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ABSTRACT

Large-scale water transfer projects can be an important way of mitigating water scarcity and have
been adopted worldwide. Nevertheless, investments in massive infrastructure, negative environmental
impacts and restrictive legislation have required water managers to adopt new approaches, such as
small-scale inter-basin water transfer (SSIWT), especially in industrial and urbanized regions. However,
there is a lack of research concerning environmental impact assessments of SSIWT to support decision-
making, notably in developing countries (such as Brazil). The main goal of this research was to assess
the environmental impacts of water transfer on the quality of surface water in the Jundiai-Mirim river
basin, south-east Brazil. Water samples were collected along the Jundiai-Mirim River in September
2013 (in the absence of SSIWT) and in September 2014 (during SSIWT) for determining the follow-
ing parameters: pH, temperature, turbidity, electrical conductivity (EC), dissolved oxygen (DO), total
organic carbon (TOC), dissolved organic carbon (DOC), total phosphorus (TP), total nitrogen (TN),
chloride (CI7), chlorophyll-a (Chl-a) and dissolved and total metals (Al, Cd, Cu, Fe, Mg and Mn).
Descriptive statistics and the paired Student’s r-test (p < 0.05) were used to test the hypothesis that
there was an effect of SSIWT on water quality. The results showed impacts due to the transfer of ions
from the Atibaia River to the Jundiai-Mirim River, as well as the degradation of riverbanks, which
significantly (p < 0.05) influenced DO, TOC, DOC, TN, CI-, Al, Fe and Mg concentrations. A positive
impact on the trophic state was observed due to the increased flow caused by the water transfer, which
acted to flush the river and reservoir. The findings provide important information on the environmental
performance of small-scale hydraulic operations, which should assist decision-makers in establishing
strategies to reduce negative environmental impacts.

Keywords: environmental management, eutrophication, Metals, water resources

1 INTRODUCTION

Growth and changes in the geographical distribution of the population, together with the pro-
cess of industrialization and the expansion of irrigated agriculture, have led to water shortages
in various regions of the planet, weakening ecosystems and increasing their vulnerability to
climate change. An option used by water resource managers to address this problem has
been the construction of large-scale inter-basin water transfer and reservoir systems, as has
occurred in China, the United States, Brazil, Canada, Pakistan, the Soviet Union, Iran, India
and South Africa, among other locations ([1-4]).

Although it is a globally well-known solution, large-scale transbasin projects have been the
subject of debates and conflicts in the management of water resources, involving complex
solutions because water transfer can cause loss and damage in both donor and receptor basins
(Yevjevich [5]).
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Zhuang [1] described several positive and negative environmental impacts due to large-
scale inter-basin water transfer between donor and receptor basins in different countries. The
following positive effects were identified in the receptor basin: restoration of the damaged
ecological system, improvement of biological diversity, relief of ground subsidence caused
by over-exploitation of groundwater and improvement of water quality. Negative impacts in
the receptor basin were stimulation of water consumption and the spread of new pollution
and diseases. The main negative impacts reported in the donor basin were decreased runoff
volume, salinization of soil and saltwater intrusion at the estuary.

In Brazil, in the 1960s, one of the world’s largest systems of interconnected reservoirs was
installed in the Piracicaba, Capivari and Jundiaf river basins (collectively known as the PCJ),
called the Cantareira system (Coutinho et al. [2]). This system has supplied the water needs
of the Sao Paulo metropolitan area (SPMA), although regional conflicts have emerged due to
water shortages in the PCJ caused by the expansion of industrial and urban areas, with associ-
ated increases in water demand and pollution ([6-10]).

Large-scale inter-basin water transfer has been increasingly questioned by society. Negative
long-term environmental impacts have been observed on the hydrological cycle (Emanuel
et al. [11], Bonacci & Andric [12]) and on the ecological environments of rivers, lakes and
reservoirs ([1, 4, 13-15]), and there have been other long-term political, economic and social
impacts, as in the case of Cantareira system (Gohari et al. [3], Emanuel et al. [11]). As a result,
large-scale inter-basin water transfer has become a questionable option (Gleick [16]).

The use of smaller decentralized strategies, such as small-scale inter-basin water trans-
fer (SSIWT), has been proposed to complement the installed large-scale infrastructure [16].
However, although implementation of this type of project has increased in urbanized and
industrialized regions, SSIWT has been overlooked by scientists and managers, particularly
in subtropical regions, so little is known or reported about its environmental impacts on water
resources.

The main goal of this research was to assess the environmental impacts of small-scale
inter-basin water transfer from the Atibaia River on the water quality of the Jundiai-Mirim
River, south-east Brazil.

2 METHODOLOGY
2.1 Jundiai-Mirim river basin

The Jundiai-Mirim river basin is located in the PCJ (Fig. 1) and supplies 95% of the drinking
water consumed by Jundiaf city. This river basin has a total area of 118 km?, spanning three
municipalities in Sdo Paulo state: Jundiai (55% of the total area), Jarinu (36.6%) and Campo
Limpo Paulista (8.4%) (Fengler et al. [17]). Together, these municipalities possess a popula-
tion of 505,000 inhabitants, of whom 80% live in Jundiaf city ([18]). Different classes of
land use and occupation are found in the basin, with the presence of allotments, urbanization,
mining and farming activities ([17, 19, 20]).

The first water extraction facilities in the basin date from 1950s. In the early 1960s, there
was already the need for SSIWT from the Atibaia River to the Jundiai-Mirim River in order
to normalize the streamflow during the dry season. The SSIWT currently averages 800 L s7!,
which is equivalent to more than twice the natural flow of the Jundiai-Mirim River, whose
average flow is 350 L s7'. It should be highlighted that the Atibaia River is one of the main
water sources in the PCJ, being responsible for the supply of 11 municipalities with a total
population of around two million ([18]).



82 FH. Machado et al., Int. J. Environ Impacts, Vol. 1, No. 1 (2018)
2.2 Physical, chemical and biological water quality parameters

Monitoring was performed at five sites along the Jundiai-Mirim River (Fig. 1) on two dif-
ferent dates: 2 September 2013 (during a period with no inter-basin water transfer), and 24
September 2014 (when SSIWT occurred).

During the 15 days preceding the first collection, there was only one rainfall record, of 3.4
mm on 27 August 2013, while for the second collection, there was also only one record, of
7.0 mm on 20 September 2014. No sample was collected at site P1 in 2013, because this was
the site receiving the water transferred from the Atibaia River, which did not occur during
that period.

Subsurface water samples were collected for analysis of the following parameters, using
the methodologies established by Rice and Bridgewater [21]: pH and temperature (Temp.)
(Instrutherm PH-1900 pH meter); dissolved oxygen (DO) (Digimed DM-4 oximeter); electri-
cal conductivity (EC) (Hanna HI98304 DiST 4 EC Tester); turbidity (Turb.) (Quimis Q279P
turbidity meter); chloride (Cl-) (titration using silver nitrate); total organic carbon (TOC) and
dissolved organic carbon (DOC) (Analytik Jenner Multi N/C 3100 analyzer); total nitrogen
(TN) and total phosphorus (TP) (Hach DR3900 Vis benchtop spectrophotometer); chloro-
phyll-a (Chl-a) (Micronal AJX-1900 spectrophotometer); total (TM) and dissolved (DM)
metals (Al, Cd, Cu, Fe, Mg, Mn) (Agilent Technologies 700 inductively coupled plasma —
optical emission spectrometer (ICP-OES)). The detection limits for the metal analyses were
25.17 ug L' (Al), 0.95 pg L' (Cd), 0.74 pg L' (Cu), 2.44 pg L' (Fe), 2.57 ug L' (Mg), and
0.31 pg L-' Mn).

The results were compared to the limit values established in Brazilian resolution 357/2005
([22]) for the water quality of Class 1 rivers (such as the Jundiai-Mirim River). These cri-
teria apply to rivers used for human supply (after conventional treatment), the protection of
aquatic communities, primary contact recreation (such as swimming, skiing, and diving) and
horticultural irrigation.

304.000 308.000 312,000 316.000 320.000
V i i 1 i

Piracicaba, Capivari
e

' '
7.441.000 7.444.000

)
7.438.000

)
7.435.000

w Jundiai-Mirim river sub-basin

2 Doy ~\~- Hydrography 0 2,75 55
\-\ / 8 Water accumulation reservoir ol
'\ ! Vhitar FeatmanirassrvalF Coordinate System: SAD 1969 UTM Zone 238
R / Profection: Transverse Mercator
Brozil . ML Bl Sampling points Datum: South American 1969
L p Daie source: Brazilian Institute of Geography and Statistics
17 Urbanized area in 2014 Preparation: GONTIJO, E. S. J,; MACHADO, F. H.

Figure 1: Location of sampling sites in the Jundiai-Mirim river basin, Sao Paulo State, Brazil.
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The trophic state index (TSI) was estimated by the methodology proposed by Carlson [23]
and modified by Cunha et al. [24] for tropical and subtropical environments.

The one sample Student’s #-test (p < 0.05, 4 degrees of freedom) was used to determining
the existing differences among two populations that can be paired, since the observations are
the same type of measurements, as water quality parameters, on the same site at two different
time (in the period with no inter-basin water transfer and when SSIWT occurred) (Ostle and
Malone [25]).

3 RESULTS AND DISCUSSION
3.1 Limnological and chlorophyll-a water quality parameters

Table 1 presents the results of the water quality analyses and the TSI values for the Jun-
diai-Mirim River. The SSIWT reduced the average pH of the Jundiai-Mirim River by 4.6%,
although in both periods the variation of pH was in the range observed previously for streams
in the PCJ (Medeiros et al. [7], and Martinelli et al. [8]) and that recommended by [22]. At
the other sites sampled during SSIWT, the pH was found to increase downstream (from P2 to
P5), probably due to the mixing of the Atibaia and Jundiai-Mirim waters.

The dissolved oxygen concentrations exceeded the recommended lower limit of 6.0 mg L-!
([22]) in most cases, irrespective of inter-basin water transfer. The only exception was site P5
(sample P5-N), located downstream of the reservoir, indicating an influence of water short-
age during the period without SSIWT. Previous investigations of water quality in streams of
the PCJ have found average DO concentrations lower than 3.0 mg L-' in urbanized micro-
basins ([7, 9, 10]), while the values for rural catchments were higher than 7.0 mg L-' ([9,
10]). On average, the DO concentration increased by 6.4% with SSIWT, which could be
attributed to greater mixing of water in the Jundiai-Mirim River, as observed visually during
the sample collections. The water temperature showed a difference of 1°C (5.1%) between
the two measurements periods, following the average air temperature, with values of 21.70C
in 2013 (without SSIWT) and 22.80C in 2014 (with SSIWT).

The electrical conductivity can be used as a proxy for the ion content of the water in studies
of anthropogenic impacts in streams ([9]). The average EC increased by 125% with SSIWT,
evidencing the impact of ions introduced in water from the Atibaia River, where the highest
EC was observed (115 uS cm™ at P1-Y). Therefore, comparison of the two sampling periods
showed that SSIWT caused changes in EC downstream. In 2013, EC increased by 50% from
the rural (P2-N) to the urbanized area (P5-N), highlighting the effect of soil use and occupa-
tion. However, in 2014 EC decreased by 15.6% from the rural area (P1-Y) to the urbanized
area (P5-Y).

Daniel et al. [9] analysed ten streams corresponding to rural and urbanized areas in the
PCJ. In streams with heavy urbanization in their catchments and without sewage treatment,
average EC ranged from 131 uS cm™ to 598 uS cm™, while in rural catchments with almost
no urbanization or with sewage treatment, average EC varied from 53 pS cm™ to 159 pS cm™
([9]). Ometo et al. [10] found similar values for streams of the PCJ river basin, with EC rang-
ing from 55.5 uS cm™ in the rural region to 271.8 uS cm™' under urban influence. Therefore,
the results for average EC indicated that the water quality of the Jundiai-Mirim River was
similar to regional values for rural areas, independent of SSIWT.

SSIWT raised the average turbidity by 219%, reflecting the cumulative effect of the
increased flow along the Jundiai-Mirim River, despite the lower turbidity observed in the
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water transferred from the Atibaia River (6.6 UNT). During SSIWT, there was an increase in
around 1,400% from P1-Y to P4-Y, during the SSIWT, where Medeiros et al. [20] reported
undermining of the margins. From P4-Y to P5-Y, the turbidity decreased by 98.4%, because
the reservoir behaved as a sediment decanter.

Urbanization has been associated with increased salinity of surface water, due to higher
concentrations of ions such as chloride (CIl-) ([26, 27]). Sewage effluent and treated waste-
water from metropolitan areas are major sources of Cl- in surface waters, where its con-
centration can exceed 200 mg L-' ([10, 27, 28]). Therefore, Cl- can be used as a marker for
the migration of effluents in groundwater and as an indicator of sewage in aquatic systems
([29, 30)).

SSIWT increased the concentration of chloride by 148%, on average, and changed its
upstream-downstream profile. In 2013 (without SSIWT), CI- increased by 250% from rural
(P2-N) to urbanized (P5-N) areas, indicative of anthropogenic influence that was probably
due to the release of sewage, synthetic fertilizers and/or livestock waste ([28]). On the other
hand, in 2014 (with SSIWT), the CI- concentration only varied from 5.95 to 6.45 mg L-' and
there was no relation with land use. Comparison of these results with previous findings for
the PCJ ([10]) strongly indicated that human sewage was a source of CI- in the urbanized
catchments. Martinelli et al. [8] reported an average Cl- concentration of 3.65 mg L-' for the
Atibaia and Jaguari Rivers in less polluted regions of the PCJ. Therefore, based on regional
CI- values, it can be inferred that SSIWT changed the water quality of the Jundiai-Mirim
River, although the concentrations were lower than 200 mg L-', the threshold at which effects
begin to be observed in the biota (Kelly et al. [28]).

Total organic carbon represents a useful indicator of the pollution level in a water body,
since wastewaters and effluents such as pig slurry have high TOC contents (Bolado-Rod-
rigues et al. [31]). SSIWT reduced the average TOC concentration by 1.4%, with distinct
trends for this parameter in the two periods. In 2013, the highest TOC concentration was at
site P2-N (5.39 mg L-'), which could have been due to nearby agricultural activities, while
in 2014 the highest observed TOC concentration was in water from the Atibaia River (4.36
mg L.

Dissolved organic carbon is a parameter that has been used to evaluate the environmental
impact of sewage discharges on surface water quality in the PCJ ([8-10]). SSIWT caused
an increase of 63% in the concentration of DOC, indicating the influence of Atibaia water.
Moreover, the DOC concentration trends in the Jundiai-Mirim River differed for the two
periods. In 2013 (without SSIWT), DOC followed the same trend as Cl- and EC, increasing
by 61% from P1-N to P5-N. However, in 2014 (with SSIWT), the Atibaia water presented
the highest DOC, with concentrations decreasing by 32.5% downstream, from P1-Y to P5-Y.
Ometo et al. [10] measured average DOC values in the ranges 2.6-3.0 mg L-' and 5.1-10.5
mg L-! in streams of rural and urbanized catchments, respectively, as also observed in the PCJ
([8-9]). Therefore, the range of DOC concentrations observed in the Jundiai-Mirim River
corresponded to that found in less impacted headwater or unpolluted regions of the PCJ
basin, for both periods.

Nitrogen and phosphorus are primary nutrients implicated in the eutrophication of natural
water bodies and reservoirs. High concentrations of these nutrients can be caused by diffuse
pollution from crop lands, as well as point source pollution from industrial effluents or urban
sewage discharges (Medeiros et al. [7], Ometo et al. [10]). In the present case, there was a sig-
nificant increase of 129% in the average total nitrogen concentration during SSIWT, and once
more there was evidence of its negative influence on the water quality of the Jundiai-Mirim
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River. In contrast to the TN trend, SSIWT reduced the average total phosphorus concentra-
tion by 46.1%, probably due to dilution caused by the higher flow. Despite this dilution, TP
concentration exceeded the upper limit established by [22] for Class 1 rivers.

Chlorophyll-a has been used as an indicator of the trophic state of aquatic environments
([13, 24, 32]). Considering this parameter in isolation, SSIWT had a positive effect because
it reduced the average Cl-a concentration by 61%, which could be attributed to the increased
flow and consequently a shorter nutrient retention time. Other studies have found that flush-
ing events can be useful for preventing and/or controlling eutrophication and pollution in
reservoirs ([15, 33]).

The trophic state index (TSI) values were calculated based on the results for TP and Cl-a.
Out of the total of nine water samples obtained with and without SSIWT, six (67%) were
classified as mesotrophic (52 < TSI < 59), two (22%) as eutrophic (59 < TSI < 63) and one
(11%) at the maximum limit of the hypereutrophic class (63 < TSI < 67). Therefore, no water
sample was classified as oligotrophic (47 < TSI < 52) or ultraoligotrophic (TSI < 47). Sites
P2 and P4, corresponding to lentic environments, presented the highest levels of hypertrophy.
Site P4 could be highlighted, since in the absence of SSIWT the TSI reached 67, the upper
hypereutrophic limit, while the value decreased to 57 during SSIWT, demonstrating a posi-
tive environmental impact of water transfer.

3.2 Metal analysis

Table 2 shows the total and dissolved metals concentrations for 2013 (without SSIWT) and
2014 (with SSIWT).

On average, SSIWT increased the concentration of total and dissolved Al by 2,370% and
1,216%, respectively. Dissolved Al exceeded the limit established for Class 1 rivers (100 pg
L") according to CONAMA resolution 357/05. The concentration of dissolved Al in surface
waters varies greatly, because it depends on physical, chemical and geological factors. At
pH around 7, concentrations range from 1 to 50 pg L-' ([34]). Sources of contamination
by aluminium include discharges of domestic wastewater and industrial effluents (from the
manufacture of pharmaceuticals and metal products), and this element is also present in the
composition of some agrochemicals ([35]).

Based on the total Al results, two possible factors could contribute to explaining the differ-
ence between the two periods. The first was related to the high concentration of total Al that
was introduced during water transfer from the Atibaia River. The second was related to the
increased flow, which caused undermining of the margins and re-suspension of sediment. The
tropical soil of the Jundiai-Mirim river basin has a high concentration of this metal, which
contributed to increasing the concentration of total Al between sites P1 and P4 during SSIWT
by 1,076%. Total Al decreased by 89.8% between sites P4 and P5, after the Jundiaf reservoir,
probably due to the decantation of sediment in the reservoir.

The behaviour of Fe was similar to that of Al, with inputs of this metal from the Atibaia
River during SSIWT. Higher Fe concentrations were observed at sites P3 and P4, possibly
due to anthropic influence (degradation of the river, soils and riparian forest), which contrib-
uted to transporting sediments to the river, as observed previously ([20]).

Most of the total Fe was deposited in the reservoir, probably in the particulate fraction
(>0.45 um), which explained the lower levels of total Fe at site P5. The dissolved Fe concen-
tration was higher than 300 pg L-! during SSIWT, hence exceeding the limit value for Class
1 rivers established in Brazilian legislation ([22]).
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Considering the period with SSIWT, there were concentrations above the established limits
([22]) for the following metals: dissolved Al (samples P1-Y, P3-Y, P4-Y, and P5-Y); total Cd
(all samples) and dissolved Fe (all samples). The increased flow during the SSIWT period
probably caused the re-suspension of some metals from sediments, explaining the higher
concentrations of Cd and Cu.

Consequently, the concentrations of Cd at several sites during SSIWT surpassed the limits
for Class 1 rivers (total Cd < 1.0 ug L-'). These results were in agreement with previous
studies of rivers and reservoirs in urbanized areas of the PCJ (Medeiros et al. [6], Moreira &
Fazza [36]).

In contrast, the concentration of Mg decreased during SSIWT, probably because Atibaia
River water contained lower concentrations of this metal, which caused a dilution effect.

The concentrations of Mn along the river were in the range 15-103 pg L' for the samples
obtained in both 2013 and 2014, with higher values in 2013. However, the levels were in com-
pliance with the limit for Class 1 rivers established in Brazilian legislation (<100 pg L") [22].

3.3 Statistical analysis

The results of the statistical analyses confirmed the significant impact of SSIWT on the water
quality of the Jundiai-Mirim River. Considering the limnological variables (Table 1), there
was a significant influence on DO, Cl-, EC, TOC and DOC (paired Student’s 7-test, p < 0.05).
A positive environmental impact was observed for DO, while negative impacts were associ-
ated with higher Cl-, EC, TOC, DOC and TN concentrations. There was no significant effect
of SSIWT on TSI, probably due to the lower levels of phosphorus, which has an important
influence on the trophic state ([13]).

The one sample Student’s t-test was only performed for Al, Fe and Mg, because all the
values found for these metals were higher than the detection limits (for both periods).
The results corroborated the descriptive statistics, with a significant influence of SSIWT
(p < 0.05) on the concentrations of all the metals analysed, including both dissolved and
total fractions.

4 CONCLUSIONS
The environmental impact assessment revealed negative and positive effects of SSIWT on the
chemical water quality of the Jundiai-Mirim River. Negative environmental impacts could
be attributed to the introduction of ions from the Atibaia River water, while the erosion of
banks and the resuspension of sediment resulted in higher concentrations of some metals.
Positive environmental impacts observed during SSIWT were a reduction of eutrophication
and increase of dissolved oxygen, due to the higher flow.

The results indicated a need for the development and implementation of public policies
designed to protect this basin, especially considering the population growth in the region. These
policies should be based on the establishment of goals and objectives capable of delivering
improvements in the quality and quantity of water in order to meet long-term intended uses.
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