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Freshwater has a significant role in determining the ecological environment, public health
and socio-economic development. This study analyzed the spatio-temporal variation in
surface water quality of the tropical reservoir Mettur, India, to determine whether its water
is suitable for human consumption and aquatic ecosystem. Thus, 21 water quality parameters
were monitored seasonally (pre-monsoon, monsoon and post-monsoon) at nine sampling
sites covering riverine, transitional and lacustrine zones of the reservoir during 2018. The
study revealed spatial variation, which was due to input from industrial and domestic
wastewater in the lacustrine zone of the reservoir. However, temporal variability often
exceeded spatial variability. The factor analysis indicates that basin geology, anthropogenic
stress and agricultural applications simultaneously act vital roles in deciding the reservoir
water quality. Based on similarity of water quality parameters, cluster analysis grouped all
the nine sampling sites into three clusters of high, moderate and less polluted sites. Corre-
lation analysis also indicated that multiple sources influence the reservoir water quality
during all the seasons. Based on BIS and WHO values, the calculated water quality index
(134–158) indicates that water of the reservoir is not fit for human consumption, while the
trophic state of this reservoir is moderately-eutrophic to eutrophic. However, with precau-
tion, this aquatic body seems to be suitable for aquatic life and fish growth. The overall water
quality deterioration of this reservoir indicates a strong need for development of a regular
monitoring system for implementation of an effective management system to safeguard
human and environmental health.

KEY WORDS: Water quality, spatio-temporal differences, trophic state, water quality index, Mettur
reservoir.

INTRODUCTION

Reservoirs are important sources of freshwater
ecosystems with immense economic and ecological
value (Mishra et al. 2019). India is bestowed with
huge reservoir resources to the tune of 3.42 million
ha (19,386 numbers) (Sarkar et al. 2018). Over the
last few decades, there has been tremendous pro-
gress in India for multi-purpose exploitation of
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reservoir resources including fisheries development.
However, anthropogenic activities like sewage dis-
charge, agricultural runoff and land use pattern
cause quality deterioration of freshwater resources
all over the world (Teshome 2020; Varol 2020). This
results in constant reduction in availability of quality
water for drinking purposes, and for other uses like
agriculture, fisheries and domestic consumption
(Teshome 2020). Whereas the quality of water in
terms of drinking water and aquatic life is gaining
importance, the need of water quality evaluation is
also getting momentum (Ouyang 2005). For devel-
opment of sustainable water management strategies,
it is important to have adequate information about
pollution sources that deteriorate water quality.
Quality evaluation of freshwater in terms of physi-
cal, chemical or biological may help in projecting its
best uses and thus help in imposing various restric-
tions intended to check further quality deterioration
(Tibebe et al. 2019). Quality evaluation of water also
laid the foundation for its management as by correct
characterization of pollution sources. By checking
the compliance of water quality parameters as per
national and international guidelines, we can de-
velop a reliable monitoring system if required.

The Mettur reservoir (also known as Stanley
reservoir), located at Mettur town of Salem district,
Tamil Nadu, India, was constructed in 1934 across a
gorge where the Cauvery River enters into the
plains of South India. This large reservoir was con-
structed with intention to use for irrigation, power
and drinking purposes. Later on, it has been har-
nessed for its fisheries potential also. However, with
passage of time, industrial development led to an
increase in pollution of this reservoir water (An-
bazhagan 2018), which is of concern. Besides three
heavy industry viz. Chemplast, MALCO (Madras
Aluminium Company) and Mettur Thermal Power
Plant, several small-scale chemical industries are
also located on Cauvery River bank at Mettur town
(Anbazhagan 2018). The industrial effluents from
various industries in and around Mettur town con-
tain pollutant substances, and once they enter into
the reservoir, the water quality is affected. Agricul-
tural activities, particularly vegetable cultivation on
the banks of this reservoir during summer season
when the reservoir shrinks, also form a source of
pollutants in the forms of chemical fertilizer and
pesticides. Paddy cultivation on the Cauvery delta of
Tamil Nadu is totally dependent on Mettur reservoir
water and consequently agricultural runoff from this
paddy field is another source of contamination.

Although numerous reports on surface water
quality of the Mettur reservoir are available, most of
the reports are parts of surveys of the Cauvery River
(Hema and Subramani 2013; Palaniswami et al.
2015; Sivakumar et al. 2017). All the previous studies
for this reservoir were either limited in time or
space, or restricted to one season without any spatial
data, which are also important (Korkanç et al. 2017;
Tibebe et al. 2019). A comprehensive information
on the spatio-temporal trend of the Mettur reservoir
water quality parameters is not available and this
puts a roadblock to the understanding of possible
impacts on its water quality and the reason of
growing pollution, which leads to potential risks to
aquatic life and human health. In addition, for
characterization of the aquatic ecosystem, appraisal
of spatio-temporal differences of physico-chemical
water quality indicators is very much important
(Varol 2020) to identify the roots of water quality
degradation. Assessing the temporal variations helps
in characterizing the seasonal alternation of water
quality and thus helps in finding the natural or
anthropogenic sources of pollution (Ouyang et al.
2006). Temporal variations in precipitation, surface
runoff, interflow, groundwater flow and outflows
significantly affect pollution discharge and their
concentration (Varol 2020). However, spatial dis-
tribution helps in finding the point sources of pol-
lution (Tibebe et al. 2019). The Department of
Environment, Govt. of Tamil Nadu, (Anonymous
2005) reported that, from Salem district, about 640
lakh liters of waste water per day are discharged into
the Cauvery River. Heavy discharge, agricultural
inputs may increase the productivity of a lake or a
reservoir, leading to reservoir eutrophication (Varol
2020). Therefore, determination of trophic state of
lakes and reservoirs is also important.

Assessment of water quality is associated usu-
ally with determination of a large set of physico-
chemical and biological parameters and comparing
them with threshold values. Although this process is
helpful in identifying pollution source, this has little
value with respect to the overall water quality status
of an aquatic body (Hamlat et al. 2013). Several
innovative approaches have evolved to overcome
these drawbacks; particularly application of multi-
variate statistical analysis and evaluation of water
quality index (WQI). The latter is a useful way to
represent the overall state of water, which will be
helpful to end-users and policy-makers (Brown et al.
1972). The Mettur reservoir provides irrigation and
drinking water facilities for more than 12 districts of
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Tamil Nadu and, hence, is revered as the life and
livelihood-giving asset of Tamil Nadu. Several pre-
vious studies on the Mettur reservoir are mainly
focused on, among others, irrigation capacity, water
balance and quantity (AlMohseen 2003; Mohan and
Ramsundram 2016). However, evaluation of WQI
has never been a priority, but mere evaluation of
quality parameters, without giving importance by
taking consideration of end-users, policy-makers or
concerned bodies, is of no practical utility. Addi-
tionally, multivariate statistical analysis like princi-
pal component analysis / factor analysis (PCA/FA)
and cluster analysis (CA) is useful techniques for
pollution source identification and, thus, overall
quality of water, which helps in management of
water bodies (Fan et al. 2010). PCA/FA helps in
identifying the main factors controlling the overall
quality of water (Ouyang 2005), whereas CA defines
natural clustering patterns by making use of simi-
larity in quality parameters (Azhar et al. 2015). The
main aim of all these techniques is to assist in
identifying the common sources, establish the pro-
cesses and relations between the variables used for
evaluating the water quality, and disclose the basic
parameters controlling the overall quality of water.

Studies have not been carried out in the tune of
suitability analysis of the Mettur reservoir water
with reference to human consumption and fisheries
activities. Although this reservoir water is used by a
large community, no suitability and safety studies
have focused on the use of this reservoir water.
Thus, the present study investigated the Mettur
reservoir water quality with the aims (1) to appraise
the spatio-temporal differences of water quality
parameters and use of multivariate analytical tech-
nique to identify pollution sources, (2) to assess the
trophic state of the reservoir, and (3) to determine
the suitability of the reservoir water according to
designated use and computation of WQI, which can
be used effectively for pollution abatement and for
strengthening the management policy for this
reservoir. The results of the present investigation
will facilitate a decision support tool for aquatic re-
sources manager toward (a) development of effec-
tive management module, (b) identification of the
most vulnerable areas of a water body, and (c)
identification of latent source of water quality
deterioration, like uncontrolled effluents from
domestic, municipal, industrial and agricultural
runoff. Possible policy implications might be the
implementation of strict provisions on those who fail
to comply with sanitation regulations and standards.

Eventually, this investigation will lead to a devel-
opment of effective management practices to con-
serve this aquatic resource.

GEOGRAPHY AND GEOLOGY
OF THE STUDY AREA

The Mettur reservoir is located at Salem dis-
trict, Tamil Nadu, India, at an altitude of 243 m
above mean sea level, with maximum height of
70.4 m and has a length of 1700 m. The maximum
capacity of this reservoir is 93.47 tmc ft.1* The area
of the reservoir is 42.5 km2. The average tempera-
ture in Mettur is 27.9 �C, where April is the warmest
month (avg. 31.0 �C) and December is the coldest
month (avg. 24.8 �C). Precipitation is mainly con-
centrated during the south-west monsoon (June–
September) averaging 181 mm (https://en.climate-da
ta.org/asia/india/tamil-nadu/mettur-24058/). The
main source of water for the Mettur reservoir is the
Cauvery River, which is also a drinking water -
source for Salem and 12 other districts in Tamil
Nadu. It is one of largest fishing reservoirs in India
and of about 5000 fishermen�s livelihood is com-
pletely dependent on it.

Geological information of adjoining areas
including the Mettur reservoir has been given in
various previous work (Jain et al. 2007; Ravikumar
et al. 2011; Srinivasamoorthy et al. 2011a, b, 2012;
Subramani et al. 2017). The area is located along a
fault zone and consists of metamorphosed rocks.
The lithology of the entire region is comprised
mainly of charnockites with peninsular gneiss and
calc gneiss. Little amount of basic granulites and
quartzite are also present (Srinivasamoorthy et al.
2011b). Subramani et al. (2017) reported that this
region has passed through five phases of deforma-
tion, five generations of basic dyke activities and
four phases or migmatization and two periods of
metallogeny.

MATERIALS AND METHODS

Site Selection and In situ Sampling for Analysis

For understanding the physical and uniqueness
of the reservoir, the Mettur reservoir was divided
into three different zones (Fig. 1): (1) riverine zone,

1 1 tmc ft = 28,316,846.592 m3.
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the entry point (inflow point) of river into the
reservoir where water depth is comparatively lower
with aggregation of aquatic weeds and macrophytes;
(2) transition zone, largest area between upstream
and downstream of reservoir; and (3) lacustrine zone
located across the dam of the reservoir with higher
depth and sharp slope. Based on the elevation and
flow of water in the reservoir, its accessibility, safety,
latent pollution sources and sewage disposal activi-
ties, the sampling sites in each zone were evenly
distributed and water samples were collected from a
total of nine sites in the riverine (2 sites), transition
(4 sites), and lacustrine (3 sites) zone along the
course of reservoir. The whole study period was di-
vided into three different seasons, i.e., pre-monsoon
(PRM) (February–May), monsoon (MON) (June–
September) and post-monsoon (POM) (October–
January) seasons of the year 2018. Sub-surface
(0.3 m) water samples were collected through a

water sampler and stored immediately in an ice box
before transported to laboratory (Fig. 2).

Twenty-one different physico-chemical water
quality parameters were measured for quality eval-
uation of the Mettur reservoir water. Water tem-
perature (WT), pH, electrical conductivity (EC),
turbidity (turb), dissolved oxygen (DO) and redox
potential (ORP) were measured in situ by a
portable multi-parameter water quality instrument
(YSI Professional Plus). Transparency (SD) was
measured by using the Secchi disk method. TDS
(total dissolved solids) were determined gravimet-
rically, whereas BOD (biochemical oxygen demand)
was evaluated by 5-day incubation (20 �C) method.
Chlorophyll (Chl-a) was extracted with 90% acetone
and analyzed by spectrophotometry. Total alkalinity
(TA), total hardness (TH), calcium (Ca–H) and
magnesium (Mg–H) hardness and chloride (Cl�)
were determined by titration method. In filtered

Figure 1. Study area and locations of sampling sites at the Mettur reservoir.
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water samples, nutrients like nitrite-N (NO2
�–N)

and nitrate–N (NO3
�–N), phosphate–P (PO4

3�) and
total P (TP), and silicate (SiO2) were analyzed by
UV–Vis spectrophotometry. All the protocols for
sampling, storage/preservation and analysis were
carried out as per the APHA (2005) guidelines.

Trophic Assessment

The trophic state index (TSI) of Carlson (1977)
as modified by Lamparelli (2004) for tropical lake/
reservoir and wetland was used for determining the
trophic state of the Mettur reservoir. These modified
equations are:

TSI TPð Þ ¼ 10� 6�
ln 80:32

TP

� �

ln2

� �� �

TSI Chl� að Þ ¼ 10

� 6� 2:04� 0:695ln Chl� að Þ
ln2

� �� �

TSI SDð Þ ¼ 10� 6� 0:64þ ln SDð Þ
ln2

� �� �

TSI Avgð Þ ¼ TSI TPð Þ þ TSI Chl� að Þ þ TSI SDð Þ
3

� �

where TSI (TP), TSI (Chl-a) and TSI (SD) denote
the trophic state corresponding to total phosphorus
(lg/l), chlorophyll-a (lg/l) content and Secchi disk
depth (SD), respectively. TSI (Avg) is average of all
three TSI values. Based on the calculated TSI val-
ues, tropical wetland/reservoir can be categorized as
follows (Lamparelli 2004; Das Sarkar et al. 2019):
ultraoligotrophic (< 24), oligotrophic (24 to £ 44),
mesotrophic (44 to £ 54), eutrophic (54 to £ 74)
and hypereutrophic (> 74).

Computation of Water Quality Index

The weighted arithmetic index method as
implemented by many researchers (e.g., Brown et al.
1972; Kumari and Sharma 2019; Saha et al. 2020;
Matta et al. 2020a, b) was used for computation of
WQI of the Mettur reservoir by considering stan-
dard limits as prescribed by BIS (2012) and WHO
(2011) (Table 6). WQI was calculated step-by-step
by using the following equations.

Step 1
Eleven important parameters, which signifi-

cantly control water quality (Table 6), were taken in
consideration to calculate WQI. The following
equation was used:

qn ¼ 100 Vn � Vi =� ½Sn � Vi½ �

Figure 2. (a) Entry point of Cauvery River at the Mettur reservoir. (b) Snapshot of sampling. (c)

Phytoplanktonic bloom. (d) Preparation of bed for vegetable cultivation at reservoir bank.
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where qn indicates the quality rating, Vn and Sn are
observed and standard prescribed limits, respec-
tively, for the nth water quality parameter, whereas
Vi is ideal value that is theoretically 0 for all quality
parameters except pH and DO, for which 7.0 and
14.6, respectively, were used as ideal values for WQI
calculation.

Step 2
In this step, the unit weight (Wn) of each quality

parameter was calculated by a value inversely pro-
portional to the recommended standard value Sn of
that parameter. Thus:

Wn ¼ k

Sn

where proportionality constant k was calculated as:

k ¼ 1
P

1=Sn

Step 3
Finally, WQI was calculated for every water

quality parameter by dividing the product of quality
rating and unit weight by the summation of all the
unit weights, thus:

WQI ¼
X

qnWn=
X

Wn

Statistical Methods

Descriptive statistics were used to determine
the overall finding of the investigation and shown in
Table 1. Spatial and temporal significant differences
were determined by using one-way ANOVA, and
means were compared by using Dun-can�s Multiple
Range Test (DMRT). Boxplot analysis was carried
out for representing the seasonal trend. In this study,
Pearson�s correlation was applied to determine the
relationship among the different physico-chemical
parameters of the Mettur reservoir water samples at
different sampling sites in all seasons. Statistical
significance was considered at p< 0.05. A correla-
tion matrix was constructed by using mean values of
all water quality parameters at different sampling
sites over the whole studied period (Belkhiri et al.
2011). To determine the spatial similarity/dissimi-
larity based on the water quality parameters of the
Mettur reservoir, cluster analysis (CA) was per-
formed by using squared Euclidean and Ward�s
method as a distance matrix and linkage methods,
respectively. Principal component analysis/factor
analysis (PCA/FA) was applied for potential pollu-
tion source identification. SPSS 20, PAST 3 and the
DSAASTAT software packages were used for the
data analysis.

Table 1. Descriptive statistics of water quality parameters

Parameters Minimum Maximum Mean Std. Deviation

Depth (m) 3.00 34.00 13.77 7.74

SD (m) 0.34 1.60 0.81 0.38

WT (�C) 24.70 30.10 27.83 1.76

pH 7.80 10.10 9.05 0.67

DO (mg/l) 5.33 13.15 8.43 2.05

ORP (mv) 234.40 421.00 340.65 55.56

EC (lS/cm) 90.10 504.00 332.41 139.03

TDS (mg/l) 60.37 337.68 222.72 93.15

Turbidity (NTU) 3.30 21.90 8.07 4.72

TA (mg/l) 28.00 130.00 83.63 37.49

TH (mg/l) 40.00 132.00 90.33 30.95

Ca–H (mg/l) 8.02 35.27 15.26 8.42

Mg–H (mg/l) 3.88 18.46 12.69 5.09

Cl� (mg/l) 8.02 47.00 26.75 13.16

BOD (mg/l) 0.00 8.00 3.78 2.06

NO2
� (mg/l) ND ND – –

NO3
� (mg/l) 0.003 0.04 0.01 0.01

PO4
3� (mg/l) 0.01 0.09 0.03 0.02

TP (mg/l) 0.02 0.20 0.06 0.03

SiO2 (mg/l) 2.08 20.50 9.14 6.26

Chl-a (lg/l) 9.00 76.18 38.26 22.72

ND Not detected
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RESULTS AND DISCUSSION

Mean spatial–temporal values of different phy-
sico-chemical parameters are given in Tables 2 and 4
for spatial and seasonal variations, respectively.

ANOVA was also performed between various study
sites and showed significant correlations with each
other (Table 3). In addition, boxplots were con-
structed (Fig. 4) to represent the temporal variations
more accurately.

Table 2. Spatial variation of water quality parameters in the Mettur reservoir

Parameters Sampling sites

1 2 3 4 5 6 7 8 9

Depth (m) Average 15.67ab 23.83a 17.83ab 14.50ab 8.67b 13.39ab 10.06ab 11.00ab 8.99b

Std. Deviation 7.51 13.14 9.17 7.37 5.51 4.95 3.42 6.95 2.70

SD (m) Average 1.15a 1.10a 1.10a 0.77a 0.68a 0.73a 0.73a 0.51a 0.53a

Std. Deviation 0.45 0.41 0.45 0.40 0.37 0.33 0.38 0.14 0.16

WT (�C) Average 27.97a 28.03a 28.13a 27.57a 27.90a 28.23a 27.76a 27.43a 27.43a

Std. Deviation 1.36 1.67 1.74 2.26 2.40 1.50 2.48 2.57 2.39

pH Average 8.89a 9.05a 9.04a 9.10a 9.14a 9.1a 8.98a 9.10a 9.05a

Std. Deviation 0.55 0.48 0.63 0.67 0.83 0.77 1.15 0.94 0.95

DO (mg/l) Average 5.68c 7.05bc 7.24abc 8.76abc 8.59abc 8.92abc 8.99abc 10.56a 10.04ab

Std. Deviation 0.34 2.21 2.74 0.30 1.57 0.39 1.47 2.25 2.07

ORP (mv) Average 363.33a 369.60a 364.47a 340.67a 341.07a 336.00a 325.47a 321.00a 304.27a

Std. Deviation 39.07 40.86 39.53 63.57 66.59 59.10 85.12 68.35 75.29

EC (lS/cm) Average 378.13a 373.93a 373.47a 322.53a 311.90a 313.21a 303.27a 310.63a 304.64a

Std. Deviation 92.02 91.48 93.23 189.95 175.02 182.14 190.35 193.28 198.87

TDS (mg/l) Average 253.35a 250.54a 250.22a 216.10a 208.97a 209.85a 203.19a 208.12a 204.11a

Std. Deviation 61.66 61.29 62.46 127.27 117.26 122.03 127.53 129.50 133.24

Turbidity (NTU) Average 5.25c 7.50c 5.15c 4.03c 5.60c 7.40c 8.50bc 13.70ab 15.53a

Std. Deviation 1.93 1.76 1.77 0.70 0.70 4.12 2.60 5.06 6.16

TA (mg/l) Average 81.33a 76.33a 84.67a 86.33a 85.67a 82.56a 83.22a 87.33a 85.22a

Std. Deviation 43.88 40.05 49.08 45.57 42.57 42.66 45.30 50.21 43.82

TH (mg/l) Average 102.67a 92.67a 92.00a 90.67a 91.33a 87.00a 86.33a 85.33a 85.00a

Std. Deviation 16.77 32.02 32.74 40.07 35.23 42.32 37.45 44.06 41.58

Ca–H (mg/l) Average 17.64a 14.43a 14.96a 15.50a 18.17a 14.52a 14.52a 14.43a 13.18a

Std. Deviation 11.56 9.75 9.26 10.31 14.90 8.95 8.28 7.35 6.64

Mg–H (mg/l) Average 14.25a 13.76a 13.28a 12.63a 11.17a 12.33a 12.17a 11.98a 12.66a

Std. Deviation 3.17 4.67 5.35 5.91 6.43 6.94 6.46 6.47 7.60

Cl�(mg/l) Average 25.48a 23.54a 25.87a 27.74a 28.41a 26.59a 27.20a 29.00a 26.93a

Std. Deviation 10.37 12.55 16.19 16.39 16.90 15.91 15.56 19.66 16.00

BOD (mg/l) Average 2.85a 4.02a 4.37a 3.86a 3.95a 3.68a 2.89a 3.99a 4.42a

Std. Deviation 1.48 2.80 3.27 1.85 1.27 3.92 3.09 0.56 0.47

NO2
�(mg/l) Average ND ND ND ND ND ND ND ND ND

Std. Deviation � � � � � � � � �

NO3
�(mg/l) Average 0.016a 0.006a 0.007a 0.012a 0.016a 0.014a 0.015a 0.013a 0.015a

Std. Deviation 0.015 0.003 0.003 0.009 0.019 0.012 0.015 0.014 0.014

PO4
3�(mg/l) Average 0.044a 0.029a 0.023a 0.025a 0.029a 0.020a 0.021a 0.037a 0.033a

Std. Deviation 0.042 0.008 0.003 0.003 0.017 0.008 0.003 0.014 0.020

TP (mg/l) Average 0.093a 0.057a 0.060a 0.056a 0.056a 0.045a 0.054a 0.066a 0.058a

Std. Deviation 0.094 0.012 0.007 0.014 0.027 0.021 0.004 0.022 0.023

SiO2 (mg/l) Average 9.62a 6.24a 7.53a 9.13a 9.95a 8.55a 9.86a 9.87a 11.49a

Std. Deviation 8.49 1.97 5.98 8.95 6.97 6.87 6.21 9.38 8.15

Chl-a (lg/l) Average 42.73a 36.86a 33.67a 44.42a 44.67a 37.95a 39.29a 33.51a 31.29a

Std. Deviation 29.03 24.08 16.50 24.33 25.70 26.59 25.46 33.12 31.93

Means with different lower case letters within a row are statistically different (p< 0.05)

ND Not detected
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Discharge Hydrograph of the Mettur Reservoir

The discharge hydrograph of the Mettur reser-
voir (Fig. 3) represents the variation in daily average
water flow into the reservoir in different months for

the period of 2018–2020 (http://www.metturdiary.co
m/p/mettur-dam-water-level-history.html). The
maximum flow was observed during July–September
because the maximum rainfall occurs during mon-
soon. Discharge was very low from January to June,

Table 3. One-way ANOVA between the various sites of the Mettur reservoir

Sites Sum of Squares df Mean square F Sig

1 Between groups 805,918.765 19 42,416.777 49.226 0.000

Within groups 34,466.746 40 861.669 0.000

Total 840,385.511 59 0.000

2 Between groups 803,792.339 19 42,304.860 48.421 0.000

Within groups 34,947.633 40 873.691 0.000

Total 838,739.973 59 0.000

3 Between groups 795,753.456 19 41,881.761 45.449 0.000

Within groups 36,860.280 40 921.507 0.000

Total 832,613.736 59 0.000

4 Between groups 631,960.187 19 33,261.062 10.879 0.000

Within groups 122,297.803 40 3057.445 0.000

Total 754,257.990 59 0.000

5 Between groups 610,344.271 19 32,123.383 12.083 0.000

Within groups 106,339.034 40 2658.476 0.000

Total 716,683.306 59 0.000

6 Between groups 603,583.536 19 31,767.555 11.272 0.000

Within groups 112,733.100 40 2818.328 0.000

Total 716,316.636 59 0.000

7 Between groups 566,049.146 19 29,792.060 9.270 0.000

Within groups 128,549.079 40 3213.727 0.000

Total 694,598.224 59 0.000

8 Between groups 572,762.326 19 30,145.386 9.274 0.000

Within groups 130,027.294 40 3250.682 0.000

Total 702,789.620 59 0.000

9 Between groups 534,875.517 19 28,151.343 8.265 0.000

Within groups 136,237.298 40 3405.932

Total 671,112.816 59

Figure 3. Average daily inflow into the Mettur reservoir in different

months.

1374 A. Saha et al.

http://www.metturdiary.com/p/mettur-dam-water-level-history.html
http://www.metturdiary.com/p/mettur-dam-water-level-history.html


which may be due to the summer. However, dis-
charge was medium during October–December,
which may be due to north-eastern monsoon shower.
Figure 3 also indicates a huge difference between
the minimum and maximum discharges, which may
be due to seasonal variation and erratic rainfall
events. Rainfall and maximum water levels are the
important factors that influence the physico-chemi-
cal parameters of water.

Detailed Limnochemistry of the Mettur Reservoir

Depth and Secchi Disk Transparency (SD)

The Mettur reservoir depth ranged between 3
and 34 m (avg. 13.77 ± 7.74 m) (Table 1). The
depth varied significantly across the sampling sites
(Table 2). The riverine zone was the shallowest.
Sampling points in the lacustrine zone were the
deepest, as water discharged from the river is de-
posited into this zone. Season also had profound
influence on depth. Precipitation during MON and
little north-eastern monsoon shower in POM re-
sulted in higher water depth.

The reflection of light from the Secchi disk
surface represents transparency. It is a proxy for
suspended (dissolved and particulate matter) mate-
rial present in water, and it is the simplest index for
determining the euphotic zone of a reservoir (Wet-
zel 2001). In whole, reservoir transparency values
ranged from 0.34 to 1.6 m with average of
0.81 ± 0.38 m (Table 1). Although the sites were
statistically similar with respect to transparency, the
lacustrine zone had the highest transparency, which
may be due to its shallower depth; and the opposite
was true for the riverine zone. Barik et al. (2017)
also showed a positive relation between depth and
transparency in the Chilika lagoon of India. How-
ever, transparency showed a temporal variation,
with lowest value in PRM and highest in POM
(Fig. 4). Similar temporal trends were also reported
for transparency in the Bhindawas (Saluja and Garg
2017) and Akkulam–Veli (Sheela et al. 2011) lakes
in India. According to OECD (1982), the Secchi disk
depth range of 0.7–1.5 m signifies eutrophication
and thus, the data suggest that the Mettur reservoir
is on the verge of eutrophication.

Water Temperature

Temperature has profound influence on DO
and BOD and thus has direct effects on growth of
aquatic life and their biological activity. Tempera-
ture at all sites was statistically at par with average
values ranging from 27.43 to 28.23 �C (Table 2). The
boxplots (Fig. 4) of temperature showed similar
patterns for MON and POM but significantly dif-
ferent for PRM, indicating strong influence of sea-
sons on temperature. Seasonal averages were 29.8,
26.1 and 27.6 �C in PRM, MON and POM (Table 4),
respectively, which are sufficient to sustain aquatic
life except cold water fishes.

Dissolved Oxygen

Dissolved oxygen (DO) values were spatially
significant, and the maximum value was found at site
8 (10.56 mg/l) while the minimum at site 1 (5.68 mg/
l) (Table 2). The spatial pattern of DO indicates that
the inflow point of the reservoir had maximum DO
and it decreased toward the transitional zone and
decreased again in the lacustrine zone. Sandhya
et al. (2019) also found a similar trend of high to low
values of DO at riverine and lacustrine zones of the
Panchet reservoir, India which led to high diversity
of small indigenous fishes in the riverine zone. The
Mettur Sewage Treatment Plant and the Mettur
Thermal Power Plant discharge outlets are situated
in the lacustrine zone, which may have been con-
tributing to low DO values in this zone (TNPCB
2019).

The mean DO values were found to be high in
POM and low in MON (Table 4). The DO content
of water is highly dependent on salinity, temperature
and pressure (Poudel et al. 2013). Low water tem-
perature during POM resulted in high oxygen solu-
bility and thus high DO value (Korkanç et al. 2017).
High planktonic growth in POM may be another
reason. The long whiskers in the boxplot of DO in
PRM (Fig. 4) indicate a skewed distribution toward
higher values implying unstable DO conditions
during PRM. The uniform boxplot of DO in POM
indicates stable reservoir condition when it transits
from wet to dry season, and the same was true for
MON season also.
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Electrical Conductivity and Total Dissolved Solids

Spatially, EC values ranged from 303.27 to
378.13 lS/cm (Table 2) and the values were non-
significant across the sites. EC values were found to
be higher in the sampling sites situated near the
lacustrine zone as compared to all other sites.
Wastewater inflows to the lacustrine zone may have
contributed to high EC values. Zdanowski (1988)
also reported high EC values in Konin Lake (Po-
land) due to discharge from a power plant, which
also affected the habitat condition and trophic
diversity. Gaur (1998) also reported similar obser-
vations. EC values at sites situated in the riverine
zone were comparatively lower than at other sites
due to dilution effect. While the sites near the
transitional zones showed intermediated values for
EC.

Mean EC values were maximum in PRM
(482.8 lS/cm) but minimum in MON (183.6 lS/cm)
(Table 4). In PRM, water flow rate is reduced and
pollution from different (point and non-point)
sources get accumulated and concentrated, which
resulted in high EC value. The opposite is true
during MON as flow rate increases, the concentra-
tion gets reduced and the reservoir water gets di-
luted with rain water. The trend was almost similar
for TDS (Tables 2 and 4). In addition, the boxplots
of EC and TDS in PRM and POM showed the
smallest boxes (Fig. 4), and skewed toward the
higher values indicating pollution effect. However,
in MON, dilution due to precipitation resulted in a
uniform box for EC. The EC values are compara-
tively higher than in the Krishna Raja Sagar Dam,
Karnataka, India, which was constructed along the
same Cauvery River but at higher altitude (Gholami
and Srikantaswamy 2009). Water input and the ex-
tent of evaporation may be the reason for these
differences.

Redox Potential

ORP, in association with different ions and
compounds, determines the anoxic environment of
water bodies. Spatially, ORP variation was not
similar to DO variation. ORP had higher values at

lacustrine zone where DO was lowest (Table 2).
While OPR values were lowest at riverine zone,
where DO was highest (Table 2). Spatially, non-
significant variation was observed for ORP. How-
ever, seasonally, ORP showed a similar trend as DO
as shown by the boxplots (Fig. 4). ORP values were
maximum during PRM and lowest during MON
(Table 4). The seasonal variation of ORP can
interfere with water quality for domestic supply
because the availability of iron and the solubility of
other metals are enhanced/decreased according to
changes in ORP (Guarino et al. 2005).

pH

pH significantly influences the activities of
aquatic micro-flora and micro-fauna. CO2, CO3

2�

and HCO�
3 are the principal ions regulating the

water pH. Across the sites, mean pH values varied
from 8.89 to 9.14 with highest value at site 5 (Ta-
ble 2). However, spatially, the pH values were not
significant. Seasonal evaluation indicated temporal
variation with highest pH in POM (9.8) and lowest
in MON (8.3) (Table 4, Fig. 4). Comparatively
higher planktonic growth in POM may have utilized
CO2 and thus equilibrium is shifted toward the
alkaline condition (Nazneen et al. 2019). In the ab-
sence of pollution, pH of water bodies is generally
neutral to slightly alkaline in nature (Jonnalagadda
and Mhere 2001). Ground study indicated that high
pH in the Mettur reservoir may be due to heavy
discharge of municipal and industrial waste as this
reservoir is situated in a highly industrialized area.

Biological Oxygen Demand

With reference to BOD values, maximum
(4.42 mg/l) value was recorded at site 9 while mini-
mum (2.85 mg/l) at site 1 (Table 2). Considering the
sampling sites, BOD values varied non-significantly.
Compared to the lacustrine and riverine zones, the
transitional zone showed lower BOD values. Dis-
charges of municipal and industrial wastewater re-
sulted in higher BOD values in the lacustrine zone.
BOD values at the entry point of the reservoir, i.e.,
riverine zone, were also high compared to other
sites. Besides, not displaying any significant seasonal
differences, highest BOD values were recorded in
MON, while POM recorded lowest values (Table 4).

bFigure 4. Boxplots for hydro-chemical parameters at different

seasons of the Mettur reservoir (PRM = pre-monsoon;

MON = monsoon; POM = post-monsoon).
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BOD is widely used to indicate organic strength
of water. It indicates the concentration of
biodegradable organic matter in the water. Usually,
BOD is measured for wastewaters and heavily pol-
luted watercourses, because these types of water
usually contain high concentrations of organic mat-
ter. According to Adakole (2000), surface water can
be categorized as unpolluted, moderately polluted
and heavily polluted when BOD values are< 1 mg/

l, 2–9 mg/l and> 10 mg/l, respectively, and thus the
Mettur reservoir was moderately polluted.

Total Alkalinity

Water alkalinity is mainly due the presence of
carbonate and bicarbonate ions along with the
presence of hydroxide ions. Recorded TA values
were higher in POM followed by PRM (Table 4,

Figure 4. continued.
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Fig. 4). Low TA values in MON in all cases are at-
tributed to dilution by rainwater. The seasonal mean
values of TA were 99.7, 33.2 and 118.0 mg/l in PRM,
MON and POM, respectively. Spatial differences for
TA values were not significant (Table 2).

As alkalinity of a solution is a measure of its
capacity to neutralize the acid, the higher the pH,

higher the basic concentration and its alkalinity are.
TA values in this study were consistent with pH,
which also showed higher values in POM. Yela-
varthy (2002) has studied the hydrobiology of Red
Hills reservoir, Tamil Nadu, India, and noticed TA
values in the range from 117.3 to 173.3 mg/l and
showed close correlation with productivity.

Table 4. Seasonal variations of water quality parameters

Parameters Seasons

PRM-2018 MON-2018 POM-2018

Depth (m) Average 8.2b 16.3a 16.9a

Std. deviation 4.3 7.5 8.5

SD (m) Average 0.64b 0.65b 1.15a

Std. deviation 0.05 0.38 0.37

WT (�C) Average 29.8a 26.1b 27.6ab

Std. deviation 0.2 1.3 0.8

pH Average 9.0a 8.3b 9.8a

Std. deviation 0.2 0.2 0.2

DO (mg/l) Average 8.6a 7.6a 9.1a

Std. deviation 1.7 1.6 2.8

ORP (mv) Average 404.1a 307.0b 310.9b

Std. deviation 11.22 54.42 11.94

EC (lS/cm) Average 482.8a 183.6c 330.8b

Std. deviation 11.0 110.2 15.5

TDS (mg/l) Average 323.5a 123.0c 221.6b

Std. deviation 7.4 73.9 10.4

Turbidity (NTU) Average 9.66a 8.62a 5.94b

Std. deviation 6.3 4.33 2.35

TA (mg/l) Average 99.7b 33.2c 118.0a

Std. deviation 9.3 2.7 5.5

TH (mg/l) Average 93.0b 53.8c 124.2a

Std. deviation 4.7 16.7 3.9

Ca–H (mg/l) Average 9.1b 10.5b 27.0a

Std. deviation 1.9 1.9 4.1

Mg–H (mg/l) Average 17.09a 6.74b 14.24a

Std. deviation 1.47 3.18 2.78

Cl� (mg/l) Average 41.2a 10.5c 28.5b

Std. deviation 5.4 1.9 1.9

BOD (mg/l) Average 4.0a 4.5a 2.9a

Std. deviation 2.9 1.7 1.4

NO2
� (mg/l) Average ND ND ND

Std. deviation � � �

NO3
� (mg/l) Average 0.006b 0.025a 0.0066b

Std. deviation 0.002 0.0012 0.0006

PO4
3� (mg/l) Average 0.023b 0.04a 0.022b

Std. deviation 0.001 0.023 0.008

TP (mg/l) Average 0.054b 0.083a 0.05b

Std. deviation 0.013 0.05 0.013

SiO2 (mg/l) Average 16.4a 3.4b 6.8b

Std. deviation 4.8 0.7 1.3

Chl-a (lg/l) Average 67.9a 20.0b 29.6b

Std. deviation 8.6 4.9 7.7

Means with different lower case letters within a row are statistically different (p< 0.05)

ND Not detected; PRM pre-monsoon; MON monsoon; POM post-monsoon
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Total Hardness and Calcium and Magnesium Hard-
ness

Water hardness is due to the presence of Ca and
Mg. Hardness can be temporary due to carbonates
and bicarbonates or it can be permanent due to
sulfates and chlorides. Biologically, temporary
hardness plays a key role in buffering capacity, thus
neutralizing pH due to addition of acidic products. It
has a great effect on biotic diversity of an ecosystem.
Here, site-wise, there were no significant differences
with respect to TH. However, seasonal variation was
significant and the minimum TH value was recorded
in MON (53.8 mg/l), while the maximum value was
recorded in POM (124.2 mg/l) (Table 4).

Ca and Mg are the two most common elements
that make water hard (Toma et al. 2018). Sewage is
the main source of increased TH levels in the study
area. The Ca content in the reservoir increased from
PRM to POM in the range of 9.1–27.0 mg/l, whereas
the Mg content decreased from PRM (17.1 mg/l) to
POM (14.2 mg/l), and became lowest in MON
(6.7 mg/l) (Table 4, Fig. 4). Across the sites, there
was no difference among the Ca and Mg values.

Chloride

Chloride (Cl�) value increases as mineral con-
tent increases, and it is found in water in association
with Ca, Mg or Na. Field observation revealed that,
across the sampling sites, Cl� values ranged from
23.54 to 29 mg/l without any significant differences
(Table 2). Cl� in water arises due to mixing of waste
water with natural water. Recorded Cl� values were
far lower than in the Krishna Raja Sagar Dam, In-
dia, (Gholami and Srikantaswamy 2009), compara-
ble with the shallow wetland in Kashmir Himalaya,
India (Shah et al. 2017), but far higher than in the
Pandoh lake, a protected water body in Lesser Hi-
malaya, India (Anshumali and Ramanathan 2007).
The seasonal average values of Cl� were maximum
in PRM (Table 4, Fig. 4). Waste water discharge and
high evaporation lead to high and concentrated
values of Cl� (Kurunc et al. 2017) in PRM.

Nitrite and Nitrate–N

Nitrite-N (NO2
–) was always below the detec-

tion limit. Due to unstable in nature, nitrite-N gets
converted easily to nitrate-N (NO3

–) and thus, it

remains for a few times in the environment. NO3
–

reached a natural water body through industrial
discharge, agricultural runoff and through human
and animal waste (Nazneen et al. 2019). NO3

– plays
a pivotal role in quality estimation of aquatic envi-
ronments. Our study showed that the amount of
NO3

– varied from 0.003 to 0.04 mg/l with mean of
0.01 mg/l (Table 1). Spatially, NO3

– showed non-
significant variation (Table 2). The NO3

– concen-
tration was highest in MON and lowest in PRM
(Table 4, Fig. 4). Compared to other reservoirs
[Krishnagiri (Ambujam and Sudha 2016) and Al-
matti (Hulyal and Kaliwal 2009)] in India, the values
of NO3

– were lower in the Mettur reservoir.
According to Smith (1995), low ratio of inorganic

nitrogen to phosphorus in eutrophic aquatic body
may be associated with the dominance of heterocy-
tous cyanobacteria, as they are able to fulfill their
nitrogen requirement through ammonium and ni-
trate-N and then through di-nitrogen. Wood et al.
(2010) also suggested to monitor these group of phy-
toplankton in water bodies when nitrogen is limiting
nutrients. This investigation also points toward the
regular monitoring of phytoplankton diversity with
reference to the heterocytous cyanobacteria blooms.

Total P and Phosphate-P

Phosphorus content in freshwater reservoirs of
India is very low (Sugunan 2000), and it is rarely
found at high concentration. Higher value of phos-
phate is an indicator of pollution and eutrophication.
Orthophosphate and polyphosphate along with a
little amount of organic phosphate are the main
forms of phosphorus in a freshwater ecosystem
(Markad et al. 2019). Agricultural runoff with
phosphatic fertilizer, sewage and detergents are the
main source of aquatic phosphorus.

Spatially, TP and PO4
3�–P content were not

significantly different. Highest values for both TP
and PO4

3� were recorded in site 1 and the lowest
values at site 6 (Table 2). Higher values for PO4

3�–P
and TP were found during MON (Table 4). Mea-
sured concentrations of phosphorus were higher
than in the Tiru reservoir (Markad et al. 2019), In-
dia. However, the values were lower than in the
Almatti Reservoir (Hulyal and Kaliwal 2008), and
Bhindawas Lake (Saluja and Garg 2017), of India,
Rawar Lake reservoir of Pakistan (Malik and Na-
deem 2011), and Volvi Lake of Greece (Gantidis
et al. 2007). Nevertheless, when TP concentration
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reached 0.2 mg/l, it may cause eutrophication along
with high algal bloom (Jiang et al. 2010). High
phosphorus concentration in the wet season (mon-
soon) may be due to non-point source loading
through precipitation and leaching. Qian et al.
(2007) also found a higher nutrient loading in the
wet season.

Silicates

Silicates are important nutrient parameters for
growth of phytoplankton especially diatoms (Zna-
chor et al. 2013). Seasonal silica concentration in this
reservoir varied significantly with highest value in
PRM (avg. 16.4 mg/l), and lowest in MON (avg.
3.4 mg/l) (Table 4, Fig. 4). Spatially, silica content
varied non-significantly (Table 2). Higher values of
silicate in the Mettur reservoir may be due to higher
accumulation of sediment/silt. This spatio-temporal
differences are due to several factors like physical
mixing of silicate and their relative proportion, their
sedimentary adsorption, interaction with clay min-
eral, co-precipitation with humus and iron, or its
consumption by phytoplankton specially diatom
(Araújo et al. 2011). Silicate concentration up to
0.5 mg/l is considered limiting nutrient for diatom
growth and values higher than this, as found in this
study, indicate eutrophic condition with higher algal
biomass and poor water quality.

Turbidity

Turbidity values were significantly different
across the sites with average values ranging from
4.03 to 15.53 NTU (Table 2). While high values at 8th

and 9th sites, situated in the riverine zone of this
reservoir, this circumstances arises due to riverine
load along with eroded sediment particles. Seasonal
variation indicates that turbidity values in PRM and
MON were significantly higher than in POM (Ta-
ble 4, Fig. 4). The seasonal differences are in
accordance with Kebede et al. (2014) and Teshome
(2020). Deposition of undiluted summer discharge
resulted in higher value of turbidity in PRM.

Chlorophyll-a

Due to its direct relation to algal biomass,
chlorophyll-a (Chl-a) can be considered as an

important parameter for indicating the trophic state
of aquatic ecosystems (Boyer et al. 2009). It is reli-
able indicator due its sensitivity to ecosystem chan-
ges, easy to monitor and scientifically more logical
(Boyer et al. 2009). In the Mettur reservoir, Chl-a
contents were non-significant with reference to the
sampling sites (Table 2). Seasonally, the Chl-a con-
centrations ranged from 9 to 28 (avg. 20.0 ± 4.9) lg/
l and from 17 to 41 (avg. 29.6 ± 7.7) lg/l in MON
and POM, respectively, while elevated values of 52–
76.2 lg/l (avg. 67.9 ± 8.6) were recorded during
PRM (Table 4). The Chl-a boxplot (Fig. 4) clearly
showed high temporal variation during the investi-
gated period. In general, nitrogen and phosphorus
controls the concentration of chlorophyll. However,
here, Chl-a concentration was highest in PRM,
whereas nitrogen and phosphorus values were
maximum in MON. However, high silicate content
in PRM, which is important for phytoplankton
growth, might have resulted in high Chl-a value in
PRM. Based on the Chl-a value, the Mettur reser-
voir can be categorized as a eutrophic reservoir as
per the criteria suggested by Nürnberg (1996).

Determination of Trophic State of Mettur Reservoir

Site wise and season wise values for TSI are
presented in Table 5 and Fig. 5, respectively. The
site wise average values for TSI (TP), TSI (Chl-a)
and TSI (SD) were 54.6, 58.0 and 65.3, respectively
(Table 5). All the TSI (avg) values were in the range
of marginal eutrophic threshold values (Table 5).
Overall, TSI (avg) value for the Mettur reservoir
was 59.3. These TSI values, based on the modified

Table 5. Analytical results for trophic state index at the nine

sampling sites

Sites TSI (TP) TSI (SD) TSI (Chl-a) TSI (Avg)

1 57.3a 52.4a 66.8a 58.8a

2 54.9a 53.0a 65.4a 57.8a

3 55.7a 53.1a 65.0a 58.0a

4 54.4a 58.6a 67.6a 60.2a

5 53.7a 60.4a 67.4a 60.5a

6 50.3a 59.2a 65.5a 58.3a

7 54.0a 59.5a 66.0a 59.8a

8 56.7a 63.8a 62.5a 61.0a

9 54.6a 62.1a 61.5a 59.4a

Mean 54.6 58.0 65.3 59.3

Means with the same lower case letters within a column are

statistically same (p< 0.05)
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version of Lamparelli (2004) classification criteria,
clearly indicate that the Mettur reservoir is moder-
ately eutrophic to eutrophic during the entire
investigation period. However, seasonal difference
was significant with highest value during PRM and
lowest value during POM.

Carlson�s 2D Approach for Representing the TSI
Deviation

As reported by Carlson (1991), any deduction
of TSI (Chl-a) value with any other TSI will always
be zero or toward zero, and any random variation
will result in nonzero value for these differences.
Still, in practice there will be always an expected
deviation between these TSIs and this can be used
for the assessment of degree and type of nutrient
limitation. The best way to represent this nutrient
limitation in lake or reservoir is through Carlson�s
two-dimensional approaches.

Here, four different situations arose due to
differences between these three TSIs. TSI (Chl-
a)<TSI (TP) indicates the lower algal productivity
than it was expected and phosphorus was not the
only controlling factor. TSI (Chl-a)<TSI (SD)
indicates the dominance of abiotic particles for tur-
bidity with reduction in light intensity. By plotting
TSI (Chl-a) � TSI (SD) against TSI (Chl-a) � TSI
(TP), we get the TSI 2-D approach graph (Fig. 6)
from the data obtained from the Mettur reservoir in
different seasons. Data points at different quadrants
of Fig. 6 indicate different assumptions. Large par-
ticles like blue green algae dominancy are repre-

sented by data points in the first quadrant, where
influence of particles on transparency is less. Zoo-
plankton grazing, increase in transparency and de-
crease in chlorophyll are represented by data points
in the second quadrant. Non-algal turbidity is rep-
resented by data points in the third quadrant, where
phosphorus is bound to those particles. Small parti-
cle dominance is represented by data points in the
fourth quadrant. Data points near the diagonal
indicates strong positive correlation between TSI
(TP) and TSI (SD) and weak relation between TSI
(Chl-a) and TSI (SD), which also indicates the
dominance of inorganic seston. The 2D graph for the
Mettur reservoir indicates that most of the data
points for PRM and POM lie in the first quadrant,
signifying large algal bloom dominancy and implies
that phosphorus was limiting nutrient. However, the
MON data are dispersed almost in all the four
quadrants. This large variation may be due to dif-
ferences in macrophyte coverage, depth and location
of the site. Saluja and Garg (2017) also reported
dispersion of monsoon data in all the quadrants for
Bhindawas Lake of Haryana, India. Kumar et al.
(2019) reported that nutrients were the limiting
factor for Renuka Lake of Lesser Himalaya, India.
Figure 6 also implies the dominance of non-algal
particles during the MON. However, due to reduc-
tion in non-algal turbidity, there was less difference
between TSI (SD) � TSI (Chl-a) as well as between
TSI (TP) during PRM and POM (Markad et al.
2019). Previous reports (e.g., An and Park 2003;
Markad et al. 2019) also indicate that nutrients were
not the only limiting factors for productivity and

Figure 5. Seasonal variation in trophic state index of the Mettur

reservoir (PRM = pre-monsoon; MON = monsoon; POM = post-

monsoon). The bars bearing different lower case letters vary

significantly (p< 0.05).
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non-algal particles also reduced the light particularly
during monsoon.

Hydrogeochemical Process Involved
in the Reservoir Basin

The relation between reservoir water and basin
minerals has an important role in controlling reser-
voir water quality (Cederstorm 1946). To identify
the various hydrogeochemical processes involved in
aquatic bodies, water quality parameters are fre-
quently subjected to various graphical plots. Based
on the parameters studied in the present investiga-
tion, the Ca/Mg ratio was chosen as a one of the
important indicators to determine the hydrogeo-
chemical processes involved in this reservoir basin
(Maya and Loucks 1995). A Ca/Mg ratio above 1
indicates dolomite dissolution. A Ca/Mg ratio of> 2
indicates influence of silicate minerals in contribut-
ing Ca and Mg to aquatic systems (Katz et al. 1997;
Srinivasamoorthy et al. 2014). The ratio fell below 1
for all the samples during the PRM, indicating pre-
cipitation of Ca in the form of CaCO3 and thus re-
sulted in decline of Ca or ion exchange process
(Fig. 7). The Ca/Mg ratio for most of the samples in
the MON and POM fell above 1, indicating dolomite
dissolution. Some of the samples in MON and POM
lie above 2, indicating the influence of silicate min-
erals. Thus, the weathering process in this reservoir
basin is influenced by the presence of silicates and
carbonates (Mohamed and Zineb 2015).

Water Quality Index

Eleven different physico-chemical water quality
parameters were considered for calculating WQI
(Table 6) to define the Mettur reservoir water for
designated use. The site- and season-wise values of
WQI are presented in Table 7. Based on the calcu-
lated values of WQI, the potability of water bodies
can be categorized as follows: values of 0–
25 = ‘‘Excellent’’; 26–50 = ‘‘Good’’; 51–
75 = ‘‘Poor’’; 76–100 = ‘‘Very poor’’;
and> 100 = ’’Unsuitable’’ (Etim et al. 2013). Sea-
son-wise averages of WQI for the Mettur reservoir
were 153.7, 158.2 and 134.1 (Table 7) during PRM,
MON and POM, respectively; thus, indicating its
unsuitability for human consumption (Brown et al.
1972). Ravikumar et al. (2013) also applied this
method and found almost similar WQI values
(111.69 to 137.09) for the Mallathahalli Lake in In-
dia.

The Mettur reservoir was constructed along
Cauvery River, which had higher concentration of
major ions than the Himalayan Rivers and streams
(Dudgeon 1999). The discharge of domestic sewage
into the Mettur reservoir is answerable for the
higher WQI values, and the same pattern was also
seen in the Cauvery River (Kalavathy et al. 2011).
Seasonally, WQI values were higher in the PRM and
MON than in POM. This indicates high pollution
load along with precipitation during MON, while
discharge of concentrated wastewater without dilu-
tion caused high values for WQI in PRM. Similar

Figure 6. Deviation in TSI in different seasons (PRM = pre-

monsoon; MON = monsoon; POM = post-monsoon).
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seasonal variation for WQI was also reported by
Hemamalini et al. (2017) in India and Khwakaram
et al. (2012) in Iraq. Teshome (2020) found very high
WQI values (870.3–1313) for Lake Hawassa in
Ethiopia (Africa), which is very dangerous for hu-
man consumption as compared to the present study.

Spatially, narrow differences were observed for
WQI, which may be due to rapid internal water
exchange. However, some points in the lacustrine
and riverine zones showed comparatively higher
value. For example, site 3 in the lacustrine zone
showed higher WQI value where discharge is very
high as already mentioned. Site 9 in the riverine
zone also showed the highest WQI, which may be
due to river discharge. Sites in the transitional zone
showed intermediate values due to rapid exchange
of water between riverine and lacustrine zones.
Some parameters are compliant to the permissible
limit for human consumption; however, overall,
WQI values were very high and may pose a threat
for its intended use.

Table 6. Relative weights of each parameter along with their standard limits

Parameters Standard values (Sn) 1/Sn k Unit weight (Wn = k/Sn) Ideal value

pH 6.5–8.5 (8) 0.125 1.094225 0.137 7

EC (lS/cm) 250 0.004 0.004 0

TDS (mg/l) 500 0.002 0.002 0

DO (mg/l) 5 0.2 0.219 14.6

BOD (mg/l) 2 0.5 0.547 0

TA (mg/l) 200 0.005 0.005 0

TH (mg/l) 200 0.005 0.005 0

Ca–H (mg/l) 75 0.013333 0.015 0

Mg–H (mg/l) 30 0.033333 0.036 0

Cl� (mg/l) 250 0.004 0.004 0

NO3
� (mg/l) 45 0.022222 0.024 0P

Wn ¼ 1:000

Table 7. Water quality index of the Mettur reservoir at different

sites and seasons

Sites WQI

1 127.6 a

2 158.4 a

3 167.5 a

4 150.7 a

5 154.0 a

6 145.4 a

7 121.8 a

8 150.0 a

9 162.3 a

Season WQI

PRM 153.7a

MON 158.2a

POM 134.1b

Means with the same lower case letter within a site or season are

statistically same (p< 0.05)

PRM pre-monsoon; MON monsoon; POM post-monsoon

Figure 7. Hydrogeochemical process: scatter diagram of Ca/Mg

ratios (PRM = pre-monsoon; MON = monsoon; POM = post-

monsoon).
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Nevertheless, this study will be very helpful to
policy-makers for management decision-making.
The WQI is calculated considering the large set of
dataset and thus representing the overall quality of
water. In contrast, any other index developed based
on single or few parameters may not be appropriate
for managers to take suitable management decisions
and they also do not reflect the true picture of water
quality. As already mentioned, pH, EC and turbidity
may affect the quality of water and thus local man-
agers should take the appropriate steps to reduce the
values of these parameters.

Evaluation of the Mettur Reservoir Water
for Aquatic Life and Recreation

For sustaining aquatic life and fish growth,
quality can be defined by considering selected phy-
sico-chemical parameters in terms of their tolerable
limits. Every life function of fish such as breeding,
feeding, swimming, digestion, excretion and even
disease susceptibility is dependent on the quality of
physical support of fish, i.e., water. Sudden changes
in these parameters may adversely affect the growth
and survival of fish. According to CPCB (2007),
water pH from 6.5 to 8.5 is optimum for propagation
of wildlife and fisheries. The pH may influence
micronutrient availability and thus their consump-
tion by aquatic organisms including fish. Most of the
study sites of the present reservoir, pH values were
marginally compliant to the standard value for
aquatic life and recreation except in MON for which
values from all sites were almost compliant with the
prescribed range (Table 2). Majumder et al. (2010)
suggested that the minimum DO requirement for
supporting diverse fish species ranges between 4 and
5 mg/l. The DO values of the present study indicated
that the Mettur reservoir water remains well oxy-
genated and thus is sufficient for survival of biotic
community and is suitable for fisheries activities.

However, very high DO (� 13–14 mg/l) is
considered harmful for aquatic life, as fish may suf-
fer from ‘‘gas bubble disease’’ although it is a rare
event (Jiru et al. 2017). The bubbles or emboli block
the flow of blood through blood vessels causing
death. External bubbles emphysema can also occur
and can be seen on fins, skin and on other tissues.
Aquatic invertebrates are also affected by ‘‘gas
bubble disease,’’ but at levels higher than those le-
thal to fish (Kumar and Puri 2012). Hence, an opti-
mum level of DO with good quality water is very

much important for aquatic life including fish. Tur-
bid water stimulates bacterial growth and the pa-
thogen gets escaped during the application of any
kind of disinfectant in water. Thus, consumption of
turbid water may pose health threat for aquatic life
including fish (Zvikomborero 2005). Regardless of
season and site, turbidity values in the Mettur
reservoir were above the permissible value (< 5
NTU), which is of concern. For a healthy aquatic
ecosystem, recommended BOD values for sensitive
fishes range from 0 to 5 mg/l (Woldeab et al. 2018).
In the Mettur reservoir, average BOD values at all
the sites were in this recommended range, indicating
the healthiness of this reservoir for fish growth.

Bhatnagar et al. (2004) suggested that hardness
values of 75–150 mg/l are sufficient for fish growth
and culture. Hardness values below 20 mg/l develop
stress in fishes. In terms of fish growth, the hardness
values of the Mettur reservoir water were below the
acceptable range (Table 2). According to Kumar
et al. (2020), ideally, TA values should be 50–
300 mg/l for fish adaptation. The water productivity
observed in the Mettur reservoir in terms of alka-
linity (Table 2) is ideal for fish growth. Similar val-
ues of TA and hardness for the Mettur reservoir
were also reported in the previous studies (e.g., Pa-
laniswami et al. 2015; Sivakumar et al. 2017; Hema
and Subramani 2013). Fish and aquatic communities
cannot survive in high levels of chloride (Kumar and
Puri 2012). As the Mettur reservoir water contains
moderate levels of chloride, thus may not affect fish
growth.

Concentration of nitrate-N in water should be
£ 0.1 mg/l as it is considered conducive for aquatic
life (Murdoch et al. 2001). Hence, the nitrate levels
recorded in the present study (Table 2) may be
harmless to aquatic life considering nutrient pollu-
tion. To maintain optimum aquatic life and their
biodiversity, phosphate concentration should be in
the range 0.005–0.02 mg/l (WHO 1986). The phos-
phate values in this study cross the mentioned level
and may pose threat in terms of eutrophication.
However, for optimum fish growth and culture,
there are several opinions about phosphate level in
water. Stone and Thomforde (2004) suggested that
the desirable level of phosphate for fish is 0.06 mg/l,
while Bhatnagar et al. (2004) suggested that phos-
phate level in the range 0.05–0.07 mg/l is optimum
for fish growth. These indicate that phosphate con-
tent in the Mettur reservoir was lower than the
desirable limit for optimum fish culture. Because
there are different opinions regarding the desirable
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limits suitable for optimum fish growth, effort has to
be dedicated to develop a fish-based water quality
index system for evaluating the reservoir and lake
ecosystem.

Correlation Analysis

Pearson�s correlation matrix was used to
determine the relationships among the different
variables at all the sites during all the three seasons
(Table 8). A positive correlation between depth and
transparency signifies that sites with higher depth
are having high transparency. Depth is negatively
associated with WT, DO, Cl�, Chl-a, and silicate
attributing that high content of silicate in lower
depth region and thus higher phytoplankton growth
and resulted in high Chl-a and DO content. The
significant positive correlations between trans-
parency and ions in terms of TH and Ca–H as re-
vealed in this study agree with the findings of
Balogun (2015) for Badagry Creek. However, such
relationships may be linked to low primary produc-
tivity, which may have led to decreased DO con-
centration (Manson 1991) as can be seen by the
negative correlation between DO and transparency.
Transparency showed strong negative correlations
with BOD, NO3

� and non-significant negative cor-
relations with PO4

3�, TP, SiO2 and Chl-a. These
indicate that turbid water contains more nutrients
and higher Chl-a due to higher productivity as well
as organic load due to BOD. pH is positively cor-
related with DO indicating that high photosynthesis
resulted in increase in water pH (Muduli et al. 2013).
pH is positively related with EC, TDS, TA, TH, Ca–
H, Mg–H, Cl�, and negatively related with NO3

�,
PO4

3� and TP. The positive relation between pH
and TA can be attributed to the acid neutralizing
power of water (Ustaoglu and Tepe 2019). EC was
significantly associated with TA, TH, Mg–H, Cl�,
SiO2 and Chl-a but showed inverse relation with
NO3

�. The perfect correlation between EC and TDS
indicates the high content of dissolved ions in the
water. The positive correlation of EC with other
cations and anions suggests dissolution of evapo-
rates.

Ca and Mg may be from either the weathering
of carbonates or the dissolution of evaporates (Xiao
et al. 2015). In the semi-arid climate and alkaline
condition, dissolution is a common process which
determines the water chemistry (Sajil Kumar and
James 2016). The studied area also falls under semi-

arid environments. These suggest that dissolution of
calcite and evaporation are prominent in the geo-
hydro environment. Thus, these processes may lead
to higher Ca and Mg in water and thus finally con-
tributing to EC. TDS also showed a similar trend.
Both TH and TA showed positive correlations with
Ca–H, Mg–H, Cl�, but negative relations with
nutrients. This indicates the influence of carbonate
source and evaporates. Ca is the main contributing
factor of TH as they have positive association. High
correlation between Ca and Mg indicates a common
origin, which is very likely related to the geological
characteristics of the sampling locations (Drever
1997; Mahlknecht 2003). Cl� is positively correlated
with pH, ORP, EC, TDS, TA, TH, Mg–H, SiO2, and
Chl-a, indicating that they have the same origin
(Kjeldsen et al. 2002). Cl� has negative relation with
organic pollution (NO3

� and PO4
3�) indicating the

contribution of land drainage as a source of nutrient
pollution. Positive relation between NO3

� and
PO4

3� indicates their same source dynamics. Silicate
is negatively correlated with NO3

� and PO4
3�. Chl-a

has negative relation with NO3
� but has a positive

relation with silicate attributing to differences in
nutrient stoichiometry. The negative correlations of
nutrients like NO3

� and PO4
3� with different

parameters (TA, TH, Ca–H, Mg–H and Cl�) during
all the seasons indicated multiple sources (Gaury
et al. 2018). Nutrients like NO3

� and PO4
3� showed

comparatively high values in MON, which might be
due to surface runoff from farms and storm water
runoff into the reservoir during early rain (Gupta
et al. 2011). In contrast, maximum values of TA, TH
and Ca–H were in POM but for Mg–H and Cl� they
were in PRM (Table 4). This indicates that basin
geology, weathering process and sewage discharge
may be the main source of TA, TH and Ca– Mg–H
and Cl�. Thus, multiple sources are operating in this
reservoir for controlling the water quality parame-
ters in different seasons.

Cluster Analysis

Cluster analysis was performed for grouping of
the nine sampling sites in the Mettur reservoir based
on the similarities or dissimilarities of water quality
parameters, resulting in a dendrogram (Fig. 8).
Based on the results, all the nine sampling sites of
the Mettur reservoir were grouped into three sta-
tistically significant important clusters, which signif-
icantly and distinctly differentiate the three zones of
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the reservoir, i.e., riverine, transition and lacustrine
zones. However, site 7 in the transitional zone was
grouped with the sites in the riverine zone. Sites 1, 2
and 3 form cluster 1 and can be considered as high
polluted sites, as these sites belong to the lacustrine
zone and received pollutants from the Mettur Sew-
age Treatment plant and the Mettur Thermal Power
Plant. The discharge outlets of these plants are sit-
uated at the lacustrine zone and likely have con-

tributed to the high pollution status in this zone.
Sites 7, 8 and 9 form cluster 2, which correspond to
moderate pollution sites. Sites 8 and 9 belong to the
riverine zone and receive inputs mostly from non-
point sources (agricultural and catchment runoff)
along with the riverine input as these inflow to the
reservoir. However, site 7 in the transitional zone is
also clubbed to this cluster, which may be due to
some point sources of pollution. Cluster 3 includes

Table 8. Correlation matrix of water quality parameters

Depth SD WT pH DO ORP EC TDS Turb TA

Depth 1

SD 0.613** 1

WT �0.419* 0.072 1

pH �0.035 0.494** 0.442* 1

DO �0.556** �0.476* 0.168 0.424* 1

ORP �0.235 0.085 0.856** 0.082 �0.226 1

EC �0.326 0.194 0.954** 0.476* 0.051 0.880** 1

TDS �0.326 0.194 0.954** 0.476* 0.051 0.880** 1.000** 1

Turb �0.268 �0.500** 0.02 �0.247 0.284 �0.099 �0.062 �0.062 1

TA �0.183 0.361 0.589** 0.910** 0.367 0.267 0.649** 0.649** �0.145 1

TH �0.038 0.603** 0.483* 0.936** 0.224 0.197 0.568** 0.568** �0.324 0.912**

Ca–H 0.319 0.697** �0.106 0.750** 0.113 �0.373 �0.054 �0.054 �0.34 0.569**

Mg–H �0.376 0.191 0.821** 0.630** 0.217 0.666** 0.892** 0.892** �0.138 0.777**

Cl� �0.487** 0.023 0.869** 0.577** 0.295 0.678** 0.886** 0.886** 0.071 0.804**

BOD �0.266 �0.452* �0.022 �0.265 0.344 �0.128 �0.182 �0.182 0.355 �0.276

NO3
� �0.076 �0.447* �0.720** �0.724** �0.113 �0.573** �0.790** �0.790** 0.163 �0.778**

PO4
3� �0.059 �0.122 �0.368 �0.491** �0.203 �0.166 �0.344 �0.344 0.075 �0.567**

TP �0.156 �0.068 �0.174 �.451* �0.2 0.018 �0.178 �0.178 0.018 �0.507**

SiO2 �0.509** �0.195 0.780** 0.301 0.191 0.687** 0.793** 0.793** 0.205 0.565**

Chl-a �0.457* �0.124 0.863** 0.169 �0.013 0.843** 0.845** 0.845** 0.099 0.438*

TH Ca–H Mg–H Cl� BOD NO3
� PO4

3� TP SiO2 Chl-a

Depth

SD

WT

pH

DO

ORP

EC

TDS

Turb

TA

TH 1

Ca–H 0.738** 1

Mg–H 0.737** 0.088 1

Cl� 0.613** 0.045 0.861** 1

BOD �0.336 �0.274 �0.221 �0.138 1

NO3
� �0.689** �0.306 �0.712** �0.733** 0.3 1

PO4
3� �0.361 �0.243 �0.289 �0.486* 0.015 0.650** 1

TP �0.292 �0.272 �0.159 �0.353 0.11 0.579** 0.931** 1

SiO2 0.32 �0.224 0.698** 0.883** �0.096 �0.570** �0.414* �0.302 1

Chl-a 0.252 �0.309 0.682** 0.844** �0.073 �.523** �0.344 �0.19 0.849** 1

*Correlation is significant at the 0.05 level (2-tailed)

**Correlation is significant at the 0.01 level (2-tailed)
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sampling sites 4, 5 and 6 in the transitional zone,
which comprises low polluted sites due to rapid ex-
change of water between riverine and lacustrine
zone.

Cluster analysis differentiated each zone based
on the water quality parameters. The three groups
correspond with natural background features and
with water quality character that is affected by dif-
ferent environmental effects/pollutants the sites
were exposed to. The results of cluster analysis re-
vealed clearly that the different zones of the Mettur
reservoir, i.e., lacustrine, transitional, and riverine
zones, fall under highly polluted moderately pol-
luted and less polluted categories, respectively, and
this can be correlated with the physico-chemical
properties of water. This signifies that sites within a
particular zone showed more or less similar charac-
teristics. The results also indicate that during rapid
survey, selection of few sites is imperative to rep-
resent the spatial variation of water quality param-
eters of the reservoir. It is clear from the results that
cluster analysis is a useful tool for reliable classifi-
cation of the whole Mettur reservoir water quality
and it may also help in designing future sampling
strategies for monitoring of reservoir water in an
optimum manner. Thus, in future, sampling strate-
gies should start with less number of sampling sites
without compromising the outcome of the study.
This method has been successfully used by several

researchers (e.g., Parashar et al. 2008; Gholami and
Srikantaswamy 2009; Najar and Khan 2012; Varol
and Sen 2012) in their water quality monitoring
programs.

Principal Component Analysis /Factors Analysis
(PCA/FA)

Factor analysis was applied to the large dataset
to convert it into a meaningful interpretation to
disclose the association of measured variables and to
establish the ecosystem processes that operated in
the reservoir. Here, we have taken only those factors
with eigenvalues of> 1. Based on the loading val-
ues, the factors loadings were considered �weak,�
�moderate� and �strong,� when values of absolute
loadings are 0.50–0.30, 0.75–0.50 and> 0.75,
respectively. Four factors with eigenvalues of> 1
were considered, which explain> 87.56% data
variability (Table 9).

Factor-1 account for> 39% data variability
(Fig. 9) with the dominance of WT, ORP, EC, TDS,
Cl�, Mg–H, SiO2 and Chl-a, signifying the impact of
both rock weathering and anthropogenic activities.
Positive loading on Chl-a may be related to high
growth of phytoplankton and thus high consumption
of CO2 during photosynthesis, which results in
higher pH (Barik et al. 2017). Moderate negative

Figure 8. Dendrogram showing clustering of water sampling sites

based on surface water quality in the Mettur reservoir.
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loading on NO3
� in Factor-1 indicates fertilizer

runoff due to agricultural activities, which are very
common in the dry season.

Factor-2 account for> 21% of data variance
with the dominance of pH, DO, TA, TH, and Ca–H,
indicating both natural and anthropogenic activities.
High pH values also indicate catchment areas that
feed into the Mettur reservoir are polluted or de-
graded (Tran et al. 2010). Factor-3 account for>
15% of data variance with the dominance of DO,
BOD and turbidity, suggesting an unhealthy state of
the reservoir water. In addition, the opposite load-
ings on transparency and turbidity re-affirmed the
correlation analysis results, which indicate that low
transparency is due to high turbidity. It seems that
changes in depth plays negative roles in the hydro-
logical features of this reservoir because depth is
negatively related with Factor-3. However, Factor-4
accounts for only 12.15% of data variance with
higher contributions of PO4

3� and TP, indicating the
major anthropogenic activities. The factor analysis
indicates that basin geology, anthropogenic stress
and agricultural applications simultaneously play
important roles in defining the water quality of the
Mettur reservoir.

CONCLUSIONS AND RECOMMENDATION

In this investigation, spatio-temporal differ-
ences for selected physico-chemical properties in the
Mettur reservoir water were evaluated to assess
water quality and to identify the possible pollution
sources. In addition, the suitability of water in terms
of drinking water, human health, and domestic use
along with protection of aquatic life including fish
growth was discussed. Spatial variation indicates
that surface runoff and sewage mixing have a defi-
nite role in defining the reservoir water quality, and
it helps in identifying the possible sources of pollu-
tion. However, temporal variation was more pro-
nounced as some of the physico-chemical properties
of water showed dilution effect during monsoon and
post-monsoon while in terms of selected quality
parameters, water remain poorest in summer, which
may be due to low discharge and entry of undiluted
sewage waste. High WQI in all the seasons indicated
slow deterioration of reservoir water quality, and
water is unsuitable for drinking. Hence, an imme-
diate precaution has to be taken for those commu-
nities who are using this reservoir as drinking water
source.

Based on TSI values, this water body can be
categorized as moderately-eutrophic to eutrophic.
With reference to the protection of aquatic life and
fish growth, this water body can be considered as
moderately suitable with some values higher than
the requirement for optimum fish growth and thus
pose a threat for aquatic biodiversity loss. PCA/FA
indicated that multiple sources including natural,
anthropogenic and agricultural activities influence
the physico-chemical variation in water quality. This
revealed that emphasis should be given for pollution
control as effective management strategies as waste
water discharge is the main source of pollution in the
Mettur reservoir. Cluster analysis results of this
study can be effectively used in formulating sam-
pling strategies for future monitoring programs and
may also helps to identify critically affected areas in
the reservoir in terms of both natural and anthro-
pogenic pollution. Managers of water quality and
water monitoring programs are often faced with
constraints in terms of budget, time and laboratory
capacity for sample analysis. In such a situation,
results of cluster analysis can be used to reduce the
number sampling sites without losing any vital
information. To protect the quality of water in the

Table 9. Factor loadings matrix after varimax rotation

Factor Factor Factor Factor

1 2 3 4

Depth �0.432 �0.105 �0.741 �0.279

SD 0.006 0.433 �0.845 �0.033

WT 0.935 0.177 0.063 �0.09

pH 0.262 0.908 �0.103 �0.268

DO �0.01 0.507 0.783 �0.101

ORP 0.935 �0.204 �0.189 0.036

EC 0.959 0.213 �0.09 �0.072

TDS 0.959 0.213 �0.09 �0.072

TURB 0.015 �0.246 0.613 �0.082

TA 0.493 0.781 �0.026 �0.323

TH 0.367 0.88 �0.246 �0.092

Ca�H �0.282 0.83 �0.347 �0.154

Mg�H 0.826 0.467 �0.015 0.019

Cl� 0.865 0.357 0.168 �0.222

BOD �0.144 �0.19 0.605 0.002

NO3
� �0.637 �0.42 0.268 0.487

PO4
3� �0.248 �0.212 �0.014 0.911

TP �0.077 �0.201 �0.013 0.957

SiO2 0.851 0.052 0.25 �0.235

Chl-a 0.928 �0.102 0.099 �0.137

Initial eigenvalues 9.339 4.114 2.455 1.604

% of Variance 39.053 21.166 15.189 12.15

Cumulative% 39.053 60.219 75.408 87.558
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Mettur reservoir as well as to restore its suitability
for designated use, the following steps have to be
taken: (i) minimization of disposal of industrial
effluents; (ii) implementation of advance and effec-
tive treatment technology before discharge of waste
water into this reservoir; (iii) control fertilizer use in
the catchment area and buffering of riparian zones
from agricultural runoff is needed; (iv) enforcement
of strict water quality regulation measures; and (v)
regular monitoring of reservoir water to check its
quality deterioration and to formulate and imple-
ment effective management strategies.

This study thus revealed that multivariate sta-
tistical techniques can be effectively used for con-
verting a large water quality dataset into a simple
interpretation for identifying pollution sources along
with spatio-temporal variation determination for
effective management practices. The results ob-
tained in this work can be useful in future manage-
ment of the reservoir, its water and the activities in
the catchment area. The outcome of this study can
be a helping hand to the researchers to extend it
further and for the policy-makers to address it in
their plans.

Figure 9. Factorial planes: (a) F1 vs. F2; (b) F1 vs. F3; (c) F1 vs. F4.
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