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Abstract: This article provides a deep analysis of the water quality at the upper basin of the Bogota
River (Colombia) between 2008 and 2017. The Water Quality Index has been the indicator employed to
determine the ecological status of the river. This index was chosen in order to normalize the analysis,
given that it is commonly used by the Institute of Hydrology, Meteorology and Environmental Studies,
a government agency of the Ministry of Environment and Sustainable Development of Colombia,
to determine the state of surface effluents. The results obtained were organized in a double-entry
matrix in order to relate the variables of the sample period and the sampling station. The research
revealed an insufficient quality of water, demonstrating that the high stretch of the Bogota River basin
has, in general, regular or acceptable water quality, while only five stations showed an acceptable
status. Surprisingly, the stations located close to the wastewater treatment plants of the municipalities
of Choconta, Suesca, Gachancipa, and Tocancipa, as well as Rio Negro, have a poor water quality,
discharging a high load of contaminants into the river. Although great efforts have been made by
Colombian authorities to restore the critical state of the majority of their aquatic ecosystems, recent
implementation of policies and instruments have not shown significant achievements yet. For this
reason, this study aims to present a powerful decision-tool for the monitoring and evaluation of
correction measures implemented on this river basin. The data used in this research were provided
by the Regional Autonomous Corporation of Cundinamarca.
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1. Introduction

From the past few decades, growing pressures and overexploitation of hydric resources have
provoked an extreme quality decay of surface and groundwater. Industrial pollution, agriculture
activities and increasing citizen demands are some of the major factors responsible for the water
deterioration. Many researchers have focused their efforts on the development of environmentally
friendly and powerful treatments that can completely degrade persistent and organic contaminants [1,2].
Meanwhile, authorities are already implementing measures in order to stop the entrance of
contaminants on water bodies.

For this reason, monitoring may be the most important activity for the correct management of
hydric resources. Early detection of dangerous trends in water quality is the only way to detect the
negative impacts of pollution and to implement correction and prevention measures. As stated by
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Burt, Howden & Worral [3], monitoring is not only a question of analytical measurement, but it is
also essential in order to make these data available for environmental authorities and the scientific
community. Likewise, it is necessary to evaluate and tailor up different methodologies in order to
determine the most efficient method for establishing the real state of the groundwater and rivers.

Monitoring of water sources must become one of the main options for surveillance. Furthermore,
obtained data should be presented in an open format, allowing reuse and statistical analysis [4].
Diverse methodologies have been used in the assessment and evaluation of water bodies, including
comparison of variables with current regulations, the Water Quality Index (WQI) and simulation
methodologies [5].

Many indicators have been employed in the evaluation of water quality status. More efforts
have been made to develop more accurate methodologies that are able to determine the state of rivers
in an easy way, especially in the last two decades. Examples include the Shannon Diversity Index,
the Biological Monitoring Working Party Index and the WQI.

Among them, the WQI has shown to be an excellent indicator. In fact, environmental authorities of
many different countries are using this methodology to evaluate the status of water bodies under their
management. As it will be further explained in State of the Art (Section 2), this indicator seems to be
a powerful tool that integrates biological and chemical variables in the classification and evaluation of
surface effluents. From the determination of the five variables typically analysed in water, data obtained
through these analyses can be integrated in a simple calculation, thus making it possible to determine
the quality status of a river basin [4].

Despite being probably the most important activity for the correct management of water resources,
the periodic monitoring of effluents in Colombia has been insufficiently performed. According to
the National Water Study conducted by the Institute of Hydrology, Meteorology and Environmental
Studies (IDEAM) in 2000, the measurement of physical–chemical parameters in Colombia is a routine
activity. Notwithstanding, although these indicators are regularly employed to estimate the WQI
of spills coming from the oil industry and some regional autonomous corporations like Bogota,
Barranquilla, Bucaramanga, Cali or Manizales, research by Samboni et. al. [6] demonstrated that the
calculation of water quality indices is not as routine in urban wastewater and river basin management,
as wrongly believed.

In this context, one of the goals of the National Policy of Integral Management of Hydric Resources
(PNGIRH) in Colombia [7] is the improvement of water quality and the reduction of pollution,
being used as a monitoring strategy. To accomplish this complex task, IDEAM has designed a network
of environmental indicators, including the WQI, that are able to form a national monitoring network
of water resources.

Unfortunately, neither this network not policy strategies have stopped the deterioration, especially
in vulnerable populations like Bogota River. As expected, the higher part of this river does not have
pollution, while industrial and urban spills at the end of the high basin have caused considerable
levels of contamination, according to recent reports from the Governorate of Cundinamarca [8]. It is
noteworthy that this zone uses irrigation for crops and so, the use of water without previous treatment
may constitute an important risk not only to the ecological stability of the ecosystems but also for the
population surrounding its Rivera.

These results reflect the importance of setting out the baseline status of river quality for
implementation of correction measures through the PNGIRH. The knowledge of initial water status is
crucial for Colombian authorities in order to measure the efficiency of their policies and, to confirm if
their strategies are being met or redirection is needed.

In view of the aforementioned, the aim of this work is to develop a deep multi temporal analysis
(from 2008 to 2017) able to set the quality status of the upper basin of the Bogota river using an easy
analytical tool, which positively contributes to the fulfilment of the PNGIRH objectives.

In order to establish this baseline river quality status, methodology defined by IDEAM was
employed to calculate the WQI. As described in the methodological section, data used as input in this
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study were pursued from the environmental laboratory of the Regional Autonomous Corporation
of Cundinamarca (CAR). CAR is the environmental authority in Colombia responsible for the
management of the Bogota River basin. For analytical determination, CAR follows official procedures
described in the 22nd Edition of Standard Methods for the Examination of Water and Wastewater [9].

As can be concluded from the obtained results, this multi temporal analysis revealed insufficient
quality in some points of the Bogota River linked to deficient management and insufficient monitoring
tools. Therefore, this study creates an easy and efficient methodology for quickly determining the
general state of the river, which may be an interesting alternative, not only for the scientific community,
but also for stakeholders and public authorities.

Moreover, this study shows the heavy pressures that the Bogota River is suffering, reflecting the
urgency for further studies and more stringent protection measures in order to stop deterioration of
this environment.

2. State of the Art

In the last few decades, governments worldwide are getting increasingly aware of the importance
of preliminary evaluation in order to establish a baseline status of water bodies, in order to determine
the efficiency of implemented correction measures. Classification of effluents based on purity degree
dates from the mid-twentieth century, with Horton’s studies in the 1960s and Landwehr in the
1970s [10].

Horton [11] was the first to develop a water quality index (WQI), demonstrating the alarming
environmental problems that the aquatic ecosystems that were analyzed were suffering. By means
of ten variables commonly monitored, such as dissolved oxygen (DO), total coliform counts, pH,
specific conductance, alkalinity, chloride content, and temperature, Horton’s index was able to
estimate the contamination of aquatic bodies, and was pioneering in the generation of a normalized
methodology [12,13].

From then on, many researchers have modified Horton’s indicator in order to develop a more
accurate methodology that integrates other types of variables, such as socio-economic activities.
For instance, in 1970, Brown, MacClelland, Deininger and Tozer, supported by the National Sanitation
Foundation of the United States of America (NSF), proposed an index based on the structure of Horton,
known as the NSF Water Quality Index (NSWKI) [14].

In Spain, the General Quality Index (ICG), is the most extensively used, after being developed in
1983 by the former Ministry of Public Works (MOPU). This index is a dimensionless value obtained
from 23 water quality parameters, processed by linear equations.

The Biological Monitoring Working Party (BMWP) score system [15] has been used by the
regulatory authorities in the European Union since the arrival of the Water Framework Directive.
BMWP is used to set the basis of the river invertebrate status classification system.

In 2011, Montoya et al. [16] adapted the Biological Monitoring Working Party index (BMWP/Col)
to the specific conditions of Colombia and combined it with other indices like the Average Taxon
Score (ASTPT), the Shannon Diversity Index (SHDI) and the Environmental Quality Index (EQA).
These researchers aimed to identify the degree of alteration in which the different sections of the
river were located and the relationship between the structure of aquatic macroinvertebrates and
river pollution.

A recent study published by Giri et al. [17] reported that Shannon’s diversity index (SHDI) is
an indicator commonly employed to determine the effect of water quality and able to relate its effect
above land use, as also explained by Huang et al. [18].

The Water Quality Index (WQI) has become an excellent instrument to assess the status of hydric
resources and make the main stakeholders aware of the ecological quality of effluents. Likewise, public
diffusion is crucial to get citizens involved in the importance of quality and quantity conservation of
this vital good [5].
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According to Walsh and Wheeler [19], since its creation, the WQI has been widely used by several
states and countries. This fact is mainly due to the simplicity and complete analysis that this index
offers, combining physical, chemical and biological parameters in the same assessment [20]. Concretely,
this indicator integrates information about different variables related to water quality in a single and
normalized measuring scale [4,21].

Different research has been carried out by the Colombian scientific community. For instance,
Finotti et al. [22] have successfully used the Water Quality Index (WQI, NSFWQI) as a tool for urban
water resources management, in the state of Sao Paulo. In their study, they compare the quality of
different effluents with the legal limits defined by Canadian rules. Their study demonstrates for whom
the use of a normalized index is an excellent tool, either for water quality evaluation or to compare
this quality with the state of any other water body around the world.

In 2015, Calvo and Mora [23] classified water quality in five classes using the Dutch Index,
which obtains a global score from the analysis of three indicators, namely five-days biological oxygen
demand (BOD5), dissolved oxygen (DO) and total organic nitrogen (N-NH4

+). Basílico et al. [24]
adapted and applied two new indices: Pampean Water Quality Index (ICAP) and Pampean Bank
Quality Index (ICRP). The variables used for the calculation of the ICAP were total suspended
solids (TSS), ammonia nitrogen (N-NH4+), total phosphorus (Pt), BOD5 and DO, in addition they
calculated the Water Quality Index (ICA). These authors have successfully proven their indicator on
the environmental assessment of two local creeks on the Pampeana plain, located in Colombia.

More recently, Madera et al. [25] determined the water quality at some tributary points of the
Cesar River such as the River Calenturitas, Maracas and Tucuy, using aquatic macro invertebrates
as bioindicators and applying the BMWP/Col index adapted for Colombia by Roldan (Biological
Monitoring Working Party score).

An article by Giri et al. [17] concluded that most researchers normally focus their studies on
simulation methodologies rather than monitoring a real scenario. However, statistical analysis has
proven to be usually more efficient than water quality models.

As it may be deduced from all the aforementioned, experience has demonstrated the pivotal
role of primary evaluation in setting out the initial status of effluents and determining the efficiency
of implemented correction measures [26]. Periodic monitoring allows not only early detection of
quality changes, but also recognition of the effectiveness of existing and new measures. Moreover,
dissemination of results, free access and reuse of data is an excellent comparative and management
tool [3].

3. Materials and Methods

This section describes the methodology used to perform a deep analysis of the ecological state of
the upper basin of the Bogota River. In the same way, the data source, the treatment of them and the
methodology used for the calculation and analysis of the WQI are described.

3.1. Description of the Area of Study

The Bogota River is located on the Magdalena watershed. It is born at 3300 m above sea level in
the municipality of Villapinzon and flows into the Magdalena River at 280 m above sea level in the
municipality of Girardot. It is the biggest river of the Magadalena watershed, which is composed of
a natural system formed by ravines, rivers, lagoons and wetlands that, in most cases, are tributaries of
the Bogota River and its regulation system, consisting of nine reservoirs and one irrigation district [27].

The economic activities developed in the basin equal approximately 26% of the total at national
level, highlighted by agricultural production, which includes crops of cane, coffee, fruit trees,
and bananas, livestock and industrial activities, such as leather processing and flower production [27].

Regarding morphological and physiographic characteristics, the watershed can be divided into
three differentiated sectors: (1) the upper basin, which goes from its source to the north of the urban
zone of the capital district, with a total length of 165 km; (2) the middle basin, from the beginning of the
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urban area of Bogota to the “Salto de Tequendama”, with a total length of 90 km and (3) the lower basin,
from the “Salto de Tequendama” to its mouth in the Magdalena River, with a length of 55 km [8,28].
The majority of the basin has light to moderate erosion soil.

The river basin has approximately 45 municipalities representing a total of 1,297,752 inhabitants,
of which 75.4% corresponds to urban population and 24.5% to rural population, not including the city
of Bogota, which contributes 6,865,997 inhabitants [27].

As it may be seen in Figure 1, the upper basin of the Bogota River corresponds to the section
located between the monitoring points (PM): upstream of Villlapinzon (PM 1) and station LG Puente
Vargas (PM 32), and receives the downloads (direct or indirect) of the municipalities of Villapinzon,
Choconta, Suesca, Sesquile, Guatavita, Gachancipa, Tocancia, Cogua, Nemocon, Zipaquira, Sopo and
part of the downloads of La Calera and Cajica [28].
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3.2. Data Collection

Data used in this research were provided by the official laboratory of the environmental authority
of CAR. These measures were taken from 29 stations located on the higher part of the Bogota River
basin. Concretely, dissolved oxygen (DO), total suspended solids (TSS), chemical oxygen demand
(COD), electrical conductivity (EC) and pH were monitored during a representative period of 10 years,
from 2008 to 2017. Table 1 details station names and their location. Likewise, the distribution of the
monitoring stations in the study area is shown in Figure 1.
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Table 1. Monitoring points—Bogota River upper basin [28].

No. Station Name Located on

1 Villapinzon upstream Bogota River
2 Villapinzon bridge Bogota River
3 Brook Quincha upstream BogotaRiver
4 Brook Quincha Tributary
5 Lm—Chingacio station Bogota River
6 Choconta addition Tributary
7 Tejar River Tributary
8 Via Telecom bridge Bogota River
9 Choconta Mun. discharge Tributary

10 Choconta Mun. downstream Bogota River
11 Lg—Caucio station Bogota River
12 Sisga reservoir discharge Tributary
13 Lm—Santa Rosita station Bogota River
14 Santander bridge Bogota River
15 Suesca Mun. discharge Tributary
16 Suesca Mun. downstream Bogota River
17 Tominé reservoir discharge Tributary
18 Papeles and Molinos discharge up stream Bogota River
19 Lg—Florencia bridge station Bogota River
20 Gachancipa Mun. discharge Tributary
21 Gachancipa Mun. Down stream Bogota River
22 Lm—Tocancipa station Bogota River
23 Tocancipa Mun. discharge Tributary
24 Termozipa up stream Bogota River
25 Termozipa discharge Tributary
26 El Triunfo farm Bogota River
27 Neusa River Tributary
28 Lg—El Espino station Bogota River
29 Rao Negro Tributary

Note: Lm—Limnological; Lg—Limnographic; Mun—Municipality.

3.3. Pollution Index Calculation

As aforementioned, water quality indices have been used for more than 50 years, and their
simplicity still makes them an excellent evaluation method. However, it is important to be clear about
the availability and veracity of the information used for calculating these indicators.

In this study, a multi-temporal analysis was carried out using the Water Quality Index (WQI)
developed by IDEAM. Concretely, to obtain the WQI described by IDEAM, five parameters were
analyzed: dissolved oxygen, total suspended solids, chemical oxygen demand, electrical conductivity
and pH. As already mentioned, the data employed in this research were supplied by CAR, an official
Colombian organization, which ensures the veracity and quality of the study [29].

With each of the variables used to calculate the WQI (DO, SST, COD, CE and pH) a sub-index is
calculated, the equations used to calculate these parameters are listed in Table 2.

Table 2. Reference equations for ICA calculation [29].

Variable Number Equation Where

Dissolved Oxygen
(DO) 1

SPDO = Ox× 100
Cp

Once the dissolved oxygen saturation
percentage has been calculated, the value of

the DO sub-index is calculated with the
formula:

IDO = 1 − (1 − 0.01 × SPDO)
When the percentage of dissolved oxygen

saturation is greater than 100%:
IDO = 1 − (0.01 × SPDO − 1)

Ox: It is the dissolved
oxygen measured in the

field (mg/L) associated to
the elevation, flow and

capacity of re oxygenation.
Cp: It is the concentration
of oxygen balance (mg/L),
at non-standard pressure,
that is, saturation oxygen
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Table 2. Cont.

Variable Number Equation Where

Total Suspended Solids
(TSS) 2 ITSS = 1 − (−0.02 + 0.003 × TSS)

If TSS ≤ 4,5, then ITSS = 1
If TSS ≥ 320, then ITSS = 0

Chemical Oxygen
Demand
(COD)

3

If COD ≤ 20, then ICOD = 0.91
If 20 < COD ≤ 25, then ICOD = 0.71
If 25 < COD ≤ 40, then ICOD = 0.51
If 40 < COD ≤80, then ICOD = 0.26

If COD > 80, then ICOD = 0.125

Electrical Conductivity
(CE) 4 ICE = 1 − 10(−3.26+1.34 × log10CE) When ICE < 0, then ICE = 0

pH 5

If pH < 4, then IpH = 0.1
If 4 ≤ pH ≤ 7, then IpH = 0.02628419 ×

e(pH × (0.520025)

If 7 < pH ≤ 8, then IpH = 1
If 8 < pH ≤ 11,

then IpH = 1 × e(pH × 8) − 0.5187742

If pH >11, then IpH = 0.1

where:

SPDO is saturation percentage of dissolved oxygen.
IDO is sub index of dissolved oxygen.
ISST is sub index of total suspended solids.
ICOD is sub index of chemical oxygen demand.
ICE is sub index of electrical conductivity
IpH is sub index of pH

Once the above mentioned parameters were obtained, WQInjt could be easily calculated by means
of Equation (1) (Water quality index equation (Source: [29]):

WQInjt =

(
n

∑
i=1

Wi × Iikjt

)
(1)

where:

WQInjt is the water quality index of a determined surface current in the j water quality monitoring
station at time t, evaluated based on n variables.
Wi is the weight or relative weight assigned to the i quality variable.
Iikjt is the calculated value of the i variable (obtained after applying the functional curve or
corresponding equation), in the j monitoring station, registered during the measurement made in the k
quarter, of the t time period.
n is the number of quality variables involved in the indicator calculation; in our case, n equals 5.

Following indications of IDEAM, all variables which are described in Table 3, employed for the
WQI calculation, have the same weight.

Table 3. Variables and their weight in the calculation of the WQI ([29]).

Variable Measurement Unit Weight

DO Saturation % 0.2
TSS mg/L 0.2

COD mg/L 0.2
EC µS/cm 0.2
pH pH units 0.2
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Table 4 shows the relationship between values, water quality score and colour.

Table 4. WQI water quality index ([29]).

Value Categories Water Quality Score

0.0–0.25 Very poor VP
0.26–0.50 Poor P
0.51–0.70 Regular R
0.71–0.90 Acceptable A
0.91–1.00 Good G

Subsequently, a dual-entry matrix indicates the results obtained from calculating the indicator by
relating them to the sampling taking stations, the period of analysis (2008–2017), and the WQI results.
Additionally, these data were strictly analyzed by using descriptive and dispersion measures.

3.4. Analytical Determinations

After recovery, samples were kept under refrigeration at 4 ◦C, preventing them from light
radiation. Finally, preparation of samples and analytical determination of DO, SST, COD, pH and
conductivity were done following the official procedures described in the 22nd Edition of Standard
Methods for the Examination of Water and Wastewater [9].

4. Results

Data used as input for the WQI calculation corresponded to the results of the Bogota River water
quality monitoring conducted by CAR. These data were delivered in portable document format (PDF).
This file was further converted into a flat file format for facilitating its introduction into the MySQL
database engine. Furthermore, the information supplied by CAR was cleaned, selecting only the
data required for the calculation of the WQI. Subsequently, this index was calculated from a sheet
specifically tailored for this research, which took into account the one proposed by IDEAM [29].

4.1. Availability and Description of Data

With 29 monitoring stations and 19 periods in the study, a sample of 551 WQIs should have been
available for analysis. However, as shown in Table 5 there were only 420 (76.2%) valid measures.
The remaining 23.8% did not have sufficient information for a correct determination of this indicator.
As can be seen in Table 5, the WQI data set has a median of 0.6, which is framed as acceptable
quality. Furthermore, a typical variation of 0.15 was found, indicating slight data variability and high
robustness of the analysis (see Table 5).

Table 5. Descriptive statistics by SPSS software package.

Variable N Median Standard Deviation
Missing

Number Percentage

WQI 420 0.6033 0.14841 131 23.8

As displayed in Table 6, some monitoring stations, like Choconta Municipalty (Mun.) discharge,
Choconta Mun. downstream, Lg—Saucio station, Lg—Florencia bridge station or Gachancipa Mun.
discharge, had greater data availability, with each of them possessing 89.5% valid data.
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Table 6. Summary of the WQI data processing by station by SPSS.

Point No.
Valid Missing Total

No. Percentage No. Percentage No. Percentage

WQI

1 11 57.9% 8 42.1% 19 100%
2 15 78.9% 4 21.1% 19 100%
3 15 78.9% 4 21.1% 19 100%
4 15 78.9% 4 21.1% 19 100%
5 16 84.2% 3 15.8% 19 100%
6 15 78.9% 4 21.1% 19 100%
7 12 63.2% 7 36.8% 19 100%
8 15 78.9% 4 21.1% 19 100%
9 17 89.5% 2 10.5% 19 100%

10 17 89.5% 2 10.5% 19 100%
11 17 89.5% 2 10.5% 19 100%
12 14 73.7% 5 26.3% 19 100%
13 15 78.9% 4 21.1% 19 100%
14 15 78.9% 4 21.1% 19 100%
15 16 84.2% 3 15.8% 19 100%
16 14 73.7% 5 26.3% 19 100%
17 13 68.4% 6 31.6% 19 100%
18 15 78.9% 4 21.1% 19 100%
19 17 89.5% 2 10.5% 19 100%
20 17 89.5% 2 10.5% 19 100%
21 16 84.2% 3 15.8% 19 100%
22 15 78.9% 4 21.1% 19 100%
23 15 78.9% 4 21.1% 19 100%
24 15 78.9% 4 21.1% 19 100%
25 15 78.9% 4 21.1% 19 100%
26 8 42.1% 11 57.9% 19 100%
27 11 57.9% 8 42.1% 19 100%
28 13 68.4% 6 31.6% 19 100%
29 11 57.9% 8 42.1% 19 100%

In contrast, the Hacienda el Triunfo station only had data corresponding to periods 2008-1 and
2, 2009-1 and 2, 2015-2, 2016-1 and 2, and 2017-1, which corresponds to 42.1% of the total theoretical
data that should have been available. This lack of information is due to the fact that during 2010,
the phenomenon of “La Niña” severely hit Colombia, putting some monitoring stations out of service
(see Table 6).

When assessing the availability of data grouped by time periods, we observed that except for
the case submitted in 2011-02, in which no information concerning the WQI estimation was present,
given the reasons already outlined, the 2012-02 and 2010-01 periods were ones in which the least WQIs
were calculated, with 65.5 and 55.2% missing results.

By contrast, from 2015-02 to 2017-01, only one station missed results, leading us to calculate 96.6%
of the WQI (see Table 7), where N is the number of values included or excluded.
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Table 7. Summary of missing values by periods of time by SPSS.

Period

Category

Included Excluded Total

No. Percentage No. Percentage No. Percentage

2008-01 × N 29 100% 0 0% 29 100%
2008-02 × N 27 93.1% 2 6.9% 29 100%
2009-01 × N 25 86.2% 4 13.8% 29 100%
2009-02 × N 24 82.8% 5 17.2% 29 100%
2010-01 × N 13 44.8% 16 55.2% 29 100%
2010-02 × N 21 72.4% 8 27.6% 29 100%
2011-01 × N 20 69.0% 9 31% 29 100%
2011-02 × N 0 0% 29 100% 29 100%
2012-01 × N 19 65.5% 10 34.5% 29 100%
2012-02 × N 10 34.5% 19 65.5% 29 100%
2013-01 × N 26 89.7% 3 10.3% 29 100%
2013-02 × N 21 72.4% 8 27.6% 29 100%
2014-01 × N 22 75.9% 7 24.1% 29 100%
2014-02 × N 24 82.8% 5 17.2% 29 100%
2015-01 × N 26 89.7% 3 10.3% 29 100%
2015-02 × N 28 96.6% 1 3.4% 29 100%
2016-01 × N 29 100% 0 0% 29 100%
2016-02 × N 28 96.6% 1 3.4% 29 100%
2017-01 × N 28 96.6% 1 3.4% 29 100%

4.2. Water Quality Assessment

Figure 2 summarizes the results of these studies in a glance. As already stated, there were some
missed data throughout the period of analysis, linked to the implementation of PGIRH and extreme
climatic events. Complete data were only available during the first and last years of study, while,
from 2010 to 2013, there were some information deficiencies. As shown in Figure 2, around 43%
(179 stations) of the total WQIs estimated showed “regular” quality status, while 32% and 24% were
“acceptable” and “poor”, respectively.

Sustainability 2019, 11, 1668 11 of 21 

Table 7. Summary of missing values by periods of time by SPSS. 

Period 

Category 

Included Excluded Total 

No. Percentage No. Percentage No. Percentage 

2008-01 × N 29 100% 0 0% 29 100% 

2008-02 × N 27 93.1% 2 6.9% 29 100% 

2009-01 × N 25 86.2% 4 13.8% 29 100% 

2009-02 × N 24 82.8% 5 17.2% 29 100% 

2010-01 × N 13 44.8% 16 55.2% 29 100% 

2010-02 × N 21 72.4% 8 27.6% 29 100% 

2011-01 × N 20 69.0% 9 31% 29 100% 

2011-02 × N 0 0% 29 100% 29 100% 

2012-01 × N 19 65.5% 10 34.5% 29 100% 

2012-02 × N 10 34.5% 19 65.5% 29 100% 

2013-01 × N 26 89.7% 3 10.3% 29 100% 

2013-02 × N 21 72.4% 8 27.6% 29 100% 

2014-01 × N 22 75.9% 7 24.1% 29 100% 

2014-02 × N 24 82.8% 5 17.2% 29 100% 

2015-01 × N 26 89.7% 3 10.3% 29 100% 

2015-02 × N 28 96.6% 1 3.4% 29 100% 

2016-01 × N 29 100% 0 0% 29 100% 

2016-02 × N 28 96.6% 1 3.4% 29 100% 

2017-01 × N 28 96.6% 1 3.4% 29 100% 

4.2. Water Quality Assessment 

Figure 2 summarizes the results of these studies in a glance. As already stated, there were some 

missed data throughout the period of analysis, linked to the implementation of PGIRH and extreme 

climatic events. Complete data were only available during the first and last years of study, while, 

from 2010 to 2013, there were some information deficiencies. As shown in Figure 2, around 43% (179 

stations) of the total WQIs estimated showed “regular” quality status, while 32% and 24% were 

“acceptable” and “poor”, respectively. 

 

Figure 2. WQI result distribution according to the quality criterion. 

0

5

10

15

20

25

30

35

40

45

50

0

20

40

60

80

100

120

140

160

180

200

Very poor, 6 Poor, 100 Regular, 179 Acceptable, 134 Good, -

N
º 

W
Q

I 

Quality criterion

%

Figure 2. WQI result distribution according to the quality criterion.



Sustainability 2019, 11, 1668 11 of 17

The extreme value “very poor” represent 1% of the data. It should be noted that, there were no
stations with good quality status. As indicated below, these values will be regarded as outliers.

Once the WQI at the monitoring points of the Bogota River were calculated, they were arranged
in a dual-input matrix. This matrix can be seen in Table 9, where columns represent the period and
rows correspond to the monitoring station from which the data were collected.

The matrix is composed of 21 columns, in which the first represents the number of the station
based on its geographic location; thus, station No. 1 is located at the source of the river in the
municipality of Villapinzon, in the Guacheneque Moorland upper basin, and station No. 29, Rio Negro,
is the last station corresponding to the stretch of the basin under study. The second column includes
the name of the monitoring station, while the remaining 19 columns include the results of each and
every period monitored. All cells of the matrix are highlighted using colors of the value categories
determined in Table 4.

This matrix was included in the SPSS statistical software, which conducts a descriptive statistical
analysis. This statistical analysis demonstrates a coefficient of variation of the results obtained from
the monitoring stations lower than 30%, as shown in Table 8.

In general, WQIs were invariable except for the discharge station of the municipality of Suesca
with a coefficient of variation of 51%, indicating that, over the time period analyzed, the water quality
values fluctuated significantly. Surprisingly, this was the only station depicting good quality status in
a concrete moment of the study.

The results matrix (Table 9) identifies three periods of time that are associated with the moments
in which public policies related to the integrated water resource management of the Bogota River
basin were drafted. The first is associated with the period prior to the implementation of the
PNGIRH (2008-01–2009-02), while the second is directly related to the development and launch
of the PNGIRH (2010-01–2014-02), as well as the heavy downfalls associated with the “La Niña”
phenomenon (2010–2011). It should be noted that in 2010 and 2011, Colombia faced one of the worst
rainy seasons, which was attributed to the phenomenon of “La Niña”, and, after that, some stations
were out of service. Otherwise, from the year 2014, a significant improvement in the availability of the
indicators is presented.

On average, it can be estimated that the water quality of the upper stretch of the Bogota River basin
is average; and only five stations have acceptable water quality (Villapinzon Upstream, Villapinzon
Bridge, Tejar River, Sisga Reservoir Discharge, Tomine Reservoir Discharge). These stations correspond
with the first two monitoring stations. The first one is located at the source of the river, while the other
is located after the river flows through the urban area of the Villapinzon municipality.

Two other stations with acceptable water quality are the El Sisga (Choconta) and Tomine
(Guatavita) reservoir discharges, which avoid a significant amount of contaminants in the river.

Figure 3 shows a boxplot diagram that simplifies the analysis of information of the monitored
stations. Similarly, this diagram seems to be an excellent tool for facilitating the identification of
atypical data regarding a service station. For instance, the diagram shows a strange WQI value,
corresponding to the Suesca Municipality Discharge station during 2010, which may be due to the
wrong analytic determination of CAR.

As can be seen, the majority of results fluctuate between regular and acceptable status. Meanwhile,
the stations located close to the wastewater treatment plants (WWTP) from the municipalities of
Choconta, Suesca, Gachancipa, Tocancipa and Rio Negro registered an index quality between poor
and very poor. These results denote an incomplete or insufficient capacity of the WWTPs, whose spills
may endanger aquatic ecosystems and human welfare.
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Table 8. Monitoring stations and descriptive statistical summaries of SPSS.

Station No. Range Minimum Score Maximum Score Median Score Standard Deviation Variance Coefficient of Variation

Villapinzon Upstream 11 0.085 0.71 A 0.80 A 0.76 A 0.027 0.001 4%

Villapinzon Bridge 15 0.164 0.62 R 0.79 A 0.74 A 0.056 0.003 8%

Brook Quincha Upstream 15 0.195 0.59 R 0.78 A 0.70 R 0.063 0.004 9%

Brook Quincha 15 0.229 0.57 R 0.80 A 0.70 R 0.081 0.007 12%

Lm—Chingacio
Station 16 0.409 0.32 P 0.73 A 0.56 R 0.111 0.012 20%

Choconta
Aggregates 15 0.307 0.41 P 0.72 A 0.55 R 0.081 0.007 15%

Tejar River 12 0.186 0.61 R 0.80 A 0.74 A 0.049 0.002 7%

Vía Telecom Bridge 15 0.375 0.36 P 0.74 A 0.56 R 0.118 0.014 21%

Choconta Municipality Discharge 17 0.493 0.30 P 0.80 A 0.42 P 0.110 0.012 26%

Choconta Municipality Downstream 17 0.238 0.45 P 0.68 R 0.53 R 0.076 0.006 14%

Lg—Caucio Station 17 0.304 0.41 P 0.71 A 0.55 R 0.080 0.006 15%

Sisga Reservoir Discharge 14 0.191 0.60 R 0.79 A 0.75 A 0.059 0.004 8%

Lm—Santa Rosita Station 15 0.261 0.48 P 0.75 A 0.67 R 0.067 0.005 10%

Santander Bridge 15 0.252 0.52 R 0.77 A 0.69 R 0.071 0.005 10%

Suesca Municipality Discharge 16 0.753 0.18 VP 0.93 G 0.36 P 0.182 0.033 51%

Suesca Municipality Downstream 14 0.258 0.51 R 0.77 A 0.68 R 0.072 0.005 11%

Tomine Reservoir Discharge 13 0.090 0.70 R 0.79 A 0.76 A 0.031 0.001 4%

Papeles Y Molinos Discharge Upstream 15 0.240 0.53 R 0.77 A 0.70 R 0.060 0.004 9%

Lg—Florencia bridge Station 17 0.218 0.55 R 0.77 A 0.69 R 0.070 0.005 10%

Gachancipa Municipality Discharge 17 0.402 0.20 VP 0.60 R 0.39 P 0.087 0.008 22%

Gachancipa Municipality Downstream 16 0.215 0.54 R 0.75 A 0.65 R 0.064 0.004 10%

Lm—Tocancipa Station 15 0.346 0.42 P 0.77 A 0.65 R 0.096 0.009 15%

Tocancipa Municipality Discharge 15 0.147 0.29 P 0.44 P 0.38 P 0.035 0.001 9%

Termozipa Upstream 15 0.180 0.56 R 0.74 A 0.64 R 0.059 0.003 9%

Termozipa Discharge 15 0.334 0.34 P 0.68 R 0.56 R 0.092 0.008 16%

El Triunfo Farm 8 0.214 0.50 P 0.71 A 0.64 R 0.077 0.006 12%

Neusa River 11 0.460 0.31 P 0.77 A 0.65 R 0.144 0.021 22%

Lg—El Espino Station 13 0.213 0.49 P 0.70 R 0.62 R 0.062 0.004 10%

Rio Negro 11 0.289 0.22 VP 0.50 P 0.35 P 0.078 0.006 22%
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Table 9. WQI results of the Bogota River’s upper basin 2008-01–2017-01.

No. Station Name
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1 Villapinzon Upstream 0.79 (A) 0.78 (A) 0.79 (A) 0.75 (A) 0.75 (A) 0.73 (A) 0.80 (A) 0.71 (A) 0.75 (A) 0.76 (A) 0.77 (A)

2 Villapinzon Bridge 0.75 (A) 0.73 (A) 0.70 (R) 0.76 (A) 0.68 (R) 0.78 (A) 0.76 (A) 0.76 (A) 0.62 (R) 0.74 (A) 0.79 (A) 0.78 (A) 0.62 (R) 0.77 (A) 0.78 (A)

3 Brook Quincha Upstream 0.74 (A) 0.73 (A) 0.69 (R) 0.60 (R) 0.68 (R) 0.73 (A) 0.66 (R) 0.72 (A) 0.62 (R) 0.75 (A) 0.78 (A) 0.75 (A) 0.59 (R) 0.75 (A) 0.78 (A)

4 Brook Quincha 0.57 (R) 0.65 (R) 0.59 (R) 0.62 (R) 0.78 (A) 0.71 (A) 0.69 (R) 0.75 (A) 0.64 (R) 0.74 (A) 0.80 (A) 0.72 (A) 0.59 (R) 0.80 (A) 0.80 (A)

5 Lm.—Chingacio
Station 0.46 (P) 0.51 (P) 0.49 (P) 0.62 (R) 0.64 (R) 0.62 (R) 0.47 (P) 0.50 (P) 0.66 (R) 0.63 (R) 0.62 (R) 0.58 (R) 0.44 (P) 0.70 (R) 0.73 (A) 0.32 (P)

6 Choconta
Aggregates 0.57 (R) 0.68 (R) 0.41 (P) 0.50 (P) 0.47 (P) 0.62 (R) 0.55 (R) 0.54 (R) 0.53 (R) 0.50 (P) 0.57 (R) 0.57 (R) 0.46 (P) 0.72 (A) 0.52 (R)

7 Tejar River 0.69 (R) 0.72 (A) 0.74 (A) 0.72 (A) 0.77 (A) 0.80 (A) 0.79 (A) 0.75 (A) 0.76 (A) 0.61 (R) 0.75 (A) 0.75 (A)

8 Vía Telecom Bridge 0.44 (P) 0.60 (R) 0.46 (P) 0.63 (R) 0.52 (R) 0.66 (R) 0.73 (A) 0.48 (P) 0.59 (R) 0.68 (R) 0.74 (A) 0.47 (P) 0.42 (P) 0.61 (R) 0.36 (P)

9 Choconta Municipality
Discharge 0.34 (P) 0.41 (P) 0.42 (P) 0.41 (P) 0.38 (P) 0.39 (P) 0.43 (P) 0.44 (P) 0.45 (P) 0.49 (P) 0.33 (P) 0.41 (P) 0.30 (P) 0.80 (A) 0.36 (P) 0.37 (P) 0.33 (P)

10 Choconta Municipality
Downstream 0.51 (P) 0.56 (R) 0.51 (R) 0.45 (P) 0.47 (P) 0.68 (R) 0.45 (P) 0.48 (P) 0.59 (R) 0.63 (R) 0.60 (R) 0.63 (R) 0.47 (P) 0.56 (R) 0.45 (P) 0.52 (R) 0.45 (P)

11 Lg.—Caucio Station 0.41 (P) 0.49 (P) 0.58 (R) 0.52 (R) 0.47 (P) 0.56 (R) 0.68 (R) 0.44 (P) 0.71 (A) 0.62 (R) 0.62 (R) 0.57 (R) 0.52 (R) 0.57 (R) 0.52 (R) 0.59 (R) 0.52 (R)

12 Sisga Reservoir Discharge 0.79 (A) 0.60 (R) 0.75 (A) 0.63 (R) 0.79 (A) 0.79 (A) 0.77 (A) 0.78 (A) 0.79 (A) 0.79 (A) 0.75 (A) 0.75 (A) 0.78 (A) 0.76 (A)

13 Lm. Santa Rosita Station 0.69 (R) 0.48 (P) 0.68 (R) 0.69 (R) 0.56 (R) 0.73 (A) 0.72 (A) 0.70 (R) 0.67 (R) 0.68 (R) 0.68 (R) 0.67 (R) 0.69 (R) 0.73 (A) 0.75 (A)

14 Santander Bridge 0.71 (R) 0.58 (R) 0.67 (R) 0.74 (A) 0.72 (A) 0.52 (R) 0.74 (A) 0.72 (A) 0.66 (R 0.69 (R) 0.71 (A) 0.77 (A) 0.62 (R) 0.75 (A) 0.77 (A)

15 Suesca Municipality
Discharge 0.27 (P) 0.33 (P) 0.63 (R) 0.18 (VP) 0.25 (VP) 0.93 (G) 0.36 (P) 0.37 (P) 0.25 (VP) 0.30 (P) 0.25 (VP) 0.31 (P) 0.40 (P) 0.32 (P) 0.26 (P) 0.33 (P)

16 Suesca Municipality
Downstream 0.76 (A) 0.61 (R) 0.71 (R) 0.70 (R) 0.73 (A) 0.51 (R) 0.72 (A) 0.64 (R) 0.67 (R) 0.62 (R) 0.62 (R) 0.77 (A) 0.70 (R) 0.76 (A)

17 Tomine Reservoir Discharge 0.78 (A) 0.71 (R) 0.74 (A) 0.78 (A) 0.74 (A) 0.78 (A) 0.77 (A) 0.78 (A) 0.70 (R) 0.78 (A) 0.77 (A) 0.79 (A) 0.79 (A)

18 Papeles Y Molinos Discharge
Upstream 0.74 (A) 0.63 (R) 0.69 (R) 0.71 (A) 0.77 (A) 0.53 (R) 0.77 (A) 0.73 (A) 0.71 (A) 0.72 (A) 0.69 (R) 0.69 (R) 0.76 (A) 0.72 (A) 0.68 (R)

19 Lg.—Florencia bridge Station 0.76 (A) 0.61 (R) 0.69 (R) 0.74 (A) 0.77 (A) 0.55 (R) 0.77 (A) 0.60 (R) 0.66 (R) 0.65 (R) 0.70 (R) 0.62 (R) 0.76 (A) 0.76 (A) 0.63 (R) 0.73 (A) 0.73 (A)

20 Gachancipa Municipality
Discharge 0.41 (P) 0.37 (P) 0.31 (P) 0.39 (P) 0.43 (P) 0.45 (P) 0.39 (P) 0.47 (P) 0.40 (P) 0.38 (P) 0.20 (VP) 0.24 (VP) 0.60 (R) 0.39 (P) 0.37 (P) 0.39 (P) 0.43 (P)

21 Gachancipa Municipality
Downstream 0.72 (A) 0.69 (R) 0.67 (R) 0.68 (R) 0.54 (R) 0.63 (R) 0.60 (R) 0.69 (R) 0.64 (R) 0.75 (A) 0.55 (R) 0.72 (A) 0.58 (R) 0.65 (R) 0.66 (R) 0.56 (R)

22 Lm.—Tocancipa Station 0.63 (R) 0.57 (R) 0.66 (R) 0.51 (P) 0.67 (R) 0.56 (R) 0.68 (R) 0.68 (R) 0.76 (A) 0.42 (P) 0.77 (A) 0.70 (R) 0.74 (A) 0.71 (R) 0.66 (R)

23 Tocancipa Municipality
Discharge 0.39 (P) 0.44 (P) 0.38 (P) 0.43 (P) 0.36 (P) 0.38 (P) 0.40 (P) 0.42 (P) 0.39 (P) 0.38 (P) 0.38 (P) 0.29 (P) 0.35 (P) 0.38 (P) 0.38 (P)

24 Termozipa Upstream 0.62 (R) 0.60 (R) 0.62 (R) 0.64 (R) 0.64 (R) 0.58 (R) 0.74 (A) 0.69 (R) 0.70 (R) 0.59 (R) 0.66 (R) 0.57 (R) 0.69 (R) 0.56 (R) 0.73 (A)

25 Termozipa Discharge 0.53 (R) 0.47 (P) 0.68 (R) 0.51 (R) 0.61 (R) 0.62 (R) 0.60 (R) 0.67 (R) 0.66 (R) 0.58 (R) 0.59 (R) 0.44 (P) 0.57 (R) 0.34 (P) 0.51 (R)

26 El Triunfo Farm 0.55 (R) 0.50 (P) 0.64 (R) 0.63 (R) 0.66 (R) 0.70 (R) 0.71 (A) 0.70 (R)

27 Neusa River 0.72 (A) 0.31 (P) 0.77 (A) 0.66 (R) 0.77 (A) 0.63 (R) 0.49 (P) 0.72 (A) 0.59 (R) 0.77 (A) 0.76 (A)

28 Lg.—El Espino Station 0.55 (R) 0.55 (R) 0.69 (R) 0.49 (P) 0.64 (R) 0.70 (R) 0.64 (R) 0.66 (R) 0.62 (R) 0.61 (R) 0.66 (R) 0.60 (R) 0.67 (R)

29 Rio Negro 0.22 (VP) 0.29 (P) 0.40 (P) 0.31 (P) 0.42 (P) 0.37 (P) 0.30 (P) 0.31 (P) 0.36 (P) 0.50 (P) 0.36 (P)

Note: Water quality scores are written in brackets.
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5. Discussion

Anthropogenic activities have caused severe quality problems in the Bogota River basin, which can
be concluded from the results obtained in Section 3, where multi temporal determination in different
monitoring stations was carried out using WQI.

This study confirms similar patterns of quality behaviour along the river that varies little, lying
between acceptable and regular in most of the stations analysed. Even those samples corresponding to
the municipal discharges showed deficient management of the WWTP, which seemed to be inefficient,
as was already reported in 2011 by Carreño & Méndez [30].

Although in general, compliance with the monitoring strategies of water quality in the Bogota
River are observed, occasionally data supplied by CAR had no information in different periods.
This may have hindered the performance of determining the water status using the WQI, limiting the
evaluation of the efficiency of the multi temporal analysis of water quality at the same time.

As indicated by Ramírez & Viña [31], the formulation of the WQI has proved to be very significant
in the ecological and environmental areas, but it still has limitations that are an obstacle to its
application, because, by concentrating on a single number, the quality of a water body, an immense
amount of information is lost and this changes the real condition and what happens to it.

According to Tejeda-Benitez et al. [32], 99% of the population of Colombia, including Bogota,
are located in the Magdalena watershed, which is exposed to land-use practices such as illicit crops,
deforestation, agriculture, industry, mining and increasing rates of urbanization. Furthermore, clear
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evidence of high loads of heavy metals in the majority of Colombian rivers has been reported, with the
Bogota River being one of the most polluted by these kind of contaminants [33].

One of the limitations of WQI is that it does not consider the effect of variables such as heavy
metals, persistent organic pollutants or pathogens, or parameters with marked influence on the
ecological status of water bodies. As a matter of fact, different studies have reported the low
biodegradability and toxicity of many polycyclic aromatic hydrocarbons (PAHs) and pesticides,
persistent in the environment owing to their low water solubility and low volatility [34,35]. Some of
these indicators are complementary variables that, at the same time can be associated with the economic
activities developed in the region. As an example, some heavy metal markers, such as chromium,
seem to be one of the best parameters for the evaluation of the environmental management in the
tanneries. Likewise, Escherichia coli, nitrates or pesticides, among others, are substances typically found
in areas with high amounts of agricultural activities.

Given the potential toxicity of some of these pollutants and their metabolites, even at low
concentrations [2], it seems interesting to tailor old methods and indices and create new ones,
combining the analysis of the parameters mentioned above (Table 2), which are commonly and
easily analysed, with many others like heavy metals, nitrates or pesticides, commonly present in water,
identifying possible synergies regarding their effect on ecosystems and living beings.

6. Conclusions

This study highlights the necessity for further efforts on the continuous monitoring of Colombian
river basins, showing a general and dangerous pattern of behaviour in the quality of the Bogota
River. This is not a new discussion, as other authors have already highlighted the importance of
continuous monitoring of water parameters for correct management [36]. However, this research aims
to proportionate an easy tool for future researchers and authorities.

Likewise, this study has shown that further measures ought to be implemented in order to stop
the strong deterioration that the Bogota River is suffering, particularly in its upper basin, where great
problems of water quality were detected. In general, it was possible to observe a similar behaviour
of the effluent quality that minimally varies between acceptable and regular. A deviation of this
general pattern was found in the stations corresponding to WWTP discharges of some municipalities,
who presented a poor state.

Despite recent formulation of numerous policies and instruments oriented to the recovery of
the water bodies and associated ecosystems, unacceptable quality in many points of the basin still
remain [8].

Depending on the objectives of the study, multiple methods can be taken in advance to evaluate
different environmental indicators, combining and correlating a wide range of variables at the same
time [17].

In this study, the WQI was shown to be an excellent index able to represent a partial view of
the quality of the biggest tributary river of the Magdalena watershed. However, further research,
integrating variables associated with pollution and socio-economic activities, may significantly
improve the results obtained through this method.

To sum up, future research should include the study of socio-economic activities in which
historical behaviour patterns of the watershed are analysed. A deeper understanding of this context
will be extremely helpful to address problems from the source, identifying which involve conflict
creating pressure and negative impacts on the environment. A holistic knowledge of the ecological,
social and economic dynamics of the river basin will constitute information of vital importance for the
formulation of future successful public policies. Furthermore, technological solutions such as sensors
are becoming very useful for the dairy evaluation of effluents [37]. Thus, this study maybe the basis
for a future technological development that couples statistical and technological methodologies.
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