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Abstract: Aim: Humid forest enclaves are areas with privileged rainfall patterns compared to
the surrounding regions, which favours their use for human settlement and agricultural activities,
actions that promote severe transformations of the landscape and can contribute to the degradation
of local water resources. From this perspective, given the great importance of water reservoirs for this
region and the high demand for water, this study aimed to analyse the conservation status of water
quality in reservoirs subjected to different anthropic disturbance in a humid forest enclave in the
State of Paraiba, Brazil. Methods: Sampling campaigns were carried out for one year in six reservoirs:
Mazagio I, Mazagao II, Vaca Brava, Saulo Maia, Rio do Canto and Lagoa do Paé, to measure the
physic-chemical variables of the water. Results: The influence of annual rainfall patterns on the
capacity of these ecosystems to respond to anthropic pressures, indicating the effects of seasonality
in the Lagoa do Paé reservoir. For the Vaca Brava, the low accumulated water volumes turned out
to be more critical for changes in water quality than the use and occupation of the margins of this
reservoir. Furthermore, the Mazagio I and II reservoirs showed low electrical conductivity. The Saulo
Maia reservoir exhibit clear waters with low phosphorus content and can be used as a reference for a
preserved environment for a highland humid forest enclave. Conclusions: The conservation of the
reservoir environment in the highland humid forest enclave is not sufficient to guarantee the water
quality, as it is concentrated an affected at a certain time of the year. These aquatic ecosystems are
under great pressure and the lack of decisions based on technical criteria makes them vulnerable to
eutrophication.

Keywords: human activities impacts; eutrophication; phosphorus content; reservoir management;
land use and occupation.

Resumo: Objetivo: Os Brejos de Altitude sdo dreas com regime pluviométrico privilegiado em
relagio ao seu entorno, o que favorece seu uso para ocupagdo humana e atividades agricolas, a¢es que
promovem severas transformagoes na paisagem e podem contribuir para a degradagio dos recursos
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hidricos locais. Nessa perspectiva, dada a grande importincia dos reservatérios de dgua para essa
regido e a alta demanda hidrica, este estudo teve como objetivo analisar o estado de conservagio da
qualidade da 4gua em reservatdrios submetidos a diferentes niveis de perturbagio antrépica no Brejo
de Altitude do Estado da Paraiba, Brasil. Métodos: Campanhas de amostragem foram realizadas
durante um ano em seis reservatérios: Mazagao I, Mazagao I, Vaca Brava, Saulo Maia, Rio do Canto e
Lagoa do Paé, para medir as varidveis fisico-quimicas da dgua. Resultados: H4 influéncia dos padroes
pluviométricos anuais sobre a capacidade desses ecossistemas de responder as pressoes antrépicas,
indicando os efeitos da sazonalidade no reservatério Lagoa do Pad. Para Vaca Brava, os baixos volumes
de 4gua acumulados revelaram-se mais criticos para mudancas na qualidade da 4gua do que o uso ¢
ocupagdo das margens desse reservatério. Além disso, os reservatérios Mazagio I e II apresentaram
baixa condutividade elétrica. O reservatério Saulo Maia apresentou dguas limpidas com baixo teor
de fésforo e pode ser utilizado como referéncia de ambiente conservado para Brejos de Altitude.
Conclusées: A conservacao do entorno dos reservatérios no Brejo de Altitude nio é suficiente para
garantir a qualidade da dgua, pois, a precipita¢ao elevada concentrada em determinada época do ano
a afeta negativamente. Esses ecossistemas aqudticos estio sob grande pressdo, e a auséncia de decisées

baseadas em critérios técnicos os torna vulnerdveis a eutrofizacio.

Palavras-chave: impacto das atividades humanas; eutrofizacio; teor de fésforo; gestao de

reservatorios; uso e ocupagao da terra.

1. Introduction

Human settlements in arid regions often arise
in locations with relatively higher levels of air
humidity and rainfall. However, the growing human
occupancy in these areas has resulted in an escalation
of soil and water degradation due to activities such
as agriculture, livestock rearing, construction, and
surface paving, among others (Oliveira et al., 2021).

The Northeastern region of Brazil primarily
comprises areas affected by water scarcity and
conflicts related to water accessibility (Gunkel et al.,
2018). However, certain regions such as the moist
forest enclaves (Brejos de Alditude) in the Caatinga
display ditinct rainfall patterns in contrast to
their surrounding areas, which is influenced by
orographic effects leading to precipitation escalation
and temperature decrease, thus developing areas
with varying microclimates (Medeiros et al., 2016)
and augmented water availabilicy (Cabral et al.,
2004).

River damming is a prevalent practice across the
world the purpose of freshwater storage ensuring
a dependable supply of water supply year-round.
This process transforms reservoirs into significant
water sources and crucial spaces for water security
in many regions (Tundisi, 2018).

Reservoirs are susceptible to water deterioration
because of the accumulation and sedimentation of
potentially contaminating materials (Woldeab et al.,
2018) as well as anthropogenic activities on their
shores, such as land use and occupation, and the
discharge of domestic and industrial effluents
(Kimengich et al., 2019).

Eutrophication is a significant concern linked
to human-induced disruption aquatic ecosystems
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(Dalu & Wasserman, 2018). This phenomenon,
which involves the heightened levels of nutrients in
water sources, is prevalent globally and has adverse
impacts on water quality in both lentic and lotic
ecosystems, ultimately limiting their suitability
for various purposes such as public water supply
(Rietzler et al., 2018), irrigation, industrial use,
animal watering, and the conservation of aquatic
ecosystems (Barbosa et al., 2019). Furthermore,
environmental factors, such as seasonality, can
exacerbate the effects of eutrophication in reservoirs
in addition to anthropic actions (Sharip et al.,
2019).

Various studies conducted on reservoirs under
different climatic conditions suggest that the
primary cause of eutrophication is the high
concentration of nitrogen (N) and phosphorus
(P) in the water (Wei et al., 2022). Additionally,
there have been reports of contamination with
black carbon, total organic carbon, chlorophyll-a,
and salts (Brasil et al., 2016; Rocha Junior et al.,
2018; Njagi et al., 2022). The reduction in the
water volume responding to prolonged water deficit
conditions has exacerbated the trophic status,
salinization, and cyanobacterial blooms in reservoirs
(Brasil et al., 2016; Rocha Junior et al., 2018). These
environmental problems have been worsened by
limited water supply. The physical, chemical, and
biological makeup of these bodies of water undergo
considerable changes as consequence (Barbosa et al.,
2020; Hafuka et al., 2021), leading to food and
water insecurity in areas dependent on this resource.

Assessing water quality in aquatic ecosystems
is a core component integrated management
of water resource management in any region.
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Determining the conservations status of these
environments requires the crucial stage monitoring
environmental parameters (Pavlidis et al., 2018).
Generating of reliable information about water
quality in ecosystems is essential for sustainable
management and controlling water pollution
(Woldeab et al., 2018).

From this perspective, and considering the
significant importance of water reservoirs for moist
forest enclaves as well as the high water demand
of these areas, this study aimed to analyze the
conservation status of water in reservoirs of this
region subjected to different anthropic disturbance
levels.

2. Material and Methods
2.1. Study area

The research sites are situated in the Paraiba
state, a location in the northeast region of Brazil.
The climate of the area is tropical, with high
temperatures and humidity (As), with an annual
average temperature of 24.0 °C and rainfall
amounting to 1,400 mm (Alvares et al., 2013).
The area is part of the biogeographic unit of the
northeastern ‘Brejo de Altitude’. It features high
altitude Atlantic Forest islands, which are subject
to varying weather conditions and different use
and occupation than the surrounding semiarid area
(Caatinga). This leads to changes in soil use and
occupation patterns and an increased the demand
for water resources.

The study area is located in the upper course of the
Mamanguape Watershed. The river flows through
the Planalto da Borborema, rising in Cariri, passing
through Brejo de Altitude, and descending towards
Agreste via the Serra da Borborema (Barbosa et al.,
2006). The physiographic characteristics of the
basin indicate a low likehood of flood formation.
These traits include a form factor (F) of 0.25, a
compactness index (FC) of 1.62, a conformation
index (KC) of 0.14, an average slope of 48%, an
average height of 338.5 meters, a stream slope
of 2.81%, a basin order of 4, stream density of
0.0099 km km™ and drainage density of 0.145 km
km™ (Pessoa et al., 2019).

The soils of area are identified as Acrisols,
Ferralsols, or Luvisols (IUSS Working Group
WRB, 2022), resulting from the transformation of
orthogneisses and granodiorite migmatites.

For this research, we identified six aquatic
ecosystems in various municipalities that
corresponded to the following reservoirs: Mazagao
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I, Mazagio II, Vaca Brava, Saulo Maia, Rio do
Canto, and Lagoa do Paé (Tables 1 and 2; Figure 1).

The Mazagio I, Mazagio II, and Rio do Canto
reservoirs are shallow (Zmax < 5 m), run-of-the-
river reservoirs with a small area. In recent decades,
Rio do Canto was responsible for fulfiling all the
water demands of the population of Areia, however,
it was deactivated due to siltation, while upstream
deforestation compromised the watershed and waste
and garbage from rainwater polluted it. Currently,
Mazagio supplies a portion of the city’s water needs,
but its storage capacity is low, meeting less than 20%
of the daily water demand. Reservoirs Mazagao |
and II exhibit remnants of the high-altitude Adantic
Forest, while the Rio do Canto reservoir is situated
near to the urban area of the municipality and
receives a significant amount of domestic sewage.
The presence of floating macrophytes should be
visually verified.

The Vaca Brava reservoir can hold up to
3,783,556 m® of water. This reservoir has a high
rate of water withdrawal, as it fulfils the drinking
water requirements for around 80,000 residents in
the towns of Esperanca, Remigio, and the districts
of Cepilho, Lagoa do Mato and Sio Miguel, The
aquatic ecosystem is located within a high-altitude
forest reserve (State Park Mata do Pau Ferro), that
safeguards the catchment area of the reservoir and
is the only forest reserve of its kind in the Agreste
region of Paraiba.

The Saulo Maia reservoir has a storage capacity of
9,833,615 m®. Although it was constructed with a
large capacity, it did not supplying the municipality of
Areia until 2016, following the implementation of the
water distribution system. The reservoir also provides
water to other municipalities such as Remigio,
Esperanca, Arara, and Lagoa de Roga, in addition to
several municipalities in the state of Rio Grande do
Norte. Water from the reservoir is supplied to other
regional municipalities through water trucks, but
the volume extracted is not measured. In addition,

Table 1. Geographical coordinates and altitude of
monitored aquatic ecosystems, Highland humid forest
enclave, Paraiba, Brazil.

ccosystoms coordinate _ Altitude
Mazagao | 7°00°06"S 35°42'23"W 350 m
Mazagdo Il 6°59'57”S 35°42'13"W 365 m
Vaca Brava  6°59'24"S 35°45'05"W 510 m
Saulo Maia  6°55'39”S 35°40°'37"W 410 m
Rio do Canto  6°57°07”S 35°42'35"W 480 m
Lagoa do Pa6 7°02'37’S 35°37°'52"W 123 m
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Table 2. Basic description of monitored aquatic ecosystems, Highland humid forest enclave, Paraiba, Brazil.

Reservoir Ecosystem Capacity  Depth Use of water Surroundings Effluents
Mazagéo | Lentic Low Shallow Supply the Degraded altitude Low load of
population Atlantic Forest  untreated sewage
and agricultural
areas
Mazagao I Lentic Low Shallow Supply the Degraded altitude Low load of
population in Atlantic Forest  untreated sewage
critical periods of ~ and agricultural
drought areas
Vaca Brava Lentic Medium  Shallow Supply the Preserved Very low load of
population in altitude Atlantic  untreated sewage
rainy periods and Forest
leisure
Saulo Maia Lotic High Deep Supply the Residential Low load of
(most of the year) population area built with  untreated sewage
including tanker preserved and waste from
trucks, fishing, riparian forest rainwater
fish farming, and
leisure
Rio do Canto Lentic Low Shallow  Animal watering Degraded altitude Medium load of
Atlantic Forest  untreated sewage
and agricultural and waste from
areas rainwater
Lagoa do Pad Lentic Medium  Shallow Leisure and Built-up urban High load of
fishing areas, agricultural untreated sewage

and waste from
rainwater

areas with no
riparian forest
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Figure 1. Location of monitored aquatic ecosystems, Highland humid forest enclave, Paraiba, Brazil.

human activities such as constructing condominiums
on reservoir shores and cage fish farming, also have
an impact on the quality of water.

The Lagoa do Pad reservoir is situated in the
urban area of Alagoa Grande. It is a small and
shallow urban pond (<2.5 m) experiencing intensive
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anthropic impacts from urbanisation processes
and the discharge of untreated sewage. The scarce
riparian vegetation present contributes towards
creating a eutrophic or hypereutrophic state, as
established by Oliveira et al. (2020). Visually check
for the presence of cyanobacteria.
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2.2. Methodological procedures

Sampling occurred monthly from January
through December 2015 at the reservoirs’ deepest
point. Except in October, when concentrated
rainfall caused roads to become muddy and
inaccessible, monthly campaigns were conducted.

The rainfall data for the study period were retrivied
from the Agéncia Executiva de Gestio das Aguas do
Estado da Paraiba (AESA) (Figure 2). The current
year experienced the El Nifio phenomenon’s impact
on the region, leading to a negative effect on water
bodies” water levels (Marengo et al., 2018).

Water samples for the analysis of phosphorus
and orthophosphate were collected in high-density
polyethylene vials that were pre-washed with diluted
hydrochloric acid (10%) and re-washed three
times before sampling water from the designated
location. The subsurface of the water column was
sampled, and samples were frozen to avoid any
the degradation of targeted compounds. The total
phosphorus and orthophosphate in the water were
analysed using the methodology outlined by APHA
(Bahobail et al., 2005).

The pH and electrical conductivity (EC)
were measured 77 situ through the use of a muld-
parameter probe, specifically the Hanna HI 8733.
The water transparency (WT) in the reservoirs
was measured by observing the visual reach of the
Secchi disk.

The trophic state index for phosphorus (TSI)
was determined by employing Carlson’s index
(1977), adapted for tropical environments by
Toledo Janior et al. (1983). The index utilised on
the total phosphorus content (Equation 1) present
in the water:

400 ra7
300 - o

200 -

Precipitation (mm)
Temperature (°C)

100

alell :

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

)

B Precipitation Areia
[ Precipitation Alagoa Grande
—e— Temperature Areia

0-- Temperature Alagoa Grande

Figure 2. Average monthly precipitation and temperature
data, ranging from January to December 2015, Highland
humid forest enclave, Paraiba, Brazil. Source: AESA
(2023) and Alvares et al. (2013).
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TSIIO{6[IH(80'32/TH}} (1)
n2

where: TSI = trophic state index for phosphorus;
TP = total phosphorus concentration, measured at
the surface of the water (pg L7).

The values for the Carlson index ranged from
0 to 100, which permits the classification of the
trophic state of ponds and reservoirs (Lamparelli,
2004).

2.3. Statistical analysis

The variables were examined via ANOVA).
The Scott-Knott mean test was used when the F-test
showed significance at a 5% level. Multivariate
statistical techniques were employed to discover
correlations and patterns between alterations in
water quality and local rainfall patterns. Principal
component analysis (PCA), hierarchical cluster
analysis and a heat map were employed to examine
the connection between the monitored variables and
evaluate the factors that impact the water quality
within the reservoirs. The analyses were conducted
using the R software version 4.1.2 (R Core Team,
2023).

3. Results

Water transparency varied among the monitored
environments, with Lagoa do Paé and Vaca Brava
exhibiting more turbid waters, with transparency
means of 0.1 and 0.2 meters, respectively (Table 3).
In contrast, Saulo Maia reservoir presented clear
waters, with a mean of 2.3 meters.

The water in these environments exhibited
predominantly alkaline pH values throughout
most months. Notably, Lagoa do Paé showed
particularly strong alkalinity with an average pH
of 8.6 (Table 3). On the other hand, the water pH
in Saulo Maia and Rio do Canto was essentially
neutral, averaging 7.7 and 7.3, respectively.
In contrast, water in Vaca Brava, Mazagio I and
Mazagao Il was moderately alkaline, with mean
values of 7.6, 7.2, and 7.8, respectively.

The EC levels in Mazagao I and II reservoirs were
low, whereas the mean values of this parameter in
Lagoa do Paé reservoir were high.

The Lagoa do Pad reservoir also indicated
increased levels of phosphorus (Rtotal and Porto).
Despite being subjected to a significant polluting
load, Rio do Canto exhibited lower levels of
phosphorus than preserved environments such as

Vaca Brava (Table 3).
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Figure 3. Average and SD values of the trophic state
index for phosphorus (TSI) in water across six ecosystems
monitored from January to December 2015 Highland
humid forest enclave, Paraiba, Brazil. Bars with small
letters indicate significant differences (p < 0.05) between
the aquatic ecosystems via the Scott-Knott test.

Dim 2 (14.59%)

6
Dim 1 (61.85%) %

The TSI values were found to be higher in the
Lagoa do Paé reservoir (63.7), with Saulo Maia and
Rio do Canto exhibiting lowest values averaging at
of 33.3. Mazagio I, Mazagio I, and Rio do Canto
were observed to have intermediate values with an
average of 41.2 (Figure 3).

The initial two dimensions of analysis account for
76.45% of the total variability. Since this percentage
is substantial, the first plane (Dim1 = 61.85% and
Dim?2 = 14.59%) plays a vital role in explaining the
data’s variability. This value is significantly greater
than the reference value of 43.03%, making the
variability explained by this plane highly significant.
To ensure an appropriate interpretation of the axes, it
is advisable to restrict the analysis to the description of
the first axis (Dim1). Only this axis contains relevant
data. Therefore, the description will be limited to this
axis (Figure 4).

Dim 2(14.59%)

Dim 1 (61.85%)

Figure 4. Order resulting from the Principal Components Analysis (Dim1 and Dim2), which summarized data
on rainfall and limnological conditions for the six aquatic ecosystems under study. PPT: Rainfall; EC: Electrical
conductivity; WT: Water transparency; pH: Hydrogenionic potential; Porto: Orthophosphate; P.total: Total

phosphorus.

Table 3. Average + SD values of water transparency (WT), hydrogenionic potential (pH), electrical conductivity
(EC), total phosphorus (Ptotal) and orthophosphate (Porto) measured in six ecosystems monitored from January to
December 2015 Highland humid forest enclave, Paraiba, Brazil.

Aquatic WT pH EC P.total P.orto

ecosystem m - Hs cm-! ug L

Mazagéo | 1.0+£0.3b’ 72+07b 216.0+34.0c 23.0+20.0b 73+29b

Mazagéao Il 04+0.1d 78+0.7b 182.0+101.4c 259+243b 78+81b

Vaca Brava 02+02e 75+08b 288.2+70.1b 28.8+10.0b 13.8+10.6b

Saulo Maia 23+04a 7.7+03b 349.1+13.0b 11.6+36b 39+21b
Rio do Canto 06+0.2c 73+05b 401.8+88.0b 15.1+6.0b 64+30b
Lagoa do Pao 0.1+0.1e 86+04a 1,556.4+396.4a 109.1+36.4a 949+416a

'Small letters in columns indicate a significant difference (p < 0.05) between aquatic ecosystems according to

Scott-Knott test.
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One group associated with Lagoa do Paé
reservoir exhibits high values for the variables TSI,
EC, Prtotal, Porto, and pH, and low values for the
variable WT. In contrast, the other group (Mazagio
I, Mazagao II, Vaca Brava, Rio do Canto e Saulo
Maia) demonstrates high values for the variable WT
and low values for the variables TSI, pH, P.total,
EC, and Porto.

The variables P orto, P total, Lagoa do Pad, and
Mazagao I exhibit a strong correlation with this
dimension. Their respective correlations are 0.92,
0.94, 0.99, and 0.91. Hence, these variables could
be considered as summary indicators for Dim1.

The hierarchical cluster analysis and heat map
based on the physicochemical variables of water
and rainfall indicate a group architecture with two
clusters (Figure 5). One group includes the sampled
months in Areia (Mazagio I, Mazagao 11, Rio do
Canto, Saulo Maia and Vaca Brava), while the other
cluster contains the sampled months in Alagoa
Grande (Lagoa do Pad).

4. Discussion

The conservation and vulnerability of water
resources in moist forest enclaves are topics that
are not fully explored in scientific literature. This
is particularly concerning due to such areas often
being regarded as having a more abundant water
supply compared to the surrounding regions
(Cabral et al., 2004).

However, the findings of this research reveal
that, while enjoying above-average levels of rainfall
in comparison to their semiarid surroundings,
these ecosystems are susceptible to soil use and
occupation, as well as the elevated demand for

2
Lagoa do Pad I
15

Saulo Maia 1

Rio do Canto 05

Mazagdo | o

05
Vaca Brava I

1
‘ M azagdo I

= =1
2 E: g

23
B0k o
oo d

Figure 5. Hierarchical cluster analysis and heat map
based on limnological variables evaluated in the six
aquatic ecosystems. Red and blue colors represent
importance, from highest to lowest, respectively.
Porto: Orthophosphate; Ptotal: Total Phosphorus; EC:
Electrical conductivity; TSI: Trophic State Index; pH:
Hydrogenionic potential; and WT: Water transparency.
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water in the area. Similar observations has made
observed in other moist areas worldwide, such
as the Lake Erie Basin in the United States of
America (Sekaluvu et al., 2018), Xochimilco in
Mexico (Pérez-Belmont et al., 2019), and Tharavai
in southeastern India (Rameshkumar et al., 2019).

Within the same region and with geographic
proximity (<20 km), differences in the climate
norm, as observed for Areia (1,358.4 mm per year)
and Alagoa Grande (950.0 mm per year), have led
to environments subjected to similar environmental
stressors displaying different patterns of water
quality. Thus, the precise distribution and quantity
rainfall play a crucial role in preserving the quality
of this valuable resource within the region. This is
particularly significant, given the growing capacity
of water bodies to dilute the effects of pollutants
(Lacerda et al., 2018; Junger et al., 2019).

The cluster analysis of Lagoa do Paé reservoir
(Figure 5) clearly demonstrated the impact of
seasonality on water quality, despite this parameter
being unsatisfactory during the entire sampling
period.

The large presence of macrophytes in Rio do
Canto, which cover all this reservoir, functions
as a nutrient sink, notably for phosphorus, thus
mitigating the increase in the trophic level and
enhancing water quality (Song et al., 2019;
Zhang et al., 2019).

The Lagoa do Pad reservoir receives a similar
effluent discharge to the Rio do Canto reservoir.
However, it has a higher electrical conductivity
that is amplified by this The Lagoa do Paé reservoir
receives an effluent discharge similar to the Rio
do Canto reservoir but shows a higher electrical
conductivity, which is accentuated by this ecosystem’s
lower dilution capacity. As a consequence, the full
development of macrophytes is hindered, further
affected by salinity in lentic freshwater systems, in
this case (Dodemaide et al., 2018).

A research carried out at Lago Pad reservoir
highlighted the total absence of macrophytes over a
year of evaluation, with the phytoplankton biomass
being dominated by filamentous cyanobacteria
(Barbosa et al., 2020). The authors identified a
significant correlation between this reservoir and the
light attenuation coefficient (lower transparency), the
concentration of soluble reactive phosphorus, alkaline
pH, nitrogen-fixing cyanobacteria, cyanobacteria
typical of turbid environments, and cyanobacterial
blooms in shallow and eutrophic lakes.

The elevated levels of orthophosphate in the
Lagoa do Paé reservoir are likely attributed to the
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high P contents present in the effluents discharged
into this water body. Sewage effluents contain
a high concentration of P, which plays a critical
role in the eutrophication process of rivers and
the formation of cyanobacterial blooms in lakes,
especially in urbanized areas (Jarvie et al., 2000).
However, phosphate fertilization near the reservoir
should also be considered for agricultural purposes.
Labile P forms (e.g., orthophosphate) have been
credited to anthropic activities as the result of
the eutrophication and pollution of water bodies
(Barcellos et al., 2019).

The high P contents in Lagoa do Pad reservoir
cause it to have the highest TSI value among the
monitored reservoirs, resulting in its classification as
a super-eutrophic reservoir, which makes it strongly
affected by eutrophication linked with algal bloom
episodes, compromising the use of water.

The evaluation of the impact of pH on the on
P release in sediments has revealed that P-NaOH is
discharged under alkaline conditions. Conversely,
under acid conditions, P-HClI is released, but no
P is released at neutral pH (Jin et al., 2006). This
pattern also elucidates the higher orthophosphate
levels observed in the Lagoa do Paé reservoir, which
is the only location with alkaline conditions. In this
environment, it is likely that the increase in hydroxyl
ions due to the increase in pH probably increased
the competition with orthophosphate ions for the
protonated sites of oxides, increasing P release into
the water column.

The expansion of urban areas and land use for
agricultural purposes are related to the increased
eutrophication of reservoirs worldwide (Cheng et al.,
2022). In many of these environments, notably the
shallow and eutrophic ones, phosphorus that is
bound to iron oxides via inner sphere complexes
potentially controls P release (Yuan et al., 2020).

From this perspective, area surrouding of the
Lagoa do Pad reservoir show a predominance of
Leptic Luvisols (Loamic, Differentic) (IUSS Working
Group WRB, 2022) formed by orthogneiss and
granodiorite migmatites, whose main characteristics
are: i) high nutrient levels (eutrophic soils), with P
contents that can reach 50 mg dm™ (Santos et al.,
2017); ii) soil horizons with a sandy and/or average
texture over clayey layers (abrupt textural change),
which decreases soil permeability and considerably
increases the risk of erosion (Macedo et al., 2021);
iii) a chromic character, due to the occurrence
of primary iron oxides such as hematite and/or
pedogenic iron oxides formed from the weathering
of biotite in the melanocratic band of the gneiss
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parent material (Cimara etal., 2021); iv) temporary
hydromorphy, with the common occurrence of
features related to the reduction of Fe oxides.

The prevailing local geomorphology varying
from slightly undulating to undulating, results in
conducive the pedological conditions that facilitate
the transportation of dissolved ions (e.g. Ca*, Mg*,
K*, P) and precipitated ions (e.g. P-Fe) into the
reservoir. A biological reduction of these Fe oxides
may occur during temporary anaerobiosis periods
(Yuan et al., 2020), thus increasing P release into
the water column. Therefore, these environmental
characteristics, associated with the agricultural
activities around the Lagoa do Paé reservoir, can
account for the higher orthophosphate levels and
alkalinity observed in this reservoir.

Vaca Brava revealed a considerable percentage
of orthophosphate in the total phosphorus
composition (48.9%) among the monitored
reservoirs. As a result, since this fraction is the
most readily available for the aquatic biota, this
environment is also subject to the establishment of
eutrophication (Ballah et al., 2019). Furthermore,
the low water volume accumulated in this reservoir
during the studied period leads to higher water
temperatures close to the sediment, promoting
phosphorus mineralization and orthophosphate
availability (Beutel & Horne, 2018; Longyang,
2019).

The rise in turbidity levels in reservoirs located
in Brazil’s semiarid region corresponds directly to
decreased water volume during periods of drought
(Brasil et al., 2016; Rocha Junior et al., 2018).
These assumptions are supported by our findings,
despite our location within a conservation unit with
less anthropic intervention, which heightened the
concentration of suspended material and increased
turbidity. Furthermore, these observations are
supported by negative observed between rainfall
and water transparency (r = -0.46).

This scenario arises due to the excessive
withdrawal of water from this ecosystem for public
use, reducing the water volume accumulated.
Under these conditions, a deep environment is
converted into a shallow one, implying greater
exposure to wind and sediment resuspension,
increasing the volume of material in suspension and
consequently decreasing transparency (Shi et al.,
2018; Ouni et al., 2019). Moreover, this process
augments nutrient contents in the water column
(Jalil et al., 2019).

The prevalence of high P concentrations in Lagoa
do Paé reservoir led to limited light entry and as a
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result promoted cyanobacteria growth and restrict
macrophyte growth. This caused a rise in increased
water turbidity. According to Scheffer & Van Nes
(2007), a comprehensive survey of shallow lakes
worldwide revealed that water turbidity increased
with eutrophication due to phytoplankton growth.
From this perspective, the Lagoa do Pad reservoir
exhibited a robust correlation between alkalinity,
limited subaquatic light, water temperature, and
high P concentrations with the flourishing of
filamentous cyanobacteria (Barbosa et al., 2020).

The only reservoir in the analyzed set to feature
strongly alkaline water was Lagoa do Paé. The PCA
revealed that the water pH in this reservoir is strongly
correlated to the electrical conductivity, the total P
levels, and the orthophosphate content. Allied with
the high turbidity resulting from the resuspension
of sediments by the action of wind and/or the
reduction in macrophyte coverage, these conditions
favor phytoplankton development (Scheffer &
Van Nes, 2007; Barbosa et al., 2020). In addition,
the continuous cyanobacterial blooms probably
increased the CO, demand for photosynthesis,
decreasing the free levels of atmospheric CO, and
consequently increasing the pH of the reservoir
(Paerl & Huisman, 2009).

The majority of water quality metrics in this
research were obtained in the Saulo Maia reservoir,
characterized by a deep environment with a much
higher stored volume than other reservoirs. In this
ecosystem, the high transparency (2.0 m) and
low phosphorus content (<12 pg L) highlight
that, even under high water withdrawal rates for
several intentions, the reservoir is operating within
its carrying capacity (Silva-Lehmkuhl et al., 2019).
This scenario was reflected in the lower TSI values,
resulting in the classification of this reservoir as
ultraoligotrophic, characterized by clean water
and nutrient levels that are not harmful for use
(Lamparelli, 2004).

However, due to the growing water demand,
real estate speculation, and fishing activities in this
ecosystem, this scenario may change and lead to
the degradation of its water, thus implying the need
for constant monitoring strategies for the proper
management of water and correct decision-making
(Ziemiriska-Stolarska et al., 2019).

Despite similar levels of environmental pollution,
including P-rich effluent discharge, the Lagoa do
Paé and Rio do Canto reservoirs exhibited varying
water quality levels due to the dilution capacity and
presence of floating macrophytes in Rio Canto.
Furthermore, the considerable removal of water
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and the low volumes accumulated, as noted in the
Vaca Brava reservoir, can increase the degree of
water eutrophication regardless of the conservation
around the ecosystem. Saulo Maia reservoir can
serve as a reference ecosystem for the region under
study. Nonetheless, the presence of human activity
in the vicinity is capable of bringing about changes
to the ecosystem’s existing state.

Future researches should take into account the
diverse applications and activities taking place in and
around reservoirs, as well as the soil characteristics
of these locations. This is important due to the
potential impact of Fe oxides in adsorption/
desorption processes and sediment, and the direct
implications for the eutrophication process.

From this view point, the elevate water temperature
in the Lago Pad reservoir (Barcellos et al., 2019),
allied to its shallow depth and fluctuating oxidizing
and reducing conditions, hinders the formation of
highly-reactive Fe oxides with the potential to adsorb
considerable contents of phosphate anions, thus
releasing higher levels of P into the water column.
Hence, to regulate eutrophication in the examined
reservoirs, it is essential to maintain oxic conditions,
decrease the P contents and dilute the salt inflow are
crucial measures to.

5. Conclusions

The reservoirs exhibit a hierarchy of water
quality conservation with Saulo Maia being the most
conserved, followed by Rio do Canto, Mazagio I,
Mazagio II, Vaca Brava, and Lagoa do Pad.

To conserve water quality, maintenance of
native vegetation around the reservoirs alone is not
sufficient. The Vaca Brava reservoir situated in a
forest reserve exhibits a lower conservation degree
compared to the aquatic ecosystems surrounded by
forest remnants.

Annual precipitation is significant in determining
water export and nutrient supply as variations
in rainfall can affect electrical conductivity,
transparency, pH, and the levels of P in water, which
in turn directly impact water quality in reservoirs.

The aquatic ecosystems of the Highland humid
forest enclave (Brejo de Altitude) are currently
under severe pressure, and the lack of technical
criteria-based decisions makes them vulnerable
to eutrophication due to the region’s climatic
conditions.
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