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a b s t r a c t

Faecal indicator bacteria (FIB) are used for the assessment of faecal pollution and possible water quality
deterioration. There is growing evidence that FIB used in temperate regions are not adequate and reliable
to detect faecal pollution in tropical regions. Hence, this study evaluated the adequacy of FIB, including
total coliforms (TC), Escherichia coli (EC), Enterococci (IEC), and Clostridium perfringens (CP) in the high-
altitude, tropical country of Ethiopia. In addition to FIB, for microbial source tracking (MST), a ruminant-
associated molecular marker was applied at different water types and altitudes, and faecal pollution risk
mapping was conducted based on consensus FIB. The performances of the indicators were evaluated at
22 sites from different water types. The results indicate that EC cell enumeration and CP spore deter-
mination perform well for faecal contamination monitoring. Most of the sub-basins of Lake Tana were
found to be moderately to highly polluted, and the levels of pollution were demonstrated to be higher in
the rainy season than in the post-rainy season. Markers associated with ruminants (BacR) were identified
in more than three quarters of the sites. A bacterial pollution risk map was developed for sub-basins of
Lake Tana, including the un-gauged sub-basins. We demonstrate how bacterial pollution risk mapping
can aid in improvements to water quality testing and reduce risk to the general population from stream
bacteria.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Water pollution by pathogenic microorganisms from human
and animal waste causes public and ecosystem health risks. Man-
agement of this problem is dependent on identifying the right in-
dicators and knowing which sources of faecal matter are the cause.
Escherichia coli (EC), Clostridium perfringens (CP), and Enterococci
(IEC) are used as a proxy for detecting pathogenic microorganisms
in soil and water samples. They are also used as faecal pollution
indicators for the evaluation of faecal contamination and conceiv-
able water quality decay in different freshwater sources (APHA-
AWWA-WPCF, 1981; Toranzos et al., 1997; Byamukama et al.,
2005; Rochelle-Newall et al., 2015). For several decades, faecal
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coliforms have been used as a standard indicator of recent faecal
pollution. These microbial indicators have also been used in trop-
ical countries (Byamukama et al., 2005). The maximum contami-
nant level (MCL) is the legal threshold for the amount of a
substance that is permitted in public water systems. The MCLs set
for temperate areas are accepted without question by tropical
areas, although the source water quality in most tropical regions
varies from that of temperate areas in three key ways: physico-
chemical, biological and socioeconomic factors (Hazen, 1988;
Hazen and Toranzos, 1990).

The performance of the traditional indicators was not
adequately evaluated in tropical countries. It is well known that
they work fine in temperate areas and such matrices are not always
reliable and we should downscale to Ethiopian environment.
Therefore, we should evaluate the performance of these traditional
indicators in a highland tropical country with a different socio-
economic and physical context.There is a growing body of evidence
that the underlying assumptions of the assays being used are not
automatically valid in tropical climates and should be evaluated
(Desmarais et al., 2002; Byamukama et al., 2005; Espinosa et al.,
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2009; Sinigalliano et al., 2010; Reischer et al., 2013). Studies in
tropical freshwater have shown that high proportions of faecal
coliform-positive isolates may be of non-faecal origin (Scott et al.,
2002). Moreover, some studies have reported that presumptive
EC can become a normal inhabitant of tropical waters, as reported
for pristine environments in some tropical waters (Rivera et al.,
1988; Byappanahalli and Fujioka 1998; Ahmed et al., 2008). This
apparent unreliability of traditional FIB in tropical conditions
should lead to the development of alternative pollution indicators.

In addition to the developing alternative, easy-to-use, and
inexpensive FIBs, it is important to monitor the source of faecal
contamination for the proper management of drinking water sup-
plies on a watershed scale. To this end, various genetic faecal
markers have been developed for temperate waters. There are
numerous and diverse assay tools that target faecal pollution from
different animal sources to discriminate between pollution sources.
These include BacR, a ruminant-associated faecal marker; Pig-2-
Bac, a pig-associated faecal marker, and Bach HUM or HF 183
Taqman, a human-associated faecal marker (Reischer et al., 2013;
Mayer et al., 2018). Recently developed quantitative polymerase
chain reaction (qPCR) assays as well as standard faecal indicators
have been widely applied in temperate regions. However, their
performance has not been adequately evaluated in tropical regions,
e.g. Ethiopia, where there is a high range of altitude that varies
from �100 m above mean sea level (m.a.s.l.) to 4533 m.a.s.l. and
varied water types and socioeconomic contexts. Moreover, neither
standard FIB nor molecular markers (BacR) have been evaluated at
different altitudes (low-, mid-, and highlands) and water sources
(surface and groundwater) in tropical countries. The FIB with all its
limitations generally indicate faecal pollution both from humans
and animals, but they do not show source attribution. This research
focuses on faecal pollution from cattle Microbial Source Tracking
(MST) work because cattle are the dominant source of nitrogen
pollution in the study area (Goshu et al., 2020). It is thus likely that
the faecal input from cattle is also the dominant source of faecal
pollution in the study area. Overall, there exists an urgent need to
evaluate existing methods and parameters to devise affordable,
easy-to-perform, and reliable techniques for faecal contamination
monitoring in tropical regions.

Faecal pollution risk mapping is essential to manage the overall
water quality of a lake basin. Benefits of pollution risk mapping
include the easy identification of areas that need intervention, the
management of potential sources of contamination, and the inte-
gration of drinking water protection activities with other environ-
mental programs at the state, zone, district, and local levels.
However, prior to this research, the faecal pollution riskmap for the
Lake Tana basin, both for gauged and un-gauged sub-basins,
remained unknown. Therefore, this study aimed to provide the first
evaluation of the performance of FIB, including total coliforms (TC),
presumptive E. coli (EC), intestinal enterococci (IEC), and pre-
sumptive Clostridium perfringens spores (CP). Using a qPCR assay
(BacR), this study also aimed to determine ruminant-associated
faecal pollution at different water types located at different alti-
tudes (1100e3835 m.a.s.l.) in a tropical highland country. Based on
the results of the FIB evaluation and enumeration, a risk map was
created showing the degree of pollution of sub-basins of the Lake
Tana basin.

2. Materials and methods

2.1. A general overview of the study sites

This study includes two sets of sites. The first set, which consists
of 22 sites, was used to evaluate the performance of FIB and then to
select a consensus parameter (see section 2.6). The second set
2

consists of 20 sub-basins (seven gauged and 13 un-gauged) in
which a map showing the degree of pollution of various waters in
the Lake Tana basin was established based on the results of the FIB
enumeration (Fig. A1).

2.1.1. Study sites for performance evaluation and microbial source
tracking

The performance study of FIB was conducted primarily in the
Lake Tana watershed and also partly in the Chokie Mountains and
Chifenchifit watersheds in the northern part of Ethiopia (Table 1). A
total of 22 sampling sites e 12 groundwater and 10 surface water e
were studied in the rainy and post-rainy seasons from June to
December 2017. The examined locations were from different water
types, pollution categories, and altitudes (Table 1). The rule for
grading the degree of pollution or presumptive pollution was that
sampling sites that have congested human settlements, pit latrines
near or around the area, waste water pools, and cattle grazing areas
were considered to be under high risk of being influenced; they
were thus placed in the “high” presumptive pollution category
(Table 1). Those that did not have any or had relatively less of these
observable water source polluters were considered to be a lower
risk and were categorized in the “low” presumptive pollution
category, and those in between were categorized as “medium”.

2.1.2. Study sites for pollution risk mapping
Pollution risk maps were developed for the 20 sub-basins of

Lake Tana for the rainy (JulyeSeptember) and post-rainy (Octo-
bereDecember) seasons. Six of the twenty sub-basins are gauged
river sub-basins in the Lake Tana basin (please see the detailed
description in Annex A.1 and Fig. A1).

2.2. Sampling

A total of 241water samples (192 for performance and 49 for
mapping) were collected from wells, streams, and rivers. Surface
water samples were collected using sterile Kimax Kimble glass
bottles with butyl rubber stoppers from a 30 cm-deep, flowing
section of a stream. The groundwater samples fromwells equipped
with a pump were collected after 2 min of water flushing. In the
remaining wells provided with ropes and buckets, water samples
were collected directly from the bucket after washing. The sample
bottles were immediately placed in a dark cool box and transported
to the Food and Chemical Engineering Laboratory of Bahir Dar
University. The samples were then analysed within 6 h of the first
sample being taken. Water samples for physicochemical analysis
were collected in 500 ml polyethylene bottles (made by Thomas
Scientific), kept in an icebox, and transported to the laboratory for
immediate analysis within 6 h (APHA-AWWA-WPCF, 1981).

2.3. Physicochemical characteristics

In-situ measurements of electrical conductivity (Con), pH, dis-
solved oxygen (DO), temperature (T), and total dissolved solids
(TDS) were taken with a YSI Pro Plus multi-parameter meter (Ohio,
USA). Ammonium, nitrite, and nitrate were determined photo-
metrically (Palintest Transmittance-display Photometer 8000;
North East, England) at the water quality laboratory of the School of
Civil and Water Resource Engineering, Bahir Dar University.

2.4. Determination of standard Faecal Indicator Bacteria

2.4.1. Presumptive detection, enumeration, and confirmatory tests
The presumptive simultaneous detection of TC and EC was un-

dertaken by a membrane filtration technique using Chromo Cult
Coliform Agar (CCA). Clostridium perfringens spores were detected
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by solid Tryptose Sulfite Cycloserine Agar (TSC) agar, and IEC was
detected by Slanetz and Bartley agar media. Chromo Cult Coliform
Agar media were amended by the addition of Cefsulodin (5 mg/l;
Sigma, Vienna, Austria), and CCP were amended by a Clostridium
perfringens supplement (0.4 g/l). The pink and blue colonies on CCA
agar were classified as TC and EC respectively. Black colonies
growing on TSC plates were classified as CP. Pink to red colonies
were classified as IEC. All agar media was from Merck.

2.4.2. Sampling and DNA extraction of water samples
Water samples were filtered over 0.2 mm polycarbonate filters

(Millipore, Bedford, MA) and stored on dry ice at �80 �C during
transportation to Technical University (TU) Vienna for further
processing. DNA extractionwas then performed using bead-beating
and phenol/chloroform (Griffiths et al., 2000; Reischer et al., 2008;
Mayer et al., 2018). In brief, cell lysis was achieved by the addition of
Cetyltrimethylammonium bromide (CTAB) buffer and glass beads
in a Fast Prep 24 bench-top homogeniser for cell lysis (MP
Biomedical Inc., Irvine, CA) at a speed setting of 6 ms�1 for the 30 s.
Polycarbonate filters were completely dissolved at this step, and
the DNA was subsequently purified by washing procedures. Pre-
cipitation of the DNA was achieved by the addition of isopropanol.
The extracted DNA was eluted in a 10 mM TRIS buffer (pH 8.0) and
stored at �80 �C until further analysis. Before the qPCR assays, the
DNA concentration of the sample DNA extracts was determined
using the Quanti Fluor® dsDNA Kit (Promega, USA) according to the
manufacturer’s instructions. Fluorescence readings were taken on a
Glomax Microplate Reader (Promega, USA).

2.5. Microbial source tracking MST genetic marker detection

In addition to the application of the ruminant-associated 16S-
rRNA-gene marker BacR (Reischer et al., 2006), a general Bacter-
oidetes marker, AllBac (Layton et al., 2006), was used as quality
control to assess the ability to amplify DNA in the samples. The
assay was applied as a duplex qPCR, including an internal ampli-
fication control (IAC), non-competitive using the ntb2 gene from
Tabaco nicotianum L. (Anderson et al., 2011). All samples were
measured in duplicate in at least two four-fold DNA dilution steps,
and the results were compared. Samples with two matching AllBac
concentrations (i.e., the ratio [concentration 1:16.4]/[concentra-
tion1:4] was between 0.5 and 2) in the 1:4 and 1:16 dilutions were
judged free of PCR inhibiting substances in the 1:4 dilution. In
addition to the dilution method to identify possible PCR inhibition,
results from the IAC were evaluated.

The presence of PCR inhibitors was confirmed if the threshold
cycle (Ct value) of the IAC assay in any sample was one cycle higher
than that in negative control. Furthermore, controls included no-
template controls as well as filtration and DNA extraction blanks.

All sample DNAs in the qPCR assay detecting ruminant-
associated faecal pollution (i.e., BacR(Reischer et al., 2006); were
measured in duplicate. The quality assessment of qPCR data was
conducted as previously described (Reischer et al., 2006, 2011;
Mayer et al., 2018). In brief, the reaction efficiency of all qPCR runs
ranged from 95 to 105%. All negative controls and no-template
controls were consistently negative (i.e., fluorescence never
exceeded the threshold). We re-judged samples with replicates
having standard deviations of a Ct-value > 1 in the four-fold DNA
extract dilutions as not quantifiable, and they were thus not
considered for further analysis. qPCR standard dilutions ranging
from 100 to 106 targets per reactionwere used in a linear regression
model for calculation of the qPCR calibration curve. The results are
reported as marker equivalents per filtered water volume (ME
vol�1), a method asserted by Reischer et al. (2006). Filtration vol-
ume, the use of 2.5 ml undiluted DNA extract in the qPCR, and the
3

minimal theoretically detectable marker concentration per reaction
(one copy) define the threshold of detection (Reischer et al., 2006).
The threshold of detection of the herein presented data set was 107
copies.

All qPCR assays were run on a Rotor-Gene Q thermocycler
(Qiagen Inc.) in a total reaction volume of 15 ml with 2.5 ml sample
DNA dilution (1:4). The respective reaction mixtures were
composed of 7.5 ml Rotor-Gene Multiplex PCR master mix (Qiagen
Inc.), 2.5 ml sample DNA dilution, and 400 ng ml�1 bovine serum
albumin, while the originally published primer and probe con-
centrations were maintained. Cycling parameters for AllBac,
including the IAC, were 5 min at 95 �C for denaturation and 45
cycles of 30 s at 95 �C followed by 45 s at 60 �C. Cycling parameters
for BacR were 5 min at 95 �C for denaturation and 45 cycles of
15 s at 95 �C followed by 60 s at 60 �C.
2.6. Evaluation of FIB and pollution risk mapping

Pollution risk maps were constructed for gauged and un-gauged
sub-basins of the Lake Tana basin (see Fig. A1). Firstly, we evaluated
different FIB at different altitudes and water types. We then
selected the best FIB from among those that were tested, which we
termed the consensus picture. Consensus FIB were selected based
on their performance, which is defined as the discrimination effi-
cacy of the tested FIB at different altitudes and water types of
different levels of pollution. Better performing FIB have a higher
discrimination ability. The discrimination ability is measured as a
ratio of the number of pairs of compared sites of high and low
pollution categories that have significant statistical test outcomes
(p � 0.05) to the total number of pairs of compared sites. Those FIB
that have better discrimination efficacy were selected a consensus
FIB. Pollution classes were established between the highest
achievable level in faecal material and raw sewage and the natural
background level of the faecal pollution of surface water and
groundwater habitats (expected levels < 1 Colony forming units
(CFU) of the consensus indicator/100 ml (Kavka et al., 2006). As CP
occurs at lower concentration levels in faecal material and raw
sewage (approx. 104e105 CFU/100 ml) compared to EC, the pollu-
tion classes were adapted accordingly.

To classify the investigated sites into their respective pollution
classes and develop a pollution map based on a statistical conser-
vative estimate, we used 90 percentile log values of consensus FIB,
as per the works of Kavka et al. (2006). To estimate the 90
percentile bacteria concentration for the un-gauged sub-basins, we
used the approach of Yarahmadi (2003) and Hofstra and Vermeulen
(2016) (see annex A.2 for details).
2.7. Data analysis

We compared the differences in bacterial mean counts of each
indicator bacteria for a pair of sites in the surface water and site
classes in groundwater sampling sites. We employed the software
package IBM SPSS Statistics 25 for statistical analysis, and we car-
ried out non-parametric tests, such as the Kruskal-Wallis H test and
the Monte Carlo test. Our significance cut off was p < 0.05. The
interquartile range divided by the median was used as a non-
parametric indicator of variability. The bacteriological concentra-
tion ratios of medians (BCRMs) of various indicators were calcu-
lated by dividing the median concentration of an indicator bacteria
of a high influence site by the median concentration of an indicator
bacteria of a low influence site to further analyse the detected
differences in discrimination ability of the indicators.



Table 1
Overview of sampling sites used for the evaluation of FIB, description and location, altitude category, water type, presumptive pollution category, and different uses of the
source water.

Sampling Site code Name of a sampling site Geographic latitude
and longitude

Altitude category Water type Presumptive pollution category Uses of the water

Llu Chifenchifit upstream 411064 1114600 Lowland S Low D, W, C
Lld Chifenchifit downstream 411234.9 1114309 “ S High e

Mld Infranz downstream 313494 1285297 Midland S “ D, I, C
Mlu Infranz upstream 311266 1282125 “ S Low D, I, C
St2u GudoBahir upstream 322657.8 1281582 “ S “ I, C
St2d GudoBahir downstream 324958.4 1280174 “ S High e

Hlzu Awhisha upstream 277356 1206429 Highland S Low D, I, C, W
Hlzd Awhisha downstream 276941 1206598 “ S High I, C, W
Hlu Chokie upstream 372573 1176467 “ S Low D, C, W
Hld Chokie downstream 372573 1176467 “ S High I, C, W
Gwm1 Bata Church 321614.4 1284519 Midland G Medium I, C
Gwm2 “ 321507 1284311 “ G “ I, C
Gwm3 “ 321516 1284300 “ G “ I, C
Gwm4 “ 321491.3 1284203 “ G “ I, C
Gwi1 Kidanmihret Church 322450.6 1281903 “ G High C, W
Gwi2 “ 322447.5 1281899 “ G “ C, W
Gwi3 “ 324311.3 1280930 “ G “ C, W
Gwi4 “ 324319.1 1282322 “ G “ C, W
Gwo1 Robit area 332052.1 1292130 “ G Low D, I, C, W
Gwo2 “ 332052.1 1292136 “ G “ D, I, C, W
Gwo3 “ 323985.5 1268804 “ G “ D, I, C, W
Gwo4 “ 324206.3 1268726 “ G “ D, I, C, W

Abbreviations: Llu (lowland upstream), Lld (lowland downstream), Mld (midland downstream), Mlu (midland upstream), St2u (stream 2 upstream), St2d (stream 2 down-
stream), Hlzu (highland Zengena upstream), Hlzd (highland Zengena downstream), Hlu (highland upstream), Hld (highland downstream), Gwm (groundwater middle city),
Gwi (groundwater inner city), and Gwo (groundwater outer city).S (stream), G (groundwater wells), I (irrigation), C (cattle watering), D (drinking), and W (washing).
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3. Results

3.1. Physicochemical characteristics of the sites

Results of the physicochemical characteristics reveal significant
differences among surfaces and groundwater habitats (Table 2). The
exceptions are nitrite for surface water and ammonium for
groundwater habitats (p < 0.05, n¼ 63 for surface water and n¼ 60
for groundwater sites, Kruskal-Wallis H test). This result confirmed
the presence of a range of different habitats and pollution patterns
in the investigated water systems, thus justifying the basic frame-
work of having different categories of faecal pollution and testing
the performance of indicators.
3.2. General levels of occurrence and abundance of FIB

Total coliforms (TC), presumptive EC , and CP were detected in
97%, 91%, and 93%, respectively, of all sampling sites throughout the
sampling period (Fig. 1A and B)). TC, EC, and CP were detected in
100%, 96%, and 95% of the surface water sampling sites, respec-
tively. TC was detected in 95%, CP in 90%, and EC was detected in
85% of all the groundwater sampling sites. Among the detected
multiple microbial indicators, TC resulted in the highest value with
a concentration of 3.39 log CFU/100 ml (n ¼ 123; Fig. 1C) in the
pooled data. It had also the highest concentration on all surface as
well as groundwater sampling sites (Fig. 1A, 1B). The maximum
concentrations of the other indicators were in the order of pre-
sumptive EC (3.21 log CFU/100 ml), IEC (3.28 log CFU/100 ml), and
CP (2.38 log CFU/100 ml). In groundwater study sites, among the
tested indicators, TC was detected in 95%, CP in 90%, and EC in 85%
of all the sampling sites. Among the detected multiple microbial
indicators, TC resulted in the highest value with a concentration of
3.39 log CFU/100ml (n¼ 123; Fig.1A, B, C) in the pooled data. It had
also the highest concentration on all surface and groundwater
sampling sites (Fig. 1A, B, C).
4

3.3. Performance of FIB

The performance of FIB (i.e., the discrimination efficacy) was
evaluated based on eight corresponding low to very high influence
sites and site classes for comparisons (Tables 3a and 3b). Based on
these comparisons, the FIB showed varying levels of discrimination
ability. Presumptive EC and CP showed equal performance and
ability to significantly discriminate between paired sites: pre-
sumptive EC and CP ¼ 63%, TC ¼ 50%, and IEC ¼ 20% (Table 3a). In
surface water study sites, EC and CP were able to discriminate be-
tween 40% of the sites, and TC and IEC could significantly
discriminate between 20% of the sites. In groundwater systems, EC,
CP, and TC were able to significantly discriminate between 100% of
the sites.

The BCRM indicates the discrimination ability of faecal in-
dicators; a higher BCRM value correlates to a higher discrimination
ability. The BCRM value of EC was 1.55e18.83, CP was 1.28e14.96,
and TCwas 0.66e11.88 in pooled samples. In surfacewater samples,
the BCRM of ECwas 1.55e3.69, CPwas 1.28e3, and IECwas 1.12e47.
In groundwater systems, the BCRM values were relatively higher
compared to surface water systems, and the BCRM of EC was
2.33e18.83, CP was 3.34e14.96, and TC was 1.78e11.88 (Table 3b).

Correlation analysis of faecal indicators revealed that there is
generally a significant correlation (p � 0.01) among most of the
indicators (Table 4). Total coliforms strongly correlated with EC, CP,
and IEC (r ¼ 0.356e0.528, n ¼ 123) in pooled samples. Escherichia
coli correlated significantly with IEC and CP in pooled samples
(r ¼ 0.601e0.647, n ¼ 123; see Table 4). Clostridium perfringens
revealed a significant correlation with TC and EC only. The corre-
lation among the indicators is more pronounced at highland than
mid- and lowland located study sites (r ¼ 0.624e0,848, n ¼ 28).
Total coliforms showed a very strong correlation with EC and CP at
highland sites only (r ¼ 0.6e0.624). IEC showed a significant cor-
relationwith EC in pooled samples only (r¼ 0.848). The correlation
coefficient among indicators in mid- and lowland study sites is
generally very low, with the exception of EC with TC and IEC cor-
relations. All the evaluated faecal indicators showed a general trend



Fig. 1. The general level of occurrence of faecal indicators - a) in three altitude categories of Lake Tana Basin, Ethiopia; highland (�2500m.a.s.l.); midland (>1100 and <2500m.a.s.l.)
and lowland (�1100 m.a.s.l. - b) in three presumptive pollution categories of the groundwater sampling sites-c) in surface and ground water -d) level of occurrence of FIB for average
EC concentration in rainy and post rainy seasons of the year 2017-e) level of occurrence of average CP in rainy and post rainy seasons of the year 2017. The concentrations were in
colony-forming units (CFU) per 100 ml expressed as Mean. The error bars indicate ±1 Standard Error of the mean (n ¼ 14e20; 14 per altitude category of the surface water and 20
per pollution category of the groundwater). GW-IC-groundwater inner city, GW-MC-groundwater middle city, and GW-OC-groundwater outer city.
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towards presumptive high-influenced sites that were typically
more polluted than presumptive low influenced sites.

There is no significant difference in the non-parametric-based
variation (NBV) values among the values of all faecal indicators in
surface water sampling sites (p > 0.05, Kruskal-Wallis H test, n ¼ 7
with eight sampling sites) (Table 5a and b). In groundwater sys-
tems, the NBV values of TC were significantly different from EC and
CP NBV values. However, there remained no significant difference
between the NBV values of EC and CP (p > 0.05, Mann-Whitney U
test, n ¼ 7 with 12 sampling sites).
5

3.4. Microbial source tracking

Markers associated with ruminants (i.e., BacR) were detected at
all sites except Infranz upstream (Mlu) at least once during the
study period from June to December 2017. The percentage occur-
rence of BacR ranged from 0% (Mlu) to 86% (Hld). The overall per-
centage occurrence of BacR in pooled sites was 37%. The BacR
concentration ranged from 0 to 3.95 log ME/100 ml. The greatest
concentration of the BacR marker was detected at Infranz down-
stream (Mld) (3.95 log ME/100 ml; Table 6).



Table 2
Physicochemical characteristics of the examined water habitats.

Surface water Groundwater

Ll Ml Hl Gwi Gwm Gwo

Parameter x SD x SD x SD p value x SD x SD x SD P value

T (�C) 20.6 2.2 19.6 2.3 14 5 p < 0.05 21.7 1.5 22.2 0.9 23.3 0.4 p < 0.05
DO (mg/l) 8.3 2.2 4.6 2.4 8.5 2.7 p < 0.05 1.6 0.5 2.5 0.7 3.1 1 p < 0.05
Cond. (mS/cm) 913 312 387 201 131 74 p < 0.05 999 259 186 99 424 377 p < 0.05
pH (�) 8.4 1 7.7 1 8.5 1 p < 0.05 6.8 0.3 6.3 0.2 6.7 0.4 p < 0.05
NO3 (mgN/l) 2.52 2.41 0.88 0.86 0.48 0.21 p < 0.05 29.5 21.5 3 2.4 2.7 2.6 p < 0.05
NO2 (mgN/l) 0.02 0.02 0.07 0.23 0 0.01 p > 0.05 0.4 0.6 0.1 0.1 0.1 0.2 p < 0.05
NH4 (mgN/l) 0.06 0.04 4.72 5.65 0.08 0.07 p < 0.05 3.7 5.1 2.4 4.2 4.4 5.6 p > 0.05
TDS (g/l) 0.65 0.22 0.23 0.1 0.1 0.05 p < 0.05 0.5 0.1 0.1 0.1 0.2 0.1 p < 0.05

See Table 1 for groundwater abbreviations.Abbreviations: x (mean value), SD (standard deviation), Ll (surface water from lowland), Ml (surface water from midland), Hl
(surface water from high land). T (temperature), DO (dissolved oxygen), Cond. (conductivity), NO3 (nitrate), NO2 (nitrite), NH4 (ammonium), and TDS (total dissolved solids).

Table 4
Pearson correlation coefficients (r) between the various microbial parameters (i.e.,
TC, EC, IEC, and CP). The samples were collected from surface and groundwater
sources distributed over three altitude categories: low-, mid-, and highlands. As-
terisks indicate * significant (p < 0.05) and ** highly significant (p < 0.01) values.

Pooled TC EC IEC CP

TC 0.528** 0.356* 0.413**
EC 0.528** 0.647** 0.601**
IEC 0.356* 0.647** 0.167
CP 0.413** 0.601** 0.167
Highland
TC 0.624** 0.244 0.600**
EC 0.624** 0.848** 0.660**
IEC 0.244 0.848** 0.277
CP 0.600** 0.660** 0.277
Midland
TC 0.352 0.195 0.158
EC 0.352 0.227 0.124
IEC 0.195 0.227 0.266
CP 0.158 0.124 0.266
Lowland
TC 0.755* 0.238 0.450
EC 0.755* 0.594 0.384
IEC 0.238 0.594 0.133
CP 0.450 0.384 0.133
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3.5. Pollution risk mapping

3.5.1. Sites used for performance study
About one third of the sites (Hlzu, Gwm-2, Gwm-3, Gwm-1,

Gwi-2, Gwi-4, Gwo-1, Gwo-2, Gwo-3 Gwo-4, St-1, St-2) were
classified into the same pollution class by the consensus FIB, pre-
sumptive EC, and CP approaches (Table 7a and b and Fig. 2A, B, and
C). Sampling sites that had concentrations per 100 ml equal or
greater than 5.5 log CFU for EC and 3.7 log CFU for CP would have
been classified as having excessive pollution, but none of the sites
qualified for this category. 3.5 log CFU e4.4 log CFU and 4.5 log
CFUe5.4 log CFU concentrations/100 ml were classified as having
very high and high levels of pollution, respectively, based on EC.
None of our study sites fell into this pollution level except for the
Gudo-Bahir stream sites. Sites with log 90% percentile presumptive
EC values in the range of 2.5 log CFU and 3.4 log CFU/100 ml were
deemed as havingmoderate levels of pollution, and one third of the
study sites were in this pollution category. Forty percent of the sites
were categorized under a low level of pollution, and only two sites,
both groundwater, fell into the very low category of pollution
(Table 7a and b).

3.6. General level of pollution and risk mapping

E. coli was detected in all sampled rivers, and the average EC
concentration in pooled sites ranged from 2.34 log CFU to 3.14 log
CFU/100 ml; this range represents the minimum average EC con-
centration in Gumara and the maximum EC concentration in Rib,
Table 3
Pairwise habitat comparison based on the bacteriological parameters of presumptively h
groundwater systems (i.e., wells [Table 3b]). The bacteriological parameters were EC,
habitats ¼for the abbreviations of sampling sites. Abbreviations: level of significance (p)

a) Statistical test outcome of the examined surface water systems

Comparison Compared EC CP

type pair p BCRM p

Site by site Hlu-Hld 0.031 4 0.041
Hlzu-Hlzd 0.569 1.8 0.470
Mlu-Mld 0.179 3.69 0.476
Llu-Lld 0.306 1.58 0.787
St2u-St2d 0.047 1.55 0.049

b) Statistical test outcom

EC

Comparison type Compared pair P BC

Site class by site class Gwi-Gwm 0.05 2.3
Gwi-Gwo 0.001 18
Gwm-Gwo 0.000 14

6

respectively. In the rainy season, the average EC concentration
ranged from 2.46 log CFU to 3.14 log CFU/100 ml; the minimum
valuewas noted in Garno, and themaximumwas noted in Dirma. In
the post-rainy season, the average EC concentration ranged from
igh and low influence sites for surface water systems (i.e., streams [Table 3a]) and
CP, IEC, and TC in log CFU/100 ml. See Table 1 for the location of the examined
and bacterial concentration ratio of the medians (BCRM).

IEC TC

BCRM p BCRM p BCRM

3 0.042 4.25 0.250 3.33
3 0.982 1.12 0.361 0.4
1.8 0.506 47 0.482 0.66
1.4 0.265 1.76 0.944 0.66
1.28 0.113 e 0.029 1.32

e of the examined groundwater systems

CP TC

RM P BCRM P BCRM

3 0.005 4.47 0.001 1.78
.83 0.001 14.96 0.002 11.88
.12 0.000 3.34 0.000 6.68



Table 5
The bacteriological characteristics of faecal indicators for surface water (a) and groundwater (b). The concentrations of faecal indicator bacteria for TC, EC, IEC, and CP (log CFU/
100 ml).

a)
Sampling sites

TC EC IEC CP

M R NBV M R NBV M R NBV M R NBV

Hld 2.7 1.7e2.9 0.2 1.8 NDe2.5 0.6 2.2 NDe2.5 0.3 1.8 1.6e2.4 0.4
Hlu 2.2 1.6e2.6 0.3 1.3 NDe2.5 0.5 1.6 NDe2.3 1.0 1.3 1e2.4 0.6
Hlzd 2.6 2.6e3.4 0.3 2.0 1.5e2.6 0.3 2.3 1.0e3.3 0.8 2.2 1.3e2.3 0.4
Hlzu 2.8 2.7e2.9 e 1.7 1.5e3.3 0.5 2.2 1.0e3.3 0.8 1.7 1.3e2.4 0.4
Lld 2.9 2.0e3.3 0.7 2.6 2.1e3 0.4 2.9 2.6e3.1 0.2 2.1 1.3e2.7 0.5
Llu 2.8 1.6e3.2 0.5 2.4 1.6e3 0.3 2.7 2e3.1 0.4 2.2 1.6e2.7 0.4
Mld 2.7 2.6e2.9 0.1 2.4 2.1e2.5 0.2 2.7 2.2e3 0.2 2.1 1.3e2.8 0.4
Mlu 2.9 2.4e3.1 0.2 1.8 1.3e2.6 0.5 1.9 NDe3.1 1.1 1.0 NDe2.8 1.4

b)
Sampling sites

TC EC CP

M R NBV M R NBV M R NBV

Gwm 3.1 2.6e3.6 0.1 1.8 NDe2.4 0.3 1.1 0.5e2.2 0.6
Gwi 3.3 3e3.7 0.02 1.75 NDe2.8 0.6 1.7 0.8e2.5 0.38
Gwo 2.2 2e2.7 0.19 0.5 NDe2.1 2.35 0.45 NDe1.6 1.78

Abbreviations: M (Median), R (Range), NBV (Non-parametric-based variation), and ND (non-detected). See Table 1 for the abbreviations of the sites.

Table 6
Distribution and detection frequency of microbial source tracking markers by PCR and range of concentrations by qPCR for host-associated markers. Comparisons of FIB
abundance (%) and concentration (log CFU/100 ml) for different streams and the MST study (BacR) are also presented. See Table 1 for the abbreviations of the sites.

Number of positive samples (%)
qPCR assay

FIB BacR
log ME/
100 ml

FIB (Log CFU/100 ml)

Site (Sampling events) BacR EC CP TC IEC BacR EC CP TC IEC

Llu (7) 2 (29%) 7 (100%) 6 (86%) 7 (100%) 7 (100%) 0e2.97 1.61
e3.02

1.61e2.67 1.61e3.18 2e3.09

Lld (7) 3 (43%) 6 (86%) 7 (100%) 7 (100%) 7 (100%) 0e3.37 2.15
e3.02

1.32e2.7 1.96e3.3 2.56e3.08

Mld (6) 3 (50%) 5 (83%) 6 (100%) 5 (83%) 6 (100%) 0e3.95 2.08
e2.53

1.32e2.79 2.6e2.89 2.23e3

Mlu (6) 0 6 (100%) 5 (83%) 5 (83%) 6 (100%) 0 1.32
e2.58

0e2.76 2.4e3.06 0e3.11

Hlzu (7) 2 (29%) 6 (86%) 7 (100%) 6 (86%) 7 (100%) 0e2.93 1.5e2.3 1.3e2.4 2.7e2.9 1e3.28
Hlzd (7) 3 (43%) 6 (86%) 7 (100%) 6 (86%) 7 (100%) 0e3.52 1.5e2.6 1.3e2.3 2.6e3.4 1e3.3
Hlu (7) 1 (15%) 6 (86%) 7 (100%) 6 (86%) 7 (100%) 0e3.48 0e2.55 1.04e2.4 1.61e2.57 0e2.3
Hld (7) 6 (86%) 7 (100%) 7 (100%) 7 (100%) 7 (100%) 0e3.82 0e2.52 1.61e2.45 1.71e2.9 0e2.9

Abbreviations: ruminant associated bacteroides (BacR) ,faecal indicator bacteria (FIB) and ND (non-detected).
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2.34 log CFU to 2.57 log CFU/100 ml; the minimumvalue was noted
in Gumara, and the maximum was noted in Rib River (Fig. 1D).

Likewise, CP was detected in all sampled rivers. The average CP
concentration in pooled sites ranged from 1.76 log CFU to 2.83 log
CFU/100 ml; the minimum average CP concentration was recorded
in Gilgel Abay, and the maximum was recorded in Gumara. In the
rainy season, the average CP concentration ranged from 1.76 log
CFU/100 ml to 2.83 log CFU/100 ml; the minimum value was noted
in G/Abay, and the maximum was noted in Gumara. In the post-
rainy season, the average CP concentration ranged from 2.34 log
CFU/100 ml to 2.57 log CFU/100 ml; the minimum value was noted
in Gumara, and the maximum was noted in Rib River (Fig. 1E).

In the rainy season, nearly two thirds of the Lake Tana basin was
moderately polluted. This includes major tributary rivers, such as
Gilgel Abay, Gumara, Rib, Megech, and Dirma sub-basins. Twenty
percent of the basin was highly polluted, and 20% of the basin had
very low to low levels of pollution (Fig. 1D and E). In the post-rainy
season, nearly half of the sites were within the low level of pollu-
tion, 35% were moderately polluted, and 10% were highly polluted,
as indicated by the 90% EC concentration (Fig. 2).

In the rainy season, based on the 90 percentile CP concentration,
10% of the basin was classified as having low to very low levels of
pollution, 35% as moderate, 35% as high, 15% as very high, and 5%
was excessively polluted. In the post-rainy season, based on the 90
7

percentile CP concentration, 10% of the basin was classified as
having low to very low levels of pollution, 30% as moderate, 40% as
high, 10% as very high, and 5% was excessively polluted (Fig. 2).
4. Discussion

4.1. Physicochemical characteristics of the examined water habitats

The results of the physicochemical characterisation of the
examined water habitats indicate the presence of a wide range of
different aquatic habitats and pollution patterns. The physico-
chemical characteristics of surface and groundwater sites support
our presumptive pollution gradient approach: the pollution levels
of the sampling sites follow the levels of anthropogenic activity in
the surrounding areas. This provides a firm basis for site selection
(Byamukama et al., 2005).

The characteristics of the groundwater sampling sites showed a
chemical pollution gradient from the inner city, where there is a
relatively high population density and more anthropogenic activ-
ities, to the middle of the city and then to the outskirts of the city,
where population density is relatively less. However, groundwater
sites also receive diffuse pollutants from livestock and humans in
the watershed. The nonpoint source of pollution from humans is
due to many points of open defecation in the watershed. The inner-



Table 7
a) Dual classification scheme of faecal pollution levels based on EC (Kavka et al.
(2006) and CP spore concentrations (this work). b) Ninety 90 percentile of log EC
and log CP for all sampling sites (n ¼ 4e7 per sampling site) classified into the
respective level of pollution based on the pollution classes of Table 7a. See Table 1 for
the abbreviations of the sites.

a)
Pollution class

EC (Log CFU/100 ml) CP (Log CFU/100 ml) Pollution class

Excessive >5.5 >3.7 1
Very high 4.5e5.4 3.03e3.69 2
High 3.5e4.4 2.36e3.02 3
Moderate 2.5e3.4 1.69e2.35 4
Low 1.5e2.4 1.02e1.68 5
Very low �1.4 �1.01 6

b)
Site

EC Log CFU/
100 ml

CP Log CFU/
100 ml

Pollution class
EC

Pollution class
CP

Hld 2.3 2.4 5 3
Hlu 2.1 2.3 5 4
Hlzd 2.3 2.3 5 4
Hlzu 2.7 2.2 4 4
Lld 3.0 2.6 4 3
Llu 2.7 2.6 4 3
Mld 2.5 2.5 4 3
Mlu 2.5 2.7 4 3
Gwm-

1
1.4 1.1 6 5

Gwm-
2

2.1 1.1 5 5

Gwm-
3

2.2 1.4 5 5

Gwm-
4

2.1 2.2 5 4

Gwm-
1

2.6 2.3 4 4

Gwi-2 2.1 1.5 5 5
Gwi-3 2.3 2.3 5 4
Gwi-4 2.6 2.2 4 4
Gwo-1 0.0 0.6 6 6
Gwo-2 0.5 0.3 6 6
Gwo-3 1.9 1.6 5 5
Gwo-4 0.5 0.8 6 6
St-1 3.7 2.4 3 3
St-2 3.5 2.7 3 3
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city groundwater sites demonstrated significantly higher temper-
ature, electrical conductivity, ammonium, and total dissolved solids
than the middle and outer city stations. This can be explained by
the high organic pollution of the sites. Accordingly, the dissolved
oxygen concentration was significantly lower in the inner city than
the middle and outer city groundwater sampling sites because
organic waste pollution consumes oxygen as it degrades.

The surface water sampling sites also demonstrated significant
variations across most physicochemical characteristics. This finding
is in line with the concept that rivers and streams are highly het-
erogeneous on both spatial and temporal scales, and this hetero-
geneity has been reported by many researchers focusing on the
physicochemical dynamics of rivers and streams (Raj and Azeez
2009). The higher variation of physicochemical characteristics in
the surface water can be explained by the more dynamic and
polluted nature of surface water than groundwater. Other studies
have also followed the same general trend (Lari et al., 2014;
Nwobodo et al., 2015; Moges et al., 2016). Lowland sampling sites
had higher values of temperature, conductivity, nitrate, ammo-
nium, and total dissolved solids than those sites at mid and high
altitudes. A nonpoint source phosphate modelling experiment
conducted in the Lake Tana basin by Moges et al. (2016) also
illustrated a similar trend of increasing between highland upland
and midland sites. Dissolved oxygen and pH values of lowland
streamswere lower than in streams at high altitude but higher than
8

those at mid-altitude located sites. The highland streams had the
lowest temperature and the highest dissolved oxygen and were
slightly more alkaline than other streams.

In general, our physicochemical results for ground and surface
water are in line with other studies (Zhang et al., 1996; Pawar et al.,
1998; Goshu et al., 2010; Kebede et al., 2020) insofar as higher
values of nutrients and organic pollution were noted in water
bodies where there were high anthropogenic activities. Though we
did not observe a clear concentration gradient for the physico-
chemical characteristics of the surface water as we did for the
groundwater stations, downstream sites had relatively higher
values than upstream sites of the same stream in most altitude
categories. This could be because of intermittent pollution inputs
within the watershed as a result of open defecation and open
grazing magnified by watershed degradation, such as soil erosion
(Simane et al., 2013; Sewnet 2015; Moges et al., 2016; Goshu and
Aynalem 2017; Selassie 2017). This result confirms the presence
of a range of different habitats and pollution patterns in the
investigated water systems, thus constituting the need for a basic
framework of different categories of faecal pollution and testing the
performance of indicators.
4.2. General levels of bacteria occurrence and abundance

The general levels of occurrence and abundance of FIB show
approximately the same gradient as that of the physicochemical
characteristics of the examined water habitats. This further sup-
ports the need for the basic framework to test the performance of
the indicators at different altitudes and source waters to produce
affordable, easy-to-perform, and practicable indicators that help to
map the pollution risks. The general levels of occurrence and
abundance of TC, EC, and CP in most surface water sampling sites
was higher than in groundwater sampling sites. In most cases, the
sampling sites from the lowland areas had relatively higher levels
of occurrence and abundance than mid- and high-altitude streams.
Escherichia coli, IEC, and CP had a relatively higher pooled mean
abundance in surface and groundwater habitats compared to other
indicators. This was expected as it was observed in similar studies
in Ethiopia (Goshu and Aynalem 2017; Kebede et al., 2020) and
other East African countries (Byamukama et al., 2005). The higher
observed TC levels at all sites were thus likely due to naturally
occurring populations in the sampled habitats without being highly
indicative of faecal pollution (Byamukama et al., 2005; Goshu et al.,
2010).

In surface water sampling sites, the occurrence and abundance
of most indicators followed an altitude gradient wherein lowland
sampling sites had the highest occurrence and abundance of all FIB.
Similarly, midland sampling sites showed a higher occurrence and
abundance of FIB than highland sampling sites, with the exception
of TC. Accordingly, highland sites showed the least occurrence and
detection of all indicators (see Fig. 1AeC).

The general level of abundance of the evaluated indicators
showed a comparable level to other studies in tropical areas. Goshu
et al. (2010) conducted a study in mid-altitude areas of the Lake
Tana basin; the authors reported a comparable level of abundance
but slightly higher values (two logs) of TC (6.3 log CFU/100 ml), EC
(6.1 log CFU/100 ml), and CP (4.1 log CFU/100 ml). Kebede et al.
(2020) also reported a maximum EC concentration of 3.88 log
CFU/100 ml and an IEC concentration of 4.04 log CFU/100 ml in the
Awash River, a mid-altitude river in the central highland of
Ethiopia. Moreover, Byamukama et al. (2005) studied several water
bodies around Lake Victoria, Uganda, and reported comparable
numbers but higher maximum median concentrations for TC (6.5
log CFU/100 ml) and EC (4.3 log CFU/100 ml).



Fig. 2. Rainy and post-rainy seasons bacteria pollution risk maps of the Lake Tana basin that are classified into respective pollution levels based on the pollution classes of Kavka
et al. (2006) for EC,And for CP the classification comes from this work.

G. Goshu, A.A. Koelmans and J.J.M. de Klein Environmental Pollution 276 (2021) 116693
4.3. Performance of FIB

The results of this study demonstrate that EC and CP spores
showed better discrimination efficacy than other indicators.
Escherichia coli and CP spores were able to significantly discrimi-
nate about two thirds of the sampling sites in pooled samples of
surface and groundwater sources located at all altitudes. Moreover,
EC and CP revealed higher values of BCRM compared to other in-
dicators. This finding is in agreement with Byamukama et al.
(2005), who tested the performance of EC and CP in tropical wa-
ters in Uganda (1180 m.a.s.l.). However, our study evaluated the
performance of indicators at even higher altitudes, as high as
3850 m.a.s.l., and in different sources of water. Edberg et al. (2000)
and Odonkor and Ampofo (2013) reported that EC was the best
indicator of the bacteriological quality of water in most examined
habitats. In the extant literature, CP seems to be the choice for
measuring past or intermittent pollution, especially in circum-
stances where resistance to disinfectants and environmental stress
was highest (Cabelli (1977).

Besides EC and CP, TC and IEC showed an acceptable efficacy at
discriminating between water bodies in high and low pollution
categories. The discrimination efficacy of EC and CP was even
stronger in groundwater habitats than surface water habitats,
presumably due to the strong pollution gradient in the ground-
water habitat. This was further supported by comparatively higher
values of BCRM in groundwater than in surface water. All the
evaluated indicators in the groundwater that included EC, CP, and
TC demonstrated strong discrimination efficacy.
9

Our results illustrate that the discrimination efficacy of in-
dicators in surface water habitats was less significant as that of
groundwater habitats, possibly because surface water habitats are
prone to intermittent faecal pollution. Nonetheless, discrimination
efficacy varied with altitude, and we noted that the efficacy
increased with the increasing altitude. The lowland sites have
larger watershed areas, are hotter, and have higher population
densities of humans and animals than the mid- and highlands.
Interestingly, the BCRM of EC and CP in surface water sites followed
the altitude gradient with higher values for highlands and lower
values for lowlands. In most cases, the discrimination ability of the
indicators increased from lowland to highland.

The discrimination ability of EC, CP, and TC in detecting low and
high pollution categories follow the presumptive pollution gradient
in groundwater sites that were located in the same altitude cate-
gory. This was further confirmed by higher values of BCRM in the
inner city than in the middle and outer parts of the city. We noted
lower values of BCRM in the outer city groundwater sampling sites.
In general, all the applied microbial indicators were highly corre-
lated among surface water samples. Unlike other evaluated FIB, EC
and CP also revealed a high correlation in the groundwater samples.
For this reason, EC and CP were taken as a consensus picture in
most of the investigated environments. A more reliable pollution
risk map could be created using the dual faecal pollution indicators
(EC and CP) for the investigated environment. These two inde-
pendent parameters of faecal pollution have different ecological
potential and persistence in the environment (Medema et al., 1997),
yet both revealed high to very high correlation in ground and
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surface water results. This strongly suggests that these two in-
dicators function well in the studied area. Therefore, our results
agreewith the findings of Byamukama et al. (2005) for the Ugandan
environment and support the use of EC and CP spores as a pair of
complementary faecal indicator parameters in the high-altitude,
tropical countries of Africa.

4.4. Microbial source tracking

This study indicates that the BacR marker can nearly always be
detected in all study sites except midland upstream. Reischer et al.
(2013) and Chase et al. (2012) also reported that BacR has strong
host adaptation and broad distribution within the targeted bacte-
rial subpopulation. The authors state that BacR represents obliga-
tory symbionts in the ruminant digestive system, thus making it an
ideal MST target.

In our study, we also detected FIB (i.e., TC, EC, CP, and IEC) in
most of the sampling sites. The inability of BacR to be detected in
the study sites where we have a clear detection of FIB suggests a
need for more qPCR assays to be applied in higher spatial and
temporal resolutions along with other MST assays.

4.5. Pollution risk mapping

Pollution risk mapping as applied by Kavka and Poetsch (2006)
has often been based on one parameter and most frequently, this
was presumptive EC quantification. However, as is demonstrated in
the present work, the combined use of presumptive EC enumera-
tion and CP spore determination proved a more effective means for
faecal pollution monitoring in Ethiopia. For the creation of a faecal
pollution map of the investigated study sites, a dual faecal mapping
system was thus developed and applied. Some of the groundwater
sampling sites, especially those located in the outskirts of the city,
were closed wells. We thus expected remote contamination at
these sites, and the environment was expected to be of low oxygen
or close to an anaerobic environment. In such circumstances, the
combined use of CP with EC is advisable as the CP method only
detected spores from CP species, which are strictly anaerobic and
exclusively of faecal origin (Ellis, 1989).

Based on this mapping approach, in pooled samples, more than
60% of the sites were classified into the same pollution class (Fig. 2).
In surface water sampling sites, only 30% of the sites were in the
same pollution category. However, in groundwater sampling sites,
about 75% of the sites were classified into the same pollution class
by the consensus faecal pollution indicators, namely EC and CP. The
very clear pollution gradient in the groundwater sites is well
captured by the consensus FIB. This can be explained by the more
scattered location of the surface water sampling sites compared to
the groundwater sampling sites and the more dynamic nature of
the streams.

The investigated habitats were used for different purposes. Most
of the surface water (i.e., streams) was used primarily for animal
watering, irrigation, washing clothes, bathing, and cleaning uten-
sils. In rural areas, it was not possible to imagine that the surface
water could also be used for drinking purposes by the rural com-
munity. Furthermore, the groundwater found in the centre of the
city in particular was rarely used for washing clothes; those
groundwater sites in the city’s inner suburbs were used for washing
clothes and agricultural activities in their backyards but rarely for
drinking. However, one third of the groundwater sampling sites
(i.e., 4 out of 20) were located in the outskirts of Bahir Dar and were
used for drinking by the local people.We suspect that pollutionwas
infiltrating most of the sampling sites that we investigated, with
the exception of wells in the outskirts of the city, which had non-
detectable to very low levels of pollution. The level of pollution of
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sampling sites was considerably higher than the World health or-
ganization (WHO) drinking-water standard (Organization, 1993).
According to WHO drinking-water standards, EC and CP should be
absent in awater sample of 100 ml (Sant�e et al., 2004). In our study,
coliforms were common in the environment and were generally
not harmful. However, our results show that the presence of EC and
CP bacteria in drinking water was usually a result of point and
nonpoint source pollution, and this is a serious public health
concern (Polo et al., 1998; Wright et al., 2004; Abdelzaher et al.,
2010).
4.6. The general level of pollution and risk mapping of the Lake
Tana Basin

The level of faecal pollution in tributary rivers and the pollution
risk map of the associated sub-basins, including those that are un-
gauged, remain unknown. This is despite approximately 4.5 million
people directly or indirectly depending on the surface and
groundwater resources of the Lake Tana basin for agriculture, in-
dustry, recreation, ecosystem, and drinking water.

The present results indicate the remarkably high impact po-
tential of anthropogenic faecal sources on the receiving rivers of the
Lake Tana basin. More than 80% of the gauged rivers’ sub-basins
have a moderate to a very high level of pollution. The level of
pollution is more pronounced in the rainy season than the post-
rainy season; this is because the rainy season in the study area
receives two thirds of the annual rainfall, and the runoff washes
untreated agricultural and domestic waste into the receiving rivers.
An estimation of the faecal pollution in the un-gauged catchments
was proposed based on measurements of the level of faecal
pollution in the adjacent rivers, the population density without
latrine coverage, the livestock density, the watershed nitrogen
export fraction, and the nitrogen river export fraction (Goshu et al.,
2020). These factors indicate that more than three quarters of the
un-gauged sub-basins similarly have moderate to very high levels
of pollution. This estimation is in line with the findings of
(Mengesha et al., 2004, Wondie 2009; Goshu et al., 2010, 2017;
Abera et al., 2014, 2017, Ewnetu et al., 2014, Goshu and Aynalem
2017). The moderate to very high levels of pollution in the Lake
Tana basin can be attributed to the low coverage of sanitation fa-
cilities and high livestock densities with open grazing systems
(Mengesha et al., 2004; Alemayehu and Tassew 2017), aggravated
by land degradation in the catchment (Yitaferu 2007; Selassie
2017).The results showed that faecal pollution has been a serious
public and ecosystem health issue in the Lake Tana basin that needs
an urgent intervention.
5. Conclusion

The results of this study demonstrate that the performance of
FIB when used to differentiate between high and low pollution
categories (i.e., its discrimination efficacy) varied with altitude and
source water in highland tropical water. The FIB displayed better
efficacy in groundwater systems than in surface water systems
because of nonpoint intermittent pollution loads to surface water
systems due to a high anthropogenic influence in the watersheds.
Among the indicators, presumptive EC and CP spores performed
better at differentiating high and low pollution categories in
groundwater than in surface water. Most indicators showed a
better discrimination efficacy when differentiating high and low
pollution categories at highland sites (3850 m.a.s.l.), rather than at
mid- (1800 m.a.s.l.) and lowland sites (1100 m.a.s.l.). From the
applied faecal pollution indicators, only EC and CP showed a very
high correlation in both surface and groundwater samples. In most
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of the investigated samples, EC and CP thereby resulted in a
consensus picture of faecal pollution. In the high-altitude, tropical
country of Ethiopia, presumptive EC cell enumeration and CP spore
determination seem to perform well for faecal contamination
monitoring. A contamination risk map for the studied water bodies
can be developed based on these consensus dual faecal indicators.
Most of the sub-basins of Lake Tana were found to be moderate to
highly polluted, and the level of pollution is higher in the rainy
season than in the post-rainy season. Markers associated with ru-
minants (BacR) are identified in more than three quarters of the
sites, indicating the presence of mainly ruminant-associated faecal
pollution. Our research can aid in improvements to water quality
testing and reduce the risk to the general population from stream
bacteria. Further studies on the performance of molecular markers
should be conducted at different source waters and altitudes with
higher spatial and temporal resolutions as this study only repre-
sented a discrete region of the Ethiopian environment.

Credit author statment

Goraw Goshu: Conceptualization, Methodology, Validation,
Original draft, Writing, Fund acquisition. A.A. Koelmans: Concep-
tualization, Methodology, Validation, Reviewing and Editing, Su-
pervision, Project administration, Fund Acquisition. J.J.M de Klein:
Conceptualization, Methodology, Validation, Reviewing and Edit-
ing, Supervision, Project administration, Fund Acquisition.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This work was supported by the Netherlands Universities
Foundation for International Cooperation (NUFFIC) e Project NFP
Ph.D. Goraw Goshu [grant number: 5160957055]. The authors
acknowledge Drs Andreas Farnleitner and Rita Linke for their
comments on the manuscript, the material, and their financial
support for the analysis of the qPCR samples at TU Vienna, Institute
for Chemical, Environmental and Bioscience Engineering, Research
Group for Environmental Microbiology and Molecular Diagnostics,
Austria. We also thank Mr Gerold Winkler for his financial support
for the training on qPCR assay, sample collection, and analysis of
qPCR samples. Finally, we thank the Blue Nile Water Institute,the
Research and Community Service Vice President Office for their
financial and logistic support, the Bahir Dar Institute of Technology
for allowing the use of their laboratory premises, Bahir Dar Uni-
versity. Last but not least, we thank Mr David Pendergrass for his
valuable comments.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2021.116693.

References

Abdelzaher, A.M., Wright, M.E., Ortega, C., Solo-Gabriele, H.M., Miller, G., Elmir, S.,
Newman, X., Shih, P., Bonilla, J.A., Bonilla, T.D., 2010. Presence of pathogens and
indicator microbes at a non-point source subtropical recreational marine beach.
Appl. Environ. Microbiol. 76, 724e732.

Abera, B., Kibret, M., Goshu, G., Yimer, M., 2014. Bacterial quality of drinking water
sources and antimicrobial resistance profile of Enterobacteriaceae in Bahir Dar
city, Ethiopia. J. Water, Sanit. Hyg. Dev. 4, 384e390.
11
Abera, B., Bezabih, B., Hailu, D., 2017. Microbial quality of community drinking water
supplies: a ten year (2004e2014) analyses in west Amhara, Ethiopia. Sustain-
ability of Water Quality and Ecology 9, 22e26.

Ahmed, W., Goonetilleke, A., Gardner, T., 2008. Alternative indicators for detection
and quantification of faecal pollution. Water 39, 46e49.

Alemayehu, K., Tassew, A., 2017. Challenges and opportunities for increased farm
animal productivity in the Lake Tana sub-basin. In: Social and Ecological System
Dynamics. Springer, pp. 399e415.

Anderson, A., Pietsch, K., Zucker, R., Mayr, A., Müller-Hohe, E., Messelh€ausser, U.,
Sing, A., Busch, U., Huber, I., 2011. Validation of a duplex real-time PCR for the
detection of Salmonella spp. in different food products. Food Analytical
Methods 4, 259e267.

APHA-AWWA-WPCF, 1981. Standard Methods for the Examination of Water and
Wastewater. APHA American Public Health Association.

Byamukama, D., Mach, R.L., Kansiime, F., Manafi, M., Farnleitner, A.H., 2005.
Discrimination efficacy of fecal pollution detection in different aquatic habitats
of a high-altitude tropical country, using presumptive coliforms, Escherichia
coli, and Clostridium perfringens spores. Appl. Environ. Microbiol. 71, 65e71.

Byappanahalli, M., Fujioka, R., 1998. Evidence that tropical soil environment can
support the growth of Escherichia coli. Water Sci. Technol. 38, 171.

Cabelli, V., 1977. Clostridium perfringens as a water quality indicator. In: Bacterial
Indicators/Health Hazards Associated with Water. ASTM International.

Chase, E., Hunting, J., Staley, C., Harwood, V., 2012. Microbial source tracking to
identify human and ruminant sources of faecal pollution in an ephemeral F
lorida river. J. Appl. Microbiol. 113, 1396e1406.

Desmarais, T.R., Solo-Gabriele, H.M., Palmer, C.J., 2002. Influence of soil on fecal
indicator organisms in a tidally influenced subtropical environment. Appl. En-
viron. Microbiol. 68, 1165e1172.

Edberg, S., Rice, E., Karlin, R., Allen, M., 2000. Escherichia coli: the best biological
drinking water indicator for public health protection. J. Appl. Microbiol. 88,
106Se116S.

Ellis, K., 1989. Surface water pollution and its control, 21. Macmillan press Ltd.
Hound millHampshire RG, Basingstoke, pp. 3e18.

Espinosa, A.C., Arias, C.F., S�anchez-Col�on, S., Mazari-Hiriart, M., 2009. Comparative
study of enteric viruses, coliphages and indicator bacteria for evaluating water
quality in a tropical high-altitude system. Environ. Health 8, 49.

Ewnetu, D.A., Bitew, B.D., Chercos, D.H., 2014. Determination of Surface Water
Quality Status and Identifying Potential Pollution Sources of Lake Tana:
Particular Emphasis on the Lake Boundary of Bahirdar City. Amhara Region,
North West Ethiopia.

Goshu, G., Aynalem, S., 2017. Problem overview of the lake Tana basin. In: Social and
Ecological System Dynamics. Springer, pp. 9e23.

Goshu, G., Byamukama, D., Manafi, M., Kirschner, A.K., Farnleitner, A.H., 2010.
A pilot study on anthropogenic faecal pollution impact in Bahir Dar Gulf of Lake
Tana, Northern Ethiopia. Ecohydrol. Hydrobiol. 10, 271e279.

Goshu, G., Koelmans, A., de Klein, J., 2017. Water quality of Lake Tana Basin, upper
blue nile, Ethiopia. A review of available data. In: Social and Ecological System
Dynamics. Springer, pp. 127e141.

Goshu, G., Strokal, M., Kroeze, C., Koelmans, A., de Klein, J., 2020. Assessing seasonal
nitrogen export to large tropical lakes. Sci. Total Environ. 139199.

Griffiths, R.I., Whiteley, A.S., O’Donnell, A.G., Bailey, M.J., 2000. Rapid method for
coextraction of DNA and RNA from natural environments for analysis of ribo-
somal DNA-and rRNA-based microbial community composition. Appl. Environ.
Microbiol. 66, 5488e5491.

Hazen, T.C., 1988. Fecal coliforms as indicators in tropical waters: a review. Toxic.
Assess. 3, 461e477.

Hazen, T.C., Toranzos, G.A., 1990. Tropical source water. In: Drinking Water Micro-
biology. Springer, pp. 32e53.

Hofstra, N., Vermeulen, L.C., 2016. Impacts of population growth, urbanisation and
sanitation changes on global human Cryptosporidium emissions to surface
water. Int. J. Hyg Environ. Health 219, 599e605.

Kavka, G.G., Kasimir, G.D., Farnleitner, A.H., 2006. Microbiological Water Quality of
the River Danube (Km 2581-km 15): Longitudinal Variation of Pollution as
Determined by Standard Parameters.

Kebede, G., Mushi, D., Linke, R.B., Dereje, O., Lakew, A., Hayes, D.S., Farnleitner, A.H.,
Graf, W., 2020. Macroinvertebrate indices versus microbial fecal pollution
characteristics for water quality monitoring reveals contrasting results for an
Ethiopian river. Ecol. Indicat. 108, 105733.

Lari, S.Z., Khan, N.A., Gandhi, K.N., Meshram, T.S., Thacker, N.P., 2014. Comparison of
pesticide residues in surface water and ground water of agriculture intensive
areas. Journal of Environmental Health Science and Engineering 12, 11.

Layton, A., McKay, L., Williams, D., Garrett, V., Gentry, R., Sayler, G., 2006. Devel-
opment of Bacteroides 16S rRNA gene TaqMan-based real-time PCR assays for
estimation of total, human, and bovine fecal pollution in water. Appl. Environ.
Microbiol. 72, 4214e4224.

Mayer, R.E., Reischer, G.H., Ixenmaier, S.K., Derx, J., Blaschke, A.P., Ebdon, J.E.,
Linke, R., Egle, L., Ahmed, W., Blanch, A.R., 2018. Global distribution of human-
associated fecal genetic markers in reference samples from six continents.
Environ. Sci. Technol. 52, 5076e5084.

Medema, G., Bahar, M., Schets, F., 1997. Survival of Cryptosporidium parvum,
Escherichia coli, faecal enterococci and Clostridium perfringens in river water:
influence of temperature and autochthonous microorganisms. Water Sci.
Technol. 35, 249.

Mengesha, A., Wubshet, M., Gelaw, B., 2004. A survey of bacteriological quality of
drinking water in North Gondar. Ethiop. J. Health Dev. 18.

https://doi.org/10.1016/j.envpol.2021.116693
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref1
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref1
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref1
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref1
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref1
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref2
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref2
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref2
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref2
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref3
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref3
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref3
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref3
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref3
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref4
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref4
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref4
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref5
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref5
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref5
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref5
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref6
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref6
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref6
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref6
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref6
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref6
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref7
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref7
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref9
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref9
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref9
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref9
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref9
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref10
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref10
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref11
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref11
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref12
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref12
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref12
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref12
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref13
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref13
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref13
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref13
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref14
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref14
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref14
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref14
http://refhub.elsevier.com/S0269-7491(21)00271-2/optLVPKCBwQk8
http://refhub.elsevier.com/S0269-7491(21)00271-2/optLVPKCBwQk8
http://refhub.elsevier.com/S0269-7491(21)00271-2/optLVPKCBwQk8
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref15
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref15
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref15
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref15
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref15
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref16
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref16
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref16
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref16
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref17
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref17
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref17
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref18
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref18
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref18
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref18
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref19
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref19
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref19
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref19
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref20
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref20
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref21
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref21
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref21
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref21
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref21
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref22
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref22
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref22
http://refhub.elsevier.com/S0269-7491(21)00271-2/optvJUZTwcBi0
http://refhub.elsevier.com/S0269-7491(21)00271-2/optvJUZTwcBi0
http://refhub.elsevier.com/S0269-7491(21)00271-2/optvJUZTwcBi0
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref23
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref23
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref23
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref23
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref25
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref25
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref25
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref26
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref26
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref26
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref26
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref27
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref27
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref27
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref28
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref28
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref28
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref28
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref28
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref29
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref29
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref29
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref29
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref29
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref30
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref30
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref30
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref30
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref31
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref31


G. Goshu, A.A. Koelmans and J.J.M. de Klein Environmental Pollution 276 (2021) 116693
Moges, M.A., Tilahun, S.A., Ayana, E.K., Moges, M.M., Gabye, N., Giri, S.,
Steenhuis, T.S., 2016. Non-point source pollution of dissolved phosphorus in the
Ethiopian highlands: the Awramba watershed near Lake Tana. Clean 44,
703e709.

Nwobodo, T.N., Anikwe, M.A.N., Chukwu, K.E., 2015. Assessment of spatio-temporal
variation of groundwater quality in udi-ezeagu watershed, enugu area south-
eastern Nigeria. Int. J. Environ. Monit. Anal. 3, 210.

Odonkor, S.T., Ampofo, J.K., 2013. Escherichia coli as an indicator of bacteriological
quality of water: an overview. Microbiol. Res. 4, e2.

Organization, W.H., 1993. Guidelines for Drinking-Water Quality. World Health
Organization.

Pawar, N., Pondhe, G., Patil, S., 1998. Groundwater pollution due to sugar-mill
effluent, at Sonai, Maharashtra, India. Environ. Geol. 34, 151e158.

Polo, F., Figueras, M., Inza, I., Sala, J., Fleisher, J.M., Guarro, J., 1998. Relationship
between presence of Salmonella and indicators of faecal pollution in aquatic
habitats. FEMS (Fed. Eur. Microbiol. Soc.) Microbiol. Lett. 160, 253e256.

Raj, N., Azeez, P., 2009. Spatial and temporal variation in surface water chemistry of
a tropical river, the river Bharathapuzha, India. Curr. Sci. 245e251.

Reischer, G.H., Kasper, D.C., Steinborn, R., Mach, R.L., Farnleitner, A.H., 2006.
Quantitative PCR method for sensitive detection of ruminant fecal pollution in
freshwater and evaluation of this method in alpine karstic regions. Appl. En-
viron. Microbiol. 72, 5610e5614.

Reischer, G., Haider, J., Sommer, R., Stadler, H., Keiblinger, K., Hornek, R., Zerobin, W.,
Mach, R.L., Farnleitner, A.H., 2008. Quantitative microbial faecal source tracking
with sampling guided by hydrological catchment dynamics. Environ. Microbiol.
10, 2598e2608.

Reischer, G.H., Kollanur, D., Vierheilig, J., Wehrspaun, C., Mach, R.L., Sommer, R.,
Stadler, H., Farnleitner, A.H., 2011. Hypothesis-driven approach for the identi-
fication of fecal pollution sources in water resources. Environ. Sci. Technol. 45,
4038e4045.

Reischer, G.H., Ebdon, J.E., Bauer, J.M., Schuster, N., Ahmed, W., Astrom, J.,
Blanch, A.R., Bloschl, G., Byamukama, D., Coakley, T., Ferguson, C., Goshu, G.,
Ko, G., de Roda Husman, A.M., Mushi, D., Poma, R., Pradhan, B., Rajal, V.,
Schade, M.A., Sommer, R., Taylor, H., Toth, E.M., Vrajmasu, V., Wuertz, S.,
Mach, R.L., Farnleitner, A.H., 2013. Performance characteristics of qPCR assays
targeting human- and ruminant-associated bacteroidetes for microbial source
tracking across sixteen countries on six continents. Environ. Sci. Technol. 47,
8548e8556.

Rivera, S.C., Hazen, T.C., Toranzos, G.A., 1988. Isolation of fecal coliforms from
pristine sites in a tropical rain forest. Appl. Environ. Microbiol. 54, 513e517.
12
Rochelle-Newall, E., Nguyen, T.M.H., Le, T.P.Q., Sengtaheuanghoung, O., Ribolzi, O.,
2015. A short review of fecal indicator bacteria in tropical aquatic ecosystems:
knowledge gaps and future directions. Front. Microbiol. 6, 308.

Sant�e, O.m. d. l., Organization, W.H., programme, W.-.-W., Staff, W.H.O.,
Zdrowia, �S.O., WHO, 2004. Guidelines for Drinking-Water Quality. World Health
Organization.

Scott, T.M., Rose, J.B., Jenkins, T.M., Farrah, S.R., Lukasik, J., 2002. Microbial source
tracking: current methodology and future directions. Appl. Environ. Microbiol.
68, 5796e5803.

Selassie, Y.G., 2017. Problems, efforts and future directions of natural resources
management in western amhara region of the blue nile basin, Ethiopia. In:
Social and Ecological System Dynamics. Springer, pp. 597e613.

Sewnet, A., 2015. Land use/cover change at infraz watershed, northwestren
Ethiopia. Journal of Landscape Ecology 8, 69e83.

Simane, B., Zaitchik, B.F., Ozdogan, M., 2013. Agroecosystem analysis of the choke
mountain watersheds, Ethiopia. Sustainability 5, 592e616.

Sinigalliano, C.D., Fleisher, J.M., Gidley, M.L., Solo-Gabriele, H.M., Shibata, T.,
Plano, L.R., Elmir, S.M., Wanless, D., Bartkowiak, J., Boiteau, R., 2010. Traditional
and molecular analyses for fecal indicator bacteria in non-point source sub-
tropical recreational marine waters. Water Res. 44, 3763e3772.

Toranzos, G., McFeters, G.A., Hurst, C., Knudsen, G., McInerney, M., Stetzenbach, L.,
Walter, M., 1997. Detection of indicator microorganisms in environmental
freshwaters and drinking waters. Manual of environmental microbiology
184e194.

Wondie, T.A., 2009. The Impact of Urban Storm Water Runoff and Domestic Waste
Effluent on Water Quality of Lake Tana and Local Groundwater Near the City of
Bahir Dar, Ethiopia. Cornell University Ithaca, NY.

Wright, J., Gundry, S., Conroy, R., 2004. Household drinking water in developing
countries: a systematic review of microbiological contamination between
source and point-of-use. Trop. Med. Int. Health 9, 106e117.

Yarahmadi, J., 2003. The integration of satellite images, GIS and CROPWAT model to
investigation of water balance in irrigated area. ITC. https://scholar.google.com/
scholar_lookup?title¼The%20Integration%20of%20Satellite%20Images%2C%
20GIS%20and%20CROPWAT%20Model%20to%20Investigation%20of%20Water%
20Balance%20in%20Irrigated%20Area&publication_year¼2003&author¼J.%
20Yarahmadi.

Yitaferu, B., 2007. Land Degradation and Options for Sustainable Land Management
in the Lake Tana Basin (LTB), Amhara Region, Ethiopia.

Zhang, W., Tian, Z., Zhang, N., Li, X., 1996. Nitrate pollution of groundwater in
northern China. Agric. Ecosyst. Environ. 59, 223e231.

http://refhub.elsevier.com/S0269-7491(21)00271-2/sref32
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref32
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref32
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref32
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref32
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref33
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref33
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref33
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref34
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref34
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref35
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref35
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref36
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref36
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref36
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref37
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref37
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref37
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref37
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref38
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref38
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref38
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref39
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref39
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref39
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref39
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref39
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref40
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref40
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref40
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref40
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref40
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref41
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref41
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref41
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref41
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref41
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref42
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref43
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref43
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref43
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref44
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref44
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref44
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref24
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref24
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref24
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref24
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref24
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref45
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref45
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref45
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref45
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref46
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref46
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref46
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref46
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref47
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref47
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref47
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref48
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref48
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref48
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref49
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref49
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref49
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref49
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref49
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref50
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref50
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref50
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref50
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref50
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref51
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref51
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref51
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref52
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref52
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref52
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref52
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
https://scholar.google.com/scholar_lookup?title&equals;The&percnt;20Integration&percnt;20of&percnt;20Satellite&percnt;20Images&percnt;2C&percnt;20GIS&percnt;20and&percnt;20CROPWAT&percnt;20Model&percnt;20to&percnt;20Investigation&percnt;20of&percnt;20Water&percnt;20Balance&percnt;20in&percnt;20Irrigated&percnt;20Area&amp;publication_year&equals;2003&amp;author&equals;J.&percnt;20Yarahmadi
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref54
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref54
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref55
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref55
http://refhub.elsevier.com/S0269-7491(21)00271-2/sref55

	Performance of faecal indicator bacteria, microbial source tracking, and pollution risk mapping in tropical water
	1. Introduction
	2. Materials and methods
	2.1. A general overview of the study sites
	2.1.1. Study sites for performance evaluation and microbial source tracking
	2.1.2. Study sites for pollution risk mapping

	2.2. Sampling
	2.3. Physicochemical characteristics
	2.4. Determination of standard Faecal Indicator Bacteria
	2.4.1. Presumptive detection, enumeration, and confirmatory tests
	2.4.2. Sampling and DNA extraction of water samples

	2.5. Microbial source tracking MST genetic marker detection
	2.6. Evaluation of FIB and pollution risk mapping
	2.7. Data analysis

	3. Results
	3.1. Physicochemical characteristics of the sites
	3.2. General levels of occurrence and abundance of FIB
	3.3. Performance of FIB
	3.4. Microbial source tracking
	3.5. Pollution risk mapping
	3.5.1. Sites used for performance study

	3.6. General level of pollution and risk mapping

	4. Discussion
	4.1. Physicochemical characteristics of the examined water habitats
	4.2. General levels of bacteria occurrence and abundance
	4.3. Performance of FIB
	4.4. Microbial source tracking
	4.5. Pollution risk mapping
	4.6. The general level of pollution and risk mapping of the Lake Tana Basin

	5. Conclusion
	Credit author statment
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


