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Abstract: The aim of the present paper is to quantify water quality in the Lower Danube Region
by using a series of multivariate techniques and the Water Quality Index (WQI). In this paper were
measured 18 parameters upstream and downstream the city of Galati along the Danube River, namely:
pH, Dissolved Oxygen (DO), Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD),
N-NH,;*, N-NO,~, N-NO3~, N total, P-PO43~, SO4%2~, Cl~, Fe-total, Cr-total, Pb?*, Ni%*, Mn?*, Zn?",
As?t ) in the interval winter 2013-winter 2016. The samples were either analyzed on the field, or
sent for testing to the laboratory. The physicochemical parameters mentioned above were analyzed
in accordance with the Romanian and International standards in force. The WQI was calculated
according to Weighted Arithmetic Water Quality Index Method. The interdependencies between
the selected physicochemical parameters were used for determining potential sources of pollution.
Monitoring water quality dynamics in the period mentioned above favoured a series of relevant
conclusions about the anthropic influence on water quality. Water quality was assessed by processing
the measurements results, by calculating the water quality index (WQI), and by using the principal
component analyses (PCA) and the response surface method (RSM) with the aim of correlating the
indices for the physico-chemical parameters.

Keywords: WQI; multivariate analysis; Danube water; physicochemical parameters

1. Introduction

Considering that water pollution and irrational water use represent two risk factors to the
sustainable development of human society, constant monitoring of water quality is important. Natural
and anthropogenic processes determine the chemical composition of the surface water [1,2].

The waters of the Danube are more or less affected by pollution with organic compounds, nutrients
and heavy metals, pollutants from various sources such as industrial and domestic wastewaters,
which are not treated sufficiently and rainwater which runs off the agricultural land where chemical
fertilizers and pesticides are used. Monitoring water quality is important, especially since Romania
is a member of the European Union (EU) and must comply with the specific legislation in the field
(Water Framework Directive 2000).

The studied area (the confluence of the Danube River with two major rivers, the Siret and the
Prut) is the largest hydrographic basin in the European Union. Due to the complexity of the aquatic
ecosystems and to the existence of more pollution sources, there are no far-reaching studies in this
area where pollution from 8 coastal countries is accumulated, the team which developed this study
being the first to consider this area in the Danube basin [3-6]. The present study has been designed
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to continue past research on the region of the Lower Danube, the largest hydrographic basin in the
European Union [2,7].

The importance of the study stems both from the sensitivity of aquatic ecosystems and from the
fact that the Danube is the main source of drinking water for 1 million inhabitants in the Braila, Galati
and Tulcea areas, the quality of surface waters having a direct impact on human health [2,7].

The quality of the surface water may be assessed by monitoring a series of physical and chemical
parameters and by making a complex statistical analysis of the results obtained. Statistical analyses
are made in order to simplify the complex sets of data obtained and to identify the most relevant
set of parameters [2,7]. Establishing possible interdependencies between the parameters analyzed is
important because once the main sources of pollution in a given period are identified, the existing
problems may be solved and further risky situations may be prevented in case the water streams are
exposed to long periods of flood and/or drought. The statistical analysis identifies the interdependencies
established between two or more parameters which characterize the state of the system [8,9].

Rainfall, temperature, soil erosion and atmospheric conditions are some of the natural processes
influencing the state of water systems, which should be taken into account when identifying possible
interdependencies between the parameters analyzed. Pollution produced by domestic waters, industrial
waters and agricultural activities are included in the category of anthropogenic processes. The impact
of human and industrial activities may be quantified by analyzing the evolution of the ecosystems
which suffer the actual impact [10,11]. It is important to use proper algorithms in order to include the
most important parameters and their weight correctly.

This study was made by using set of classic statistic-mathematic methods. The different effects of
the variables may not be interpreted independently, but only in close connection with the values of
the other variables. There are no dependent or independent variables, and the multivariate analysis
involves all the variables simultaneously and in the same proportion [12].

The interpretation of the variation in the physical and chemical parameters monitored and of
the WQI was made by using the principal components analysis (PCA) and the response surface
method (RSM).

In this study we used the Weighted Arithmetic Water Quality Index Method for determining the
WQIL. The studies taken into discussion in the present article started in 2010 and have been processed in
time by using various methods, but the Weighted Arithmetic method has matched best the distribution
of results, the complexity of the ecosystems and the quality categories in the legislation [2,6,7,13-15].

This method was selected because it allows the use of national standards which in turn, allow
using the results and interpretations in surface water management in compliance with the national
and EU legislation [2,7,13-15].

According to the EU legislation, the surface waters in Romania fall in the 2nd category (good
water quality) and the use of this WQI calculation method allows researchers and specialists to use
the values of the physico-chemical parameters specific to the 2nd quality waters of the standard WQI
calculation [14,15]. In the EU Water Directive (WD) transposed in the national legislations of the
Member States, surface water quality is classified in 5 categories regarding chemical quality: from
“excellent” (category 1) to “very poor”’ (category 5) [15]. Danube water is included in categories 2 and
3. The WD includes categories which take into account each parameter separately and not the global
quality index.

The use of statistical processing of the WQI physicochemical parameters through different methods
leads to models, which follow the evolution of water quality according to the season in which the
studies were conducted. Seasonal variations allow reference to a predictable model by means of which
the rigorous management of the analyzed water course is ensured [10,11], and the results may be easily
passed on to decision-makers responsible for water quality in Romania and at the EU level.

The main aim of this study is to define a suitable Water Quality Index for the Danube waters
by taking into account the main chemical parameters and their weight. The means to reach this aim
include: continuing studies on the quality of large aquatic ecosystems (Danube); targeting the weight
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ratios for the main pollutants by statistical processing (PCA, RSM); processing results over a significant
period (4 years) for a system where seasonal variations are very important (for example, water flow
variations from 1 to 2.2).

Water flow variation in Galati area during the measurements period was between 4000-8800
m3-s~L. From a climatic point of view, the average annual temperature is around 10 °C. The average
summer temperature is approx. 21 °C. In winter, north and northeast, cold air chambers produce
temperature drops which fluctuate between 0.2 °C/—3 °C. The average monthly temperature is lower in
January when reaches —3/—4 °C. During the year there are approximately 210 days with temperatures
above 10 °C (National Meteorological Institute).

3

2. Materials and Methods

The assessment of the Danube water quality in the Galati County area implied monitoring
18 physical and chemical parameters, the water samples being collected from areas sensitively
susceptible to anthropic influence: S1-Priza Dunarii (Sampling point 1-Series 1); S2-River Siret
confluence (Sampling point 2-Series 2); S3-Ferry Crossing (Sampling point 3-Series 3); S4-River Prut
confluence (Sampling point 4-Series 4); S5-Cotul Pisicii (Sampling point 5-Series 5) (Figure 1).
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Figure 1. Distribution of sampling points.

Sampling point S1 was located near the area where water is pumped for the drinking water supply
of Galati.

Sampling point S2 was at the confluence of the Danube with an important river, the Siret. Due to
its large flow, this river has an important contribution to the Danube water quality. Its water is charged
with some pollutants coming from upstream (this river flows in an area in which the fertilizers and
pesticides used in the intensive agricultural activities favour water load with nitrites, nitrates and
phosphates), but also from the sewage treatment plant of one of Europe's largest steel mills.

Sampling point S3 was in the ferry crossing area where treated water coming from the municipal
wastewater treatment plant is discharged.

Sampling point 54 was rather distant from the urban area.

Sampling point S5 was at the confluence of River Prut with the Danube. This river brings an
important volume of water whose quality is inferior to that in the Danube. The Prut is a border river
between Romania and the Republic of Moldova which flows through areas where intensive agriculture
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is practiced and where the industry is developed, the waste water from different communities in
Republic of Moldavia being discharged without a proper treatment.

Apart from the location of the sampling points, it is of particular importance also the flow during
the monitoring periods. Waterer flow variation in Galati area during the measurements period is
presented in Figure 2.
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Figure 2. Danube water flow variation between 2014-2017 [16,17].

The samples were taken and analyzed seasonally for a period of 4 years (between 2013 and 2016),
once in spring (in March in all years), summer (in June in all years), autumn (in September in all years)
and winter (in January in all years). The sampling was done in compliance with the standards in force.
Polyethylene recipients were used and the samples were analyzed on the spot or they were sent to the
testing laboratory (in the CREDENTIAL laboratory of the ECEE of “Dunarea de Jos” University of
Galati) in the shortest time possible.

The tests were made observing the regulations in force. Sampling and sample analyses for
physic-chemical parameters were made according the following Standard methods: SR EN 1899-2:2002
for BOD determination, SR EN ISO 6878:2005 for total phosphorus determination, SR SR EN ISO
11732:2005 for ammonium determination, ISO 15705:2002 for COD determination, SR EN 26777:2006 for
nitrogen from nitrite determination, SR EN ISO 11905-1:2003 for nitrogen from nitrate determination,
SR ISO 6332:1996/C91:2006—for iron total content, SR ISO 9297/2001—for chloride content, STAS
3069-87—for sulphate content, SR ISO 10566:2001—for lead content, SR ISO 9174-98—for Cr total.
pH and OD were measured with a HANNA HI 9828 multiparameter analyzer. Spectrophotometric
determinations were performed by using a Spectroquant NOVA 60 spectrophotometer and Merck
kits. As?" content was determined by spectrophotometric method with similar methods with
standards-ASTM D2972-15 A; Zn?* was determined photometrically in alkaline solution, zinc ions
react with pyridylazoresorcinol (PAR); Ni?* was determined photometrically oxidized by iodine [18-30].

All the quantification limits for the methods used in this paper are bellow the minimum values
detected for all chemical species. All technical conditions for the quantification of chemical species
(reliability, accuracy etc.) are met according to the standards in force (standards, regulations, etc.).

Pollutants are considered to be substances that are not naturally occurring in water or substances
present in water in a higher concentration than the natural one.

The results obtained from the studies were interpreted by using different statistical methods.

The size of a given set of data which includes a large number of dependent variables is reduced
by using the PCA method. In addition, this type of analysis allows for a better assessment of the
correlations existing between the variables because it determines the involvement of individual
chemical species in multiple influence factorsl [31-34].
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The PCA analysis was used to verify the existence of a seasonal gradient in the set of physical and
chemical data. The diagrams presented in this paper illustrate the grouping of parameters according
to the way they influence each other.

The Response Surface Method (RSM) is a statistic empirical mathematical model, which allows
creating a multidimensional regressive model on the basis of which the influence of the input variables
on the output variable may be measured. The result may be represented either by a tridimensional
graph, or by outline graphs, which illustrate the shape of the response surface. Outlines are constant
response curves in the (xi, Xj) plan and are obtained by maintaining all the other variables constant. A
certain height of the response surface corresponds to each outline. This height indicates the degree to
which the input variables influence the variable envisaged. The analysis implies successive stages of
experimenting, modelling and data optimization [35,36].

The quality of a water stream is assessed by monitoring some of its physical, chemical and biological
parameters, but also by calculating the water quality index. The WQI is a unique adimensional number
which describes water quality at a certain moment and in a certain location [32,37,38] and which
indicates any modification in the quality of the water [39,40]. Depending on the values obtained,
a decision can be made regarding the possibility of considering the water potable, or of using it in
industry or entertainment—related activities such as swimming, sports fishing and so on [2,41-43].

There are more ways of calculating the WQI, but the Weighted Arithmetic Water Quality Index
Method [2,31-35] was used in our research because the relative weight of different variables was
confirmed by the statistics studies [2,43-49].

Water quality index was determined by using the following equation:

L Wi
Wol =~ ™

where WQI represents the water quality index. This parameter has values between 0 and 100 (it can
exceed 100 if the area is heavily polluted); g; represents a relative value of the water quality for each
parameter, i represents the number of the parameters taken into consideration; W; represents a factor
which measures the importance of a given parameter in calculating the WQI (relative weight). g; is
calculated by using the following mathematical formula:
Vi-Vo

qi = 100m/ ()
where V; represents the measured value (determined experimentally) of the i parameter; V) represents
the ideal value of that parameter (it is O for all the parameters excepting the pH for which the value is 7
and the DO for whose value is 14.6 mg L™!); S; represents the standard value legally accepted for the
water category in which the analysed water sample was included.

The Wi represents a factor which is calculated by using the following formula:

K

W, = —
1 Sl 7 (3)

where K is a constant value calculated by the formula:

1
K= @)

1

X(s)

According to this method, the values of the WQI allow for a variation in the water quality from
excellent (WQI = 0-25), to good (25-50), poor and very poor quality (51-75, 76-100) and very polluted
(WQI > 100) [2,35]. The WQI was calculated by taking into consideration the Romanian standards for
the surface waters [14].
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3. Results and Discussion

Water quality is generally conditioned by a series of variables (parameters).

3.1. Variation of The WQI in The Sampling Points

The calculations made highlighted the fact that the WQI reached its maximum in sampling point
S2 (the Siret confluence) in the spring of 2015. The values of the WQI in this point are the highest
because there is more pollution on River Siret than on the Danube. This is due to the intake of nutrients
which is easily noticeable during spring and summer when agriculture-related activities are intense,
and to the intake originating in the city waste water which is purged by using mechanical processes
and which is discharged in River Siret, not far from the confluence with the Danube. The values of the
second quality water in this area sometimes exceed the maximal accepted values for COD, BOD, SO4%~.

The highest values were recorded at all the sampling points during the spring of 2015, when
the flow of the Danube water was at its lowest in the last 10 years. High values of the WQI were
also recorded at the confluence of the Danube with River Prut. The lowest values were registered at
sampling point S5 which is relatively far from direct entropic influences.

The highest values of the WQI were measured at sampling point S2 in all the seasons (Figure 3).
This sampling point is at the confluence of the Danube with River Siret. The city wastewater, which
is treated at SEAU Galati, and industrial wastewater, which is treated at SEAU of Arcellor Mettal
Steel Factory, is discharged in River Siret, close to the confluence area. Analyzing the results obtained
the fact may be noticed that the smaller values are recorded during winter when the values of the
dissolved oxygen (DO) are high, and the values of COD, BOD and nutrients are small. It could be
observed that COD values are influenced more by tributaries suggesting a more important load in
organic species and mineral matter in reduced forms as well as the existence of anaerobic evolutions in
sediments. COD values are important indicators for the efficiency of municipal wastewater treatment
plant existent in the Galati-Braila area for a few years. In the calculation of the WQ], the nutrients have
an important weight (W;), and their presence in small quantities in winter leads, implicitly, to small
values of these indices.

WaQl seasonal variation

Seriesl Series2 Series3 Series4 Series5

Figure 3. The seasonal variation of the WQI in the 5 sampling points during the winter of 2013—-the
winter of 2016 (Series 1 corresponding with Sampling point 1; Series 2 corresponding with Sampling
point 2 etc.).

The highest values were recorded in the summer-autumn period, a possible explanation being the
low flow of the water stream due to a period of drought.
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Station S4 is rather distant from the urban area and, due to the phenomenon of self-purification,
water quality in this area is superior to water quality in points 52, S3 and S5 and shows the impact of
human activities on Danube water quality.

3.2. Statistical Analysis

In the first stage of the statistical analysis, the correlation coefficients of all the monitored
parameters for each sampling point were evaluated. Correlations between the value series of the same
parameter for neighbouring sampling points were also evaluated. Generally, there was a link between
these datasets. The results will be presented in a future paper.

Additionally, primary statistical analyses were performed on the measured data series. The results
are presented in a synthetic form in the Table 1.

Next, an ANOVA type analysis was carried out to study the seasonal variation for the 18 parameters
monitored. One-way ANOVA type ratings were run for all data sets for each of the 18 parameters and
for each of the 5 monitoring points. In Tables 2 and 3 are presented the results of the univariate test.
The x-value was considered to be 0.05.
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Table 1. Breakdown Table of Descriptive Statistics.
S1 S1 S1 S2 S2 S2 S3 S3 S3 S4 S4 S4 S5 S5 S5

Variable Min Min Means + Min Min Means + Min Min Means + Min Min Means + Min Min Means +

Value Value Std.Dev Value Value Std.Dev. Value Value Std.Dev. Value Value Std.Dev. Value Value Std.Dev.

pH (upH) 7.82 8.82 8.30 + 0.46 7.99 8.70 8.32 +£0.33 7.82 8.36 8.14 £ 0.19 7.87 8.34 8.11 £ 0.15 7.82 8.28 8.14 +0.13
OD (mg-L_l) 4.78 12.00 5.65 + 0.84 4.14 11.00 559 +1.34 4.73 9.00 5.84 +0.96 5.62 7.60 6.24 +0.52 5.12 9.00 6.56+ 1.81
COD (mg-L_l) 55 35 19.30 + 13.62 6.00 38.00 21.10 + 13.79 5.7 34 16.66 + 12.41 7.2 37 22.36 +11.25 6.1 26.0 15.20 + 5.88
BOD (mg-L_l) 1.2 7.3 4.26 +2.70 2.10 8.30 4.63 +£3.21 1.7 7.7 4.46 +2.89 1.7 6.7 4.10+2.26 2.0 5.2 340+ 1.31
N-NH,* (mg-L71) 0.242 0.842 0.87 + 0.05 0.231 0.938 0.82 +0.12 0.248 0.799 0.82 +0.09 0.354 0.959 0.78 +0.15 0.205 0.752 0.56 +0.20
N-NO,~ (mg-L™1) 0.021 0.135 0.07 + 0.04 0.035 0.148 0.10 + 0.04 0.0118 0.132 0.07 £ 0.04 0.024 0.178 0.11 +0.07 0.0106 0.086 0.03 +/-0.02
N-NO3~ (mg-L’l) 1.98 10.21 737 +£3.72 2.14 8.28 6.82 +2.32 2.18 9.22 731+273 3.30 10.32 8.55+2.79 2.26 9.26 6.84 +3.52
N-total (mg~L’1) 1.20 11.97 9.37 £2.85 3.93 10.19 8.95+1.31 451 12.06 10.21 = 3.20 5.2 11.62 10.59 + 0.84 4.10 10.12 7.76 +3.14
P-PO,%" (mg-L™") 0.061 0.570 0.11 + 0.05 0.054 0.74 0.18 + 0.08 0.0106 0.89 0.12 + 0.08 0.093 0.93 0.21 + 0.05 0.041 0.680 0.15+0.11

50,2 (mgL™) 98.034  131.000 112.34 +16.91 123 149 143.00 + 4.36 126 150 135.33 + 12.70 115 154 122.00 + 8.66 94 123 109.66 + 12.58

Cl~ (mg:L™) 39.00 48.00 40.00 + 1.73 41 59 49.33 + 8.50 42 62 55.00 + 2.64 42 52 47.66 +5.13 33 45 43.00 + 2.65
Fe-total (mg-L 1) 0.43 0.72 0.64 + 0.0454 0.42 0.73 0.55 + 0.025 0.42 0.64 0.505 + 0.03 0.32 0.43 0.41 +0.03 0.29 0.41 0.39 + 0.02
Cr-total (mg-L 1) 0.027 0.040 0.030 + 0.00 0.039 0.044 0.04 + 0.01 0.032 0.052 0.04 + 0.01 0.039 0.049 0.04 £ 0.01 0.028 0.0381 0.03 +0.01
Pb?* (ugL71) 6 9 7.3 +1.30 7 12 7.70 = 0.49 6.9 13 8.80 +1.27 7.2 9.6 8.5 +0.58 6.1 8.1 7.80 = 0.30
Ni2*+ (pg-L_l) 12 19 16.30 + 3.79 10 23 15.70 £ 5.51 14 22 15.30 +£2.31 10 18 11.30 £ 1.15 9 18 9.60 + 051
Mn?* (ug-L™1) 95 120 105.30 + 12.70 87 130 8.83 +1.53 80 120 81.70 £ 1.53 30 80 51.70 + 21.50 25 56 33.00 + 7.00
Zn2* (mg-L™1) 0.120 0.190 0.18 + 0.017 0.15 0.21 0.18 +0.03 0.14 0.191 0.18 + 0.00 0.11 0.16 0.13 +£0.02 0.0123 0.13 0.10 + 0.02
A3 (pLg-L_l) 2 4.3 340+1.21 3 5 3.90 +0.15 3 4.6 3.40+0.23 2 4.2 2.6 +0.50 0.8 3.1 1.30 £ 0.42
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Table 2. Univariate Tests of Significance Effective hypothesis decomposition for sampling point S1.

Variable/Monitoring Point Effect SS Degree of Freedom MS F p
pH
1 Intercept 785.05 1.00 785.05 11,988.60 0.00
Season 0.18 3.00 0.06 0.94 0.47
OD
1 Intercept 533.86 1.00 533.86 332.52 0.00
Season 46.22 3.00 15.40 9.59 0.01
COD
1 Intercept 2901.63 1.00 2901.63 24.77 0.00
Season 134.09 3.00 44.69 0.38 0.77
BOD

s1 Intercept 130.42 1.00 130.42 37.17 0.00
Season 2.98 3.00 0.99 0.28 0.83

N-NH,*
1 Intercept 3.16 1.00 3.16 99.75 0.00
Season 0.34 3.00 0.11 3.62 0.06

N-NO,~
s1 Intercept 0.06 1.00 0.06 45.55 0.00
Season 0.01 3.00 0.00 2.96 0.09

N-NO;3~
s1 Intercept 221.96 1.00 221.96 46.18 0.00
Season 38.74 3.00 12.91 2.69 0.12

9 of 20



Water 2019, 11, 1305

Table 2. Cont.

Variable/Monitoring Point Effect SS Degree of Freedom MS F p
Niotal
1 Intercept 415.25 1.00 415.25 77.11 0.00
Season 51.43 3.00 17.14 3.18 0.08
P-PO,3-
s1 Intercept 0.41 1.00 0.41 11.06 0.01
Season 0.07 3.00 0.02 0.65 0.60
S0,2-
Intercept 167,332.10 1.00 167,332.10 1160.99 0.00
S1 Season 152.50 3.00 50.80 0.35 0.78
Error 1153.00 8.00 144.1
Cl-
1 Intercept 22,883.08 1.00 22,883.08 4228.44 0.00
Season 81.19 3.00 27.06 5.00 0.03
Fe-total
1 Intercept 4.22 1.00 422 1988.02 0.00
Season 0.06 3.00 0.02 9.55 0.01
Cr-total
s1 Intercept 0.01 1.00 0.01 2823.36 0.00
Season 0.00 3.00 0.00 9.59 0.01
Pb2+
Intercept 0.00 1.00 0.00 691.69 0.00
S1 Season 0.00 3.00 0.00 0.83 0.51
Error 0.00 8.00 0.00

10 of 20
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Table 2. Cont.

Variable/Monitoring Point Effect SS Degree of Freedom MS F p

Ni2+
s1 Intercept 0.00 1.00 0.00 420.76 0.00
Season 0.00 3.00 0.00 0.41 0.75

Mn2+
s1 Intercept 0.14 1.00 0.14 1479.18 0.00
Season 0.00 3.00 0.00 2.01 0.19

Zn2+
s1 Intercept 0.32 1.00 0.32 612.13 0.00
Season 0.00 3.00 0.00 2.05 0.18

A53+
1 Intercept 0.00 1.00 0.00 223.16 0.00
Season 0.00 3.00 0.00 0.18 0.90

Note: SS—Sum of Squares; MS—Mean Square; F—ratio variances; p—variances.

11 of 20
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Table 3. Univariate Tests of Significance Effective hypothesis decomposition for significant seasonal variations.

Variable/Monitoring Point Effect SS Degree of Freedom MS F p
OD
1 Intercept 533.86 1.00 533.86 332.51 0.00
Season 46.23 3.00 15.41 9.59 0.01
N-NH,*
S Intercept 3.54 1.00 3.55 160.30 0.00
Season 0.36 3.00 0.12 5.42 0.02
3 Intercept 2.56 1.00 2.56 80.75 0.00
Season 0.39 3.00 0.13 414 0.05
N-NO,~
o Intercept 0.11 1.00 0.11 133.88 0.00
Season 0.01 3.00 0.00 3.30 0.04
3 Intercept 0.07 1.00 0.068978 83.12 0.00
Season 0.01 3.00 0.003806 4.58 0.05
N-NO3~
3 Intercept 258.26 1.00 258.26 81.13 0.00
Season 41.84 3.00 13.95 4.38 0.04
Cl-
s1 Intercept 22,883.08 1.00 22,883.08 4228.44 0.00

Season 81.19 3.00 27.06 5.001 0.03
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The results obtained on the data set identified significant seasonal variations for dissolved oxygen
measured at station S1 (p = 0.005089) and chlorine measured at the same point (p = 0.03) for N-NH,*
measured at stations S2 (p = 0.02) and S3 (p = 0.05), for NO, ™ also measured in stations S2 (p = 0.04) and
S3 (p = 0.05) and for NO3 ™ measured at station S3 (p = 0.04). This fact was also noted in a previous study
conducted on the Danube, using only one monitoring point—namely, the one near Galati [2,7,42,46].

We will further consider the possibility of applying a PCA analysis without taking into account any
seasonal variations. This method allows us to study the grouping of the measured parameters according to
their correlation bonds to identify more easily the parameters which influence the WQI size to a greater extent.

Based on the 18 physico-chemical parameters which were monitored, the quality of a water stream
may be classified in accordance with the EU Water Directive [15]. The concentration indexes (WQI)
may be used to describe water quality in order to make the information available to users with less
expertise in the field of water quality. The influence of each parameter in the WQI calculation algorithm
may be determined. The variation and interdependencies of the physical and chemical parameters
may be described in an initial stage by elementary statistical magnitudes, correlations of the matrix
coefficients and variation analysis (ANOVA). In the second stage, multivariate statistical methods of
investigation such as representations of the surface response RSM, are taken into consideration. The
parameters envisaged were measured in each of the four seasons. By using the PCA method a seasonal
gradient was identified in the physical and chemical parameters sets of data. The diagrams analyzed
highlight a clear pattern regarding the way the parameters influence each other.

Both the PCA and RSM were carried out by processing the data of each season in the studied
years. The PCA method is based on studying correlation matrices. Using the Pearson coefficients, a
reference axis system that minimizes the data set variation is identified. From this point of view, it is
possible to apply the PCA having the same WQI database and the measured parameters since we have
calculated the relative Perason coefficients.

Figure 4a illustrates the results obtained by applying the PCA method on the measurements made
during winter and the grouping of these results into two categories: factor 1 including Fe-total, As**,
SO4%~, Cr-total, pH which is closely correlated with the WQI. This factor shows a significant mutual
correlation and may be found along the horizontal axis (Factor 1). The second group is made up of
BOD, OD, PO,3~, ammonia, nitrogen, it shows a mutual positive correlation and it is represented
around the vertical axis (Factor 2). The two factors explain over 51% of the total variation. Taking into
account this result, the third factor (Figure 4b) had to be emphasized, although it explains a smaller
influence on the WQI (only 15.35%). This diagram shows that the WQI is correlated positively with
heavy metals, pH, sulphites and COD, but it has an extremely small correlation with ammonia, nitrites,
phosphates, BOD and dissolved oxygen.

Projection of the variables on the factor-plane ( 1 x 2) - Winter Projection of the variables on the factor-plane ( 1x 3)

1.0 o Active 1.0

* Active

05

0.0

Factor 2 : 20.47%
Factor 3 : 17.35%
3
o

0.5

1.0 05 0.0 05 1.0 1.0 05 00 05 1.0
Factor 1 : 31.93% Factor 1: 31.93%

(a) (b)

Figure 4. PCA for WQI and physicochemical parameters in the winter seasons of 2013 to 2016.
(a) correlation F2—-F1; (b) correlation F3-F1.

Further, based on this analysis, we were able to obtain surface model Plot type responses of the
model response pattern for the parameter groups, which are closely correlated with the WQI in the
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data set studied. Thus, the estimated value for the WQI was represented on the vertical axis, and two
parameters, which show correlations with the WQI size, were represented on the horizontal axis. Thus,
for the winter season, there was a close connection between the WQI and NO;~, respectively NH, ™,
which were represented on the horizontal axis. Similarly, for the autumn season, a close relationship
was noted between the values of the WQI and the concentration of Fe?* and Pb?*, respectively. The
PCA method is actually based on the use of values of correlation coefficients between data sets. Thus,
considering the model response (RSM), a strong correlation was identified between the WQI and the
NH;* and NO,~ (Figure 5a) concentrations, on the one hand, and between the WQI and Fe-total and
Pb?* concentrations, on the other. These chemical parameters influence the values of the water quality
index the most. In both cases studied—the WQI dependence of NH;* and NO, ™, respectively the
WQI dependence on Fe-total and Pb?*, the surface obtained corresponds to dynamically equilibrium
states with accumulation of representative points along a maximum curve/trajectory. This is explicable
from a mathematical point of view, taking into account the values of the correlation coefficients closely
between the selected magnitudes along the horizontal axes.

3D Surface plot 3D Surface plot
WQI representation depending on NO, and NH, - Winter season WAQI representation depending on Fe and Pb - Autumn season
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(a) (b)
Figure 5. RSM for the WQI = f(NH4*, NO,~) (a) and the WQI = f(Fe-total, Pb?*); (b) for the winter

seasons of 2013 to 2016.

This suggests the existence of a dynamic equilibrium obtained by opposed processes which is,
otherwise, encountered in the correlation matrix.

The PCA method (Figure 6) applied on the data recorded in the springs of the monitored years
illustrates an obvious grouping into two different categories: group one formed of Fe?*, As?*, SO,2~,
Cr-total, SO4%2~, NH4* which correlates closely with the WQI (factor 1—horizontal axis) and group two
including Pb?*, Ni%*, P-PO,3~, N-total, NO;~ (factor 2—vertical axis). The two factors explain 57% of
the total variation.

Projection of the variables on the factor-plane ( 1x 2) - Spring Projection of the variables on the factor-plane ( 1x 3) - Spring

10} Ntotal ® Active 1.0
* NNO3 o Active
»

0.5

0.0

Factor 2 : 26.65%
Factor 3 : 16.47%

05} 0.5

1.0 05 0.0 05 10 10 05 0.0 0.5 1.0
Factor 1:30.60% Factor 1:30.60%
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Figure 6. PCA of the WQI and of the physicochemical parameters in the spring seasons of 2013 to 2016.
(a) correlation F2—-F1; (b) correlation F3-F1.
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Under the circumstances, a third factor had to be analyzed (Figure 6a). The related diagram shows
that this third factor explains 16.47% of the total variation, and it groups the Pb2?*, Cl~, Ni?+, pH, etc.

The RSM technique confirmed the existence of a correlation determined by the equilibrium
between the WQI and NH,;* and NO,~, Fe-total and Pb%* concentrations (Figure 7) as it resulted from
the correlations of the matrix evaluation. As regards the dependence between the WQI and NH*
and NO,~ concentrations (Figure 7a), a stable equilibrium surface shape could be noted. This aspect
suggests a dynamic equilibrium which results from opposed processes [16]. The surface constructed
by extrapolation may sometimes exceed 100 units for the WQI, but the representative points which are
drawn in blue are certainly within the range of normal values for the WQIL

3D Surface plot WQI representation depending on Fe and Pb - Spring season
WAQI representation depending on NO, and NH, - Spring season
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(a) (b)
Figure 7. RSM for the WQI = f(NH**, NO, ") (a) and the WQI = f(Fe-total, Pb**); (b) in the summer

seasons of 2013 to 2016.

In the case of the WQI dependency and the Fe-total and Pb?* concentrations (Figure 6b) the
shape of the answer surface remains of the unstable equilibrium type, with representative points of
accumulation along the maximum path curve. A maximum path curve in such situations was expected
due to mathematical reasons [16]. This aspect suggests the existence of a dynamic equilibrium resulted
from a series of opposed processes in which Fe-total and Pb?* are involved. A numerical model for
assessing chemical balance states and for analyzing the stability of these states is under construction
and will be the subject of future research papers.

Different from the data recorded during the seasons of winter and spring, the data collected
during the four summers of monitoring activities illustrate slightly different correlations. The PCA
method emphasized the correlation between the WQI and the chemical parameters COD, BOD, Pb?+,
Ni%*, CI~, Zn?*, SO42~, which form the group factor 1 (F1) representing 34.21% of the option. Group
factor 2 (F2) is made up of N-total, NO3~, pH and represents 21.41%. Since these two factors represent
only 56% of the option, a third component of the F3 factor had to be analyzed. The F3 factor represents
15% of the variation, the N-total, NO, ™ included in this group correlating negatively with the pH.

The variation of the WQI with the NH;* and NO,~ concentrations and of the WQI with Fe-total
and Pb?* concentrations is also shown in the RSM diagram (Figure 7). In the case of the WQI and
NH,4* and NO,~ concentrations (Figure 6a) there is an unstable equilibrium type of surface, this being
a dynamic equilibrium between opposed processes, probably biological. As far as the dependence
between the WQI and Fe-total and Pb%* concentrations is concerned, (Figure 7b), there exists a stable
equilibrium type of surface, this being a dynamic equilibrium between opposed processes which are
correlated negatively.

The analysis of the data collected during the four autumns illustrates a change in the
interdependencies. This fact may be explained by the lower flow of the water stream recorded

between the end of summer and the first two autumn months.



Water 2019, 11, 1305 16 of 20

Figure 8a indicates the PCA analysis of the data collected in this season. The fact could be noticed
that, at this time of the year, the WQI depends on Cl~, S04, As?*, Zn?*, Mn?* and on NO, ", the least.
These parameters are now part of the factor group F2 which explains 25.41% of the variant. The factor
group F1, which explains 41.09% of the variant, is made up of P-PO,3~, NH**, DO, COD, Fe?*, Ni?*
and is correlated negatively with BOD, N-total, Pb%*, Cr3*. These two factors explain over 65% of the
total variance. The presence of factor 3 (F3) was also analyzed and it represents 12.86%, in this case.
BOD si NO3~ in factor group F3 are correlated negatively with Zn?* and Mn?".

Projection of the variables on the factor-plane ( 1x 2) - Summer Projection of the variables on the factor-plane ( 1x 3) - Summer
1.0 galos o Active 1.0 i
I
pH |‘ ]
. 1
WOk i i
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i o
[ [

05 Fe’ \ 0.5

1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
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(a) (b)

Figure 8. PCA for the WQI and the physicochemical parameters in the summer seasons of 2013 to 2016.
(a) correlation F2-F1; (b) correlation F3-F1.

The analysis of the way in which the WQI varies depending on the NH** and NO, ~ concentrations
and on Fe-total and Pb?* concentrations is made by means of the RSM method (Figure 9).

3D Surface plot 3D Surface plot
WQI representation depending on NO, and NH,4 - Summer season WQI representation depending on Fe and Pb - Summer season
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Figure 9. RSM for the WQI = f(NH**, NO, ") (a) and the WQI = f(Fe-total, Pb%*); (b) in the summer
seasons of 2013 to 2016.

The fact could be noticed that, as illustrated by the diagrams in Figure 10, the more concentrated
the chemical species, the higher the WQI. These diagrams are characteristic to unstable dynamic
equilibrium which favours reaching maximal values. The increase of the WQI over 100 may be
explained by the fact that our research focused strictly on the dependence on the mentioned species,
without taking into consideration the other 16 parameters. When the values of all the 18 physical and
chemical parameters are introduced in the calculation of the WQI, the values decrease significantly
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under 100. However, the low water flow during autumn explains the higher values of the WQI as
compared to the other seasons (Figures 10 and 11).

Projection of the variables on the factor-plane ( 1x 2) - Autumn Projection of the variables on the factor-plane ( 1x 3) - Autumn

1.0

o Active 10 o Active

Factor 2: 25.41%

Factor 3 : 12.86%
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-1.0 0.5 0.0 05 10 -1.0 0.5 0.0 0.5 1.0
Factor 1: 41.09% Factor 1: 41.09%

(a) (b)

Figure 10. PCA for the WQI and the physicochemical parameters in the autumn seasons of 2013 to
2016. (a) correlation F2-F1; (b) correlation F3-F1.

3D Surface plot 3D Surface plot
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Figure 11. RSM for the WQI = f(NH4*, NO, ) (a) and the WQI = f(Fe-total, Pb%*); (b) in the autumn

seasons of 2013 to 2016.
4. Conclusions

The WQI values obtained describe accurately the state of the water stream. If the WQI is calculated
in relation to 2-3 parameters, its value can increase or decrease significantly. Consequently, in order to
assess the quality of a water stream correctly, more parameters was taken into account.

For large aquatic ecosystems as Danube river it is necessary to develop multiple experiments on
large area and during long period (few years) in order to take into account, the maximum pollutants
possible. In specials areas with large rivers and tributaries (as Danube is with Siret and Prut rivers) the
experiments have to determinate also the influence of tributaries covering their own basins having
specific anthropic impact.

The water samples were taken close to the right shore. Although there is an important intake of
polluting substances from the affluent, the high water flow dilutes them significantly.

The water flow is important but it is not the only variable with a significant impact on water quality.

If we consider a steady anthropic impact consistent with constant pollutant loads, the concentration
of the pollutants, reflected in the water quality, should depend exclusively on the flow. Diverse flow
rates for the Danube generally include minimum values in the summer-autumn seasons. It may be
noticed, however, that there are cases when the maximum WQI values, corresponding to an advanced
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pollution, are traceable during spring periods, when the flows are large enough to ensure a significant
dilution for the pollutants. From the field observations, water intake during the spring season resulted
from the melting of snow in the adjacent areas of the 3 rivers (the Siret, the Prut and the Danube). As it
has been mentioned, these areas are characterized by important agricultural and industrial activities
involving soil pollution, which explain the increase in pollutant concentrations even in the context of
increased flow. These observations point to the need for integrated future studies which include both
determinations of the pollution of adjacent soils and snow during the transition period between winter
and spring for the correct identification of the origin of anthropogenic pollution.

The nutrients intake generally reaches the upstream of the monitored area, in our case the upstream
of Rivers Siret and Prut. Studies made on these important rivers demonstrated that the concentration
of some pollutants are higher as compared to the Danube ones [50,51]. Their conclusions correspond
with the values observed in different stations (52, S4) which have maximums superior compared to the
other three stations.

The heavy metals intake was emphasized in areas sensitive to pollution: that is in the mineral
harbour area and the ferry crossing area.
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