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phosphorus, total inorganic nitrogen and thermotol-
erant coliforms. The abrupt transition from dry to 
wet years also played an important role in changes in 
river water quality. This study provides new insights 
for the understanding of the water quality patterns in 
non-perennial rivers. In addition, we go on to iden-
tify important aspects for the management of these 
water sources, such as the need for wastewater dis-
charge guidelines within scope of each watershed, 
and restrictions on the use of soil and water in the dri-
est periods.

Keywords  Intermittent rivers · Water pollution · 
Drought · Seasonality · Interannuality

1  Introduction

Semiarid rivers typically present low discharge rates 
due to the disconnectivity between the upstream and 
downstream areas, and the main river courses and 
floodplains or adjacent riverside areas (Grill et  al., 
2019; Rubel & Kottek, 2010). Additionally, there is 
vertical discontinuity to the groundwater and tempo-
ral discontinuity due to rainfall seasonality and recur-
rent droughts (Costa et  al., 2013; Grill et  al., 2019). 
These rivers characterized by hydrological disconti-
nuity are non-perennial, and can be found in the north 
and southeast of the African continent, in the south-
west of North America, in the central region of Asia, 
in Australia and in the northeast of South America 

Abstract  Non-perennial rivers have attracted sig-
nificant attention due to the progressive increase in 
water demand and pollution, river engineering side 
effects and climate change. The present study investi-
gates the interannual, seasonal and spatial variability 
of nine water quality variables (pH, colour, turbidity, 
biochemical oxygen demand, total phosphorus, total 
inorganic nitrogen, chlorophyll-a, total solids and 
thermotolerant coliforms) from 93 monitoring river 
sites distributed over 11 watersheds in the highly pop-
ulated Brazilian semiarid region. Shapiro–Wilk and 
Kruskal–Wallis tests were applied for assessing data 
normality and statistical differences, respectively. 
Additionally, principal component analysis (PCA) 
was performed for comparison between temporal and 
spatial data sets, while the Standardized Precipitation 
Index (SPI) was used to characterize meteorological 
drought. The results revealed that spatial variability is 
more evident than temporal variability. In the tempo-
ral scale, the interannual variability is more relevant 
than the seasonal one. The discharge of wastewater 
seems to attenuate a seasonal hydrological effect on 
water quality. There is a deterioration of water qual-
ity in most watersheds in the drier years, even in 
the rainy season. This is especially for colour, total 
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(Messager et al., 2021). Considering that the non-per-
ennial watercourses have a substantial and growing 
share of the global river hydrological network (cur-
rently > 50%) due to the progressive increase in water 
demand, river engineering side effects and climate 
change (Datry et al., 2018; Gamvroudis et al., 2017; 
Grill et  al., 2019), a better understanding of their 
hydrology and biochemical processes is of utmost 
importance for improving integrated water resources 
management, not only in drylands.

The intermittent and temporary mechanisms of 
the river flow discontinuity are very pronounced 
in drought-hit regions, such as the State of Ceará in 
the Brazilian semiarid, where a high-density reser-
voir network has been built to overcome water scar-
city during drought occurrences (Costa et  al., 2021; 
Lima Neto et al., 2011; Mamede et al., 2012, 2018). 
Although the reservoir network delays the beginning 
of the hydrological drought, it confers more discon-
tinuity in longitudinal dimension as the recovering 
of river flow after dry years is also delayed, which is 
also accentuated by the anthropic water demand (van 
Oel et al., 2018).

Previous water quality studies in the Brazilian 
semiarid have focused on surface water reservoirs 
(e.g. Fraga et  al., 2020; Lorenzi et  al., 2018; Mes-
quita et  al., 2020; Moura et  al., 2019; Nascimento 
Filho et al., 2019; Raulino et al., 2021; Rocha & Lima 
Neto, 2021a, b; Wiegand et  al., 2021). Compared 
to surface reservoirs, the river data is much scarcer. 
Moreover, the specific knowledge on the river qual-
ity is limited to a few publications (Cruz et al., 2019; 
Lima et al., 2018; Oliveira Filho & Lima Neto, 2018). 
This hampers any attempt of quantifying the vulner-
abilities of the river ecosystems to droughts, urban 
interventions and land use changes, which potentially 
affect both spatially and temporally the water quality 
in tropical semiarid watersheds in Brazil. This study 
aims to highlight the main seasonal, interannual and 
spatial changes related to the river water quality and 
their man drivers at management scale, because this 
knowledge can support decision-making regarding 
the use of water and land, sanitation and water pollu-
tion control, which are fundamental for human health 
and biodiversity in aquatic ecosystems (Dantas et al., 
2020).

The main objective of our study is to assess the 
river water quality at seasonal, interannual and spa-
tial scales from 93 monitoring river sites distributed 

over 11 watersheds in the State of Ceará, Brazilian 
semiarid. The specific objectives are (1) to evaluate 
the statistical significance of interannual and sea-
sonal water quality differences; (2) to compare the 
water quality variability among the selected water-
sheds; and (3) to infer the dominant environmental 
and anthropogenic processes that drive the variations 
of the water quality at the watershed scale. Multiple 
site water quality monitoring data over the years in 
similar climatic regions can provide robust insights 
into the main factors that affect river water quality at 
the watershed scale, considering seasonal and annual 
time scales. With such data, for example, we would 
be able to identify the most polluted watersheds, 
the seasonal effects on the changes in water quality, 
and to estimate interannual trends to improve water 
management.

2 � Material and Methods

2.1 � Study Area

The study site consists of eleven watersheds or 
hydrosystems covering a total area of 142,380 km2 in 
the State of Ceará, Brazil (Fig. 1). The hydrosystems 
are called Acaraú—AC, Banabuiú—BN, Coreaú—
CO, Alto Jaguaribe—AJ, Médio Jaguaribe—MJ, 
Baixo Jaguaribe—BJ, Litoral—LT, Metropoli-
tanas—MT, Salgado—SL and Sertões de Crateús—
SC. Based on data from the information system of the 
Ceará Geosocioeconomic Information System (Ipece, 
2021), the MT watersheds have a highest demo-
graphic density (273 inhab km−2) followed by the SL 
(79 inhab km−2), BJ (55 inhab km−2), AC (42 inhab 
km−2), CR (40 inhab km−2), LT (40 inhab km−2), CO 
(35 inhab km−2), MJ (35 inhab km−2), AJ (26 inhab 
km−2), BN (26 inhab km−2) and SC (16 inhab km−2). 
Considering all watersheds, this value corresponds to 
62 inhab km−2. Approximately 78% of the population 
of the State of Ceará lives in urban areas and 22% in 
rural areas. The highest rate of urbanization occurs in 
the hydrographic region of metropolitan basins (MT). 
The percentages of urban areas in the hydrographic 
regions are different, ranging from 0.2% in the MJ 
and SC and to 3.6% in the MT.

The climate is tropical semiarid, where the 
annual rainfall is about 800  mm, while the poten-
tial evapotranspiration is about 2200 mm, according 
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to the data provided by the Foundation of Meteor-
ology and Water Resources of the State of Ceará—
FUNCEME (Ceará, 2018a; Funceme, 2019). Dur-
ing the study period (2013–2018), the average 
annual rainfall was 635  mm, which was relatively 
lower than the above-mentioned climatological 
normal (800  mm). The annual rainfall distribution 

for each watershed is shown in Fig.  2. The large 
and medium-sized rivers usually flow from Febru-
ary to June due to regular or above-average rainy 
seasons, while they dry naturally out during the 
other months (Costa et  al., 2021). Interannually, 
there is a high variability of streamflow discharges 
with a coefficient of variation generally above 1.0 

Fig. 1   Spatial distribution of monitoring sites of river water 
quality in the State of Ceará, highlighting the eleven water 
management units (Acaraú—AC, Banabuiú—BN, Coreaú—

CO, Alto Jaguaribe—AJ, Médio Jaguaribe—MJ, Baixo Jag-
uaribe—BJ, Litoral—LT, Metropolitanas—MT, Salgado—SL 
and Sertões de Crateús—SC)
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(Güntner & Bronstert, 2004). The construction of a 
large number of reservoirs (> 28,000) and land use 
changes in the watersheds also enhance the variabil-
ity of the river flow (Souza Filho, 2018). Among the 
more than 28,000, there are reservoirs with a capac-
ity of less than 0.5 hm3 up to reservoirs with more 
than 750 hm3 (Ceará, 2018b). Moreover, a total 
of 155 are considered strategic reservoirs, as they 
have regional importance in water storage (Ceará, 
2018b). The largest reservoir in the state of Ceará 
has a storage capacity of 6700 hm3 and is located in 
the Jaguaribe River, one of the longest among non-
perennial rivers in the world (Castro et al., 2020).

2.2 � Data Set

2.2.1 � Water Quality Data

River water quality data were made available by 
the Environmental Agency of the State of Ceará 
(SEMACE). The monitoring variables included 
pH, colour (true), turbidity, total inorganic nitro-
gen—TIN (nitrate, nitrite and ammonia), biochem-
ical oxygen demand—BOD, total phosphorus—TP, 
chlorophyll-a, total solids—TS and thermotolerant 
coliforms—TC. The monitoring sites are detailed 
in Table  1 and Fig.  1. The monitoring samples 

Fig. 2   Annual rainfall for each watershed (mm) (Acaraú—AC, Banabuiú—BN, Coreaú—CO, Alto Jaguaribe—AJ, Médio Jaguar-
ibe—MJ, Baixo Jaguaribe—BJ, Litoral—LT, Metropolitanas—MT, Salgado—SL and Sertões de Crateús—SC)

Table 1   Water quality data per watershed, main river, tributaries, year and season

AC Acaraú, BN Banabuiú, CO Coreaú, AJ Alto Jaguaribe, MJ Médio Jaguaribe, BJ Baixo Jaguaribe, LT Litoral, MT Metropolitanas, 
SL Salgado, SC Sertões de Crateús

Hydrosystem Number of monitoring sites Number of samples analysed

Year Total Season

Main river Tributary or 
stream

2013 2014 2015 2016 2017 2018 Dry Rainy

AC 5 1 8 13 20 20 61 33 28
BN 4 2 6 3 9 5 9 32 14 18
CO 4 5 5 19 13 42 25 17
CR 4 1 4 6 12 14 36 12 24
AJ 5 2 19 9 3 17 19 17 84 40 44
MJ 4 2 14 11 8 16 16 17 82 38 44
BJ 6 1 14 10 12 11 15 17 79 30 49
LT 5 6 16 15 19 56 24 32
MT 29 2 17 50 83 69 35 254 99 155
SL 4 5 6 12 22 24 25 89 46 43
SC 6 1 8 9 9 14 41 20 21

Total 47 60 119 207 223 200 856 381 475
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were carried out quarterly and considered strategic 
areas for qualitative assessment of the river net-
work. However, in a few periods, some river sites 
became inaccessible or totally dried, hindering a 
more homogeneous sampling. Thus, there is miss-
ing data in 2013 and 2014 for some hydrosystems, 
but a complete quarterly data set for 2015–2018. 
Water sampling and laboratory analysis followed 
standard methods published by the National Water 
Agency (Brazil, 2011). These water quality vari-
ables have been used in Brazil to assess the water-
body quality conditions. So, waters, which are clas-
sified as class II (see class limits in Table  2), can 
be used for human supply after conventional treat-
ment (coagulation, flocculation, sedimentation, fil-
tration and disinfection) and to protect aquatic eco-
systems (Brazil, 2005). We assumed that at least 
90% of samples must be within the class II limits, 
in order to classify the waterbody as class II (based 
on Sabiá, 2008).

2.2.2 � Precipitation Data

The monthly watershed precipitation was obtained 
from FUNCEME, considering a 30-year historical 
series (1988–2018). In the study area, the precipi-
tation has been monitored by 575 rainfall stations. 
The monthly watershed values are provided by 
FUNCEME based on these stations and using the 
Thiessen polygon method (Thiessen, 1911).

2.3 � Precipitation Time Series Analysis

We defined the rainy season (Gregory, 1979). So, 
if it rains a month more than the monthly rainfall 
median, this month belongs to the rainy season. For 
each hydrographic region, a monthly rainfall median 
was calculated to classify the months as being part 
of the rainy season. Consequently, each hydrographic 
region presented a minimum monthly rainfall: AC 
(32  mm), BJ (32  mm), BN (36  mm), CO (35  mm), 
CR (31 mm), LT (30 mm), MT (55 mm), SC (22 mm) 
and SL (43 mm).

The occurrence of droughts for each watershed 
was assessed transforming the monthly precipitation 
to the 12-month Standardized Precipitation Index 
(SPI-12) (McKee et al., 1993) using the MDM (Mete-
orological Drought Monitoring) software (Salehnia 
et al., 2017). The SPI is an index used worldwide for 
drought identification (Stagge et al., 2015). A drought 
occurs when the SPI values are continually negative 
and reach − 1.00 or less (McKee et al., 1993). The SPI 
value categories are presented in Table 3.

2.4 � Water Quality Statistical Analysis

Firstly, the data sets of each watershed were separated 
year-by-year from 2013 to 2018 (interannual scale), 
and by rainy and dry seasons considering all years 
together (seasonal scale). Then, the Shapiro–Wilk test 
(Royston, 1982; Shapiro & Wilk, 1965) was applied 
to assess the data normality for the interannual and 
seasonal data sets for each watershed. As the majority 

Table 2   Limits for class II water quality according to Brazil (2005)

NTU nephelometric turbidity unity, BOD biochemical oxygen demand, TDS total dissolved solids, HU Hazen units, TP total phos-
phorus, MPN most probable number

6 < pH < 9 Chlorophyll-a < 30 Ammonia

Turbidity < 100 NTU TP < 0.05 mg L−1 Up to 3.7 mgN L−1 when pH ≤ 7.5
Colour (true) < 75 HU TC < 2000 MPN (100 mL)−1 Up to 2.0 mgN L−1 when 7.5 > pH ≤ 8.0
BOD < 5 mg L−1 Nitrate < 10 mgN L−1 Up to 1.0 mgN L−1 when 8.0 < pH ≤ 8.5
TDS < 500 mg L−1 Nitrate < 10 mgN L−1 Up to 0.5 when pH > 8.5

Table 3   SPI value categories

Extremely wet Very wet Moderately wet Near normal Moderately dry Severely dry Extremely dry

 ≥ 2.00 1.50 to 1.99 1.00 to 1.49  − 0.99 to 0.99  − 1.00 to − 1.49  − 1.50 to − 1.99 Less than or equal to − 2.00
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of the data (64%) did not fit a normal distribution, 
the Kruskal–Wallis test (Walpole et  al., 1998) was 
applied to evaluate the statistically significant differ-
ence between the aforementioned data sets. The sta-
tistical tests were carried out considering the com-
plete data and excluding the outliers. After obtaining 
the p values and contrasting them with the test 
hypotheses at a 95% confidence level, the percentage 
of the data set that did not present significant statisti-
cal difference at seasonal and interannual scales was 
calculated. The software R (version 3.5.3) was used 
to construct the graphs and perform the above-men-
tioned statistical analysis.

Finally, PCA was carried out in Past 3.0. Standard-
ized data matrices were generated for each data set. 
The matrix columns correspond to the water quality 
variables (see Sect.  2.2.1). In this sense, 20 PCAs 
were performed, i.e. one PCA for the whole data, 
two PCAs for seasonal separation (dry and rainy), 
six PCAs for interannual separation (2013–2018) and 
eleven PCAs for spatial separation (among the water-
sheds). This procedure was used to assess in which 
data set the reduction in dimensionality can explain 
the greater variability of the data after orthogonal lin-
ear transformation for principal components (PC), as 
well as to verify which variables most influence this 
variability (Ojok et  al., 2017). Hence, eigenvalues 
and factor loadings were evaluated, considering that 
(1) the PCA method selects PCs with eigenvalues 
greater than one (> 1.0) and the eigenvalue indicates 
the amount of variance explained by the PC (Kaiser, 
1960, Braeken and Assen, 2017); and (2) the factor 
loading explains the importance of original variables 
to a particular component and it is classified as strong 
(> 0.75), moderate (0.75–0.50) and weak (0.50–0.30) 
(Liu et al., 2003; Olsen et al., 2012).

3 � Results and Discussion

3.1 � SPI Values and Occurrence of Dry Years

Figure 3 shows the SPI-12 from 2013 to 2018, indi-
cating different trends among the studied watersheds 
(see Fig.  1). In the AC and CR watersheds, the SPI 
average remained negative between 2013 and 2017. 
In the BN, CO, MJ and LT watersheds, this occurred 
between 2014 and 2016. For AJ, SL and SC water-
sheds, the mean annual values of negative SPI were 

identified during the periods 2015–2017, 2015–2016 
and 2014, 2016–2017, respectively. In MT, all years 
remained with positive SPI, while for BJ, the oppo-
site occurred. Overall, the dry years occurred mainly 
from 2013 to 2017, while 2018 was characterized 
by an increase in rainfall. It is important to highlight 
that a rainy 2018 did not imply the return of normal 
river flow conditions due to the cumulative effect of 
the previous long meteorological drought. The SPI-
12 results are consistent with those identified in other 
semiarid regions with a predominance of occurrences 
in the near normal range, reaching frequently mod-
erately dry, severely dry and extremely dry stages 
(Shadeed, 2012; Suliman et  al., 2020; Surendran 
et  al., 2019). Our results are also in agreement with 
Brito et al. (2017), who found more severe droughts 
in the Northeast of Brazil between 2011 and 2016 
(baseline: 1981–2016).

3.2 � Water Quality Patterns

Table  4 presents the percentage of the samples of 
each river water quality variable that can be classified 
as class II (Brazil, 2005). The lowest percentages of 
agreement to the evaluated standards were TP, fol-
lowed by colour (true), BOD, total dissolved solids, 
TC, ammonia, chlorophyll-a, pH, turbidity, nitrite and 
nitrate. Moreover, taking into account the sum of the 
percentages of each variable of each hydrosystem, the 
watershed with the lowest water quality was MT, fol-
lowed by SC, BN, SL, BJ, CR, AJ, LT, CO, AC and 
MJ.

The variations in the pH values indicated that the 
river waters were in general in the neutral range (6 
to 9) (see Figs. 4 and 5). However, increased alka-
linity was found downstream of a system of stabili-
zation ponds for sewage treatment and in the vicin-
ity of an urban area of the SC watershed. This effect 
may be driven by algal activity that can raise pH 
to values above 9.5 in the warmest periods of the 
year (Kgopa et  al., 2018). Consistently, in the dry 
season (Fig. 4), the pH values tended to be higher, 
as observed by Andem et al. (2014), except for BN. 
The MJ and MT watersheds had significant pH 
differences between seasons and years. The high-
est pH changes in MJ occurred between 2014 and 
2015 (Fig.  5), when an extremely dry phase took 
place, which might have driven the pH peak by 
reducing the river flow, consequently, increasing 
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Fig. 3   Twelve-month 
Standardized Precipita-
tion Index (SPI) for each 
study watershed from 2013 
to 2018 (baseline period: 
1988–2018). Each bar on 
the plots corresponds to 
the monthly SPI value, 
highlighting the beginning 
of each year evaluated (ex: 
Jan-14). The dry period is 
identified for the negative 
SPI values that reach the 
lines in red tones
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the phytoplankton activity. Despite not having an 
expressive dry phase from 2013 to 2018, the MT 
watershed was influenced by intense urban occupa-
tion and industrial activities, which can affect the 
pH stability in the rivers (Bhadrecha et  al., 2016). 
In general, the river waters presented a strong “buff-
ering capacity” to seasonal and interannual climatic 
variations, most likely due to alkalinity (Ojok et al., 
2017). Turbidity rarely exceeded the permitted limit 
for national classification (100 NTU). In addition to 
the values shown in Fig. 4, there were outliers of up 
to 1000 NT in AJ, CO and MT. Turbidity increased 
mainly in the rainy season of the moist years, which 
can be justified by the carriage of sediment in this 
period (Medeiros et al., 2010). Similar results were 
also found by Ahmadi and Moradkhani (2019) in 
other climatic zones. Another effect, which may be 
associated with the low turbidity in the study area, 
would be the presence of a high-density reservoir 
network (Mamede et  al., 2012). Since the small 
and micro-sized reservoirs are usually empty at 
the beginning of the rainy season, they work as a 
sediment trap, retaining a significant fraction of the 
sediment yield in the watershed (Lima Neto et  al., 
2011; Mamede et  al., 2018). Fast flow, however, 
especially after prolonged droughts, favoured the 
occurrence of the outliers. Interannually, statistical 
differences occurred for AC and AJ, probably gen-
erated by the increase in rainfall in 2017 and 2018, 
being more evident for AJ.

Nevertheless, colour exceeded the permitted val-
ues for national classification (75 uH) in most cases. 
The highest colour values occurred in drier years, but 
with a predominance of increase in the rainy season 
for most watersheds, consistently with the results of 
Ahipathy and Puttaiah (2006) and Anhwange et  al. 
(2012). After a prolonged dry period, the effect of 
re-mobilization and transport of accumulated sedi-
ments and organic materials in the river basin to the 
outlet lead to the increase of colour values. The high-
est peaks were found in the SC watershed, which 
also presented the driest conditions during the study 
period. The statistical differences for the BN and CO 
watershed occurred because BN had one of the low-
est accumulated precipitation, while CO presented 
the highest amount of accumulated rainfall during 
the study period, unfolding two extremes of hydro-
climatic conditions that can influence changes in the 
colour of the river waters.Ta
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According to the World Health Organization 
(WHO, 2017), pH, turbidity and colour are accept-
ability aspects for drinking water and important oper-
ating parameters of water quality, although they are 
not directly related to health. The recommended pH 
for water consumption should range from 6.5 to 8.5. 
Turbidity above 4 NTU is already visible to human 
vision, while and generally a colour of up to 15 uH 
is accepted. It is noteworthy that the values of the 
national legislation for water class II are based on the 
conservation of water resources and the assumption 
that the water will be treated before being consumed 
for drinking.

According to the national water quality stand-
ards, BOD must be below 5  mg L−1. BOD is not a 
health-based guideline for safe drinking water rec-
ommended by the WHO (WHO, 2011). However, 
rivers are globally considered polluted when they 
present BOD above 5 mg L−1 and may be related to 
waters that affect the health of the population as it is 
related to the high concentration of organic matter, 
solids and pathogens (Wen et al., 2017). The percent-
ages of BOD in any river basin did not show more 
than 90% agreement with waters classified as class 

II. The maximum BOD values (Fig. 6) were observed 
for MT (129.00 mg L−1), SL (96.40 mg L−1) and AJ 
(83.90 mg L−1). The highest concentrations of BOD 
occurred in the dry season and in the urbanized river 
stretches that received sanitary effluent discharges in 
MT, SL, SC and BJ watersheds. In fact, the impact of 
human activities on water quality is more noticeable 
in the dry season (Ahipathy & Puttaiah, 2006; Andem 
et al., 2014; Moyel & Hussain, 2015; Yu et al., 2016). 
On the other hand, the effect of untreated wastewa-
ter release into the rivers on the deterioration of water 
quality is widely discussed in the literature (e.g. 
Blanco et  al., 2019; Dutta et  al., 2018; Wang et  al., 
2015), which point out that the supply of organic 
matter and nutrients act in the depletion of dissolved 
oxygen and in the ecosystem imbalance, causing the 
death of fish and stimulating the growth of phyto-
plankton. These occurrences are further facilitated by 
the low speeds of a large part of the semiarid river 
stretches and, in some periods, the non-flow river 
conditions. The MJ watershed presented, on the other 
hand, the best water quality conditions for BOD in the 
river waters. Its monitoring sites are downstream of 
the largest reservoir in Ceará and close to a pumping 

Fig. 4   pH, turbidity and colour in seasonal separation (dry and 
rainy season) (Acaraú—AC, Banabuiú—BN, Coreaú—CO, 
Alto Jaguaribe—AJ, Médio Jaguaribe—MJ, Baixo Jaguar-

ibe—BJ, Litoral—LT, Metropolitanas—MT, Salgado—SL 
and Sertões de Crateús—SC)
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station for water supply. These sites also drain very 
low-population density areas, which are less suscep-
tible to high organic loads. Nevertheless, there was 
only a statistically significant difference for AC and 
MT at seasonal scale. The MT watershed had BOD 
concentrations higher than AC. Most likely, rainfall in 
MT generated a dilution effect on BOD concentration. 
Thus, watersheds with lower water quality had small 
seasonal variation, except for extreme precipitation.

Eutrophic waters were observed in urban areas and/
or in river stretches that receive excessively wastewa-
ter discharge, as also seen for high colour and BOD 
concentrations. Some watersheds (MT, SL and SC) 
were evidently more eutrophic, with respect to total 
phosphorus—TP (see Figs. 6 and 7). The CO and AJ 
watersheds presented TP increase in the rainy season, 
which was also found in other areas by Cruz et  al. 
(2019) and Dalu et al. (2019). However, TP in the MT 
watershed presented an increase in the dry season, 
similarly to the results reported by Meter et al. (2019). 
According to Bowes et al. (2012) reported in the UK, 
if there is a predominance of punctual discharges, the 

phosphorus load decreases with the increase in river 
flow due to the dilution effect, while in the case of 
predominant diffuse sources, an increase in the load 
proportional to the flow is expected, due to the release 
of phosphorus retained in the sediment (Mainstone 
& Parr, 2002). Interannually, significant differences 
(without outliers) were found for a large number of 
watersheds (AC, AJ, MJ, BJ, LT, MT and SL). More 
frequent interannual TP variations were also reported 
by McKee et  al. (2000). Our results indicate that in 
the drier years, there is an increase in the concentra-
tion of TP, which can be associated with the above-
mentioned effect of dominant punctual discharges, as 
suggested by Bowes et al. (2012). According to data 
from the National Sanitation Information System, 
sewage collection coverage in the state of Ceará is 
only 26% (Brazil, 2019). The highest percentages of 
sewage coverage are concentrated in urban areas, and 
range from 4 (in MJ) to 38% (in MT). The improve-
ment of technologies to tertiary level could attenuate 
effluent concentrations from point sources in these 
water sources, as also verified by Wang et al. (2015).

Fig. 5   pH, turbidity and colour in interannual separation (Acaraú—AC, Banabuiú—BN, Coreaú—CO, Alto Jaguaribe—AJ, Médio 
Jaguaribe—MJ, Baixo Jaguaribe—BJ, Litoral—LT, Metropolitanas—MT, Salgado—SL and Sertões de Crateús—SC)
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Regarding the total organic nitrogen—TIN (nitrate, 
nitrite and ammonia), the ammonia concentrations 
exceeded the national standards for seven watersheds 
(BN, CO, CR, BJ, MT, SL and SC). The significant 
ammoniacal fraction (Pearson correlation coefficient 
between TIN and ammonia of 0.97) is an indication 
of significant wastewater discharges in the watersheds 
(Wang et  al., 2015). Moreover, a positive Pearson 
correlation coefficient of 0.70 was identified between 
BOD and ammonia. Seasonal and interannual dif-
ferences are presented in Figs. 6 and 7, respectively. 
Significant seasonal differences were found only for 
the AC, CO and SC watersheds, with increased TIN 
in the rainy season (Fig. 8). The increase in nitrogen 
concentrations in the rainy season may be related to 
the (re-) suspension of organic matter accumulated 
in the sediment or carried by runoff. Seasonal differ-
ences depend on the balance among river water pollu-
tion, nitrogen degradation (especially in the dry sea-
son) and nitrogen input in the rainy season. It seems 
that the former, which maintain a continuous high 
nitrogen source throughout the year, is much more 
relevant than the latter two, causing no significant 
seasonal differences in most of the watersheds.

The difficulty of comparing nutrient levels at sea-
sonal scale was also discussed by Reisinger et  al. 
(2016) and Ramírez et al. (2018), who associated the 
increase in nutrients in the transition between periods 
of low to high flows. Interannually (Fig.  9), statisti-
cal differences were found in the AC, CO, AJ, MJ, 
BJ and SL watersheds. In these watersheds, the inter-
annual difference was characterized by an increase 
in 2015, 2016 and 2017 (relatively drier years) and 
a reduction in 2018 (relatively moist year). In CO, 
the statistical difference occurred mainly due to the 
decrease in nitrogen in 2018, the wettest year. Some 
outliers were observed in the rainy years. Note that 
floods and droughts alter the dynamics of inorganic 
nitrogen fractions (Xue et  al., 2016). Moreover, the 
increase in nutrient concentration in the rainy season 
could also have been influenced by sediment erosion. 
The shallow soils of the Brazilian semiarid region are 
susceptible to erosion in high rainfall events (Medei-
ros et al., 2016).

The concentration of chlorophyll-a was charac-
teristic of eutrophic waters, as reported by Pacheco 
and Lima Neto (2017) and Nguyen et al. (2019). This 
can be attributed to the growth of algae, the low-flow 

Fig. 6   BOD, TP and TIN in seasonal separation (dry and rainy 
season) (Acaraú—AC, Banabuiú—BN, Coreaú—CO, Alto 
Jaguaribe—AJ, Médio Jaguaribe—MJ, Baixo Jaguaribe—BJ, 

Litoral—LT, Metropolitanas—MT, Salgado—SL and Sertões 
de Crateús—SC)
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Fig. 7   BOD, TP and TIN in interannual separation (Acaraú—AC, Banabuiú—BN, Coreaú—CO, Alto Jaguaribe—AJ, Médio Jag-
uaribe—MJ, Baixo Jaguaribe—BJ, Litoral—LT, Metropolitanas—MT, Salgado—SL and Sertões de Crateús—SC)

Fig. 8   Chlorophyll-a, total solids and thermotolerant coliform 
in seasonal separation (dry and rainy season) (Acaraú—AC, 
Banabuiú—BN, Coreaú—CO, Alto Jaguaribe—AJ, Médio 

Jaguaribe—MJ, Baixo Jaguaribe—BJ, Litoral—LT, Metro-
politanas—MT, Salgado—SL and Sertões de Crateús—SC)
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conditions in the dry periods and the irrigation return 
flow, as reported by Rocha Junior et al. (2018). Chlo-
rophyll-a increase in the dry season was probably a 
result of increased water temperature and reduced 
water flow rate, which potentially favoured phyto-
plankton growth (Nguyen et  al., 2019; Onwuteaka 
& Choko, 2018). All watersheds showed significant 
differences between years. The increase in chloro-
phyll-a in the dry season of the wetter years may also 
be related to the availability of nutrients. Wu et  al. 
(2016) found that the variability of chlorophyll-a con-
centration was related to different types of sediment 
input to the rivers, which may be an explanation for 
the present results. Additionally, according to Jarvie 
et  al. (2006), during rainy season, particulate phos-
phorus represents the large portion that flows into the 
river. However, the reactive phosphorus associated 
with the consequences of algae growth occurs mainly 
during drier periods.

The percentages of TDS that did not present 
more than 90% agreement with freshwater class II 
were mainly related to the watersheds under coastal 

influence (CR, BJ, LT and MT). TDS levels above 
about 600  mg L−1 make freshwater increasingly 
unpalatable (WHO, 2021). Moreover, high total solid 
(TS) (Fig.  9) concentrations (> 1000  mg L−1) were 
observed in monitoring sites (22 in total) located in 
the municipalities (7 in total) with a relevant estua-
rine zone. The estuarine zone in Brazil covers locali-
ties facing the sea or within 50 km from the coast to 
the interior (Brazil, 2015). A main environmental 
impact of the estuarine zone in the semiarid northeast 
of Brazil is shrimp farming (Lacerda et  al., 2021). 
Significant seasonal differences of TS were only 
found for the coastal CO and MT watersheds, increas-
ing in the dry season, which has been associated with 
an increase in the concentration of organic matter 
(Laraque et al., 2013; Hassan et al., 2017). However, 
high TS concentration was also observed in the rainy 
season due to domestic effluents and surface runoff 
from the cultivated fields, as reported by Andem et al. 
(2014) and Vaishali and Punita (2013). The interan-
nual differences were only significant for three coastal 
watersheds (AC, CR and MT) and two countryside 

Fig. 9   Chlorophyll-a, total solids and thermotolerant coli-
form in interannual separation (Acaraú—AC, Banabuiú—BN, 
Coreaú—CO, Alto Jaguaribe—AJ, Médio Jaguaribe—MJ, 

Baixo Jaguaribe—BJ, Litoral—LT, Metropolitanas—MT, Sal-
gado—SL and Sertões de Crateús—SC)
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watersheds (AJ, BN), but with more frequent outliers 
in the drier years, especially for the MT watershed. 
Also, in the drier years, the highest values were found 
for the watersheds that showed significant statistical 
difference.

The watersheds that presented more microbiologi-
cal risks for drinking water were MT and SL. In MT, 
more than 60% of the TC values are above the recom-
mended limit (Brazil, 2005). In SL, two of the moni-
toring sites have all TC values equal to or greater than 
national standard. It is noteworthy that these limits 
are for raw water. For drinking water, these waters are 
well above what is allowed, as there must be no coli-
forms in any 100 mL of sample (WHO, 2021). Thus, 
they must be treated if they are used for human sup-
ply. The rainfall-runoff events have a double effect for 
river water TC concentration: the dilution of TC in 
the river and the carrying of sediments and waste into 
the river network. A relevant effect of the latter effect 
could have produced an increase in TC for the study 
watersheds in the rainy season, similar to the findings 
of Anhwange et al. (2012) and Nguyen et al. (2016). 
The AJ and SL watersheds had a higher median in 
the dry season, as reported by Reder et  al. (2015). 
However, significant seasonal differences were found 
only in CO and SC watersheds. At interannual scale, 
significant differences were produced by a massive 
increase of TC in some drier years for AC, CR and 
MJ. In the AJ watershed, a very high concentration of 
TC was observed not only in the driest year (2015), 
but also in the wettest one (2018). Uncertainties about 
the variation in the concentration of coliforms in riv-
ers are related to the versatile metabolism of microor-
ganisms in terms of their multiplication rate and limi-
tations in their counting in laboratory tests (Marques 
et al., 2019). Additionally, the watersheds with influ-
ence of the seawater showed lower TC values, except 

for those with densely populated cities, such as MT. 
This can be explained by the decrease of coliforms 
with the increase in salinity and dilution due to 
marine water inflow (Liu & Chan, 2015).

In summary, considering all watersheds, interan-
nual variability was more relevant than seasonal vari-
ability, except for pH, turbidity and TIN (see Table 5) 
for complete data. However, by removing the outliers 
from the analysis, interannual variability also became 
predominant for turbidity and TIN. In this sense, the 
continuous release of wastewater can undermine the 
natural seasonal effects of variations in water qual-
ity. Thus, interannual variations become more evident 
due to the significant change in the amount of rainfall 
in this temporal scale.

Figure  10 summarizes the spatio-temporal vari-
ability of river water quality. The illustrated arrows 
indicate dry (reddish) or wet (bluish) conditions. An 
extremely complex behaviour of water quality was 
observed. While some variables increased in the dry 
periods, both at seasonal and interannual scales (pH, 
BOD and TS), other variables increased in the rainy 
periods (turbidity). On the other hand, some vari-
ables increased in the wet season but decreased in wet 
years (colour, TP, TIN and TC), while the opposite 
occurred with other variables (chlorophyll-a). The 
spatial differences in water quality variation are more 
significant; thus, actions to improve water quality as 
well as guidelines for the release of effluents should 
be thought of locally. Another important aspect is 
the interannual influence; in the rainy season of the 
driest years, the water quality has a significant dete-
rioration, and the population should be alerted in this 
period about the uses of water, whether for potability, 
irrigation or bathing. Seasonal differences, especially 
in the more anthropogenic affected watersheds, are 
less noticeable, so the rainy season does not always 

Table 5   Percentage of watersheds with significant statistical differences according to the Kruskal–Wallis test, per variable of water 
quality

BOD biochemical oxygen demand, TP total phosphorus, TIN total inorganic nitrogen, Chl-a chlorophyll-a, TS total solids, TC ther-
motolerant coliforms

pH Turbidity Colour BOD TP TIN Chl-a TS TC

Interannual 27% 18% 45% 45% 36% 27% 100% 36% 36%
Interannual (without outlier) 27% 27% 54% 64% 64% 54% 100% 45% 36%
Seasonal 36% 27% 27% 18% 18% 36% 18% 18% 9%
Seasonal (without outlier) 27% 9% 27% 18% 27% 27% 27% 18% 18%
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represent a dilution of pollutants and an improvement 
in water quality. Reservoirs have a strong influence 
on changes in water quality, especially on turbidity, 
due to sediment retention. Water quality variability is 
greater for the dry season, for dry years and for drier 
regions, as seen from the PCA data.

3.3 � PCA and Spatio‑temporal Variability of Water 
Quality

The plots for the eigenvalues of the two first principal 
components for each data set are shown in Fig.  11. 
The larger the eigenvalues, the better the principal 
components of linear transformation can explain the 
variance of the data. Separation by data set showed 
eigenvalues greater than the PCA for complete data 
(Fig. 11a). The dry season (D) had the two first prin-
cipal components that better explain the variance in 

data than those from the rainy season (R) (Fig. 11b). 
On the interannual scale, this occurred for 2014 
(Fig.  11c). On the spatial scale, two watersheds are 
highlighted (SC and SL) (Fig. 11d).

The factor loadings represent the relative impor-
tance of the projections of the original variables 
(Ojok et al., 2017). Table 6 shows the percentage of 
the variance explained of the PCAs and the more rep-
resentative factor loadings. The eigenvalues are rep-
resentative up to the fourth or fifth component. The 
ammonia and BOD variables showed the highest 
loadings in the first component of the most performed 
PCAs, with moderate (0.50–0.75) and weak impor-
tance (0.30–0.50). This is common under conditions 
driven by domestic wastewater and agricultural efflu-
ents, as reported by Lap et al. (2021).

The results indicate the complexity of the data var-
iation, where the eigenvalues were representative up 

Fig. 10   Summary of the spatio-temporal variability of river water quality. Large arrows indicate dry (reddish) or wet (bluish) condi-
tions
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to the fourth or fifth component (see Table 6). Only 
the PCAs performed for the interannual and spatial 
separation were able to represent more than 70% of 
the data variance, which is an important factor in 
choosing the variables of the quality determinants 
(Tripathi & Singal, 2019; Razmkhah et  al., 2010). 
The lower eigenvalues in the rainy season, when com-
pared to those in the dry season, indicated the vari-
ability generated by the occurrence of rainfall over 
the river basin, as also reported by Ojok et al. (2017). 
This variability provided by the wetter season occurs 
mainly in the first rains after the dry period.

The data sets of the drier years from 2013 to 2017 
provided the highest eigenvalues in the first two PCs. 
So, the drier years showed a higher percentage of the 
variance of the PCs. This may indicate that the drier 
years offered more definitive characteristics in rela-
tion to the water quality variables. When the sever-
ity of the drought has intensified from 2015 to 2017, 
the water quality gradually showed a higher variance 
with more outliers. Thus, the effects of the rainy sea-
son in a drier year can generate annual variability in 

the water quality, which justifies the reduction of the 
explanation by the eigenvalues in the PCs. In 2018, 
this variability becomes even more evident due to the 
less expressiveness of the PCA, as it is characterized 
as a year of transition with relatively wetter patterns.

Regarding the spatial scale, the SC watershed is an 
inland area, typically drier and strongly impacted by 
wastewater discharges. The same characteristics can 
be drawn for the SL watershed, although it showed 
milder periods of drought. The MT watershed is 
influenced by coastal rains that could provide greater 
variability in water quality. These meteorological 
effects are even stronger in the AC and LT water-
sheds, whose water quality was in better conditions 
when compared to other watersheds.

The BOD, ammonia and TP variables were the 
most important in the first principal component in 
MT and SL watersheds. These watersheds have in 
common the high population density and impacts of 
urban activities on the water resources, similar to the 
trends identified by Singh et al. (2005) and Qin et al. 
(2020).

Fig. 11   Eigenvalue plots for two first principal components for 
each PCA. a Complete data. b Seasonal separation (R—data in 
the rainy season and D—data in the dry season). c Annual sep-
aration. d Spatial separation (Acaraú—AC, Banabuiú—BN, 

Coreaú—CO, Alto Jaguaribe—AJ, Médio Jaguaribe—MJ, 
Baixo Jaguaribe—BJ, Litoral—LT, Metropolitanas—MT, Sal-
gado—SL and Sertões de Crateús—SC)
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4 � Conclusions

We investigated river water quality patterns at 
watershed scale in relation to the drought occur-
rences and the anthropogenic effects in a large sem-
iarid region, which differ from those typically found 
in other climate zones. This work provides a syn-
thesis that advances the knowledge of the complex 
influence of climate, hydrology and anthropogenic 
effects on the river water quality in drylands, which 
may help improve the integrated water resources 
management. The main findings of this study are as 
follows:

Spatial variability was more relevant than interan-
nual ones, followed by seasonal variability. This was 
found by applying statistical tests, inter-hydrosystem 
comparison and the PCA analysis. The processes that 
may have driven this finding were (a) the continu-
ous discharge of effluents throughout the seasons that 
undermined the seasonal hydrological effects, and (b) 
the combination of a prolonged drought and moist 
rainfall years that governed the streamflow regimes. 
The transition from dry to moist years had a relevant 
role on the river water quality changes.

The driest years, even during their rainy season, 
affected water quality negatively. This was mainly 
for TP, NIT, TC, deteriorating water quality for drink 
water and bathing. This may indicate the need for 
stricter guidelines for the discharge of wastewater in 
dry periods.

We also observed that while pH, BOD and TS 
increased in the dry periods, both at seasonal and 
interannual scales, turbidity increased in the rainy 
periods. On the other hand, colour, TP, TIN and TC 
increased in the rainy season but decreased in wet 
years, while the opposite occurred with chlorophyll-a.

Anthropogenic impacts on water sources can end 
up inhibiting the natural effects of rains on the dilu-
tion of pollutants, revealing different patterns between 
hydrographic regions. Planning for mitigating actions 
to control nutrient release in this region is urgent, 
especially given the concentrations of total phospho-
rus, whether in the implementation of tertiary-level 
wastewater treatment systems, or in the control of 
land use. The urban watersheds (MT, SL, SC and AJ) 
presented the highest concentration of organic matter 
and nutrients. The rivers, which flow through urban 
areas, were the most polluted ones, principally due to 
sanitary effluents.

It is noteworthy that a severe drought occurred in 
the region during the study period, and the existence of 
some outliers in the data may be a result of favoured 
extreme conditions. Investigating these patterns with 
a longer time series may reveal new patterns for long-
term wet years. The findings of this work may be basis 
for water quality modelling studies not only for the 
study area, but also for regions with similar climate, 
socio-economic and land use conditions. They may 
help to define initial and boundary conditions, as well 
as model structure. In addition, investigations may be 
carried out regarding depollution measures, based on 
what is presented in this research.
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