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• Internal and external factors controlling
reservoir water quality were assessed.

• Small reservoir watersheds were able to
isolate factor contributions clearly.

• Landscape organization and erosive
rainfall events were the external factors
controlling turbidity.

• Landscape organization, crop fertilizing
and hypoxia favored bottom-sediment
nutrient releases.

• Reservoir dimension controlled the time
of thermal stratification.
⁎ Corresponding author at: CQVR – Centro de Química
E-mail address: fpacheco@utad.pt (F.A.L. Pacheco).

https://doi.org/10.1016/j.scitotenv.2020.144511
0048-9697/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 August 2020
Received in revised form 9 December 2020
Accepted 11 December 2020
Available online 16 December 2020

Editor: Damia Barcelo
The integration of internal (e.g., stratification) and external (e.g., pollution) factors on a comprehensive assess-
ment of reservoir water quality determines the success of ecosystem restoration initiatives and aids watershed
management. However, integrated analyses are scarcer than studies addressing factors separately. Integration
is likely more efficient in studies of small well-characterized (experimental) reservoir watersheds, because the
isolation of factor contributions is presumably clearer. But those studies are uncommon. This work describes
the water quality of two small 5.5 m-deep reservoirs (MD-Main and VD-Voçoroca dams) located in Pindorama
Experimental Center, state of São Paulo, Brazil, considering the interplay between reservoir dimension, seasonal
de Vila Real, Universidade de Trás-os-Montes e Alto Douro, Ap. 1013, 5001-801 Vila Real, Portugal.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.144511&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.144511
mailto:fpacheco@utad.pt
https://doi.org/10.1016/j.scitotenv.2020.144511
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


M.C. Lopes, A.L.M. Martins, M.B.L. Simedo et al. Science of the Total Environment 762 (2021) 144511
Keywords:
Reservoir
Thermal and chemical stratification
Landscape composition and patterns
Crop fertilizing
Water quality degradation
Threats to aquatic life
thermal stratification, chemical gradients, erosive rainfall events, presence of natural biofilters, and land uses and
landscape patterns around the reservoirs andwithin the contributing watersheds. Themonitoring of agricultural
activities and water quality parameters occurred in October 2018–July 2019. A 4 °C thermal stratification oc-
curred inOctober (difference between surface and bottomwater temperature), which decreased until disappear-
ance in January (VD) or April (MD). The longer stratification period of MDwas justified by its larger area relative
to VD (≈10×). Thermal stratification triggered hypoxia at the bottom of both reservoirs (DO ≈ 1 mg/L), more
prolonged and severe in MD. Hypoxia activated Ec and TDS peaks in January likely explained by bottom-
sediment nutrient releases, presumably phosphorus. The Ec peak reached 560 μS/cm in MD and 290 μS/cm in
VD. The smaller VD peak was probably explained by the action of macrophytes. In March, a 240 NTU turbidity
peak occurred in MD, caused by precedent erosive rainfall and the lack of vegetation protection alongside the
south border. As expected, the study accomplished clear isolation of factor contributions, verified by Factor and
Cluster analyses. Our results can subsidize studies on larger reservoir watersheds requiring restoration, where
the isolation of factors is more challenging.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Lake and reservoir water quality is influenced by internal and exter-
nal factors that isolated or combined can negatively interfere with the
aquatic ecosystem (Li et al., 2020a; Messina et al., 2020; Song et al.,
2017). The warning to Humanity about the rapid degradation of large
lakes has just been reiterated by a group of scientists (Jenny et al.,
2020). Internal factors comprise thermal stratification and the chemical
gradients (e.g., DO) derived therefrom, triggered by seasonal variations
in air temperature or ice covers. In this case, humans can adapt but
barely resolve the associated negative effects, such as hypoxia some-
times accompanied by metal releases from bottom sediments that can
harm fish and other organisms. The external factors include pollution
sourced fromupland areas, namely crop lands that export and discharge
into the reservoirs excessive loads of sediments and nutrients (Guo
et al., 2020; Nakano et al., 2008; Schippers et al., 2006). In this case, Hu-
manity is responsible for preserving or bringing back the water bodies
to a safe state (Cullum et al., 2006; Herendeen and Glazier, 2009;
Zablotowicz et al., 2010). In this regard, understanding the role of land
use and land cover (LULC) composition and organization on the conser-
vation of lake or reservoir water quality and ecological integrity is of
paramount importance for the design of efficient watershed manage-
ment strategies and land use policies.

The studies on internal factors controlling lake or reservoir water
properties are classical and numerous. Some works were focused on
high-altitude or deep lakes (e.g., Tibetan Plateau, Norway) and detailed
assessments of seasonal thermal stratification andmixing controlled by
air temperature and ice cover variations under the backdrop of climate
change (Boehrer et al., 2013; Wang et al., 2020a; Wang et al., 2014,
2019). Other studies were conducted in arid or subtropical regions
(e.g. Egypt, Mexico) where the authors related thermal stratification
and consequences for water properties with catchment hydrology and
seasonal or inter annual variations in precipitation (Abd Ellah, 2020;
Cardoso-Mohedano et al., 2019; Chen et al., 2020; Darko et al., 2019;
Djihouessi and Aina, 2018; Kranenburg et al., 2020; Zhang et al.,
2015). The interest of some other researchers relied on how thermal
stratification is assessed, namely by remote sensed data or digital tech-
nology (Bracchini et al., 2006; Fichot et al., 2019; Huovinen et al., 2019;
Kurtuluş et al., 2019; Wang et al., 2020b). There were also attempts to
understand how episodic wind events influenced thermal stratification
and bottom water hypoxia (Weinke and Biddanda, 2019).

The studies interested on internal factors also addressed water qual-
ity and ecological issues, independent from or coupled with thermal
stratification assessments (Longyang, 2019; Me et al., 2018; Yang
et al., 2018). For example, Ali Saber and co-authors assessed the effects
of lake water level fluctuations due to drought and extremewinter pre-
cipitation on mixing and water quality of Lake Arrowhead in California
(Saber et al., 2020). Hamed El-Serehy et al. assessed water quality in a
lake with salinity stratification (El-Serehy et al., 2018). Many studies
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established or modeled relationships between thermal stratification
and water quality or ecological condition (Guzzo et al., 2016; Janssen
et al., 2019; Mziray et al., 2018; Noori et al., 2018; Shilei et al., 2020).
The study of phosphorus ormetal releases from bottom sediments, trig-
gered by hypoxia, was also a widely studied topic in lake water quality
and ecology. A few examples come out from Finland (Horppila et al.,
2017; Tammeorg et al., 2017), the Unites States (Beisner et al., 2009)
or Bolivia (Guédron et al., 2020).

The studies focused on external factors covered a diversity of topics,
such as the effects of domestic or industrial wastewater discharges on
reservoir water quality (Luoto et al., 2019), or the consequences of
chemical fertilizer use and livestock excrement application for reservoir
water pollution and mitigation (Acheampong et al., 2018; Getahun and
Keefer, 2016; Mamun and An, 2017; Zhang et al., 2019a, 2020b). Con-
currently, many studies dedicated efforts to the analysis of land use pat-
terns and the combined impact of LULC composition and organization
on catchmentwater quality (Atique and An, 2020; Li et al., 2019), some-
timeswith a parallel interest on the effects of scale or season (Fernandes
et al., 2019a). When the focus was scale, studies assessed the impor-
tance of riparian vegetation distributed alongside the drainage network
relative to the importance of forest vegetation dispersed within thewa-
tershed (de Mello et al., 2018; Zhang et al., 2020a). The subject is still
controversial because some authors are in favor of using the whole wa-
tershed as geomorphic unit to describe the LULC versus water quality
relationships (Ding et al., 2016; Zhang et al., 2019b), while others are
more favorable to the riparian scale (Alexander et al., 2007; Fernandes
et al., 2011; Johnson et al., 1997). Recently, some studies aimed to bridge
these two antagonist views by setting up multiple regression models
capable to integrate the two scales, and even to assess interactions
between them (Pissarra et al., 2019). Many of these studies looked at
watersheds and streams instead of lakes or reservoirs, but helped
explaining the reasons why the later become eutrophic.

The meaning of LULC for watershed management, from either the
composition or the pattern standpoint, is not restricted to freshwater
quality. The ecology route stepped bymany researchers resulted in var-
ious publicationswhere LULC are related to negative impacts onmacro-
invertebrates, fish and other freshwater fauna (Santos et al., 2017;
Niemeyer et al., 2020; Sardiña et al., 2019). More complex approaches
brought together relationships between LULC, water quality and stream
water biodiversity (Fernandes et al., 2019b; Fernandes et al., 2018;
Sanches Fernandes et al., 2018). In general, these case studies were
successful because were laid on robust multivariate statistical assess-
ments of georeferenced datasets, namely through structural equation
modelling.

In the case of reservoir watersheds, water quality is affected by the
LULC surrounding the water body, besides complex geochemical and
hydrologic processes that build up internally, such as nutrient ex-
changes between lake water and bottom sediments or lake level fluctu-
ations (Li et al., 2020b; Messina et al., 2020). Usually, comprehensive
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studies on the interplay between LULC, internal lake processes and
water quality are scarcer, based on historical monitoring, statistical
summaries or forecasts, and applied to large water bodies (Huot et al.,
2019; Mentzafou and Dimitriou, 2019; Peng et al., 2019; Song et al.,
2017). These studies are essential to lake and watershed management,
because they provide panoramic views over the large-scale and long-
term causes and consequences of lake water degradation. However,
they may fail to capture small-scale and short-term effects of LULC
and internal processes on lake water quality. A survey of recent scien-
tific literature about small lakes barely provides results for studies
where detailed LULC composition or patterns coupledwith internal fac-
tors such as thermal stratification and chemical gradients are related
with subtle seasonal changes of water quality. This scarcity of studies
was seen as opportunity for this research. The possibility to capture
small-scale and short-term effects of external and internal factors on
lake water quality on a single site and from an integrated perspective
was seen as novel research and results to be reported in this study.

The purpose of this study was therefore, to evaluate seasonal inter-
nal and external factors in two small (few hectares) reservoir water-
sheds and relate them with water quality parameters. To accomplish
this general goal, the study was carried out in the APTA Regional re-
search center, which is a Development Decentralization Department
from the Research Institution for Agriculture and Supply Secretariat of
São Paulo State. LULC are well characterized in bothwatersheds and ag-
ricultural activities monitored seasonally. Although the climate and
LULC surrounding the two reservoirs is similar, one is much smaller
than the other is. Besides, the smaller reservoir is surrounded by vegeta-
tion and partially covered by macrophytes, while the larger lacks
protection by vegetation on one margin and bares macrophytes. A
number of water quality parameters were monitored from October
2018 to July 2019 at various depths and locations within the reser-
voirs, allowing the elaboration of seasonal depth and longitudinal
Fig. 1. Main Dam (MD) and Voçoroca Dam (VD) reservoirs, located in
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profiles. The analyzed physical and chemical parameters were: tem-
perature (T), pH, electrical conductivity (Ec), total dissolved solids
(TDS), turbidity (Tb), dissolved oxygen (DO), and redox potential
(ORP). These parameters were selected because they can provide
helpful data to answer the main working questions posed in this
study, which were: (a) are the reservoirs thermally and chemically
stratified? If, yes what is the role of reservoir dimension? (b) Does
erosion impacts water quality? If yes, does the impact differ between
lakes? If yes, Why?

2. Materials and methods

2.1. Study area

The study area comprises the Olaria Stream Watershed, located in
the state of São Paulo, Brazil (Fig. 1). The reference geographical coordi-
nates are: latitude – 21°05′47″S; longitude – 49°03′02″W. The water-
shed flows into the São Domingos River. The area is located inside the
APTA Regional research center, located in Pindorama. The APTA Re-
gional is a Development Decentralization Department from the Re-
search Institution for Agriculture and Supply Secretariat of São Paulo
State. The research center covers an area of approximately 945 ha be-
tween the altitudes of 498 and 594 m.a.s.l. The climate is defined as
subtropical drywinter (Cwa) (Alvares et al., 2013). The average temper-
ature in the coldestmonths (June–July) is below18 °C, while the hottest
months of summer season (December–January) are characterized by
temperatures larger than 22 °C. The average annual precipitation is
1340 mm. The relief is strongly undulated to smoothly undulated. The
slopes vary from 2% at the elevation tops and floodplains, to 10%–20%
near the watercourses. The main soil units are argisols (Veloso et al.,
1991). The predominant natural land cover is the seasonal semi decidu-
ous forest.
the Olaria StreamWatershed, Pindorama, São Paulo State, Brazil.



M.C. Lopes, A.L.M. Martins, M.B.L. Simedo et al. Science of the Total Environment 762 (2021) 144511
2.2. Conceptual framework

The workflow for the present study is illustrated in Fig. 2. The figure
comprises panel (A) that shows the recipe used to accomplish the study
objectives. Firstly, the study area is characterized forweather conditions
(average monthly temperatures and precipitation), as well as for land
uses and occupations including landscape composition and organiza-
tion, and for agricultural activities including fertilizing practices. The
dam reservoirs are then described for morphometric parameters and
other specific characteristics. Secondly, water samples collected within
the reservoirs at various depths and locations are analyzed for various
quality parameters during a predefined period. Thirdly, the water qual-
ity data are processed in specific software packages for elaboration of
seasonal depth and longitudinal profiles, as well as plots illustrating
the results of multivariate analyses. Finally, the base information com-
piled about the watersheds and reservoirs is coupled with the profiles
andmultivariate plots to characterize internal and external factors con-
trolling water quality in the reservoirs during the studied period.

In panel B of Fig. 2, the water quality data are examined from a legal
perspective (CONAMA Resolution No. 357/2005 (Brasil, 2005)) as well
as from an ecologic stand point (considering the community of fish liv-
ing in the reservoirs). These analyses deviate from the proposed objec-
tives the reason why they are just briefly addressed in this study.
2.3. Experimental sites: LULC (composition and organization)

The monitored sites comprise two dam reservoirs located in the
Olaria stream watershed (Fig. 1). The lakes are referred to as Main
Dam (MD) and Voçoroca Dam (VD). The reference coordinates for
these reservoirs are: MD – X = 715487 m East, Y = 7651330 m
North; VD – X = 715257 m East, Y = 7651520 m North; Datum
SIRGAS 2000, UTM 22 S.

The MD and VD dams were constructed in the headwaters of Olaria
stream watershed in the 1970s and 1998, respectively. The altitudes in
this watershed range from nearly 505 and 610 m above sea level,
while the dam reservoirs are located between 550 and 560 m.a.s.l.
(Fig. 3a). The MD sub-basin covers an area of approximately 211 ha.
The LULCs in this sub-basin have changed over the past decades. From
1972 to 1990, the predominant forests and crops were eucalyptus, cof-
fee, citrus, sugar cane and soy. In 1998, a riparian forestwas planted and
managed for the succeeding years. In 2019, it was considered consoli-
dated natural forest fragment. Presently, besides the natural forest
cover the MD sub-basin is occupied by annual crops (beans, corn,
wheat, oats, among others), perennial crops (pupunha, peach, among
Fig. 2. Conceptual framewor
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others), and sugar cane plantations (Fig. 3b). The predominant slopes
in this catchment are between 4 and 6% (please see Fig. 3a).

The sub-basin of VD covers an area of 70.5 ha. From1960 to 1970 the
area was explored for coffee production. Later, pasture with Brachiaria
was installed until the mid-1990s. Inadequate management and exces-
sive animal load have caused land degradation, which ultimately re-
sulted in the development of a 700 m long and 15 m deep gully. This
gully was recovered in 1998 through implementation of conservation
practices and remains in a state of natural regeneration since then. In
2011, a riparian forest was planted along the drainage network sur-
rounding the reservoir, to work as permanent preservation area. The
plantation comprised 2500 native tree species interspersedwith rubber
and annatto. Presently, this forest is well developed but not yet consol-
idated. Above the left bank, there are pasture and sugar cane planting
areas. On the right bank, above the riparian forest, there are pasture
strips (Fig. 3b). The soils surrounding the VD are eutrophic argisols.
The predominant slopes range from 3 to 7% (please see Fig. 3a).

The dammedwater is used for conventional sprinkler annual crop ir-
rigation. Micro-sprinkling and dripping irrigation are also used for pe-
rennial crops. Reservoir dams are fed by perennial springs located in
forest fragments and in areas of permanent preservation around the
drainage network. The MD reservoir lacks protection from natural veg-
etation in a substantial part of its south border.
2.4. Experimental sites: crop cycles and management practices including
fertilizing

A soybeanfield covering 4.0 hawas seeded to the north ofMD inNo-
vember 2018 on no-tilled corn stubble. The crop cycle was 120 days,
meaning that the soybeans were harvested in February 2019. Following
the soy crop, there was a mechanical planting of sorghum. The cycle for
sorghum crop was 100 days (harvesting in May). In the strip below the
area of sorghum, a castor bean crop was sowed in an area of 2.0 ha. In
this area, themanual sowing techniquewas used and followed byman-
ual weed control. The cycle for this crop was 180 days.

Themanagement of agricultural areas in the sub-basin of theMD in-
volved planting in furrows, plowing and subsoiling. The fertilizing com-
prised soil correction through application of dolomitic limestone (2 ton/
ha), dressings of N.P·K-4.30.16 in the soy (300 kg/ha) and N.P.K-
10.15.15 in the sorghum (250 kg/ha), and application of herbicide
(glyphosate roundup, 5 L/ha in November and 3 L/ha in December).

The management of soil in the surroundings of VD involved the
seeding of a 15 ha soybean field in no-tilled corn stubble located
above the permanent preservation and pasture areas, in November
k for the present study.



Fig. 3. (a) Digital elevation model of Olaria StreamWatershed and around the MD and VD reservoirs. (b). Land use and land cover within the MD and VD catchments.
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2018. The cycle for this crop was 120 days. After the harvest in February
2019 there was the mechanical seedling of sorghum in the same area.
The crop cycle was 100 days. On the left hill above the permanent
5

preservation area, a plot of sugarcane was installed in May 2018 in an
area of 23 ha using a meiosis system. The north edge of this field is a
bare land adjacent to the south limit of MD (Fig. 3b).
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The management operations in the VD sub-basin were similar to
those practiced in theMD but also involved soil leveling, seedling distri-
bution, loin breaking, and application of herbicide and insecticide on
tractor. Besides, the fertilizing of sugarcane involved application of dolo-
mitic limestone in May 2018 (2 ton/ha) and February 2019 (another
2 ton/ha), aswell as application of N.P.K-8.28.16 (500 kg/ha). Fig. 4 illus-
trates how pasture, sorghum and sugar cane fields look like in the
studied area.

2.5. Climatological data and dammed water quality

The climatological datawere collected from the AutomaticMeteoro-
logical Station (EMA) installed at the APTA research center, and then
processed in the Integrated Center for Agrometeorological Information
System to obtain daily data records (http://www.ciiagro.sp.gov.br).

The sampling of dammed water in the MD and VD reservoirs oc-
curred in the beginning of each month during ten months (October
2018–July 2019). The samples were collected in the morning, from 8
to 11 am, and comprised three different points (longitudinal profile):
downstream, center and upstream of each dam. It is worth mentioning
that, for example, morning and evening DO and TDS values may differ
Fig. 4. General view of pasture (a), sorghum (b) and sugarcane (c) crops installed around
the MD and VD reservoirs. Panel a refers to VD, panels b and c to MD.
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significantly and be largely biologically mediated. The implications on
lake water processes can also be noteworthy. For example, morning
was selected as the point in a 24-hour cycle when anoxia is most likely
to occurwith respiration rather than production dominating over night-
time hours. The conclusions taken from this study cannot rule out this
sampling condition. The sampling in each point encompassed four
sub-samples collected along a vertical profile: superficial (1 m and
2 m depth), intermediate (3 m depth) and deep (5 m depth), with
three replications. The analyzed physical and chemical parameters
were: temperature (T), pH, electrical conductivity (Ec), total dissolved
solids (TDS), turbidity (Tb), dissolved oxygen (DO), and redox potential
(ORP). A HORIBA depth probe, model W23-XD, was used to measure
these water quality parameters. The 720 readings were taken over the
10 months of collection in the reservoirs, with 360 readings in the
main dam (MD) and 360 readings in the Voçoroca dam (VD). The as-
sessment of dam lake water quality was based on the CONAMA Resolu-
tion No. 357/2005 (Brasil, 2005). The summary of surface water quality
standards, for fishing and irrigation water use (Class 2), is depicted in
Table 1. The water quality database is provided as Supplementary
Material.

2.6. Fish population

The information about fish species living in the MD and VD reser-
voirs was obtained from residents living in the area and from fishermen
who perform recreational fishing in the lakes. According to their state-
ments, the ichthyofauna living in the reservoirs is composed of six spe-
cies, three of which are native: Lambari (Astyanax fasciatus), Traíra
(Hoplias malabaricus) and Cascudo (Hypostomus pusarum); the other
three are exotic: Nile tilapia (Oreochromis niloticus), Tucunaré (Cichla
sp.) and Common carp (Cyprinus carpio). Most species occurred natu-
rally in the lakes after the construction of MD and VD. However, the
Tucunaré and the Common carp have been seen solely in the MD lake.

2.7. Statistical analyses

The water quality data of each reservoir were subject to seasonal
profiling that considered the depth of sample collection (1, 2, 3 and
5 m) as well as the sampling locations within the reservoirs (upstream,
center and downstream). The purpose was to investigate stratification
that could have occurred and affected the monitored parameters.
Firstly, the raw data (Tables S1 and S2 from the Supplementary Mate-
rial) were processed in the Dynamic Table tool of Excel software,
which allowed assembling the data records according to season and
depth of water collection, as well as according to season and location
of the sampling sites. Secondly, the profiles were drawn using the
Excel's graphical tools. Subsequently to the analysis of seasonal profiles,
the datasets on water quality parameters were used as input to Factor
Analysis and Hierarchical Cluster Analysis performed on the R statistics
software (https://www.r-project.org/). In this case, the analyses used as
input the entire datasets (360 values for each monitored parameter, i.e.
without discrimination of time, sample depth, sample location or repe-
tition). The aimwas to explore the data structure, namely the most rel-
evant factors controlling water quality in the reservoirs, taking
altogether the aforementioned sources of variation.
Table 1
Summary of surface water quality standards, for fishing and irrigation water use, as de-
fined in the CONAMA Resolution No. 357/2005; n.a. – not applicable.

Parameters Surface water CONAMA resolution

Temperature in °C (T) n.a.
Hydrogenionic potential (pH) 6.0 a 9.0
Electrical conductivity (Ec) ≤100 μS/cm
Total dissolved solids (TDS) ≤500 mg/L
Turbidity (Tb) ≤100 NTU
Dissolved oxygen (DO) ≥5 mg/L

http://www.ciiagro.sp.gov.br
https://www.r-project.org/


Fig. 5.Monthly rainfall (in mm; left axis) and temperature (in °C; right axis) in the Olaria
stream watershed observed from October 2018 to July 2019.
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3. Results and discussion

The morphometric parameters of MD and VD reservoirs are shown
in Table 2. It is noteworthy the difference between the reservoirs as
regards these parameters, which are considerably larger in the MD.
The exception is the maximum lake depth that is 5.5 m in both reser-
voirs. The rainfall distribution observed in the study area from October
2018 to July 2019 is illustrated in Fig. 5. The diagram makes evident
the larger values occurring in February andMarch 2019, which reached
247.8 and 224.3mm, respectively, while the period fromMay to July re-
ceived almost no rain.

3.1. Seasonal profiles of water quality data

The seasonal profiles of water quality data are plotted on Fig. 6. The
left panels are depth profileswhile the right panels are longitudinal pro-
files. The blue lines describe the MD and the red lines the VD profiles.
The suffix numbers 1, 2, 3 and 5 in the left panels represent the four
measured depths. The suffix letters U, C and D in the right panels repre-
sent the upstream, center and downstream locations within the
reservoirs.

The water temperatures in the MD reservoir showed clear thermal
stratification in the period October 2018–January 2019, when the
water temperatures dropped from an average of 28.6 °C at 1 m depth
and 23.8 °C at 5 m depth (Fig. 6a). This means a 4.8 °C decrease within
the 5 m-thick water column, i.e. approximately 1 °C/m. This ample
range of valueswas likely caused by the large air temperatures observed
in all these months (25.6 ± 1.1 °C; Fig. 5). In the period February–April
2019, the thermal stratification decreased. The water temperatures
reached 26.3 °C at 1 m depth and 25.1 °C at 5 m depth, which means a
temperature difference of just 1.2 °C (or 0.24 °C/m). In this period, the
air temperatures were still high (25.1 ± 0.7 °C) but the effect on
water temperatures were eventually buffered by the intense rainfall
(Kolm et al., 2016; Libânio, 2008). Finally, in the period from May to
July 2019 the thermal stratification practically disappeared (0.6 °C dif-
ference between 1 m and 5 m depths), with average water tempera-
tures dropping to 21.6 °C in May and 19.8 °C in July. In this case, the
reason for the drop was possibly the decrease of average air tempera-
tures that took place in these months, from 22.4 to 19.9 °C.

The distribution of water temperatures represented on Fig. 6b re-
veals the dearth of a gradient from upstream to downstream. Overall,
the conjugate analysis of Figs. 5 and 6a exposes the seasonal influence
of air temperature and rainfall on the temperature of MD lake water
causing thermal stratification, as evidenced for other regions as well
(dos Santos Alves et al., 2019; Libânio, 2008; Piratoba et al., 2017). The
pattern for the VD reservoir is similar but stratification was less pro-
nounced and practically disappeared from February onwards. In this
reservoir, the temperature differences between 1 m and 5 m depths
range from 2.8 °C in the period October–January, to 0.3 °C in the period
February–April and 0.7 in the period May–July. As for the MD, there is
no upstream–downstream temperature gradient in the VD reservoir.
On average, the water temperatures are higher in the VD in the
October–March period and higher in theMD subsequently. The temper-
ature differences among the MD and VD reservoirs may be related to
differences in the corresponding LULC. In that regard, when air
Table 2
Morphometric parameters of MD and VD reservoirs.

Parameter MD reservoir VD reservoir

Average and maximum depth (m) 3.0; 5.5 2.5; 5.5
Water retention time (day) 123 60
Volume (m3) 59573 6125
Area (m2) 24300 2200
Perimeter (m) 849 300
Maximum length (m) 315.6 112.5
Maximum width (m) 157.3 75
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temperatures are high (October–March) the agricultural areas and un-
consolidated forests occupying the VD sub-basin seem to have less abil-
ity to buffer the lake water temperatures, relative to the native forest of
MD sub-basin. Usually, forested catchments are characterized by lower
water temperatures than those where agriculture dominates (Arcova
and De Cicco, 1999; Simedo et al., 2018).

The depth profile obtained for pH (Fig. 6c) reveals that thermal strat-
ification has been accompanied by substantial chemical gradients from
October to December 2018 in the two reservoirs, more pronounced in
the MD. In this period, the pH of MD reached 9.0 at 1 m depth and
dropped to 6.8 at 5 m depth. In the VD the corresponding pH decrease
was from 7.3 to 6.4. Subsequently (January–July), the pH gradients
were smaller. The differences between surface and bottom water pH
was 0.8 (decreased from 7.3 to 6.5) in the MD and 0.5 (6.9–6.4) in the
VD. The very large pH (9.0) observed at the surface of MD during the
October–December period may have been a consequence of soil liming
known to be practiced in the watersheds (Section 2.4), especially in the
20 ha sugarcane field located to the south of MD (Fig. 3b). Besides this
anomalous value, the pH gradients observed in both lakes may have
been the result of photosynthesis occurring at the epilimnion that
increased pH, combined with microbial activity at the hypolimnion
that through respiration and decomposition of organic material re-
leased CO2 decreasing pH (Boehrer and Schultze, 2008; Torgersen and
Branco, 2008). Fig. 6d reveals an upstream–downstream gradient in
the MD from January to July, with average higher pH values observed
upstream (7±0.3) and lower downstream (6.6±0.3). Eventually, dur-
ing this period suspended organic material has been transported down-
stream increasing the amount of decomposed organic material at the
lake's mouth with effects (decrease) on average pH (De Faria et al.,
2015; Fairchild and Velinsky, 2006). In both reservoirs, the lake's bot-
tom January values were below the minimum threshold set up by the
CONAMA Resolution No. 357/2005 for freshwater Class 2, which is 6.0
(Brasil, 2005).

The Ec (Fig. 6e,f) and TDS (Fig. 6g,h) profiles are similar and there-
fore described alongside in the next sentences. The similar patterns
are not surprising because total dissolved solids are directly related to
electrical conductivity and salinity (Rakib et al., 2020; Da Silva et al.,
2018a; Tundisi and Tundisi, 2008). Fig. 6f and h highlights the higher av-
erage Ec and TDS in the MD relative to the VD (Ec(MD) = 194.4 μS/
cm > Ec(VD) = 131.9 μS/cm; TDS(MD) = 126.3 mg/L > TDS(VD) =
85.8 mg/L). The figures also show that Ec and TDS were not influenced
by upstream–downstream gradients. However, the two variables gen-
erally increased from the surface to the bottom of both reservoirs
(Fig. 6e and g). A characteristic feature of these later figures is the
large peaks observed in January, where Ec reached an average of
380.3 μS/cm in the MD and 245.1 μS/cm in the VD, while as regards
TDS the values were 247.6 mg/L and 158.6 mg/L, respectively. These
values are approximately twice the mean values representing the
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studied period. At the bottomof the lakes, the Ec valueswere evenmore
anomalous as they raised to 562.1 μS/cm in the MD and 292.1 μS/cm in
the VD, whereas the corresponding TDS values raised to 359.8mg/L and
189.8 mg/L. January was the warmest month with an average air tem-
perature of 28.9 °C (Fig. 5). Lake water was also among the warmest
in this month (Fig. 6b) and pH at the lake's bottom reached the lowest
values (Fig. 6c).Moreover, the January results obtained for dissolved ox-
ygen (to be described later) evidenced very low values at the bottom of
both reservoirs (DO=0.4mg/L in theMD andDO=0.9mg/L in the VD,
at 5 m depth). In view of these findings, it can be hypothesized that the
Ec and TDS peaks observed in January were related with nutrient
releases (e.g., phosphorus) from lake bottom sediments (James, 2017;
Kowalczewska-Madura et al., 2018; Sondergaard et al., 2001;
Søndergaard et al., 1999, 2003). Periodic crop fertilizing is likely to jus-
tify a long-term accumulation of nutrients on both lake bottoms
(Section 2.4). The concurrence of favorable environmental conditions
(e.g., high T and low DO) possibly explains the hypothesized nutrient
releases of January of 2019. The depth gradients, which make evident
a bottom up decrease of Ec and TDS, reinforce the hypothesis. Besides,
it is not expected that these very high Ec and TDS values have resulted
from sudden external inputs (e.g. leaching of fertilizers from crop
fields), because no erosive rainfall events occurred in January 2019 or
previous months.

The Brazilian legislation defines an Ec ≤ 100 μS/cm as limit for Class 2
water, which is intended for irrigation and preservation of aquatic biota.
Fig. 6. Seasonal profiles of water quality data. The panels on the left side describe the variations
and 5m). The panels on the right side describe the variations as function ofmonth (X-axis) and
represent the MD and VD reservoirs, respectively. The suffix numbers and letters represent th
figure legend, the reader is referred to the web version of this article.)
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The results obtained for the MD and VD reservoirs generally exceeded
this threshold. The aquatic life is therefore endangered by the degraded
water quality. Given the potential relationship between landscape pat-
terns and water quality, it would be beneficial to improve landscape or-
ganization in the entire Olaria Stream Watershed to mitigate this
problem in the future. Fortunately, the ranges of TDS in the MD and
VD reservoirs follow the quality standards of CONAMA Resolution No.
357/2005 for freshwater Class 2, which determines a maximum allow-
able value of 500 mg/L. A value close to 500 mg/L was never reached
in the measured samples.

The turbidity profiles are illustrated in Fig. 6i (depth profile) and
Fig. 6j (longitudinal profile). With the exception of March and April,
the average turbidity was relatively low in the MD (Tb = 22.1 ± 0.9
NTU). In March, the average Tb rose to 107.2 ± 27.3 NTU and revealed
marked depth and longitudinal stratifications. As regards depth, the
March Tb increased from 34.7 NTU at 1 m to 239.1 NTU and 5 m. The
Tb also increased from 80.0 NTU at the downstream site to 134.6 NTU
at the upstream site. The Tb stratification in the MD remained in April,
but less expressively. The VD reservoir showed low Tb values for the en-
tire period and revealed insignificant stratification.On average, the Tb in
the VD was 8.1 ± 1.5 NTU. In general, lake water becomes turbid when
sediments eroded from upland areas enter the lake. This is more likely
to occur when the transported load is not barred by riparian vegetation
or filtered in the lake (Da Silva et al., 2018b; Pacheco et al., 2014;
Pissarra et al., 2019; Tundisi and Tundisi, 2008, 2010). The VD is
ofwater quality parameters as function ofmonth (X-axis) andmeasurement depth (1, 2, 3
location in the reservoir (U – upstream, C – center, D – downstream). The blue and red lines
e depths and locations, respectively. (For interpretation of the references to colour in this
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surrounded by an ago-forestry system (Fig. 3b) that refrains sediments
from being directly discharged into the reservoir. Besides, macrophytes
are widely present in the lake and work as biofilter (Henry-Silva and
Camargo, 2006; Pompêo, 2017; Silva et al., 2014; Tundisi and Tundisi,
2008) to keep lake water transparency at reasonable levels. In the MD,
the high turbidity observed in March 2019 was closely related with
the erosive rainfall events of February andMarch 2019 (Fig. 5). Fig. 7 il-
lustrates the erosion of an area that occurred in that period. The eroded
sediments entered the lake through the south border, which has nopro-
tection by native forestmaking it prone to large inputs of sediments and
nutrients sourced from upland areas. This result highlights the impor-
tance of landscape organization for the protection of water resources
in catchments (Chaplin-Kramer et al., 2016; Lee et al., 2009; Uriarte
et al., 2011).
9

In general, the MD and VD reservoirs showed turbidity values in
keeping with the maximum allowable value of CONAMA Resolution
No. 357/2005, which is 100 NTU for Class 2. Nevertheless, the lack
of a riparian protection along the South border of MD occasionally al-
lows the raising of turbidity above levels that can affect aquatic life,
namely fish.

The seasonal variation of DO is illustrated in Fig. 6k (depth profiles)
and Fig. 6l (longitudinal profiles). The longitudinal profiles reveal an av-
erage decrease of DO from October to February (in the MD) or April (in
the VD), followed by a general increase until July. The average DO
ranges are 2–6 mg/L in the MD and 1.1–6.8 mg/L in the VD. The
upstream-downstream patterns are unclear for both reservoirs. How-
ever, the depth profiles reproduce the stratification trends observed
for T and pH (Fig. 6a–d), with DO decreasing from the 1 m to the 5 m



Fig. 7. General view of an erosive process uphill the Main Dam (MD).
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depths. The 1 m and 2 m depth profiles replicate the longitudinal pat-
terns. The 5 m profile of MD makes evident that DO <1 mg/L in the
October–April period. The 3 m and 5 m profiles of MD and VD show a
DO rise in the May–July period until a maximum of 5.2 mg/L in the
MD at 3 m depth in July. The general decrease of DO from October to
February–April occurred when the lakes were warmer and thermally
stratified and decomposition of organic material has likely consumed
oxygen, more pronouncedly near the lake bottom where the DO values
were the smallest. Once the lake temperatures decreased and stratifica-
tion vanished (May–July), oxygenated surfacewaters cooled and sinked
replenishing dissolved oxygen levels in the deepest lake waters. Wind
has probably played a role in this turnover process. Eventually, wind
has moved highly oxygenated surface water to the lake bottom, forcing
low oxygen water from the lake bottom up to the surface where it
became saturated with oxygen. Overall, the summer stratification
followed by the winter turnover helps explaining the DO patterns ob-
served in the studied lakes and classify them as warm monomictic
(Rimmer, 2006).

The two dam lakes experienced dissolved oxygen levels below the
base limit of CONAMA Resolution No. 357/2005, which is 5 mg/L for
freshwater Class 2 (Brasil, 2005). This was especially noted during the
February–April period, because the average DO values dropped below
2mg/L in the VD and below 3 mg/L in theMD. This is preoccupying be-
cause most fish species cannot survive long under these deficits of oxy-
gen (Holden, 1981; Svobodová et al., 1993).

The seasonal trends observed for DO are also noted for oxidation-
reduction potential (ORP; Fig. 6k, l), but only in the MD. In this lake,
the ORP are low during the stratification period (October–April) and
high during the turnover period. Besides, during the stratification period
the ORP is constantly negative (reducing environment) near the lake's
bottom (ORP = −51 ± 27.8 mV at 5 m) and at the upstream site
(ORP = −29.4 ± 18.2 mV). These conditions are likely to promote
the release of phosphorus andmetals from the lake's bottom, degrading
water quality and endangering the aquatic life (Hickey and Gibbs,
2009). During the turnover period, the corresponding values raise to
constantly positive (oxidizing environment), with ORP = 128.2 ±
20.4 mV at 5 m and ORP = 115.1 ± 7.6 mV at the upstream site. With
few exceptions, at the other depths and sites of MD the seasonal
10
variations (stratification versus turnover periods) in the ORP were sim-
ilar but less evident than for the 5 m and upstreammeasurements. The
correspondingORP valueswere in themajority of cases positive. The VD
Lake presents relatively constant and positive ORP values throughout
the year (ORP = 90.9 ± 31.9 mV). The similar behavior of ORP and
DO in the MD is expected, because large ORP values usually indicate
large DO concentrations and vice-versa. The distinct seasonal variations
of DO and ORP in the VD indicate that ORP is likely to be influenced by
factors other than DO changes in response to thermal stratification,
such as the presence of macrophytes.

3.2. Factor and cluster analyses

The main factors inducing changes to the quality of water in theMD
andVD reservoirswere explored through Factor Analysis andHierarchi-
cal Cluster Analysis. For each reservoir, the dataset used in the analyses
comprised the 360 measurements of T, pH, Ec, TDS, DO, Tb and ORP
listed in Tables S1 and S2 (Supplementary Material).

The results of Factor Analysis are illustrated in Fig. 8. The extraction
of factors was limited to eigenvalues >1,meaning factors 1 and 2. These
factors accounted for 64.53% and 58.17% of MD and VD dataset's vari-
ance, respectively. The results obtained for the MD reservoir (Fig. 8a),
where Factor 1 accounted for 41.19% of the dataset's variance, indicate
large positive loadings for pH, DO and ORP, and negative loadings for
T, Tb, Ec and TDS. Therefore, Factor 1 unequivocally distinguishes the
organic-related response to lake stratification (DO and ORP gradients,
accompanied by pH), from the chemical (Ec, TDS, accompanied by
T) and physical (Tb) events occurred in January andMarch of 2019. Fac-
tor 2, which explained 23.34% of the system variance, made evident the
large positive loadings of T, pH, DO, Tb, Ec and TDS, and a negative load-
ing of ORP. The interpretation of this factor is unclear in this reservoir.
The results obtained for the VD reservoir (Fig. 8b) linked Factor 1 and
Factor 2 to 37.15% and 21.55% of system variance, respectively. The re-
sults concerning Factor 1 revealed large positive loadings for pH, DO
and ORP, and negative loadings for T, Tb, Ec and TDS. These outcomes
are similar to those of MD and therefore hold the same interpretation.
Factor 2 showed large positive loadings for T, pH, DO, Ec and TDS, and
negative loadings for Tb and ORP. Eventually, this factor distinguished



Fig. 8. Results of factor analysis (a) MD reservoir; (b) VD reservoir. The corresponding datasets (Tables S1 and S2) are provided as Supplementary Material.
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the Ec/TDS parameters (positive sign) from Tb (negative sign), because
the Ec/TDS peaks of Fig. 6e–h occurred distinctively (in January) from
the Tb peak (March), and were also potentially related with different
phenomena (nutrient releases from the lake bottom and rainfall erosive
events, respectively). This interpretation holds for DO and ORP that
showed opposed signs in Factor 2. In this case, however, the reason
can possibly be the association of DO and ORP changes to thermal strat-
ification (resulting in similar signs on Factor 1), with an additional asso-
ciation of ORP variations (not followed by DO) to the action of
macrophytes (resulting in opposed signs on Factor 2).

The results of Hierarchical Cluster Analysis are illustrated in Fig. 9.
For a linkage distance of 23.5, the results indicate 3 groups in the MD
and4 groups in the VD. TheMDgroups are composed of: (1) Tb (erosive
rainfalls); (2) TDS and Ec (possible nutrient outbursts); (3) ORP, DO, pH
and T (thermal gradient resulting from seasonal lake stratification, and
possible concomitant response of dissolved oxygen through photosyn-
thesis in the epilimnion and decomposition of organic material in the
hypolimnion). The VD groups comprise: (1) DO and pH (identical to
group 3 of MD); (2) ORP (possible influence of macrophytes in the
water quality); (3) Tb (the same as group 1 ofMD); (4) TDS, Ec, T (sim-
ilar to group 2 of MD). Therefore, the results of cluster analysis confirm
the results of factor analysis and antecedent discussion of depth and
longitudinal profiles.

3.3. Factors controlling water quality and comparison among reservoirs

The current study exposed internal and external factors that to-
gether affect the quality of water in the studied reservoirs. The internal
Fig. 9. Results of hierarchical cluster analysis (a) MD reservoir; (b) VD reservoir. The co
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factors included the seasonal thermal stratification, which triggered
chemical gradients especially as regards pH and DO. The likely nutrient
releases from the bottom of the lakes were also important and presum-
ably activated by local hypoxic conditions, which caused peaks of Ec and
TDS in both reservoirs in January of 2019. The third internal factor was
the likely participation of macrophytes in the decrease of average Ec
and TDS (through nutrient removal) and increase of ORP (through pho-
tosynthesis andDOproduction) in the VD. The external factors were the
landscape organization that caused a Tb peak in the MD in March of
2019, given the lack of riparian protection along the south border of
the reservoir. The presumed nutrient releases from the bottom of the
lakes were referred to as internal phenomenon but are presumed to
have an external cause, which is the long-term input of nutrients from
the cultivated areas located uphill the reservoirs. It is worthmentioning,
however, that transport of nutrients likely occurredwith erosion,which
may lead to high rates of productivity, but that nutrient loadings and
primary production or respiration were not directly measured. The
combined appreciation of internal and external factors causing water
quality degradation in lakes has been the topic of various studies so
far (Song et al., 2017; Wu et al., 2017; Zhang et al., 2016), with similar
conclusions that reinforce our results.

The results made evident similarities and differences among theMD
and VD reservoirs. The seasonal thermal and chemical (pH, DO, ORP)
stratification was a characteristic of both reservoirs. However, the ther-
mal stratification is more prolonged in the MD relative to the VD, be-
cause it lasted from October 2018 to April 2019 in the first case and
from October 2018 to January 2019 in the second case. In was also
more pronounced in the MD because the temperature differences
rresponding datasets (Tables S1 and S2) are provided as Supplementary Material.
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between the 1m and 5m depthswere generally higher in this reservoir
(e.g., 2 to 3 °C higher in the November 2018–January 2019 period). It is
worth noting that the dimension of reservoirs plays a role in the pattern
of stratification and that smaller reservoirs are usually less stratified
than larger ones because overturning is more readily accomplished in
the former (Boehrer and Schultze, 2008). Therefore, the much smaller
size of VD relative to MD (≈10×; Table 2) can be a cause for the strati-
fication differences observed between the two reservoirs. It is however
challenging to draw conclusions about the role of reservoir dimension
in causing a pattern when only two reservoirs were monitored. For ex-
ample, the spatial and temporal resolution of the datasets likely pre-
vents enough detail to affirm the conclusions not ruling out a casual
explanation for those patterns.

The January 2019 peak was a characteristic feature of Ec and TDS
profiles in both reservoirs, but the Ec and TDS values were systemati-
cally higher in the MD (Fig. 6e–h). The reasons for the differences may
be various. Firstly, the MD is likely to receive larger nutrient loads
from the uplands because it lacks a riparian filter from the south border
(Groh et al., 2020; Lee et al., 2020;Wang et al., 2020c). Secondly, it is de-
void of macrophytes that work as biofilter in the VD (Liu et al., 2020;
Tarkowska-Kukuryk and Toporowska, 2020). Thirdly, during the strati-
fication periods the DO values at the bottom of MD were lower than at
the bottom of VD favoring the release of nutrients from sediments in
the MD.

The key difference between MD and VD was Tb, because the March
2019 peak observed in the MD did not occur in the VD. This clearly re-
sults from the absence of a riparian zone along the south border of
MD that could help retaining the sediments transported from uphill ag-
ricultural areas (Puntenney-Desmond et al., 2020; Sirabahenda et al.,
2020; Vigiak et al., 2016).

3.4. Subsides to management aiming the protection of aquatic life

In this section, the role of internal and external water quality factors
and related parameters are analyzed from a management perspective
aiming the protection of aquatic life in the MD and VD reservoirs,
namely fish. The studied lakes present peculiar conditions for aquatic
biota. Therefore, studies focused on these reservoirs are likely to aid
the promotion of conservationist practices and the monitoring of LULC
(Fig. 3b) in surrounding areas. The identification of an ideal condition
for the dam lakes, which would generate perspectives for erosion con-
trol and soilmanagement, aswell as provide good qualitywater for fish-
ing and irrigation, represents an asset for decision makers. Standing on
the LULC andwater quality results of this study, these authorities would
be capable to decide on scientific grounds about the best agricultural
practices and environmental policies to enforce that would ensure the
sustainable management of the watersheds.

Various parameters were seen to fall outside the legal thresholds set
on the CONAMA's Resolution, namely pH, Ec and DO. Therefore, man-
agement initiatives subsided by the findings of this study should pay
special attention to those parameters.

In this study, some liminological variables considered important for
cultivation of fish were analyzed, such as turbidity. The waters with a
high turbidity index do not have good quality properties for aquacul-
ture, as Tb prevents penetration of sunlight and, consequently, the
development of phytoplankton (Bevan et al., 2018; Chamberlain and
Ioannou, 2019;McDonald et al., 2016). In addition, the excess suspended
solids directly interfere on the composition and quantity of fish species
and their reproductive processes (development of larval phases), as
well as on planktonic and macroinvertebrate communities (United
States Environmental Protection Angency - EPA, 1979).

Related to turbidity, the transparency of water interferes with the
feeding of carnivorous species Micropterus dolomieu, making it difficult
to capture prey due to loss of visual acuity when this parameter varies
from 65 cm to 10 cm, or when turbidity exceeds 40 NTU (Sweka and
Hartman, 2003). This type of interference may be occurring in the MD
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reservoir with Tucunaré, equally carnivorous, because turbidity of the
deepest waters has exceeded 40 NTU in March and April of 2019.

The variation of turbidity in the MD was linked to land uses in the
surroundings, coupled with the lack of riparian protection around the
south border andwith the occurrence of erosive rainfall events in Febru-
ary and March 2019. The turbidity values of March and April 2019 may
have harmed the fish community during that period, and will continue
todo so unless conservationist practices are implemented in the agricul-
tural areas located uphill the lakes. Studies have shown the prime role of
lakemargin protection in the control of water turbidity, whichwas con-
sideredmore important than lake bottom composition (e.g., percentage
of mud or organic matter) (Yi et al., 2003).

In estuarine environments, turbidity can also affect trophic levels,
including the composition of fish species and their feeding strategies,
in the predator-prey interaction, and in physiological performance and
stress in general. These changes were observed in larvae of fish
Hypomesus transpacificus, submitted to turbidity values from 5 to 250
NTU (Hasenbein et al., 2016). There is also a possibility that fish, in ad-
dition to having visual difficulties to capture their prey, adopt a behavior
to preserve their own species when defending themselves against other
predators (Chamberlain and Ioannou, 2019). Given the range of turbid-
ity values observed in the MD, which have raised close to 250 NTU dur-
ing the erosive rainfall events, it is expected the interference of turbidity
in the trophic levels of this reservoir, making a note that similar events
are recurrent.

The water temperature parameter is not included in the CONAMA
Resolution N° 357/2005. However, it is considered an important
variable, as it influences seasonal variations of biological activity and
growth. Besides, temperature interferes with the toxicity of many com-
pounds in water, the concentrations of dissolved oxygen and nitrogen
compounds, the occurrence or manifestation of pathogens in the natu-
ral environment and the physiology of aquatic organisms (Svobodová
et al., 1993). The genetic virulence of bacteria that harm fish is also de-
pendent on water temperature. In ectothermic hosts, such as fish, mol-
lusks and amphibians, as well as in endothermic species (Guijarro et al.,
2015), infection processes generally occur at a lower temperature than
the value for ideal bacteria growth (37 °C). Thus, the fish existing in the
MD and VD reservoirs may have been subject to bacterial infections
since the values of temperatures in these water bodies were between
19.5 and 30.3 °C, and between 18.7 and 30.2 °C, respectively.

The behavior offish and their feeding strategies can also be influenced
bywater temperature. For example, the Acará (Cichlasoma paranaense), a
cichlid like the Nile Tilapia of MD and VD reservoirs, showed aggressive
behavior and reduced swimming activity in response to a 6 °C change
in the water temperature (especially to decrease), starting from 27 °C
(Brandão et al., 2018). The MD reservoir evidenced temperature de-
creases (from surface to bottom) between 4.4 and 5.5 °C through thermal
stratification in the October 2018–January 2019 period, starting from
28.6 ± 1.6 °C at the surface (1 m depth).

The aquatic life may be affected by water temperature through
changes in dissolved oxygen, especially if the lakes are stratified as is
the case of VD and especially MD. Warm lakes concentrate less dissolved
oxygen than cool lakes, especially at the bottom where the environment
is frequently hypoxic and may not contain enough DO for the survival
of some species. This has occurred in the MD from October 2018 to
April 2019. Some dissolved compounds are also more toxic to aquatic
life at higher temperatures, and can be released from the bottom sedi-
ments when the environment becomes reduced as occurred in the MD
for various months. Temperature has a wide influence on aquatic life
and plays an important role in feeding, breathing and reproduction of
fish, determining the amount of food to be provided, time, frequency
and rhythm of feeding (Bendhack et al., 2013; Chamberlain and
Ioannou, 2019; Ren et al., 2015). It also directly interferes in the availabil-
ity of dissolved oxygen regulating the appetite of the fish. Dissolved oxy-
gen is essential for survival of water organisms in general (Becker et al.,
2009; Csábrági et al., 2019; Qiang et al., 2019; van der Lee et al., 2018).
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The main criteria for fish's oxygen requirement include water tem-
perature, average individual weight and total fish weight per unit vol-
ume of water (Svobodová et al., 1993). In the 1940s, the importance
of knowing the limits of concentration of dissolved oxygen in water
for the well being of fish represented a major concern in the scientific
community (Moore, 1942), because decreasing of DO are especially
harmful, even if in pulses, for cold water fish, commonly more depen-
dent on high O2 values (Seager et al., 2000). Even gene expression can
be induced by hypoxia in fish, and change the evolution of a species
and its ecological context (Nikinmaa and Rees, 2005).

The fertilizer inputs from agriculture practiced around the MD and
VD reservoirs may have affected water quality and interfered with the
feeding and thus survival of Nile Tilapia (Oreochromis niloticus), and
probably with other species as well. The values of dissolved oxygen in
these lakes varied between 2.0 and 6.0 mg/L in the MD and between
1.1 and 6.8 mg/L in the VD. The oxygen concentrations in normoxia
(6.9 mg/L) and hypoxia (3.5 mg/L) significantly reduce the digestibility
of nutrients and promote harmful changes in the intestinal tract of fish
(Tran-Ngoc et al., 2016), while the current concentrations in the lakes
were much lower than that for long periods. Harmfull effects of low
dissolved oxygen were made evident when four species (Tilapia zillii,
Sarotherodon galilaeus, S. melanotheron and Oreochromis niloticus) were
exposed to pollutants and oxygen concentrations that ranged from 4.3
to 6.2 cm3/L, resulting in mortality, physiological dysfunction and respi-
ratory impairment (Fafioye et al., 2010).

Thehydrogenionic potential (pH) frequently intervenes in sediments
from dam lakes by changing bacterial populations and methanogenesis
(Phelps and Zeikus, 1984), phytoplankton (Findlay and Kasian, 1996)
and the distribution of aquatic organisms (Bendhack et al., 2013;
Nguyen et al., 2019; Qiao et al., 2020). The pH can alsomodify the excre-
tion of nitrogenous compounds from Tilapia of genus Oreochromis, if the
values are as high as between 8.4 and 10.0. In response to this alkaline
environment, the fish develops strategies to regulate the acid-base sys-
tem, through adjustments in the metabolism of waste nitrogen, excre-
tion patterns, as well as changes in gill functional morphology (Wilkie
and Wood, 1996). Breathing, photosynthesis, agricultural practices and
pollution are factors capable of altering the pH in the water. For the ap-
propriate behavior of the fish, the pH of the water in culture should be
between 6.5 and 8.0 (dos Santos et al., 2020; Scott et al., 2005;
Yanagitsuru et al., 2019). In the studied lakes, the threat posed by pH
may be relevant for MD where this variable exceeded the value of 8 in
the October 2018–December 2019 period (at 1 m and 2 m depths;
Fig. 6c), occasionally reaching or exceeding the value of 9.

The electric conductivity of lakewater ranged from140 to 386 μS/cm
in the MD and from 80.6 to 250.4 μS/cm in the VD. Conductivity values
were related to aquatic life issues in various studies. For example,
changes in gill traces of a cichlid (Astatoreochromis alluaudi) living in a
lakewith conductivity from30.8 to 596.5 μS/cm, showed a development
on respiratory system, which in turn affected trophic morphology and
diet (Binning et al., 2010). Besides, the ichthyoplankton of various fish
species from the headwaters of Cuiabá river, upper Paraguay river
basin (Mato Grosso, Brazil), was correlated with electrical conductivity
ranging between 50 and 350 μS/cm (Ziober et al., 2012). The largest
values of Ec were observed when erosive rainfall events occurred in
the months of February to April 2019. The reason for the high values
was mostly the lack of an efficient riparian protection along the lakes
margins, especially along the South MD border. It is expected therefore
that new events of high Ec will occur, with a periodicity determined by
the pace of intense precipitation events.Without the implementation of
conservationist measures, including the plantation of effective buffer
strips along the lake boundary the potential harm to aquatic life
resulting from high Ec values will be latent.

An ample range of oxidation-reduction potential, between
−49.8 mV to 229.1 mV, was found in the MD and VD reservoirs, espe-
cially in the MD where the negative values (reducing environment)
were recorded at the bottom of the lake (Fig. 6m) from October 2018
13
to April 2019. These results involved predominant species in the aquatic
systems as well as thermodynamic aspects and must be interpreted in
the context of surrounding land uses (Jardim, 2014). Overall, they are
thought to promote fish mortality (Simon andWorden, 2011) or deter-
mine the food selectivity of lambari Astyanax sp. (de Souza and Lima-Ju-
nior, 2013).

4. Conclusions and future work

The study of two dam reservoirs (main dam and Voçoroca dam) lo-
cated in the APTA Research center, a public experimental site located in
Pindorama, state of São Paulo, Brazil, demonstrated the ability of small
reservoir watersheds to isolate and quantify the contributions of inter-
nal and external factors controlling the reservoir water quality. The re-
sults of depth profiles clearly demonstrated the thermal and chemical
(pH, DO, ORP) stratification of main (October 2018–April 2019) and
Voçoroca (October 2018–January 2019) reservoirs followed by turn-
over. The stratification period lasted longer in theMD probably because
this reservoir is much larger (10 times) than the VD. The profiles could
additionally highlight occasional events, namely Ec and TDS peaks (Jan-
uary 2019) possibly related to sudden nutrient outbursts triggered by
bottom lake hypoxia, and Tb peaks (March 2019) probably caused
by erosive rainfalls (February and March 2019, with precipitation
>220 mm). The Ec/TDS profiles were generally lower in the VD.
Eventually, the reason was that macrophytes had the capability to
remove dissolved compounds (including nutrients) from this lake
water. The Tb peak was detected solely in the main dam because
this reservoir lacks protection by vegetative cover from the south
border. This fragility was also the possible cause of large pH values
likely related with leaching of dolomitic limestone applied in the
sugarcane plantations for soil correction. The results of Factor Analy-
sis and Cluster Analysis, added structure to the findings highlighted
with the depth profiles, because the assemblages of variables deter-
mined by the multivariate methods were in keeping with the phe-
nomena described by the profiles. Some results obtained for pH, Ec
and Tb fell outside the legal thresholds established for aquatic life
well being. This evidence should trigger the implementation of con-
servationist practices in the area. Overall, the results of this small-
scale study could be used as reference for similar works developed
on larger basins where the isolation of internal and external factors
can be more subjective. Besides, the present research could be
boosted if a connection between climate change and water quality
in the reservoirs had been investigated. However, within the study
period and considering the available data records, this challenging
improvement was envisaged as possible future work.
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