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Abstract In the last years, deforestation constitutes a threat for the aquatic ecosystems. This paper aims to
characterize the water quality of the Purus river in the Brazilian Amazon, and investigate the relations between
water quality and deforestation of the Purus river basin over a 9-year period, as well as to quantify the Purus
river basin’s land cover changes (%) in a 5-year period. Sampling data from upstream to downstream show a
decrease in pH-value, dissolved oxygen, electrical conductivity, and total suspended solids. Correlation
analysis revealed a significant negative correlation of the accumulated total deforestation values (km?) with
the pH-value (in all the study sites), and a significant positive correlation with temperature (only in two sites).
However, the deforestation rates (km?*/year) did not present, in none of the study stations, any significant
correlation with water quality parameters. It seems that the effects of deforestation on water quality are related
not with the rate but with the total area deforested. It was estimated that the basin’s forested area decreased by
5.17%. Since similar attributes are common in other basins of the whitewater systems of the Brazilian
Amazon, this results may be seen as a warning on the effects of deforestation on water quality (reduction in pH
and increment in temperature values), in larger areas than those of our study sites. To maintain the conser-
vation and preservation status of the Purus river basin, it is necessary, the implementation of a transboundary
watershed management program that could serve as a conservation model for Brazil and other countries of the
Amazonian region.
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Introduction

The Amazon, that presents different characteristics among others Brazilian hydrographic areas, is one of the
world’s unique regions containing most of the usable water resources in Brazil. This water potential displays
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privileged place into the speeches on Amazonian sustainable development. Water chemistry provides
important parameters for quantifying biogeochemical cycles and determines management options in river
systems and wetlands. The first scientific classification of Amazonian rivers was elaborated by Sioli (1956)
who used water color, transparency, pH and electrical conductivity to explain limnological characteristics of
the large Amazonian rivers and correlated these characteristics to the geological properties of the river
catchments, a landscape ecology approach. Whitewater rivers (such as the Amazon, Jurud and Madeira) are
turbid and have their origins in the Andes, from which they transport large amounts of nutrient-rich sediments.
Their waters have near neutral pH and relatively high concentrations of dissolved solids indicated by the
electric conductivity that varies between 40 and 140 pS cm™'. Blackwater rivers (such as the Negro River)
drain the Precambrian Guiana shield, which is characterized by large areas of white sands (podzols), their
waters show low quantities of suspended matter but high amounts of humic acids that give the water a
brownish-reddish color. The pH values of such rivers are in the range of 4-5 and their electrical conductivity is
<20 uS em ™. Clearwater rivers (such as the Tapajés and Xingu rivers) have their upper catchments in the
Cerrado region of the Central Brazilian archaic shield. The transparency of their greenish waters is above
1.5 m, with low amounts of sediments and dissolved solids, electrical conductivity is in the range of
10-20 pS cm ™', and pH that varies between 6 and 7 in large rivers.

Rios-Villamizar et al. (2014) classified a number of rivers using the combination of several parameters such
as alkali (Na, K) and alkali-earth (Ca, Mg) metals, major anions, electrical conductivity, pH, Nioa1, Pioal, Water
color and suspended sediment load to distinguish the three classical water types (white, black and clear) and to
separate other water bodies with intermediate position, concluding that many rivers and streams have to be
considered as mixed waters resulting from the influence of lower order tributaries with different physico-
chemical properties of their waters. According to this classification system, the Purus river is a whitewater
river but many of its tributaries are of intermediate type (Rios-Villamizar et al. in preparation) if considering
that the geology of the pre-Andean zone is rather heterogeneous with large old sedimentation areas (paleo-
varzeas), which sediments are strongly weathered, but still have a higher bioelement content than the tertiary
sediments of the central Amazon basin and the soils on the archaic shields.

The Purus river is one of the chief tributaries of the Solimdes/Amazon River system, being one of the
longest rivers in South America, rising in the eastern lowlands of Peru and flowing about 3380 kilometres (km)
before entering Solimdes river at the northwestern Brazil. The estimated water volume that is generated within
the Purus river basin is about 8500 m® s™!, and the total area of this basin is about 375,458 km?. The Purus
basin is classified into the basin group that still is in a high conservation status in the Brazilian Amazon
(Fig. 1). However, in recent years, the cattle ranching, the advance of the agricultural frontier mainly for
soybean production and the associated deforestation constitute a threat for the aquatic ecosystems.

Materials and methods

The aims of this paper are to diagnose water quality changes at the main channel of the Purus river, and to
relate these with deforestation rates (km2/year) and accumulated total deforestation values (km?) of the Purus

Fig. 1 A section of the middle/lower Purus river basin
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Fig. 2 Location of the ANA’s water quality monitoring stations on the Purus river: / Seringal Caridade (Municipal District of
Boca do Acre); 2 Seringal Fortaleza (Municipal District of Pauini); 3 Labrea (Municipal District of Labrea); 4 Aruma (Municipal
District of Beruri). Classes: green color forest; blue color hydrography

basin, over a 9-year period, to detect spatial and temporal relationships, using Spearman’s rank and Pearson
correlation analysis, which were performed using Open Stat 4.0. The time series of data were constituted by
the results of, at least, three samplings per year in each monitoring station. The information on deforestation
(PRODES 2007) was reported by the Brazilian National Institute of Spatial Research (INPE), and the data
regarding to water quality were recorded by the Brazilian National Agency of Water (ANA) (HIDROWEB
2007), see Fig. 2. Water samples were collected in the center of the river channel using acid-washed poly-
ethylene bottles, which were rinsed with the water being collected and the samples were manually collected
beneath the surface and kept cool until the time of analysis. Water samples were filtered through Whatman
GFJF fiberglass filters (0.45 pm). The values of electrical conductivity (uS cm™" at 25 °C), dissolved oxygen
(mg O, 1, temperature (°C) and pH were measured in the field (on site). In the laboratory, the values of
turbidity (NTU) and total suspended solids (mg 1™') were analyzed. All the analyses were carried out by
standard methods (APHA 2005). The Purus river basin’s land cover changes (%), in a 5-year period, also were
identified (diagnosed) by comparing two maps which used remote sensing and geographical information
systems (GIS) techniques.

Results and discussion
Water quality trends

The waters of the Purus river basin showed characteristics of Amazonian natural waters (Furch and Junk
1997). The electrical conductivity and the total suspended solids decrease from upstream to downstream of the
Purus river, probably explained because of the increase of activities associated with the use of land, such as
deforestation, cattle breeding and agriculture, concentrated in the municipalities of Boca do Acre and Labrea,
which are located in the Amazonas State in Brazil. It could be related with four deforestation fronts, corre-
sponding with migratory processes, proceeding from the neighboring Brazilian States (Acre and Rondonia),
which are stimulated by the agriculture expansion and wood predatory exploration (Sanches et al. 2007).
Nevertheless, it was observed an increase in turbidity from upstream to downstream that would be explained
by the soil loss and sediments transport from all the contribution areas along the basin (Leonardo 2003). This
phenomenon also could be responsible for the slight decrease in dissolved oxygen in the same direction. Since
it would be expected a general decreasing trend for total suspended solids and turbidity, the observed opposite
trend for these two parameters, as well as the increasing trend for turbidity could be explained by possible
measurement inaccuracies of the turbidity meter used. The pH-value decreased from upstream to downstream
and the temperature shows a slight increase in the same direction (Fig. 3). This last trend could be due to the
entrance of acidic blackwater tributaries which may contribute to pH and temperature changes.
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Fig. 3 Average values and standard deviation (SD) of the water quality variables for each monitoring station of the ANA in the
Purus river (1998-2006)

Relations of the water quality with deforestation variables

Table 1 presents the accumulated total deforestation data for the years 2000-2006 and the deforestation rates
for the years 2001-2006, respectively.

The higher deforestation rates were observed in Boca do Acre and Léabrea, with larger total deforested areas
probably related with the access by road to the floodplain areas. The lower rates were observed in Pauini and
Beruri (Aruma) where the access to the floodplain forest by road is almost inexistent. No relation was found
among deforestation rates and the water quality parameters at the four sites. On the other hand, ATD showed

Table 1 Deforestation levels for the municipal districts of the study (PRODES 2007)

Year Boca do Acre Pauini Labrea Beruri

ATD DR ATD DR ATD DR ATD DR
2000 1165.9 - 146.8 - 1245.1 - 181.4 -
2001 1216.2 50.3 154.7 7.9 1419.8 174.7 189.2 7.8
2002 1319.8 103.6 164.8 10.1 1625.9 206.1 191.7 2.5
2003 1570.6 250.8 177.5 12.7 2083.5 457.6 197.2 5.5
2004 1693.7 123.1 184.5 7.0 2449.5 366.0 200.2 3.0
2005 1747.3 53.6 193.5 9.0 2631.3 181.8 200.9 0.7
2006 1831.9 84.6 201.1 7.6 2910.5 279.2 203.3 24

— Not reported

ATD accumulated total deforestation (km?), DR deforestation rate (kmz/year)
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Table 2 Correlation coefficient analysis among DR, ATD and water quality variables in the Purus river basin (2000-2006)

ATD 1 DR 1 ATD 2 DR 2 ATD 3 DR 3 ATD 4 DR 4

Templ 0.403%** 0.216%*

pH 1 —0.883* 0.132%*

EC 1 —0.584%* —0.326%*

Turb 1 —0.417%* —0.042%*

DO 1 0.441%#* 0.356%**

TSS 1 —0.011%** —0.364**

Temp 2 0.863* 0.035%*

pH 2 —0.765%* —0.382%*

EC2 —0.107%** —0.543%*

Turb 2 —0.631%** 0.071%**

D.O2 0.671°%* —0.219%*

TSS 2 0.572%* 0.322%*

Temp 3 0.7937* 0.1747%*

pH 3 —0.971* —0.430%*

EC3 —0.433%* —0.558%#*

Turb 3 —0.760* —0.124%#*

D.O 3 0.941* 0.388%*

TSS 3 —0.159%* 0.193%*

Temp 4 0.511%* —0.455%*
pH 4 —0.828* 0.598%*
E.C4 —0.284** 0.680%**
Turb 4 0.154%* 0.399%*
D.O 4 —0.259%* 0.305%*
TSS 4 0.848* —0.506%*

1 Station 1, 2 Station 2; 3 Station 3, 4 Station 4, Temp temperature (°C), E.C electrical conductivity (uS em™Y), Turb turbidity
(NTU), D.O dissolved oxygen (mg 171 0,), TSS total suspended solids (mg 17", ATD accumulated total deforestation (kmz), DR
deforestation rate (km? year’l)

* Significant (P < 0.05); ** non-significant (P > 0.05)

relationships with water quality mainly in station 3 (Labrea) where larger ATD values were observed. The
ATD values correlates with changes in temperature in stations 2 and 3, with total suspended solids in station 4,
with dissolved oxygen in station 3, with pH-value in all the four stations, and with turbidity in station 3
(Table 2). It is remarkable, the significant negative relationship between the ATD and pH-value, indicating
that increase in the ATD will contribute to decrease the water pH-value. Comparable pattern was already
obtained in other basins in USA, Brazil, Indonesia and India (Kunkle 1974; Neal et al. 1992; Arceivala and
Asolekar 2006; Hirano et al. 2007). Deforestation likely contributes to increase the concentration of nitrates
(nitrification) in the river water, and the increased hydrogen ions, released through increased nitrification,
cause the water pH-value decrease (Lampert and Sommer 1997; Arceivala and Asolekar 2006). Since
deforestation often causes the loss of soil carbon and a net release of CO,, the increasing deforestation
processes in some parts of the basin may also contribute to the intensification of carbon (CO,) release from
soils, with associated changes in content and composition of this gas on river water, which may result in
alterations on water pH-value (Mizuno and Mori 1970; Wissmar et al. 1981; Goudie 2000; Soulsby et al. 2002;
Hirano et al. 2007; Iyobe and Haraguchi 2008; Lal et al. 2015).

Land use changes
In the Purus river basin, as a whole, the highest percentage of the area is represented by forested land since it

covered 85.8% of the total area in 2007. However, this basin suffered a relative intense process of land use and
changes on the cover composition in the period 2003-2007. Forests were cleared to give way to expansion of
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Fig. 4 Comparison of land cover and use maps in the Purus river basin. a 2003 (Water Resources eAtlas 2003); b 2007 (modified
from Rios-Villamizar et al. 2011)

cattle ranching and farming lands on this basin. According to the spatial sequence displayed by the INPE data,
the deforestation rates are further increasing at the municipal districts located at south and southeast of the
Amazon region. In this sense, the larger deforested areas along the basin are concentrated close to urban areas
of the municipal districts of Rio Branco, Sena Madureira, Placido de Castro and Senador Guiomard, in the

* @ Springer



Int Aquat Res (2017) 9:81-88 87

Table 3 Land cover variables percents in the Purus river basin on 2003 and 2007

Land cover variables 2003 (%)? 2007 (%)°
Urban area 0.1 0.13
Deforested area 6.7 5.48
Forest cover 91.0 85.83
Hydrography - 1.6
Wetlands (Vdrzea) 7.0 5.9
Aquatic macrophytes - 0.01
Secondary forest - 0.89
Other d 0.23¢

— Not reported

2 Water Resources eAtlas (2003) (Basin area: 371,042.0 km?)
® Rios-Villamizar et al. (2011) (Basin area: 375,458.5 km?)

¢ Percent loss of original forest cover

4 This category includes percent grassland, savanna and shrubland (3.9%), and percent cropland (3.9%)

This category includes cloudy area

Acre State; and Labrea and Boca do Acre, in the Amazonas State (Fig. 4b). It is evident that the reduction of
forest cover was roughly 5.17% in the period 2003-2007 (Fig. 4; Table 3). Another important aspect of the
identified changes is that wetlands area lost approximately 1.1% in the same period, but this variation would
also be due to the effects of the flood pulse, during natural seasonal periods, on the rivers and lakes’ water
level (Junk et al. 1989; Junk and Wantzen 2004).

Conclusions

The analyzed waters of the Purus river basin showed typical characteristics of Amazonian natural waters. We
observed clear trends in changes of physico-chemical properties of water from upstream to downstream of the
Purus river such as decrease in pH-value, dissolved oxygen, electrical conductivity, total suspended solids, and
increase in turbidity. Only the pH-value presented significant negative relationships with the ATD in all the
study sites, indicating that increase in the ATD will contribute to decrease the water pH-value. On the other
hand, the ATD values correlated positively and significantly with changes of temperature only in stations 2
and 3, indicating that increase in the ATD will contribute to increase the water temperature. The DR did not
present, in none of the study stations, any significant relation with the water quality parameters. Then, the
deforestation levels have not yet caused a large effect on the water quality, which is probably most influenced
by hydrological and climatic factors such as river discharge, river level, and pluvial precipitations, among
others; but this will be addressed in forthcoming papers.

It seems that the effects of deforestation on water quality are related not with the rate but with the total area
deforested, and they become apparent after a minimal size of deforested area is achieved.

Therefore, despite the good conservation status for most parts of the Purus river basin, impacts on water
quality caused by human activities are evident, especially close to urban areas, at a local scale. Since similar
attributes are common in other basins of the whitewater systems of the Brazilian Amazon, this may be seen as
a warning on the effects of deforestation on water quality in larger areas than those of our study sites. Actions
to control the deforestation in this basin would need to be taken to maintain its conservation status and, in view
of that, it would be necessary to implement a transboundary watershed management program for conservation
and preservation purposes, and this program could serve as a conservation model for Brazil and other
Amazonian countries.
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