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Limnological characteristics of a reservoir in semiarid
Northeastern Brazil subject to intensive tilapia farming
(Orechromis niloticus Linnaeus, 1758)
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Abstract: Aim: There is currently no consensus regarding the physical and chemical
variability of tropical reservoirs. In semiarid Northeastern Brazil, reservoirs are among
other things used for human consumption, industrial water supply and intensive fish
farming, all of which can impact water quality. The objective of this study was to evaluate
the physical and chemical variability of the water in Sitios Novos, a reservoir in semiarid
Northeastern Brazil, comparing samples collected in areas of intensive tilapia (Oreochromis
niloticus) farming to samples from areas not directly impacted by aquaculture, in both
the dry and the rainy season. Methods: Between October 2010 and July 2011, data were
collected on temperature, conductivity, pH, turbidity, salinity, chlorophyll 4, dissolved
oxygen, oxygen demand, total phosphorus and total nitrogen levels in the water column
using a multiparametric probe at four different sampling locations. Physical and chemical
differences between the four locations were evaluated with the Kruskal-Wallis (KW)
test and Dunn’s post test, while the 7 test, followed by Welch’s correction, was used
to compare samples collected in different seasons. Results: No influence of intensive
aquaculture was detected when comparing sampling locations near fish farms (180C and
300C) to locations not directly impacted by aquaculture (LIMN1, near the dam, and
LIMN2, near the debouch of the Sdo Gongalo river). However, the sampling locations
differed significantly (p<0.05) with regard to conductivity, pH, turbidity and chlorophyll
a levels. Conclusions: The physical and chemical variability was greater between seasons
than between locations when the data were analyzed with the # test. That analysis showed
significant differences for 22 of 40 comparisons between the 10 physical and chemical
parameters in the two seasons at the four sampling locations. In conclusion, the physical
and chemical variability registered for the Sitios Novos reservoir throughout the study
period indicates morphometric, meteorological and hydrological heterogeneity, with
emphasis on the differences between LIMN2 and the other three sampling locations
and between the rainy season and the dry season. According to the calculated trophic
status index, the reservoir is supereutrophic in the rainy season and supereutrophic to
hypereutrophic in the dry season.

Keywords: fish farming, water quality, lentic ecosystem, morphometry, semiarid,
Northeastern Brazil.
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Resumo: Objetivo: Atualmente, nio hd um consenso sobre a variabilidade fisica
e quimica de reservatdrios tropicais. No semidrido brasileiro, esses reservatérios sio
utilizados, entre outras finalidades, para consumo humano, abastecimento industrial,
além de atividades de piscicultura intensiva, que podem alterar a qualidade da 4gua. O
objetivo deste estudo foi avaliar a variabilidade fisica e quimica da 4gua do reservatério
Sitios Novos, em dreas proximas a piscicultura intensiva de tildpia (Oreochromis niloticus) e
em dreas afastadas dessa atividade, considerando periodos de chuva e estiagem. Métodos:
Valores de temperatura, condutividade, pH, turbidez, salinidade, clorofila 4, oxigénio
dissolvido, demanda de oxigénio, fésforo total e nitrogénio total foram obtidos na coluna
da 4gua com sonda multiparamétrica, em coletas entre outubro de 2010 e julho de
2011, em quatro pontos de amostragem. Uma andlise de Kruskal-Wallis, com um teste
posterior de Dunn, foi empregada para comparar a variagio fisica e quimica da coluna
da dgua entre os quatro pontos. Um teste #, com corregio de Welch, foi empregado para
comparar a coluna da 4gua entre periodos de chuva e estiagem. Resultados: Nao houve
influéncia da atividade de piscicultura intensiva, quando comparadas as varidveis nas dreas
préximas a tanques-rede (locais 180C e 300C), com varidveis no local préximo a barragem
(LIMN1), e na regido de entrada de efluentes provenientes do rio Sao Gongalo (LIMN2).
Entretanto, foram observadas diferencas significativas (p<0.05) entre os pontos de coleta
para condutividade, pH, turbidez e clorofila 2. A maior variabilidade fisica e quimica
foi entre periodos de estiagem e chuvas, comparados com o teste t. Das comparagoes
entre as 10 varidveis fisicas e quimicas, entre os dois perfodos, nos pontos amostrados
(totalizando 40 comparagdes), 22 resultaram em diferencas estatisticamente significativas.
Conclusao: Dessa forma, a variabilidade fisica e quimica ao longo do ano e entre épocas
de chuva e estiagem reflete a heterogeneidade morfométrica, meteorolégica e hidrolégica
do reservatdrio Sitios Novos, com destaque para as diferencas do local LIMN2 e pelas
variacdes entre perfodos de seca e chuvas. Em ambos os periodos, o resevatério permanece
eutrofizado, com maiores valores de f6sforo total no periodo chuvas.

Palavras-chave: piscicultura, qualidade da 4gua, ecossistema léntico, morfometria,
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semi-arido, Nordeste do Brasil.

1. Introduction

Opver the last decades an increasing number of
studies have been conducted on the dynamics of
the physical and chemical variability of reservoirs
around the world in order to subsidize the
management of these resources (Carpenter et al.,
1995). Studies range from simple environmental
surveys to complex analyses, such as hydrodynamic
modeling (Lindim etal., 2011) and trophic network
modeling (Carpenter et al., 2008). However,
despite these efforts, no consensus has been reached
regarding the physical and chemical variability of
tropical reservoirs. To support the management of
such complex ecosystems, future studies may need
to adopt a more systemic and integrated approach
(Tundisi, 2008).

The construction of dams and reservoirs in
semiarid Northeastern Brazil was primarily intended
to increase the storage capacity of water for urban
and industrial supply and to perennialize the
local hydrographic basins (Rebougas et al., 20006).
However, an excessive number of reservoirs have
been built, many of which small and shallow,
creating a discontinuity between water bodies and
compromising the efficiency of the water storage
network (Medeiros et al., 2010).

Compared to water bodies in other regions
of Brazil, reservoirs in semiarid areas are more
susceptible to eutrophication due to highs average
temperatures, evaporation and residence time. This
scenario is worsened in periods of drought. In fact,
the region is currently (2012-2013) undergoing
the worst drought in the past 30 years (Novaes and
Felix, 2013), and it has been hypothesized that in
the 22nd century semiarid Northeastern Brazil
may have to be reclassified as arid due to a gradual
decrease in the rainfall/evaporation ratio, potentially
intensified by global warming (Sherwood and Fu,
2014).

Reservoirs surrounded and exploited by
businesses or large communities are highly susceptible
to the effects of aridity and eutrophication. This is
the case of the Sitios Novos reservoir in Cear4, a state
in Northeastern Brazil. The reservoir is subject to
heavy water demands from local irrigated farms and
the industry (Barbosa etal., 2012). Along the shores
are several brickyards, intensive aquaculture facilities
and a system of pipelines which supply water for
irrigation and to the industrial zone associated with
the Port of Pecém.

Despite the introduction of an increasing
number of aquaculture regulations, especially in
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developing countries throughout Latin America,
fish farming management and monitoring methods
remain inefficient and, in some cases, detrimental
to the environment (Naylor et al., 2000; Coze
and Nava, 2009; Wang et al., 2010). Although
concern about the environmental impact of fish
farming has been growing since the early 1990s,
fishing productivity is still the decisive factor for
implementation (Dias et al., 2012a).

Aquaculture is associated with a number
of impacts, chief among which are increased
concentrations of nitrogenated compounds
(Borges et al., 2010; Ansah et al., 2012), the
introduction of exotic species (Naylor et al., 2000)
and the destabilization of the trophic network
(Borges et al., 20105 Dias et al., 2012b). Thus, in
the Parano4 lake, a reduction in the biomass of
farmed tilapia (from 900 to 350 kg.ha™) lead to
improvements in water quality due to a significant
decrease in turbidity (—46%), total phosphorus
concentration (—31%), microalgal blooms (-70%)
and phytoplankton biomass (-38%) (Starling et al.,
2002).

The objective of this study was to evaluate the
physical and chemical variability of the water in the
Sitios Novos reservoir (Ceard, Brazil), comparing
samples collected in areas of intensive tilapia
(Oreochromis niloticus) farming to samples from
areas not directly impacted by aquaculture, in both
the dry season and the rainy season.

2. Material and Methods

2.1. Study area

The Sitios Novos reservoir (3°45°54.21”S and
38°58°26.37”W) is located in the Sao Gongalo river
basin in Ceara, Northeastern Brazil. It features a
zoned-earth dam and a bed consisting of planosols
and solodic planosols, a surface area of 16.48 km?
and a storage capacity of 126 million cubic meters
(COGERH, 2008) (Figure 1). According to the
updated Képpen classification, the region may be
defined as tropical savanna, between Bsh and Aw,
which means hot, dry and semiarid (Peel et al.,
2007).

2.2. Sampling
Between October 2010 and July 2011, eight

visits to the reservoir were made in order to
collect physical and chemical data. Four sampling
locations were defined and labeled “180C”, “300C”,
“LIMN1” and “LIMN2”. The first two were areas
of intensive tilapia farming, featuring approximately
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180 and 300 cages, respectively. LIMN1 was in the
limnetic zone near the dam, between 180C and
300C, at approximately 500 m from the nearest
area of intensive aquaculture. LIMN2 was in a
shallow area near the debouch of the Sio Gongalo
river, characterized by ombrophilous and deciduous
vegetation (Copernicia prunifera) and far removed
from any form of aquacultural activity (Figure 1).

The study variables were measured at all four
sampling locations in the morning hours (9-12 a.m.).
Initially, the total depth was registered with a
Speedtech® SM-5 device. Then a multiparameter
probe (YSI® V26600) was employed to measure
the temperature (°C), conductivity (uS.cm™),
salinity (ppm), turbidity (NTU), pH, chlorophyll
a (ng.L™7), oxygen saturation (%) and dissolved
oxygen (mg.L™) starting at 0.3 m from the surface,
then descending at 0.5 m intervals until reaching a
distance of 0.5 m from the reservoir bottom.

Total phosphorous and nitrogen concentrations
were based on samples collected at a depth of
0.3 m in March, July and October 2010, as well
as in March and May 2011, and analyzed at the
Laboratory of Environmental Chemistry (LAQA/
Federal University of Ceard) using the simultaneous
persulphate digestion method proposed in
“Standard Methods for the Examination of Water
and Wastewater”, issued by the American Public
Health Association (APHA, 2005).

Climate data for the study location and period,
including environmental temperature and monthly
rainfall (Figure 2), were obtained from the website of
a government meteorology service (www.funceme.
br, accessed in October 2011). Wind speeds
were measured in the field with a portable digital
anemometer (Incoterm®).

2.3. Dara analysis

The physical and chemical variables obtained
from the four sampling locations were entered
consecutively in separate spreadsheets (180C,
300C, LIMN1 and LIMN2), with one column
for each variable, intersected by sampling month
and depth, covering a total period of eight
months. Mean, minimum and maximum values,
variation coeflicients and standard deviations were
then calculated for the entire period (Table 1).
Subsequently, sampling depth (0.3 m, 0.5 m, 1 m,
1.5 m, 2 m, 2.5 m and 3 m) means of each variable
were compared between the four sampling locations
using the Kruskal-Wallis test, followed by Dunn’s
post test (Table 2) (Zar, 2010).
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Figure 1. Location of the Sitios Novos reservoir in Ceard, Brazil, showing the four sampling locations in bold
(180C, 300C, LIMNT1 and LIMN2). Source of Cear4 map: Mapeamento dos Espelhos d’Agua do Brasil, modified
of FUNCEME (2011a); figure produced with Surfer 11 (Golden Software, 2013).

The collected physical and chemical variables
were also segregated by secason, as defined by
historical rainfall indices for the past 30 years in
the study area (Figure 2). Thus, the dry season
included October, November and December
2010, and June and July 2011, whereas the rainy
season included February, March and April 2010.

A separate spreadsheet was used for each season,
with one column for each sampling location and
month, intersected by the respective sampling
depths. Mean, minimum and maximum values,
variation coefficients and standard deviations were
then calculated and compared for the two seasons

(Table 3).
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Table 1. Physical and chemical data collected at four sampling locations (180C, 300C, LIMN1 and LIMN2) in the
Sitios Novos reservoir (Ceard, Brazil) during eight months between October 2010 and July 2011.

Site Temp Cond S pH Turb Chl a oD DO TP TN
180C Mean 28.35 0.53 0.24 7.50 13.24 13.71 59.46 4.62 0.21 2.30
SD 0.48 0.03 0.02 0.27 5.93 11.43 2543 1.98 0.10 1.19

VC% 1.69 5.75 6.86 3.58 44.82 83.33 4277 4282 4954 51.88

Mx 29.71 0.61 0.28 8.65 28.10 36.60 112.2 8.51 0.32 4.01

Mn 27.61 0.49 0.22 6.81 0.10 3.10 2.00 0.16 0.07 0.77

300C Mean 28.21 0.53 0.24 7.43 11.80 12.42 52.19 4.06 0.15 2.06
SD 0.57 0.03 0.02 0.35 4.18 10.67  27.18 2.09 0.08 0.66

VC% 2.03 6.38 6.99 4.75 35.39 8594 52.09 5160 5148 32.02

Mx 29.9 0.61 0.28 8.67 21.30 3750 121.0 9.15 0.25 3.01

Mn 26.93 0.49 0.22 6.71 3.10 3.60 2.10 0.17 0.06 1.41

LIMN1 Mean 28.38 0.53 0.24 7.78 12.52 11.36  63.33 4.92 0.18 1.43
SD 0.45 0.03 0.02 0.39 4.47 9.73 2744 2.12 0.03 0.57

VC% 1.59 5.95 6.58 4.96 35.74 8565 43.33 43.11 1456  39.95

Mx 29.57 0.60 0.27 8.7 26.0 3570 122.0 9.28 0.21 2.26

Mn 27.29 0.49 0.22 7.14 1.30 4.30 2.60 0.20 0.15 0.85

LIMN2 Mean 28.34 0.52 0.23 7.84 17.16 13.55  68.91 5.34 0.19 1.79
SD 0.59 0.06 0.03 0.44 8.31 12.54 29.82 2.29 0.1 0.55

VC% 2.09 11.22 11.44 5.61 4869 93.08 4352 43.09 60.86 30.60

Mx 30.31 0.59 0.26 8.98 4440 4490 1512 11.36 0.34 2.53

Mn 26.90 0.30 0.14 7.06 5.30 4.30 2.60 0.21 0.08 1.38

SD=Standard Deviation; VC%=percentage variation coefficient; Mx-Mn=maximum and minimum values;
Temp=temperature (°C); Cond=conductivity (us.cm™); S=salinity (ppt); Turb=turbidity (NTU); Chl #=chlorophyll
a (ng.L™"); OD=oxygen demand (%); DO=dissolved oxygen (mg.L™"); TP=Total phosphorus (mg.L™' P); NT=Total

nitrogen (mg.L'N).

Table 2. Results of the Kruskal-Wallis (KW) test and the Dunn post test for physical and chemical data collected
at four sampling locations (180C, 300C, LIMN1 and LIMN?2) in the Sitios Novos reservoir (Ceard, Brazil) during

eight months between October 2010 and July 2011.

Temp Cond S pH Turb Chl a oD DO TP TN
P 0.95 <0.01 ns* <0.01 <0.01 <0.01 0.33 0.30 0.72 0.35
KW 0.30 14.51 ns* 19.45 10.97 23.04 3.42 3.62 1.30 3.26
Sites Dunn Dunn Dunn Dunn
180C-300C p>0.05 p>0.05 p>0.05 p<0.01
180C-LIMN1 p<0.05 p<0.05 p>0.05 p<0.01
180C-LIMN2 p>0.05 p<0.01 p>0.05 p<0.05
300C-LIMN1 p>0.05 p<0.05 p>0.05 p<0.05
300C-LIMN2 p>0.05 p<0.05 p<0.05 p<0.05
LIMN1-LIMN2 p>0.05 p>0.05 p<0.05 p<0.05

*ns=non-significant difference. Temp=temperature (°C); Cond=conductivity (ps.cm™); S=salinity (ppt);
Turb=turbidity (NTU); Chl z=chlorophyll z (ng.L™"); OD=oxygen demand (%); DO=dissolved oxygen (mg.L™);
TP=Total phosphorus (mg.L' P); TN=Total nitrogen (mg.L™' N).

Finally, the mean values for each depth, from
0.3 m down to the maximum depth at each
sampling location (180C, 300C, LIMN1 and
LIMN?2), segregated by season (dry and rainy),
were organized side by side on a spreadsheet. The
two seasons were compared with the 7 test followed
by Welch’s correction (Welch, 1951) for unequal
variances (Table 4). In the dry season, 180C was the
deepest location (9.5 m), followed by 300C (7.5 m),
LIMNI1 (5.5 m) and LIMN2 (3 m). In the rainy
season, the corresponding depths were 10 m, 8 m,
7 mand 6 m.

The trophic state index of the Sitios Novos
reservoir was calculated according to CETESB
(2009), which is based on Carlson indices (1977)
modified for total phosphorus and chlorophyll 4,
while leaving transparency out of the calculus, as
in the following equation:

TSI = (TSI (TP) + TSI (Chl @)) /2
where TSI is the trophic state index, TSI (TP) is
the trophic state index for total phosphorus in the

reservoir, and TSI (Chl ) is the trophic state index
for chlorophyll z in the reservoir.
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Figure 2. Rainfall (white bars) between October 2010 and July 2011 (except January and May) and standard devia-
tion (lines) in the region where the Sitios Novos reservoir is located. Black bars indicate historical (last 30 years)
mean rainfall for the same months. Hatched bars represent the volume of the expected annual quota of water in the
reservoir at each month (Data source: FUNCEME, 2011b).

Table 3. Mean values, standard deviation, percentage variation coefficient, maximum and minimum values of physi-
cal and chemical data collected at four sampling locations (180C, 300C, LIMN1 and LIMN?2) in the Sitios Novos
reservoir (Ceard, Brazil) during the rainy season and the dry season (2010-2011).

Rainy Temp Cond S pH Turb Chl a oD DO TP TN
Mean 28.63 0.52 0.23 7.60 10.82 6.17 49.59 3.82 0.22 1.88
SD 0.30 0.03 0.01 0.41 4.54 13.2 12.66 0.97 0.07 0.89
VC% 1.07 5.21 4.59 5.28 26.46 65.61 16.79 16.57 33.16 47.25
Mx 29.05 0.61 0.24 8.98 44.40 11.00 151.20 11.30 0.34 4.01
Mn 27.99 0.30 0.23 6.71 0.10 3.1 2.00 0.16 0.14 0.77

Dry
Mean 28.15 0.54 0.24 7.61 16.26 20.67 72.56 5.67 0.12 1.92
SD 0.21 0.03 0.01 0.39 4.26 12.35 18.44 1.42 0.06 0.69
VC% 0.77 4.79 4.36 5.13 26.22 59.74 25.42 25.09 51.17 35.82
Mx 28.78 0.59 0.26 8.74 28.90 44.90 117.40 9.02 0.22 3.01
Mn 27.67 0.49 0.23 6.80 8.10 8.30 20.60 1.63 0.06 1.21

SD=Standard Deviation; VC%= percentage variation coefficient; Mx-Mn=maximum and minimum values;
Temp=temperature (°C); Cond=conductivity (us.cm™); S=salinity (ppt); Turb=turbidity (NTU); Chl =chlorophyll
a (ug.L™"); OD=oxygen demand (%); DO=dissolved oxygen (mg.L™"); TP=Total phosphorus (mg.L™' P); TN=Total
nitrogen (mg.L'N).

Table 4. Results of the ¢ test followed by Welch’s correction for physical and chemical data collected at four sampling
locations (180C, 300C, LIMN1 and LIMN?2) in the Sitios Novos reservoir (Ceard, Brazil), comparing the rainy
season to the dry season (2010-2011).

Temp Cond S pH Turb Chl a oD DO TP TN

180C p <0.01 <0.01 ns* 0.68 <0.01 <0.01 <0.01 <0.01 0.34 0.09
W 18.20 13.90 0.40 7.75 65.52 6.63 6.90 1.20 0.92

300C p  <0.01 0.29 ns* 0.02 <0.01 <0.01 0.04 0.03 0.05 0.80
w 5.66 1.07 2.50 414 37.77 2.05 2.20 3.32 0.30

LIMN1 p <0.01 <0.01 ns* 0.43 <0.01 <0.01 0.03 0.02 0.78 0.50
W 6.50 7.38 0.78 3.88 37.39 2.28 248 0.30 0.84

LIMN2 p 0.23 <0.01 ns* 0.54 <0.01 <0.01 0.04 0.07 0.10 0.17
w 1.29 7.76 0.63 6.98 52.72 0.07 2.09 2.79 2.05

*ns=non-significant difference. p=result of ¢ test; W=result of Welch’s correction; Temp=temperature (°C);
Cond=conductivity (ms.cm™); S=salinity (ppt); Turb=turbidity (NTU); Chl z=chlorophyll 2 (Lg.L"); OD=o0xygen
demand (%); DO=dissolved oxygen (mg.L™"); TP=Total phosphorus (mg.L™' P); TN=Total nitrogen (mg.L' N).
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The morphometric variables “maximum depth”
(Zmax) and “average depth” (Za) were calculated
from the depth data collected in the field with
a portable sounder (Speedtech® SM-5). The
reservoir surface area (A) and perimeter (P), the
shoreline development index (Ds) and the volume
development index (Dv) were calculated with GIS
(Geographic Information Systems) operations using
the software gvSIG (Asociacién gvSIG, 2014) and
Surfer 11 (Golden Software, 2013). These variables
were used to determine the total storage capacity
(Cv), total volume (V) and relative depth (Zr) of
the reservoir (Table 5).

Soundings obtained with a digital depth finder
(datum WGS84) on August 2013 were used to
determine the bathymetry of the Sitios Novos
reservoir. The software SisBaHiA® (Fundacio

Table 5. Morphometric data for the Sitios Novos reservoir
(Cear4, Brazil), 2010-2011.

Parameters Values Unity

A 16.48 Km?
P 64.13 Km
\Y 125.9 x 10° m?
Ct 126 x 10° m?

Zmax 11.65 m
Za 7.64 m
Zr 0.25 %
Ds 4.76 -
Dv 2.02 -

As=surface area; P=perimeter/length; V=total volume;
Ct=total capacity; Zmax=maximum depth; Za=average
depth; Zr=relative depth; Ds=shoreline development
index; Dv=volume development index.
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COPPETEC, 2013), made available by courtesy
of the developers, was used to interpolate the data
with the Kriging method. Finally, a bathymetry
chart was drawn with the software Surfer 11

(Golden Software, 2013).

3. Results

The physical and chemical variables registered
for the Sitios Novos reservoir in 2010-2011 yielded
variation coefficients above 35% for turbidity,
chlorophyll 4, dissolved oxygen and oxygen demand
(the most unstable parameters in the water column)
(Table 1). Conductivity and salinity varied by
less than 0.2 units across the samples from the
four sampling locations. Temperatures and pH
values varied lictle at the four sampling locations
(greatest VC% = 2.09 and 5.61, respectively, both
at LIMN2). In contrast, total phosphorus (VC%
14.56-60.86) and nitrogen (VC% 30.60-51.88)
yielded large variation coefficients (Table 1).

Location LIMN2 differed significantly (p<0.05,
Kruskal-Wallis test) from the other three sampling
locations (180C, 300C and LIMN1) with regard to
conductivity, pH, turbidity and chlorophyll 2. This
last variable displayed the greatest variation between
sampling locations (Table 2, Figure 3).

At LIMN?2, the average depth (5.2 + 1.5 m) was
small and the average turbidity (17.1 + 8.3 NTU)
was high when compared to average maximum
values at the other three locations (depth = 180C:
9.7 £ 0.9 m; 300C: 9.5 + 1.1 m; LIMNI:
9.0 + 3.0 m; and turbidity = 180C: 13.2 + 5.9 NTU;
300C: 11.8 +4.1 NTU; LIMN1: 12.5+ 4.4 NTU).
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Figure 3. Amplitude variation (boxes), median values (lines inside boxes) and standard deviation (bars) for conductivity,
pH , turbidity, chlorophyll 2 levels at four sampling locations (C180, C300, LIMN1 and LIMN?2) in the Sitios Novos

reservoir, 2010-2011 (R Development Core Team, 2013).
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On the other hand, the four sampling locations did
not differ significantly with regard to temperature,
salinity, dissolved oxygen, oxygen demand, total
phosphorus or total nitrogen.

The variation coefficients were greater in rainy
months than in dry months, with the exception
of dissolved oxygen and oxygen demand. As in
the comparison between sampling locations,
chlorophyll 2 levels presented the greatest temporal
variation (VC% values up to 65.61 in rainy
months, and up to 59.74 in dry months), with a
three-fold increase in average values between the
rainy and the dry season (6.17 + 13.20 pg.L™" vs.
20.67 + 12.35 pg.L™"). VC% values above 35 were
also observed for total nitrogen (47.25 in the dry
season; 35.82 in the rainy season) and for total
phosphorus (51.17 in the rainy season) (Table 3).

When the data were analyzed with the ¢ test,
the rainy and the dry season differed significantly
(p<0.05) with regard to seven chemical and physical
variables, but not total phosphorus, total nitrogen
or salinity. This last variable was considered constant
throughout the two seasons. Some of variables
displayed no significant temporal variation at
specific sampling locations (e.g. temperature, pH
and dissolved oxygen at LIMN2, conductivity at
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300C, and pH at 180C and LIMN1), but seasonal
differences in chlorophyll # were significant at all
four locations (Table 4).

Locations 180C, 300C and LIMNI1 differed
significantly with regard to temperature (Table 4).
Moreover, the average temperature and VC% were
higher in the rainy season (28.63°C and 1.07) than
in the dry season (28.15°C and 0.77) (Table 3). In
addition, surface water temperatures rose in the
rainy season, increasing the difference between
surface and bottom temperatures (Figure 4).

According to information published by
COGERH (a public water resource management
agency), the Sitios Novos reservoir ranged between
mesotrophic and hypereutrophic in the period
2008-2013 (COGERH, 2013). When the data
collected for the present study were used to
calculate the TSI according to CETESB (2009)
(a government environmental sanitation agency)
guidelines the Sitios Novos reservoir was found
to be supereutrophic in the rainy season and
supereutrophic to hypereutrophic in the dry season.
Trophic state was based on average phosphorus and
chlorophyll 2 levels in the rainy season (TSI=66.19)
and in the dry season (TSI=67.87).

27 28 29 30
0 1 1 1

300C
28 29 30

LIMN2

— Dy e \\et

Figure 4. Temperatures (°C) in the water column at four sampling locations (180C, 300C, LIMN1 and LIMN?2)
in the Sitios Novos reservoir (Ceard, Brazil), comparing the rainy season to the dry season in the period 2010-2011.
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The volume development index (VDI>2)
calculated for the Sitios Novos reservoir indicates
a concave basin, while the shoreline development
index (3<SDI<5) reveals an irregular shoreline.
The relative depth was small (Zr=0.25%). The
bathymetric readings suggest the lake bed at 180C,
300C and LIMNTI is morphometrically similar,
as opposed to LIMN2 (Figure 5). Regardless of
sampling location, the winds blew constantly from
the northeast or the southeast at an average speed
of 10.38 + 8.93 m.s! and 16.37 + 13.74 m.s!,
respectively, with the lowest speeds in the rainy
season.

4, Discussion

The physical and chemical variables evaluated at
different locations and seasons in the Sitios Novos
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reservoir suggest a profile of limnological variability
not directly related to intensive aquaculture.
The absence of large differences between the
four sampling locations may be explained by the
semiarid climate influence, the eutrophic state of the
ecosystem, the shallow depth of the reservoir, and
the circulation in the water column. This variability
is likely related to morphometric differences
between the sampling locations and is expressed
mostly in turbidity and chlorophyll a levels. In
contrast, seasonal variations were pronounced,
mostly due to the effect of increased rainfalls on
physical and chemical stability.

In this study, physical and chemical variability
in the Sitios Novos reservoir was characterized by
more variation between seasons (dry and rainy) than
between sampling locations. The meteorological
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Figure 5. Bathymetry of the Sitios Novos reservoir (Ceard, Brazil) in gray scale. The Om depth corresponds to the
40.17m quota based in datum WGS84 (Golden Software, 2013).
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profile was one of scarce rain and constant winds.
Morphometrically, the reservoir is concave and
shallow, with an irregular shoreline. Finally, the
calculated trophic status index shows the reservoir
to be supereutrophic in the rainy season and
supereutrophic to hypereutrophic in the dry season.

These characteristics are typical of reservoirs in
semiarid Northeastern Brazil (Freire et al., 2009;
Barbosa et al., 2012). Due to ample circulation
throughout the day, the water column in such
ecosystems may be considered polymictic (Esteves
and Furtado, 2011). In fact, the strong constant
winds blowing over the Sitios Novos reservoir,
primarily from the southeast, cause the water in
the column to blend, especially in view of the
small relative depth of the reservoir (0.25%)
(Aldama et al., 2013). In addition, the concave
shape of the reservoir favors water circulation
(Fantin-Cruz et al., 2008). La Mer and Healy
(1965) attributed a movement of 1/30 to a surface
monolayer subject to winds at 0.85 m.s™'; thus, on
the windward side, wind speeds 23.5 times greater
than this can cause considerable renovation.

The smallest total depths were registered at
LIMNZ2. The high turbidity and chlorophyll #
values at this location may be explained by the
resuspension of sediments due to the effect of the
wind (Talling, 2001). In addition to the small depth,
large amounts of sediments are deposited at LIMN2
by the Sao Gongalo river, especially in the rainy
season. As observed by Freire et al. (2009) for the
Pacajus reservoir (Ceard, Brazil), ecotones between
lotic and lentic environments tend to display high
levels of turbidity (Wetzel, 1992) and chlorophyll
a. The limnological conditions at LIMN2 are also
affected by the presence of Copernicia prunifera
(“carnaubeiras”) which thrive in nutrient-rich
alluvial deposits (Balslev et al., 2011).

The morphometry and the accumulation of
sediments and nutrients were positively associated
with greater physical and chemical variability
at LIMN2. Variability was significantly smaller
between the other sampling locations (180C, 300C
and LIMN1) due to similarities in bathymetry and
morphometry, as suggested by the bathymetric
isolines of the reservoir. Despite the importance
of bathymetry to physical and chemical variability,
bathymetrically similar locations with and without
intensive aquaculture facilities differed significantly
with regard to pH values.

The pH variability is important in aquatic
ecosystems: small changes represent substantial
variations in environmental H* ion concentrations.
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The increased pH values observed at 180C, 300C
and LIMN1 may be related to the nearby fish
farming facilities (Starling et al., 2002). However,
a different experimental study design would be
required to evaluate the specific association between
changes in pH values and intensive aquaculture in
a reservoir like Sitios Novos, characterized by small
relative depth, irregular margins, multdiple localized
sources of pollution, a eutrophic status between
supereutrophic and hypereutrophic, sturdy winds
and blending of the water in the column.

Seasonal factors such as rainfall (concentrated
in the months of February, March and April)
produced greater physical and chemical changes in
the Sitios Novos reservoir than did the proximity to
fish farming facilities and differences in bathymetry
and morphology. Aquatic ecosystems in semiarid
Northeastern Brazil tend to suffer dramatic physical
and chemical changes during the rainy season
(Freire et al., 2009; Molisani et al., 2010) and the
Sitios Novos reservoir is no exception. At this time
of the year, the management and water quality
monitoring of reservoirs with large storage capacity
should be given special attention.

Rain and wind play a crucial role in the warming
dynamics of tropical lakes as observed by water
temperature dynamic in water column of the Sitios
Novos reservoir. This variable varied significantly
between the dry season and the rainy season, except
at LIMN2, possibly due to the smaller depth. The
southeastern wind was less intense in the rainy
season (6.17 + 3.07 m.s™') than in the dry season
(26.57 £ 12.40 m.s™"), leading to a temperature
increase in the water column, especially near the
surface, and increased variability at deeper locations
(Lewis JR, 1982). In shallower locations such as
LIMN2, a greater surface/volume ratio potentially
leads to higher evaporation rates and higher and
more stable temperatures in the surface layer
(Sherwood and Fu, 2014).

Not only do phosphorus and nitrogen
concentrations increase as a result of rainfalls, but
the irregular shoreline of the Sitios Novos reservoir
(Ds=4.76) favor the input of sediments and
nutrients, especially in the rainy season. The total
phosphorus concentrations (TP) observed at all
sampling locations and in both seasons are typical of
hypereutrophic environments (TP > 100 pg.L™), as
defined by the CETESB (2009), by the Organization
for Economic Cooperation and Development
(OECD, 1982) and by Wetzel (2001). The STI
values calculated from the data collected for this
study highlight the importance of high chlorophyll
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a levels in the dry season to the determination
of a reservoir’s trophic status. These changes in
chlorophyll a levels explain the reclassification of
the Sitios Novos reservoir from supereutrophic in
the rainy season to hypereutrophic in the dry season.

The observed increase in total phosphorus
concentrations the Sitios Novos reservoir during the
rainy season was due to the input of sediments and
nutrients from the reservoir margins and from the
Sao Gongalo river (Moss et al., 2011; Withers et al.,
2009); in other words, seasonal changes in
phosphorus and chlorophyll # levels were not directly
correlated. According to Molisani et al. (2010), the
absence of a correlation between phosphorus and
chlorophyll @ suggests the former is not a limiting
factor to the growth of phytoplankton in Castanhio,
a large reservoir in semiarid Northeastern Brazil.
The finding of decreased levels of chlorophyll z in
the Sitios Novos reservoir during the rainy season
suggests a similar scenario. In this case, the limiting
factor may be nitrogen, considering the presence
of N -fixing cyanobacteria, a common finding in
eutrophic aquatic ecosystems (Conley et al., 2009).

On the other hand, in this study variations
in average chlorophyll « levels between sampling
locations and seasons were positively correlated with
variations in turbidity (Pearson, r=0.59; p<0.01),
as reported for other reservoirs in the semiarid
Northeast and Southeast of Brazil (Cimara et al.,,
2009; Crossetti et al., 2008). Changes in the
concentration of chlorophyll 2 may be associated
not only with total nitrogen levels, but also with
water circulation (Crossetti et al., 2008), light
intensity (Tundisi and Matsumura-Tundisi, 2008)
and the presence of omnivorous and planktivorous
fishes (Mazumder et al., 1990; Lazzaro et al., 2003),
among other factors.

Salinity and conductivity did not vary between
seasons or sampling locations. The physical and
chemical parameters which did vary between
sampling locations were possibly related to
differences in soil morphology (not evaluated in
this study) and trophic status, matching the findings
of other studies on reservoirs in semiarid regions
(Lucca et al., 2008; Camara et al., 2009).

In conclusion, Sitios Novos is a shallow reservoir
with little vertical and horizontal variability of the
physical and chemical parameters of the water
column. Differences were greater between seasons
(dry vs. rainy) than between sampling locations.
This may be explained by the seasonality of rainfalls,
circulation in the water column and a range of
morphometric aspects, including maximum
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depth, relative depth and volume and shoreline
development. In the rainy season, physical and
chemical variability was greater, especially at
deeper locations, and total phosphorus and total
nitrogen levels were higher. During most of the year,
variations in turbidity, oxygen demand, dissolved
oxygen and chlorophyll « levels were substantial at
all sampling locations in the Sitios Novos reservoir,
but especially so in the lotic-lentic ecotone near the
debouch of the river due to the greater input and
accumulation of nutrients and sediments, even
when compared to locations impacted by intensive

fish farming.
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