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Abstract

The Xingu River, one of the most important of the Amazon Basin, is characterized by clear and transparent waters
that drain a 509.685 km? watershed with distinct hydrological and ecological conditions and anthropogenic pressures
along its course. As in other basins of the Amazon system, studies in the Xingu are scarce. Furthermore, the eminent
construction of the Belo Monte for hydropower production, which will alter the environmental conditions in the basin
in its lower middle portion, denotes high importance of studies that generate relevant information that may subsidize a
more balanced and equitable development in the Amazon region. Thus, the aim of this study was to analyze the water
quality in the Xingu River and its tributaries focusing on spatial patterns by the use of multivariate statistical techniques,
identifying which water quality parameters were more important for the environmental changes in the watershed. Data
sampling were carried out during two complete hydrological cycles in twenty-five sampling stations. The data of twenty
seven variables were analyzed by Spearman’s correlation coefficients, cluster analysis (CA), and principal component
analysis (PCA). The results showed a high auto-correlation between variables (> 0.7). These variables were removed
from multivariate analyzes because they provided redundant information about the environment. The CA resulted in
the formation of six clusters, which were clearly observed in the PCA and were characterized by different water quality.
The statistical results allowed to identify a high spatial variation in the water quality, which were related to specific
features of the environment, different uses, influences of anthropogenic activities and geochemical characteristics of
the drained basins. It was also demonstrated that most of the sampling stations in the Xingu River basin showed good
water quality, due to the absence of local impacts and high power of depuration of the river itself.
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Padroes espaciais de qualidade de 4gua na Bacia do Rio Xingu (Amazo6nia)
anteriores a barragem de Belo Monte

Resumo

O rio Xingu, um dos mais importantes rios que constituem a bacia amazonica, ¢ caracterizado por aguas claras e
transparentes que drenam uma bacia hidrografica de 509,685 km? com distintas condigdes hidrologicas, ecoldgicas e
pressoes antropicas ao longo de seu percurso. Assim como nas demais bacias hidrograficas da Amazonia, os estudos no
Xingu sdo raros. A eminente construcdo da Usina hidrelétrica de Belo Monte, a qual alterara as condi¢des ambientais
na bacia, demanda também a realizacdo de estudos que gerem informagdes relevantes e que fornegam subsidios para
um desenvolvimento mais equilibrado e igualitario regido amazoénica. Desta maneira, o objetivo deste trabalho foi
analisar a qualidade de agua no rio Xingu e em seus tributarios focando em padrdes espaciais na area de estudo pelo uso
de técnicas de estatistica multivariada, identificando quais parametros sdo mais relevantes nas condi¢des de qualidade
de agua na bacia hidrografica. As coletas de dados ocorreram durante dois ciclos hidroldgicos completos em vinte e
cinco estagdes de amostragem. Os dados de vinte e sete variaveis foram analisados pelos coeficientes de correlagdo de
Spearman, analise Cluster (CA), e analise de componentes principais (PCA). Os resultados apontaram para um elevado
contingente de variaveis com elevada correlagdo entre si (>0,7), sendo que estas altas varidveis foram retiradas das
analises multivariadas por fornecerem informagdes ecologicas redundantes sobre o ambiente estudado. A CA resultou
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na formagdo de 6 agrupamentos, os quais foram observados por possuirem qualidade de agua consideravelmente
distintas pela PCA. Os resultados estatisticos permitiram identificar uma alta variagdo espacial da qualidade de agua
superficial na bacia estudada, sendo estas ocasionadas por especificidades do entorno, diferentes usos da agua locais,
influéncias de atividades antropicas e caracteristicas geoquimicas das bacias drenadas. Pode-se também evidenciar que
em grande parte das estacdes de coleta na bacia do rio Xingu a qualidade de agua superficial foi elevada, decorrente
da auséncia de impactos locais e do alto poder de depuragdo do rio.

Palavras-chave: bacia hidrografica, limnologia, qualidade de agua, rios amazonicos, hidrelétrica.

1. Introduction

The Amazon Basin is the largest fluvial system in the
world (7,008,370 km?), and comprehends a wide variety of
rivers with different physical and chemical characteristics
influenced by the geochemical composition and the topology
of its particular drainage area (Sioli, 1950; ANA, 2011).
One of the main right bank tributaries of the Amazon Basin
is the Xingu River, which is characterized by having clear
and transparent waters and a watershed that drains 509.685
km including different geological substrates: Precambrian
rocks of the upper Paraguay Basin, sediments of the
Paraguay and Parecis (Upper Xingu) basins; large tracts
of Precambrian rocks of igneous metamorphic complex of
southern Amazonian Basin (middle Xingu) and sediments
of the Amazon Basin (lower Xingu), besides the alluvial
deposits that accompany all large tributaries (Fittkau, 1970;
Sioli, 1984; ANA, 2011).

Series of geological events occurred from the upper
to the lower Xingu River, which led to the formation of
numerous waterfalls and rapids (Camargo et al., 2004).
In its middle reaches, near to the city of Altamira, the river
forms a sharp deflection forming the so-called Volta Grande
do Xingu, with large rapids of 85 m of drop along 160 km
and with varying anastomosing channels (CNEC, 1988;
Eletrobras, 2009; Leme Engenharia, 2009). Currently,
the Volta Grande region comprising entire or part of the
municipalities of Medicilandia, Brasil Novo, Altamira,
Vitoéria do Xingu, Senador Jose Porfirio and Porto de Moz,
as well as different areas of indigenous territories and
protected areas (Eletrobras, 2009), has attracted attention
from the academic and the public, by being selected for
the installation of the Hydropower Plant of Belo Monte.

Several landscape uses and high hydrological singularity
of the rivers stretches cause fluctuations on water quality
along watershed, which are accented by complex transient
interactions between surface water and riparian environments
(Ward et al., 1998). Conditions of topography and land use
are also important factors that influence the water quality
in lotic environments (Sheldon et al., 2012), requiring the
use of methods of study that focus both the ecological and
anthropogenic processes occurring in the landscape scale
and/or in the watershed as a whole (Likens, 1984; Wiens,
1989; Zalewski, 2000; Turner et al., 2001; Tundisi et al., 2008).

Studies conducted in the basin of the Xingu River
that focus on the characteristics or conditions of water
resources are scarce. The available information on water
quality are concentrated in technical reports (CNEC, 1988;
Eletrobras, 2009; Leme Engenharia, 2009) that even having
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high quality and quantity of information, were not focused
on ecology and limnology aspects.

The hydropower utilization of the Xingu River always
was a goal of part of the Brazilian government, but the two
initials attempts for building it were not succeeded because
the projects were flawed and probably would generate wide
environmental, social and economic impacts in area that
would be directly and indirectly affected by the construction
(Seva Filho, 2005). On the third attempt, with changes in
the construction project and under perspective of detailed
studies, the Brazilian environmental agency (IBAMA)
provided a license with conditions for construction of Belo
Monte hydropower damn (Brasil, 2010). The issuance
of this license has generated strong opposition from
environmental, indigenous and socials movements, as well
a considerable part of the academic community (Santos
and Hernandez, 2009).

The imminent construction of the Belo Monte dam
enhances the importance of studies conducted in this
basin. The transformation of lotic to lentic environments
by the construction of reservoirs results in changes in the
hydrological regime, water quality and ecological conditions
that cause considerable changes in the landscape, the
hydrosocial cycle and the hydroeconomy of the affected
area (Tundisi and Straskraba, 1999).

Thus, a set of strategic studies are necessary in order
to generate knowledge about the current situation in the
Xingu River, and promote a broader and deeper view of
water resources in the region (Tundisi, 2007). In this sense,
the focus of this paper is to analyze the water quality of the
Xingu River and its tributaries in the Volta Grande region
focusing on the spatial patterns in the area by the use of
multivariate statistical techniques, as well as identifying
which parameters describe better the environmental
complexity in the watershed.

2. Methods
2.1. Study area and samples

The dataset utilized in this paper was obtained from
the Project named “Limnologic and Superficial Water
Quality Monitoring” which is part of Environmental Basic
Project to license the building of Belo Monte hydropower
dam. These studies are requirements to obtained the
License in electrical projects according Brazilian laws
(CONAMA, 1987).

In this study, twenty-five sampling points located in
the Xingu River Basin were monitored, being eighteen in
the main river, four in urban areas of Altamira (Panelas,
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Ambé and Altamira streams) and Vitoria do Xingu
(Tucurui Stream), two stations in the Bacaja River and
one station in Chocai Stream (Figure 1). The location
and characteristics of the surroundings of the monitored
points are presented in Tundisi et al. (2015). All stations
were located at backwaters places and near-shore regions,
where conditions are regionally more representative and
homogeneous, away from transient areas such as point
source mixing zones.

The dataset was collected during two annual hydrological
cycles as part of the “Basic Environmental Project” (PBA)
of the Belo Monte Hydroelectric Power Plant. Four field
campaigns were carried out in each cycle in the following
hydrological seasons: June 2012 (lowering waters),
September 2012 (dry), January 2013 (rising waters), April
2013 (flood), July 2013 (ebb), October 2013 (dry), January
2014 (flooding) and April 2014 (flood). All procedures for
sampling, preservation and transportation of the samples
were according to the standard methods for the examination
of water and wastewater (APHA, 1998). Twenty-seven
physicochemical parameters (Table 1) were obtained and
used for analysis.

2.2. Data analysis

The correlation between variables was tested using
the Spearman R coefficient as a non-parametric measure
of the correlation of water quality data set (raw data) for
0.05 p-values of significance by two-tailed test (Zar, 2010).
When high positive correlations were recorded, ie Spearman
coefficients higher than 0.70 (Ouyanget al., 2006), the
variables were identified as “redundant” and only one

(the most representative one) of these variables was
retained for subsequent multivariate analysis (Legendre
and Legendre, 1998). After removal of redundant variables,
all dataset was standardized to ensure that all variables
have equal weigh through z-scale transformation in order
to avoid misclassification due to wide differences in the
dimensionality of the data (Simeonova et al., 2003).

We performed cluster analysis (CA) to observe sampling
stations relatedness concerning water quality variables
analyzed, resulting in clusters that have high internal similarity
and low external similarity (ie between groups) (Legendre
and Legendre, 1998; Everitt et al., 2001). The clustering
method used was the agglomerative hierarchical, allowing
the construction of a dendogram from the set of variables
analyzed respecting the hierarchy of similarity between the
resulting groups. The similarity measure was the Euclidean
distance, which is a metric commonly used in studies with
multiple variables by being perfectly metric. The association
between objects and study groups was estimated by the
method of weighted averages (Weigthed Clustering), where
the similarity between objects is calculated by summing
the weighted similarities. This criterion is especially
recognized for producing a faithful representation of the
objects within the cluster (Legendre and Legendre, 1998;
Everitt et al., 2001). Cluster significance was determined
using the criterion of 0.66 Dmax (Simeonova et al., 2003)
The cluster analysis was performed with the software Past
(Hammer et al., 2001).

After the definition of the clusters formed by sampling
stations for CA, a descriptive analysis of the variables
of water quality was conducted on each of these groups.
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Figure 1. Map showing the monitored stations in the middle-lower portion of the Xingu River Basin.
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Table 1. Physical and chemical variables of water quality measured in the present study.

Variables Abreviation Unit Method/Equipament Reference
Depth DEP m Depth gauge Speedtech Instruments
pH pH pH Multiparametric probe YSI Incorporated
Conductivity COND mS.cm’! Multiparametric probe YSI Incorporated
Turbidity TURB UNT Multiparametric probe YSI Incorporated
Dissoved Oxigen DO mg.L"! Multiparametric probe YSI Incorporated
Water temperature TEMP °C Multiparametric probe YSI Incorporated
Redox Potential ORP mV Multiparametric probe YSI Incorporated
Water transparency TRANSP M Secchi disk Wetzel and Likens (1991)
.. i Titration with H.SO
Alcalinity ALKAL mg(CaCO3).L"! L2 APHA (1998)
solution
BOD BOD mg. L! Winkler method APHA (1998)
Total phosphorous TP mg(P).L"! Csoplgg?:;izt?g;?s/ Valderrama (1981)
Tota} Kjeldhal ™ me(NTK).L" Acid .digesti.on and APHA (1998)
nitrogen distillation
Nitrite NO,- mg(N).L"! Liquid chromatography APHA (1998)
Nitrate NO, - mg(N).L! Liquid chromatography APHA (1998)
Ammonium NH, + mg(N).L! Liquid chromatography APHA (1998)
Fluoride F- mg(F).L"! Liquid chromatography APHA (1998)
Chloride Cl- mg(Cl).L"! Liquid chromatography APHA (1998)
Bromide Br- mg(Br).L"! Liquid chromatography APHA (1998)
Lithium Li* mg(Li).L"! Liquid chromatography APHA (1998)
Sulfate SO, mg(SO,?).L"! Liquid chromatography APHA (1998)
Sodium Na* mg(Na).L! Liquid chromatography APHA (1998)
Potassium K~ mg(K).L"! Liquid chromatography APHA (1998)
Magnesium Mg > mg(Mg).L! Liquid chromatography APHA (1998)
Calcium Ca? mg(Ca).L"! Liquid chromatography APHA (1998)
Chlorophyll-a Chl-a pg.L! . thﬁﬁ;ﬁ?;gg?;gpﬁiﬁ?;g ry Nush (1980)
Ecoli E coli NMP. %00. Incubation in Colilert® APHA (1998)
mL ! substrate
Cyanophyceae CYANO org.mL ! Organism count

In this descriptive analysis, the mean, standard deviation
and amplitude variation (minimum and maximum) were
estimated. Here we chose to use all 27 variables, as
studies in the region of the Xingu Basin are rare, and it is
important to provide descriptive results, even though not
all variables have statistical significance.

Then, a principal component analysis (PCA) was
performed to identify which were the most important
variables in the CA groups, ie, those responsible for the
spatial variation of water quality recorded in the study
area. The components generated by PCA were selected
by Jolliffe cut-off value, which gives an indication of how
many principal components should be considered significant
in the analysis by eigenvalues of the components. In this
procedure, components with eigenvalues smaller than
the Jolliffe cut-off may be considered insignificant and
discard because they only account for a small proportion
of the variation in datasets (Jolliffe, 1986). The selection
of most representative variables was based on the
methodology described by B4 Jolliffe (1972), which calls

Braz. J. Biol., 2015, vol. 75, no. 3 (suppl.), p. S34-S46

for variable retention in a ratio of 1:3 to observations
(= 25 Sample stations), keeping only those that have the
largest factor loading in the components maintained in
the PCA. All steps of the PCA were performed with the
software XLSTATS version 7.5.2.

3. Results

The spatial correlation matrix of the water quality
parameters obtained using the Spearmam Coefficient is
shown in Table 2. The 27 variables generated 351 correlation
coefficients when analyzed in pairs, and 101 were statistically
significant (p<0.05). BOD was the only variable that had no
significant correlation with any of the others. The variables
that showed only one significant correlation were DEP
with TRANSP (0.69), NH, " with TRANSP (0.44) and TN
with CYANO (-0.41).

Some variables had a moderate number of significant
correlations. The RP had significant positive correlation,
only Li* (0.46), while negative correlations were prevalent,
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occurring with Ca** (-0,48), K* (-0,46) and Mg** (-0,46), pH
(-0.73), COND (-0.49) and DO (-0.47). The concentration
of chlorophyll-a (Chl-a) showed positive correlation with
water temperature (TEMP) and negative correlation with
ALK (-0.40) and CI" (-0.41). The E.coli density in the
monitored area showed positive correlation with SO,>
(0.69) and NO," (0.46) and negative with pH (-0.66), DO
(-0.64), TEMP (-0.62) and K* (- 0:40). TP showed significant
positive correlation with Na* (0.67), Ca?* (0.64), K™ (0.63),
Mg* (0.69), CI' (0.60) COND (0.67) and pH (0.40).
NO, and NO, showed a significant negative correlation
between them (- 0:41), as well as significant correlations
with a high number of variables. Examples of the above
mentioned pattern were compared with the COND, DO,
TURB, TEMP, Na*, Ca**, K*, Mg*, Cl-and SO,". DO (9),
pH (9) and COND (11) were significantly correlated with
a large set of variables. Correlation coefficients (Table 2)
were also used to reduce the number of variables for
multivariate analyzes, excluding redundant parameters. Na*,
Ca*,K*, Mg*, and Cl were excluded as they were highly
correlated with COND, while F- was excluded due to high
correlation with TURB. Thus, from 27 initial variables,
22 were retained for multivariate analysis (CA and PCA).

Cluster analysis was used to detect similarity between
samples scattered in space, for grouping of sites in the
Xingu River Basin according to their water properties.
CA discriminated six (6) significant groups (Figure 2).
Cluster 1 consisted of points with high impacted water

quality. Such stations are inserted in streams draining
urban areas of the city of Altamira (ALT, PAN and AMB)
and Vitoria do Xingu (TUC). The Cluster 2 was formed by
the two stations located in the Bacaja River (BACO02 and
BACO1). Cluster 3 showed the highest amount of stations
(9) when compared with others. Eight (8) of these stations
are included in the Xingu River and in Chocai Stream
(CHOC), all of which are inserted in locations with low
anthropogenic influences on the environment. In Cluster
4 three (3) sampling stations were grouped, all placed on
the Xingu River (13 _XR, 14 XR and 18 XR) and near
the confluence of a tributary with the main river. Cluster
S consisted of four (4) stations located on the Xingu
River, located downstream of moderate impacts on the
water quality. The station 03 XR is located downstream
of the confluence with the urban stream Panelas. Stations
08 XRand 10 XR were located downstream of the urban
communities of Ressaca and Fazenda stations, while the
11_XR is near the Indian village of Paquicamba. The last
cluster (Cluster 6) was formed by three stations placed on
the Xingu River (07_XR, 09 XR and 16 XR) that are
geographically distant from each other but all are near
stretches of higher water velocity.

The descriptive analysis of the variables in the clusters
generated by the CA allowed the identification of spatial
variations of water quality in the study area (Table 3).
The Cluster 1 was characterized by having high values of
ORP, BOD, E. coli, ALK and ions (e.g. Li* and Br) and
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Figure 2. Graphics results of Cluster Analysis for sample sites in the Xingu River Basin.

Braz. J. Biol., 2015, vol. 75, no. 3 (suppl.), p. S34-S46

39



Rodrigues-Filho, JL. et al.

9¢TL 000 68°LT LI9L +OI8 000 LOST T8TL LLBL 000 SO6T 1181 S6EL 000 609C I€ST €889 050 SYLT €0°€C 980L 000 <TTHT  90°61 (- 12g-8w) . 1g
070 000 800 LOO 6T0 000 800 800 €0 000 <TI0 110 650 000 [0 OI'0 6F0 000 810 610 €TT 000 6£0 910 (-T1T-8w) , 1]
€9F9€ 000 TLS6 99Th 06'6L 000 96'SI €001 8I'6S 000 €91 S8L SYEPl 000 TLYT €¥SI €64 000 06L SL'S I8S0I 000 1€.7 L8L1  (/TN-Sw)+'HN
PLEIE Y08 L6TL YI'SL TS'STT €6T 9L'ES 8Y'E9 PITOT S9T  8K09 9569 6S1ET TST LIy ¥8V9 €TL9E 9% 9896 L98yl 809tk 679 LTEIL $9LIT  (~TN-Sw)-ON
ST8 000 €T Sl LYY 000 8F1 60T SSS 000 89T €'l I¥FS 000 10T vEL  1L0 000 ITO €10 €€T 000 ¥SO  9T0 (-TN-3w) - ‘©ON
o't 700 €80 €0 L90 100 10 810 8T €00 0£0 STO €90 100 vI0 810 09T  ¥I'0 €0 L0 9L€ 110 690 TS0 (TrOS-Sw), ‘0S
€7L8 €SI LI'61  $08E €9°€01 81Vl 8TIT 6V0F 8SHSE 8T6  SY9L L90OL €I'8ST TEL 1467 90vy €T681 08TH €Sy vTL8 €9€81 €9 €I'€E  08°0F (- Td-8w) . 4
e LF0 L90  L60  090T 8TO 95€  8ST  8TS 10 €€T  8¥L L6 100 S90 660 OI'9  LLO 6Tl TOE  L¥S  ¥90 FET  S9T (-T1O-8w) - 1D
€€ TEO0 8€0  L9Y0 S80  6T0 L0 ¥90 TOE  TTO S90  S60 I€T 610 970 L90 HEE  ¥SO 980 6L 0ST  SI'0 0€0 LSO (TSWN-Sw), SN
PI'T  8€0 6€0 €01 691 ITO 6T0 SOL ILT  8TO 850 6TL  FIT  LOO 6£0 POT  pI'E 950 690 961 v6l  TO0 80 $9°0 G T8w) 3
SEv 980 L90 TLL  ¥0T 060 $TO 8ST  €8F L0 TOL  SOT €05 €S0 1L0 €T LTS 65T 9I'l  89C  9€v  8TO L8O SHI o TeD-8wy, D
S9¢ P80 950 161 FOVL 680 1€T 9TT OLL €S0 €L L8T SSE HEO 190 161  9T8  TTT HLT ¥9S  09v 190 SOT  I€T (" TeN-3w) , BN

(+T€00BD-8w)
8ECl  8€€ 90°€ €L 10SI SLE 8LT €SL 660 SLE SLL  FOIL 0S9I  8€E 88T LYL  SHTE  HKS 816 010 00T8E 860 0L99  IELI IVITV

(- TW 00T dIAN)
0098S€ 000 61°6SL ¥L'SST 000LC 000 6099 YEIS 00T0F 000 TSS6 O0SPL 00T9S 000 €8O 8€EL 0081 00TL L8F9 1849 007TIT8 00°0T S60EHT ¥L1T9 Hoyq
19°ST61 000 TE0SS 01'E€9F 00°€06 000 98¥6T EEHPT 00°068€ 000  +9¥S6 ¥6°0TL 6 1LFT 000  SE08S S6'6TF 00+0TI 000 THLEY I+'PEE $98ILT 000 TH099 L6'€8F (1-WBI0) 'ONVAD
979  OF0 LES 1L 96°€l 110 €0¥ €99 I¥9T  $TO SS9 0€8  I1S0E  TEO0 SIS TSL  SSIL 900 LTY LS¥  TE€TE  vTO0 689  IL€  (C1T8w) OYOTHD
€0¢ 910 €0 8I'l € 910 680 SI'l  9I'E  Ob0 L0 TCTL T6l 00 SO 80 ST  TTO LSO YLl 09T  vTO 190  SO'I (- 13w) aod
10T 000 LTO IS0 TOSL 000 88€ S6T €91 00 +E0 090 LTS 000 L90 890 €81 010 €70 690 06L 000 €l 080 (T MLN-Sw)NL
L666  LOEL L90T 9I'bE 08°€81 0TTI 99TE €T6E €SHL  L60L S961 6L9¢ LI'SEL 0S8 SP6l 081€ S6H0OL LI'SE 10LL vT8S L8VL TET 6591  9TELC (- Td-3w) d1
081 080 €19 TEL 0S6T 091 #SL T66  060F 00T €0l I¥IL 0TEE 001 699 ILL 008 0€9 8SSI €561 0TIS 0¢€1 8yTI  T6¥1 (LNN) gdNL
OF'IST 08°TE LSSE €46 00SLL OF8T TELE 1T86 009El 0l L8TE 6€€8 00T0T 0€ST SHOE LI'96 00TTI 08'1€ €9°€E L88L 00°€IT 0F9T 0087  TOILI (Aw) 440
6V'1€  €FLT €11 89°6T 6LTE 1S9T LYI  0S6T €81€ 109T IST  LS6T L6TE €0LT LET  656C 161€  009T 90T €€8C 660€ LLST TI'T  0€LT (D0) dNALL
9I'S €SS L90  00L 8L TEE P8O 099 S6L 980 9Kl LS9 6T8  TEO 0TI 899 SSL  0TY 90T 919 6L SS0 SLT  LEV (-13w) 0a
900 100 TO0 €00 900 100 00 TO0 €10 100 €00 00 800 100 TO0 €00 vI'0O €00 00 LOO 800 000 <00  T00  (wosw) dNOD
P08 6Lv 8L0 €89 198 OIS €80 S69 Ob8  8SS 9L0 90L SE8  TOS SLO  S69 1T €8S €0 €TL 88 08€E 6L0  TTY Hd
0ST  0v0 850 Ol 08T 0TO 8€0 0L0 OLT 0TO LEO 080 0TT 0TO €0 €80 060 0TO +T0 IS0 0ST 00 +€0  T90 (w) dSNVIL
00LL  0F0 LSS ¥€9  00L 0TO €61 S8 T 0SL  0TO LTT €T OF8  0TO0 961  €€T 008  0TO 8yT TLT O0TL  0£0 8yl SSI (w) g4a
XeN UIA S F UBA Xe]N U (dSF UBN Xe] UWIN JSF U XeN UIA JSF UBWW XeN UA ST U Xe]A U dSF UB SA[qerIeA

9 ALSNTO SAALSNTO $ AALSNTD €AALSNTD TAALSNTD 1 JALSNTO
‘(v1oz

-2107) 91945 [e0130[0IpAY 0M) SULINp uIseq IOARY NSUrY J8 SUONEIO] JUdISNIP I8 s1djoweled Ajjenb-1ojem JUSISIJIP JO WNWIUIL PUB WNWIXEW ((S) UONRIA( pIepuelS ‘UedJA *€ d[qeL

Braz. J. Biol., 2015, vol. 75, no. 3 (suppl.), p. S34-546

40



Spatial patterns of water quality in Xingu River Basin

low levels of DO and Chl-a In Cluster 2 were also recorded
dissonant conditions, with high COND, PH, TP and ionic
concentrations. Cluster 3 comprised predominantly by
stations located on the Xingu River, was characterized by
having low values of E.coli, ALK and TURB and ionic
charges. On the other hand, the variables TEMP pH and
TRANSP reached high values. In Cluster 4 were recorded
high densities of CYANO and high BOD, while in Cluster
5 concentration of TN were higher than in the other groups.
Cluster 6 was characterized by having high depth, high
transparency and high ammonium concentrations comparing
to other points. Another observation from the descriptive
analysis was that the levels of BOD, Chl-a and NO,” were
higher in clusters 4, 5 and 6 than in other points.

The PCA allowed the reduction of the multidimensionality
and the identification of the most important variables to
describe spatial variations. The eigenvalues generated
by the PCA showed a marked decay (Figure 3). The first
component accounted for 43.77% of the variability, while
the second component accounted for 30.04%. From the third
component, which accounted for 13.98% of the variability,
there was a sharp fall in the eingenvalues. The comparison
of'the curve of eigenvalues with Jolliffe cut-off (Figure 3)
pointed out that the first two components generated by PCA
were above the hypothetical distribution (Broken — stick
distribution), and only those were considered significant
in this study.

Factors loadings of the 22 water quality variables
estimated for the two retained components are presented in
Table 4. According to the methodology, we selected eight
variables for the PCA, respecting the proportion of 3:1 of
observations and variables, respectively. The variables
selected were those that showed the largest factor loadings
in retained components (1 and 2): Chl-a, COND, E.coli,
NO,, NO,, pH, TP and TURB.

The PCA biplot graph with 8 selected parameters
indicated a clear spatial pattern in water quality and
allowed the identification of the most influent variables
of the previously determined clusters in the Xingu River
Basin (Figure 4). Stations of Cluster 1, consisting of urban
streams, are shown in the lower left side of the graph,
which is characterized for having high concentrations of
E. coli and NO,, moderate COND and TURB and low
values of DO, pH, Chl-a and NO,". The stations of the
Bacaja River (Cluster 2) located in the upper left side of
the graph, showed the most pronounced levels of cond.,
TURB and TP. The dots of Cluster 3, which was formed by
the stations on the Xingu River and on the Chocai Stream,
showed high concentrations of DO, NO,” and Chl-a and
low values of the variables COND, TURB, E. coli, and
NO,". The characteristics of Cluster 4 were similar to those
described above, with the exception of one of the stations
(14_RX), which showed high concentrations of TP and
COND in relation to others.

The Cluster 5, consisting of stations located on the
Xingu River downstream of anthropogenic impacts,
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showed concentrations of TP, cond., TURB, NO,  and
E. coli higher than in the other stations located on the
Xingu River. The dots of the Cluster 6 were scattered in
the biplot, mainly on the right side of the graph, being
characterized by moderate levels of NO," and Chl-a.

Eigenvalue %
(3]
(9.}

o 1 2 3 4 5 6 7 8 9
Component
------- Eigenvalues —e— Broken Stick

Figure 3. Scree plot of the eigenvalues of principal
components (%) in water quality variables at Xingu River
Basin and broken stick distribution.

Table 4. Factors loadings of the water quality variables at
Xingu River Basin.

Variables Component 1 Component 2
ALKAL 0.1595 -0.09981
BOD 0.07608 0.1145

Br- 0.1629 0.04583
Chl-a -0.2165 0.2859
Cl- 0.2566 -0.07864
COND 0.2565 0.4168
CYANO -0.05286 -0.0704
DEP. -0.03267 0.1245
DO -0.2493 0.4211
E.coli 0.3929 -0.1463
Li~* 0.145 0.201
NH, + -0.1724 -0.1233
NO,- -0.3607 0.02634
NO,- 0.3393 0.0841
pH 0.0279 0.269
ORP 0.01379 -0.5061
SO, 0.2039 -0.1895
TEMP -0.1106 0.1949
N -0.01275 -0.1781
TP 0.201 0.3726
TRANSP -0.2857 0.02009
TURB 0.3369 0.1464

*In bold are the variables selected by B4 methodology
(Jolliffe, 1972).
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Figure 4. Biplot of the PCA in surface water quality in Xingu River Basin with indication of cluster numbers previously

determined by CA.

4. Discussion

The surface water quality in the Xingu River basin
showed high spatial heterogeneity, being influenced by
the conditions of the surroundings and the areas drained
by the water bodies analyzed. In fact, it has long been
recognized that aquatic ecosystems are strongly influenced
by the landscapes through which they flow (Allan, 2004).

The correlations among variables indicate the influence
of the environment on the water quality. Variables
associated with anthropogenic activities with impact on
water quality were positively correlated. That was the
case of the correlation of E.coli density and NO, and
SO 4'2 concentrations, indicating that those environments
receive domestic sewage discharge without pretreatment
(Tundisi et al., 2008; Zhao et al., 2011). The correlation
of COND with NO,” may also be an indicative of local
human impacts. On the other hand, the correlation of
COND with the ionic charges of Na*, Ca*", K*, Mg?* and
F-was apparently linked to the geochemistry of the region.
These observations on the conductivity are consistent with
literature (Wetzel, 2001) stating that higher conductivity
in aquatic systems is commonly related to environments
with high trophy or geochemical composition of the
drainage basin.

4

The application of multivariate analysis CA and PCA
revealed high spatial heterogeneity concerning water
quality. Usually, water quality monitoring includes a
large number of variables, which contain rich information
about the structure and functioning of the water resources
(Iscenetal., 2008). The 25 stations analyzed in the Xingu
River Basin were formed six distinct groups (CA corroborated
by PCA) and revealed distinct properties of surface water
influenced by different factors such as local uses; the
characteristics of the surroundings; and the geochemical
composition of the drainage basin. Urban streams were
the main factor represented in Cluster 1. Urban streams
characteristics include a hydrography with several and
accentuated alterations, high nutrients and contaminants
concentrations, altered channel morphology and reduced
biotic richness, with higher dominance of tolerant species
(Paul and Meyer, 2001; Meyer et al., 2005). The grouping
formed by these streams showed high densities of E. coli and
loads of ions (SO, ?, NH,"and NO,), and low concentration
of DO and Chl-a. These characteristics indicate that the
dumping of untreated sewage from the cities of Altamira
(streams Panelas, Ambé and Altamira) and Vitoéria do Xingu
(stream Tucurui) is the most important factor influencing
on the quality of surface water in these locations. The low
proportion of homes with proper sewage system and the
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high population growth in the last three years in these cities
(IBGE, 2010, 2014) can accentuate the deterioration of
these urban streams in a short period of time. However,
the construction of sewage systems in these cities, one of
the compensatory actions for licensing of the hydroelectric
plant of Belo Monte, would improve the sanitary conditions
and the water quality of urban streams.

Another group that appeared to be influenced by
the proximity to urban areas was the one represented by
Cluster 5. Three points from this group, all inserted on the
Xingu River, were located near the human communities
of Ressaca, Fazenda and Paquigamba (an indigenous
village). These settlements, which, have no sewage
system, use waters of Xingu River for domestic activities
(e.g. washing clothes and utensils) and are also affected
by agricultural and mining activities, being these activities
related with appearance clearings in the local vegetation.
The deforestation causes topsoil loss, modifies phosphorous
and nitrogen cycles and increases the concentration of these
nutrients in water bodies (Likens et al., 1970). Also, the
presence of these activities around may cause deterioration
in local water quality, when compared with other parts of
the Xingu River. Another point of the Cluster 5 is located
on the Xingu River, downstream of the confluence with
the urban stream Panelas, which exhibits conditions of
low environmental quality and it is a probable source
of impact for Xingu River. In general, even if the water
quality of the stations of this cluster is impacted by human
activities and has high nutrient concentrations (mainly
total nitrogen) and higher BOD than the other groups,
the high power of dilution and depuration of the Xingu
River quickly recovers the environmental conditions in
downstream stations.

Water quality in the stations of Bacaja River, which
formed Cluster 2 characterized by high loads of ions,
conductivity and turbidity, were caused predominantly
by the geochemical characteristics of the drainage basin
as there is no degradation conditions on the surrounding
of these points. The location of sampling stations 50 km
away from the most important anthropogenic impact on
Indigenous village Pykayaka reinforce the hole of the
geochemical formation on the water quality in these stations.

Cluster 4 was characterized by stations with low
concentration of ions and nutrients except NO,™ and the
CYANO. Probably the high values of these variables were
caused by the contribution of streams located upstream
of the sampling stations: 13_XR: Bacaja River, 14 XR:
Paquigamba Stream, and 18 XR: Tucurui Stream. Apparently,
these tributaries of the Xingu River have similar function
of lateral lagoons, as some other rivers in the Amazon
basin (e.g. Tocantins and Araguaia rivers), which are a
source of organic matter to the Xingu River. Moreover,
these streams with some anthropogenic influence could
generate punctual contributions and deteriorate water
quality downstream.

The stations belonging to Cluster 3 were those with
better surface water quality in the study area. These points
are located on the Xingu River in different parts of the

Braz. J. Biol., 2015, vol. 75, no. 3 (suppl.), p. S34-S46

study area, as well as in the Chocai Stream, exhibiting
low nutrient concentrations, low ion concentration and
low E. coli densities and high TRANSP, suggesting
systems with high water quality. It is noteworthy that this
Cluster concentrated most sampling points, indicating
that if the local impacts generated by deterioration of
the environment and / or inappropriate use of water in
certain localities (e.g. Cluster 1) were removed, the good
water quality would predominate. Another observation
regarding the Cluster 1 stations was that they were far
from point sources that could impact their water quality
(e.g. anthropogenic impacts). Furthermore the surrounding
conditions in these stations has a wide forest coverage,
providing a mechanism to control diffuse loadings and
maintain high water quality at these sites.

In contrast to the Andean tributaries of the Amazon
River, which have turbid waters and higher concentrations of
dissolved ions (resulting from weathering of geochemically
richer rocks), the Xingu River has clearer water and
lower ions concentrations. This is because its waters are
originated from the Central Brazilian Shield, which geology
is characterized by tertiary sediments derived from highly
leached and geochemically poor Precambrian rocks, and
by the fact that the basin has stable processes of erosion
and sedimentation (Sioli, 1984).

In order to compare the features of the Xingu River
Basin clear waters with whitewaters, darkwaters and
clearwaters of other Amazonian rivers, a table containing
pH and ions concentrations observed by several authors is
presented (Table 5). The clearwaters observed in the Xingu
basin were separated according to the clusters obtained in
this study, including urban streams (Cluster 1), the Bacaja
River (Cluster 2), and four distinct clusters observed in
the Xingu River. Values observed in the Xingu River were
similar to values found in literature for clear waters of the
Tapajos River, with low concentrations of sulfate, calcium
and carbonate and, quite distinct from whitewater of the
Madeira and Solimdes rivers. These results indicate that,
although belonging to the same basin, the different portions
of the Xingu River and its tributaries have different chemical
characteristics, influenced by both the lithology of the
drainage basin and the existing anthropogenic impacts.

In accordance with the results presented here, we detected
high spatial variation of surface water quality in the study
area. Such variations were caused by the specificity of the
surroundings (landscape), water use, human activities and
geochemical characteristics of the drained basins. It can
be stated that most of the sampling stations in the Xingu
River Basin in the studied area had high quality of surface
water due to the absence of local impacts and high power
of depuration of the Xingu River. The results are of great
importance because they are original and they describe
an Amazonian lotic system in good condition. However,
after the impoundment Belo Monte dam, several changes
will occur on this basin due permanent modification in
the hydrological cycle. Some expected consequences as
increase in residence time of the water and flooding of
alluvial ecosystems will strongly influence water quality,
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Table 5. Concentration of major ions in different water types of the Amazonian rivers. lons concentration in wmol L.

Water SO

Water body type* pH NO, "4 HCO;, CI K" Na" Ca™ Mg"~ Reference
Negro River Blackwater 4.84 0.73 6508 55.14 1821 5478 21.00 5.83 Silvactal (2011)
Madeira River Whitewater  6.90 4833 395.08 14.57 33.85 107.39 112.50 72.08 Silvaetal. (2011)
Solimdes River Whitewater 6.70 73.96 409.84 17.14 25.64 130.43 257.50 54.17 Q“‘E‘ngg;)tal'
Amazon River before . .

on Whitewater 6.29 16.67 345.08 51.71 21.79 118.26 151.50 34.17 Silvaetal. (2011)
Madeira River
Amazon River after Whitewater  6.86 36.88 480.00 50.86 26.41 102.17 161.75 46.25 Silvaetal. (2011)
Madeira River
Trombetas River Clearwater 5.86 3.65 330.00 16.86 17.95 4130 12.00 7.92 Silvaetal. (2011)
Tapajos River Clearwater 6.80 21.56 370.00 10.29 20.00 35.65 24.50 20.83 Silvaetal. (2011)
SrLel;;ZERI'“rban Clearwater 622 840 537 172.95 74.68 1625 100.61 36.06 23.26  Present study
gingrSTERz'BacaJa Clearwater 7.23 10.61 4.93 200.86 85.09 50.02 245.18 91.88 79.65  Present study
CLUSTER 3 - Xingu Clearwater 6.95 4.63 191 76.62 28.01 26.60 8324 43.13 27.52  Present study
River and Chocai Stream
IC{{“VSETER“'Xmg“ Clearwater 7.06 4.97 258 110.30 41.71 33.04 124.78 51.18 39.17  Present study
CLUSTER 5 - Xingu
River, downstream Clearwater 6.95 453 186 7521 44.68 26.82 98.36 39.47 26.15 Present study
anthropogenic impacts
EiLVErSTERé'X‘“g“ Clearwater 6.83 5.58 3.54 78.19 2731 2636 8321 4285 27.76  Present study
Average - Xingu River Clearwater 6.95 493 247 85.08 3543 2821 97.40 44.16 30.15 Present study

*based on the physical and chemical properties of Amazonian rivers according to Sioli (1984).

generating increase in the nutrients loads (e.g. phosphorous
and nitrogen), increase in the turbidity and depletion of
the dissolved oxygen. Thus, we believe that the greatest
contribution of this study is to generate a robust baseline
for comparisons after the impoundment Belo Monte
dam, providing possibilities to monitoring projects and
subsidies for an appropriate environmental management
of the Xingu River basin.
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