contrast to the results showed in the present 
study, Medeiros  et  al. (2014) and Costa  et  al. 
(2016), report a reduction in algal biomass during 
drought conditions explained by light limitation as 
a function of sediment resuspension and inorganic 
turbidity increase.

We conclude that the contrasting differences 
in humidity observed between the two regions 
(PB vs. SB) affect the water quality and trophic 
state of reservoirs, but with marked differences at 
an extreme drought event. Water volume reduction 
increases TP, TN and CHLA concentrations in both 
sets of reservoirs, but eutrophication is magnified 
with rainfall reduction. Using a comparative 
approach of ecosystems in a space-for-time 
substitution, which assumes that temporal and 
spatial variation are equivalent, our findings might 
help to predict the consequences of climate changes 
on freshwater ecosystems of Brazilian drylands.
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