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Abstract:



Nitrates present one of the main groundwater contaminants in the world and in the Zagreb aquifer. The Zagreb aquifer presents the main source of potable water for the inhabitants of the City of Zagreb and it is protected by the Republic of Croatia. The determination of contaminants trends presents one of the main tools in groundwater body status and risk assessment. In this paper, the use of regression analysis on the aggregated data, together with confidence and prediction intervals, at different observational scales has been evaluated. Nitrate concentrations are generally decreasing in almost all areas, observed at different observational scales. It has been shown that linear regression can be efficiently used in the estimation of nitrates trends. Results showed that the calculation of confidence and prediction intervals can provide more useful conclusions than the calculation of the trend’s statistical significance. Also, the results suggest that confidence and prediction intervals can be used in groundwater body chemical status and risk assessment, respectively. Data smoothing and data aggregation are generally desirable, but have certain limitations. If too much data is aggregated, trend estimation by regression analysis can point to false conclusions. Evaluation of trends at different observational scales can provide more realistic trend estimation, as well as more precise identification of areas where groundwater protection measures should be implemented.
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1. Introduction


Nitrate presents one of the main water contaminants in the world [1,2,3,4]. High nitrate concentrations have been observed in the groundwater of the Zagreb aquifer [5,6,7]. The Zagreb aquifer presents the only source of potable water for the citizens of the City of Zagreb and part of Zagreb County. It is designated as part of country’s strategic water reserves. Trends of nitrate concentrations have previously been determined for the purpose of defining the chemical status of groundwater bodies [8], in line with the requirements of the EU Water Framework Directive (WFD) [9] and Groundwater Directive (GWD) [10]. Trends should be calculated for a body or for a group of bodies, where appropriate. Generally, according to WFD and GWD provisions, trend assessment of chemical parameters should be conducted for: identification of groundwater body being at risk of failing to meet objectives under Art. 4 based on the surveillance monitoring data; and status assessment procedure and/or identification of risk of failing to meet objectives under Art. 4 based on the operational monitoring data. Previous research has shown that nitrates present one of the main groups of contaminants in the Zagreb aquifer [5]. Furthermore, two areas with elevated nitrate concentrations have been observed, while lower concentrations generally appear in the vicinity of the Sava River and in the eastern part of the aquifer [6,7].



Trends can be estimated by numerous methods. The nonparametric Mann–Kendall test [11,12] is probably the most often used method in trend estimation of water quality and hydroclimatic time series [13,14,15,16,17,18,19]. The Mann–Kendall test should be preferred to parametric trend tests when using multiple datasets because it does not require a priori assumptions related to underlying distributions [20] and it does not specify whether a trend is linear or non-linear [21]. Linear regression, piecewise regression, and logistic regression are also used in trend estimation of chemical parameters [22,23,24]. Evaluations of nitrate concentration trends on a national level have shown that groundwater recharge age determination can be very useful in trend estimation, which can correlate changes in land use and management practices with changes in groundwater quality. Also, it has been suggested that outliers and monitoring points with unstable redox conditions should be excluded from trend analysis, i.e., that only data from stable oxic environment should be used [25,26]. Additionally, entropy theory and the Hurst exponent were used to identify trends and persistence of nitrate concentrations at different spatial scales. Results suggest that nitrate concentrations in groundwater can show a scale phenomenon in both time and space, where nitrate trends show long-term persistence at intermediate and coarse scale. On the other hand, at fine scale, especially in the areas where stream–aquifer interaction is more evident, fluctuations in nitrate trends are more characteristic [27]. Furthermore, it has been established that the definition of stream–aquifer interaction can be crucial for predicting hot spots of nitrogen that were microbially driven or flow related. Also, dynamic redox conditions in the riparian zone, related to intermittent groundwater flow reversal due to surface–aquifer interaction, can produce nitrogen hot spots [28]. It is evident that various statistical constraints and geochemical features can influence trend estimation of chemical parameters, in this case nitrates. Estimation of trends by linear regression is very simple, but sometimes not appropriate. In general, water quality variables usually do not have normal distribution which suggests that non-parametric trend tests should be used. On the other hand, it is essential to define what the purpose of trend assessment is, and whether the used method is suitable for making proper and realistic conclusions. If that is achieved, the usage of simple, robust methods can be justified.



This article assesses whether linear regression, with or without data smoothing, and corresponding confidence and prediction intervals, is suitable for the estimation of nitrate concentration trend at different observational scales. It was essential to determine whether it can be effectively used in the implementation of groundwater protection measures and identification of areas vulnerable to nitrate contamination.




2. Research Area


The Zagreb aquifer is located in the northwest part of Croatia, covering approximately 350 km2 (Figure 1). It presents the only source of potable water for the citizens of the City of Zagreb and partially Zagreb County. It is designated as part of the country’s strategic water reserves.


Figure 1. Research area.
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The aquifer and its broader region are characterized by great variability in land use, pedology, lithology, and hydraulic properties. The Zagreb aquifer is made of Quaternary sediments deposited during the Middle and Upper Pleistocene and Holocene. Pleistocene deposits are lacustrine-marshy, while Holocene belong to alluvial deposits [29,30]. Hydrogeologically, the Zagreb aquifer consists of overburden, shallow, and deep aquifer layers.



The thickness of the unsaturated zone, generally disintegrated by anthropogenic influence, varies from 2 to 8 m [31]. The upper part of the unsaturated zone made of Fluvisol in the area of the Zagreb aquifer is generally permeable, except in dry periods [32], which allows the transport of contaminants to the groundwater. Nitrate concentrations are higher in the upper part of the unsaturated zone, while concentrations generally decrease with depth [33]. This is consistent with lower nitrate concentrations observed in the groundwater of Zagreb aquifer [6,7].



Shallower Holocene aquifer varies in thickness from five to 40 m, while deeper aquifer extends up to 60 m [34]. Total aquifer thickness is up to 100 m. Aquifer layers are hydraulically connected, while geochemical stratification is recognized along the depth [35]. Holocene part is in direct contact with the Sava River, which is more pronounced in the river vicinity [36]. Regional groundwater flow direction is W/NW to E/SE, while local groundwater flow strongly depends on hydrologic conditions and the Sava River fluctuations. Groundwater levels also depend on the infiltration from precipitation and leaking from sewage and water supply network, as well as due to natural boundary conditions. Inflow from the western border (contact with Samobor-Zaprešić aquifer) and the southern border has been observed [37]. Six major well fields are used for water supply (Mala Mlaka, Velika Gorica, Zapruđe, Petruševec, Sašnjak, and Žitnjak; Figure 2).


Figure 2. Observation wells used in trend analysis.
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Due to the expansion of the City of Zagreb and nearby rural areas, anthropogenic influence on groundwater quality has been observed, while nitrates have been recognized as one of the main contaminants [5]. Two main areas with elevated nitrate concentrations have been identified, one on the left bank of the Sava River, in a predominantly urban area, and the other on the right bank of the Sava River, in a predominantly agricultural area. Lower nitrate concentrations are generally found in the vicinity of the Sava River and in the eastern part of the aquifer which is associated with the Sava River influence, i.e., its hyporheic zone, and aquifer deepening. It has been observed that nitrate concentrations measured in the observation wells located in the hyporheic zone are very similar to those measured at three stations in the Sava River (Jankomir, Petruševec, and Rugvica), and are generally lower than 10 mg/L of NO3−. It has been shown that aerobic conditions prevail in the Zagreb aquifer and that nitrate concentrations are more related to dissolved oxygen concentrations than redox conditions [6]. With regard to natural conditions that prevail in the Zagreb aquifer, it can be assumed that nitrification presents a more important geochemical process than denitrification, especially in the alluvial part of the aquifer. Due to regional groundwater flow and major sources of nitrate contamination, it can be assumed that in the left bank of the Sava River, nitrate concentrations are generally associated with urban pollution sources (leaking from sewage system), while in the right bank, a combination of agricultural (application of fertilizer and manure) and urban inputs (leaking from the sewage system and septic tanks) is present [6,7].




3. Materials and Methods


Groundwater quality monitoring of the Zagreb aquifer was established in 1991. In this paper, nitrate concentrations from 1991 to 2015 have been used, mainly from the National Monitoring Programme of Croatian Waters and from the monitoring programme of landfill Jakuševec. Data originate from 153 observation wells (Figure 2), a total of 13,658 nitrate concentration analysis (all nitrate data is presented as NO3−).



All the available data and analyses have been taken into account. The first insight into the data structure pointed out a few challenges. Firstly, the spatial distribution of the observation wells in the monitoring network is not ideal. They are generally located in the inflow areas of major well fields. Secondly, groundwater sampling interval is different, ranging from monthly to yearly, with no regular pattern for many observation wells. Also, some observation wells are very old, while some of them were included and/or excluded from the monitoring network on a regular basis, which resulted in the time series with different time intervals. Temporal data aggregation is a partial solution for this problem. Data aggregation has been suggested within WFD for the implementation of different tests in groundwater body chemical status assessment. It has been decided that quaternary data aggregation will be used because semi-annual or annual aggregation would generate loss of seasonality, while monthly aggregation would generate time series with a lack of data from many observation wells. In that sense, January, February, and March represent the first quarter, April, May, and June the second quarter etc. Thirdly, data regarding limit of quantification (LOQ) and limit of detection (LOD) values was incomplete, while some nitrate concentrations were not measured and were written as “0”. However, since only 237 data points were recorded as “0” or as below LOQ/LOD values, it has been decided that these data will not be used in the estimation of nitrate trends because they represent less than 2% of the total number of analysis. Most of the observation wells (about 95%) had less than five values reported as “0” or LOQ/LOD value in the whole time series. Although LOQ/LOD values can be used in form of the real measured value (for example the use of LOQ/LOD value as a number), in this case, any use of statistical analysis for the determination of outliers and extreme values would condition their exclusion from further analysis. The reason is that nitrate concentrations are much higher than the LOQ/LOD values of modern methods and instruments used for their determination, especially in areas where anthropogenic influence is evident. Also, when using large data sets obtained from different laboratories, concentrations have to be measured with analytical methods that do not generate significant differences in measured concentrations.



Trend analysis was conducted in seven steps (Figure 3). In the first step, box-plot analysis of NO3− concentrations was conducted at every observation well and all extreme values and outliers, a total of 427 analysis, were excluded from the analysis. Thus, the dataset was cleaned from incorrectly entered and/or incorrectly measured concentrations. Interquartile range (IQR) is defined as the difference between third quartile (Q3) and first quartile (Q1). Using standard Tukey box-plot, data points which are below Q1 − 1.5IQR or above Q3 + 1.5IQR, were considered as outliers and extremes. Most of the observation wells had less than five outliers and extreme values (Figure 4). Bin was calculated using the Scott equation [38] based on the number of samples and standard deviation.


Figure 3. Trend analysis estimation flow chart.
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Figure 4. Observed extreme values and outliers at 153 observation wells.
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In the second step, data from each observation well was quarterly aggregated using arithmetic mean of NO3− concentrations. During data aggregation it has been observed that a lot of quarterly data is missing.



To overcome this problem (third step), criteria for the exclusion of observation wells from trend analysis were developed. The first criterion is associated with the total number of data written in the form of LOQ/LOD or “0” values. All observation wells that had more than 30% of LOQ/LOD or “0” values in the whole available data series were excluded from the analysis. The other three criteria were related to quarterly data: (1) all observation wells used in trend analysis need to have continuous data sequence, at least 16 successive quarterly intervals; (2) observation wells should not have many gaps in the entire time series, i.e., quarterly data can be missing in no more than two successive intervals; (3) every observation well must have at least 70% of the quarterly data in the entire time interval that is selected. If all raw and aggregated quarterly data have not satisfied all of the four adopted criteria, they were excluded from the trend analysis. This resulted in the exclusion of 52 observation wells (denoted as yellow dots in Figure 2).



In the fourth step, trend analysis was conducted for each observation well separately. Simple linear regression was used, while a t-test was used for the estimation of trend’s statistical significance (α = 0.05). Trend analysis was done on aggregated quarterly data and on smoothed quarterly data, whereas LOESS nonparametric regression [39] was used for data smoothing, with smoother span of 0.3. Consequently, the possible impact of seasonality and random data on trend estimation has been reduced. Additionally, the impact of smoothing on trend analysis could be explored. Also, it was decided that trend estimation needs to be verified. In order to do so, 95% confidence and prediction intervals were used. An interval which contains mean values of y for every x, with 95% confidence, is called the 95% confidence interval for the regression line, or sometimes a 95% confidence band. On the other hand, an interval which contains the true value of y for some x, with 95% probability, is called the prediction interval. Trend analysis was conducted with two different time series. The trend line, confidence, and prediction intervals were firstly calculated on the data that did not include data from the last year. Then, the trend line as well as the confidence and prediction intervals, have been extended to the last year of time series. After that, the trend was computed together with data from the last year. Thereby, it was tested whether the new data will make a significant change in the trend, i.e., whether the newly calculated trend will exceed the estimated confidence intervals, and whether the new quarterly data will exceed the estimated prediction intervals.



After trend analysis was done for each observation well, three additional trend calculations were established, primarily associated with spatial data aggregation. In the fifth step, trend analysis was conducted for each group of observation wells (Figure 2), mostly from the well field’s inflow areas.



In the sixth step, trend analysis was separately conducted on the observation wells located on the left and the right Sava River bank, while in the seventh step, trend analysis was performed for the whole aquifer. Therefore, the results and generated conclusions could be compared at four different levels, i.e., observational scales of trend estimation.



Spatial data aggregation was performed by taking the choice between using more observation wells or greater time series (Figure 5). When using more observation wells, better estimation of arithmetic mean and smaller length of overlapping time series are expected. There is no rule of thumb in deciding what the better option is, but usually minimizing the loss of data should be the main goal. An example of trend estimation for the whole Zagreb aquifer is shown in Figure 6 (with data smoothing) and Figure 7 (without data smoothing).


Figure 5. Illustration of possible choices when doing spatial data aggregation.
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Figure 6. Trend estimation with data smoothing for the whole aquifer.
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Figure 7. Trend estimation without data smoothing for the whole aquifer.
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Box-plot analysis was performed in Dell’s Statistica 64 (version 13.1, TIBCO Software Inc., Palo Alto, CA, USA), while trend analysis (LINEST function), together with data aggregation, confidence, and prediction intervals, and calculation of statistical significance was conducted in Microsoft© Excel. All maps were made in ArcMap 10.1 (Environmental Systems Research Institute, Inc., Redlands, CA, USA), while georeferenced orthophoto images were obtained from the geoportal of the Croatian Geodetic Administration [40]. All maps are presented in the official coordinate system of the Republic of Croatia (HTRS96/TM).




4. Results and Discussion


Average nitrate concentrations are lower than 16 mg/L of NO3− in 91 observation wells (Figure 8). Most of these observation wells are located in the hyporheic zone of the Sava River and have similar concentrations as those measured in the Sava River. The highest average nitrate concentration is about 44 mg/L of NO3− and is located in the urban part of the City of Zagreb, while average nitrate concentrations higher than 32 mg/L of NO3− are observed in 17 observation wells.


Figure 8. Average nitrate concentrations in all observation wells from 1991 until 2015.
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Summarized results of trend analysis for each observation well are shown in Table 1. Trend 1 presents a trend estimated without the last year of analysis, while Trend 2 presents a trend estimated from data that includes the last year. In Table 1, it can be seen that last year’s data did not make any significant change to the trend estimation. However, data smoothing resulted in about 30% more statistically significant trends in both cases. It seems that a small reduction of the effect of seasonality can have a large influence on trend’s statistical significance. It can be seen that data smoothing generally results in narrower confidence and prediction intervals. This results in a higher percentage of trend lines out of estimated confidence intervals, and quarterly data out of estimated prediction intervals. When evaluating results without data smoothing it can be seen that for 98 out of 101 observation wells, the trend line is within the estimated confidence intervals, while at 87 observation wells, last year’s data did not exceed the estimated prediction intervals. Even though more realistic results were expected without data smoothing (due to higher variability of raw data and, consequently, wider confidence/prediction intervals), such a good estimation of nitrate concentration trends by simple linear regression was not expected. Prediction was made for four quarters (the last available year) because it is believed that an excessively long estimation period of groundwater quality parameters in anthropogenically influenced area, with such a simple model as linear regression, is not realistic. From that point of view, trend change should be observed, i.e., updated, at least on a yearly basis. Monitoring trend changes can enable timely and effective implementation of groundwater protection measures in the most vulnerable areas.


Table 1. Summary results of nitrate trends estimation on the level of observation well.





	
Data

	
Smoothed Data

	
Not Smoothed Data




	
Trend 1

	
Trend 2

	
Trend within Confidence Intervals

	
Data within Prediction Intervals

	
Trend 1

	
Trend 2

	
Trend within Confidence Intervals

	
Data within Prediction Intervals






	
Statistically significant trend

	
83

	
84

	
74/101

	
69/101

	
66

	
68

	
98/101

	
87/101




	
Ascending trend

	
52

	
49

	
44

	
43




	
Descending trend

	
31

	
35

	
22

	
25




	
No trend

	
18

	
17

	
35

	
33










In Table 2 (smoothed data) and Table 3 (not smoothed data), the results of nitrate concentration trend analysis at different observational scales are shown. Trends were calculated for the spatially nearest observation wells which generally coincide with well field inflow areas, after which they were calculated for the observation wells from the two Sava River banks, and in the end for the whole Zagreb aquifer. In general, almost all results suggest that there is no significant difference in results between trends generated from smoothed and not smoothed data. However, it is obvious that, when trends exist, data smoothing generates much lower p-values and more statistically significant trends. This is expected because the noise in the data is smaller, so the curve is more similar to the line, i.e., the model is more reliable in its assessment. When evaluating trends with smoothed data, it can be seen that the only difference is recorded in the area of well field Zapruđe where new data, in the last available year, caused a change from the absence of a statistically significant trend to a descending trend. This suggests that in some cases, data smoothing can be a better indicator of a change that is not so significant or is not visible when the data is not smoothed. Data without smoothing resulted in almost no difference between Trend 1 and Trend 2. The only difference can be seen in the estimation of the trend based on the data aggregated from the observation wells located on the left bank of the Sava River, where new data caused a change of descending trend to no trend. The reason is seen in the appearance of statistically significant ascending trends in the area of well fields Petruševec, Sašnjak, and Žitnjak, all of which are located on the left bank of the Sava River. All results suggested that nitrate concentrations decrease over time in almost all areas, and this coincides with previous results [6,7]. In those areas where nitrate concentrations are increasing over time, concentrations are still much lower than 50 mg/L of NO3−, which is the maximum permissible concentration according to the Drinking Water Directive [41]. If nitrate concentrations from previous studies [6,7] and calculated trends are evaluated together with regional groundwater flow and possible nitrate contamination sources, it can be seen that nitrate concentrations are higher and more persistent on the left bank of the Sava River, where urban contamination sources prevail. On the other hand, trends in all areas on the right bank of the Sava River are generally decreasing, which suggests that the application of manure and fertilizer, due to prevalence of agricultural areas, is decreasing. Also, regarding dominant geochemical processes, results suggest that nitrification is more important than denitrification, which is consistent with previous results where it was established that aerobic conditions prevail in the Zagreb aquifer, and the fact that urban pollution sources introduce nitrogen in a large extent in the form of ammonium ion, which is then transformed into nitrates.


Table 2. Summary results of nitrate trends estimation at different observational scales (smoothed data).





	
Smoothed Data




	
Area

	
Trend 1

	
Statistically Significant

	
Trend Direction

	
p-Value

	
Trend 2

	
Statistically Significant

	
Trend Direction

	
p-Value

	
Trend within Confidence Interval

	
Data within Prediction Interval






	
Central part of the City

	
1994–2014

	
Yes

	
Descending

	
9.10 × 10−31

	
1994–2015

	
Yes

	
Descending

	
1.73 × 10−32

	
Yes

	
No




	
Western part of the City

	
1994–2014

	
Yes

	
Descending

	
2.91 × 10−25

	
1994–2015

	
Yes

	
Descending

	
1.26 × 10−30

	
Yes

	
Yes




	
Ivanja Reka

	
1999–2012

	
Yes

	
Descending

	
6.14 × 10−31

	
1999–2013

	
Yes

	
Descending

	
2.90 × 10−19

	
No

	
No




	
Well field Sašnjak and Žitnjak

	
1998–2014

	
Yes

	
Ascending

	
1.28 × 10−9

	
1998–2015

	
Yes

	
Ascending

	
2.02 × 10−8

	
Yes

	
Yes




	
Well field Petruševec

	
1999–2014

	
Yes

	
Ascending

	
7.04 × 10−11

	
1999–2015

	
Yes

	
Ascending

	
2.82 × 10−13

	
Yes

	
No




	
Well field Mala Mlaka

	
1995–2014

	
Yes

	
Descending

	
1.98 × 10−8

	
1995–2015

	
Yes

	
Descending

	
4.35 × 10−13

	
Yes

	
Yes




	
Well field Zapruđe

	
2007–2013

	
No

	
No trend

	
9.74 × 10−1

	
2007–2014

	
Yes

	
Descending

	
3.88 × 10−2

	
No

	
No




	
Well field Velika Gorica

	
2005–2014

	
Yes

	
Descending

	
6.57× 10−10

	
2005–2015

	
Yes

	
Descending

	
3.05 × 10−12

	
Yes

	
Yes




	
Kosnica

	
2003–2012

	
Yes

	
Descending

	
9.03 × 10−14

	
2003–2013

	
Yes

	
Descending

	
3.72 × 10−14

	
Yes

	
Yes




	
Left bank of the Sava River

	
1999–2014

	
Yes

	
Descending

	
8.92 × 10−7

	
1999–2015

	
Yes

	
Descending

	
2.02 × 10−3

	
No

	
No




	
Right bank of the Sava River

	
2003–2014

	
Yes

	
Descending

	
6.56 × 10−12

	
2003–2015

	
Yes

	
Descending

	
4.38 × 10−11

	
Yes

	
No




	
Zagreb aquifer

	
1999–2014

	
Yes

	
Descending

	
2.32 × 10−7

	
1999–2015

	
Yes

	
Descending

	
7.65 × 10−9

	
Yes

	
Yes









Table 3. Summary results of nitrate trend’s estimation at different observational scales (not smoothed data).





	
Not Smoothed Data




	
Area

	
Trend 1

	
Statistically Significant

	
Trend Direction

	
p-Value

	
Trend 2

	
Statistically Significant

	
Trend Direction

	
p-Value

	
Trend within Confidence Interval

	
Data within Prediction Interval






	
Central part of the City

	
1994–2014

	
Yes

	
Descending

	
6.72 × 10−20

	
1994–2015

	
Yes

	
Descending

	
1.54 × 10−20

	
Yes

	
Yes




	
Western part of the City

	
1994–2014

	
Yes

	
Descending

	
8.74 × 10−12

	
1994–2015

	
Yes

	
Descending

	
7.13 × 10−14

	
Yes

	
Yes




	
Ivanja Reka

	
1999–2012

	
Yes

	
Descending

	
3.41 × 10−11

	
1999–2013

	
Yes

	
Descending

	
1.03 × 10−8

	
Yes

	
No




	
Well field Sašnjak and Žitnjak

	
1998–2014

	
Yes

	
Ascending

	
7.54 × 10−4

	
1998–2015

	
Yes

	
Ascending

	
1.91 × 10−3

	
Yes

	
Yes




	
Well field Petruševec

	
1999–2014

	
Yes

	
Ascending

	
3.10 × 10−3

	
1999–2015

	
Yes

	
Ascending

	
1.69 × 10−4

	
Yes

	
Yes




	
Well field Mala Mlaka

	
1995–2014

	
Yes

	
Descending

	
3.32 × 10−4

	
1995–2015

	
Yes

	
Descending

	
2.58 × 10−6

	
Yes

	
No




	
Well field Zapruđe

	
2007–2013

	
No

	
No trend

	
9.96 × 10−1

	
2007–2014

	
No

	
No trend

	
5.75 × 10−1

	
Yes

	
Yes




	
Well field Velika Gorica

	
2005–2014

	
Yes

	
Descending

	
2.63 × 10−4

	
2005–2015

	
Yes

	
Descending

	
1.28 × 10−4

	
Yes

	
Yes




	
Kosnica

	
2003–2012

	
Yes

	
Descending

	
7.52 × 10−4

	
2003–2013

	
Yes

	
Descending

	
6.54 × 10−4

	
Yes

	
Yes




	
Left bank of the Sava River

	
1999–2014

	
Yes

	
Descending

	
6.36 × 10−3

	
1999–2015

	
No

	
No trend

	
8.63 × 10−2

	
Yes

	
No




	
Right bank of the Sava River

	
2003–2014

	
Yes

	
Descending

	
8.94 × 10−7

	
2003–2015

	
Yes

	
Descending

	
7.75 × 10−6

	
Yes

	
No




	
Zagreb aquifer

	
1999–2014

	
Yes

	
Descending

	
2.31 × 10−3

	
1999–2015

	
Yes

	
Descending

	
1.94 × 10−3

	
Yes

	
Yes










When evaluating trend lines that exceed estimated confidence intervals, and data that exceeds estimated prediction intervals in the spatially aggregated data, the results point to different conclusions. Even though data without smoothing generated trend lines within estimated confidence intervals, evaluation of last year’s data and estimated prediction intervals showed a lot more deviations. When evaluating smoothed data, in 50% of cases the data appeared outside of the estimated prediction intervals, while 33% of last year’s data is noticed outside of predicted intervals when using not smoothed data. The exception is seen for the whole aquifer, where results suggest that last year’s data did not have that much influence on trend estimation and data prediction. The very likely explanation is that high and low nitrate concentrations measured in the last year are spatially well balanced and deviations from general trend cannot be seen when all data are aggregated together. That is consistent with the fact that there are two major areas with elevated nitrate concentrations [6,7], one located on the left, and the other located on the right bank of the Sava River.



Trend analysis conducted in seven steps (Figure 3) showed that used methodology can be very efficient in trend estimation because it resolves a few very important issues. Most of the bad data, as well as not good enough observation wells, were excluded from the analysis, which has partially been recognized in previous research [25]. Spatial aggregation made it possible to generate conclusions at different observational scales, which is also consistent with some previous research that showed differences in trends when they were evaluated at fine, intermediate, and coarse scales [27]. When using long data series, which contain a large number of data, spatial and temporal data aggregation may lead to bias. In this case, all results suggest that data aggregation could be useful in the estimation of nitrate concentration trends. However, if too many observation wells are included, i.e., the evaluated area is too large, there may be a problem in identifying vulnerable areas. Also, the use of different observational scales of trend estimation, regardless of the data smoothing, provided more efficient trend estimation and the identification of the areas in which it is necessary to carry out protection measures. It must be emphasized that within this trend analysis, the impact of biogeochemical processes which take place in the unsaturated zone were not evaluated due to the lack of data. They could potentially have great influence on nitrate concentrations and consequently trend estimation, especially in the hyporheic zone of the Sava River. Dynamic stream–aquifer interaction and constant fluctuation of groundwater levels very often change the direction of groundwater flow and transport of the contaminants. Besides that, depth to groundwater is changing which may have an effect on changing the aerobic/anaerobic conditions, especially in extreme hydrological conditions, which are very important for the stability of different nitrogen species. Accordingly, future research should be focused on defining the influence of the unsaturated zone on nitrate concentrations, as well as on defining the importance of processes, i.e., nitrification and denitrification, that have impact on nitrate concentrations in the saturated zone.



Confidence intervals can be more useful than the calculation of trend statistical significance because they show boundaries in which a trend line can move. If between those boundaries a trend cannot change its sign, generally it can be assumed that it is significant. Also, confidence intervals projected based on trends calculated on the spatially aggregated data, in almost all cases, especially with smoothed data, showed that data from the last year of measurement does not influence trend direction. That means they can be used as markers of significant trend’s change at one-year intervals. Also, if they suggest the existence of an ascending trend and the occurrence of predicted confidence intervals above the given threshold value, they can be used as a reliable tool for groundwater chemical status assessment. On the other hand, prediction intervals can be used as markers for the determination of groundwater body chemical risk assessment. For example, if chemical concentrations and estimated trend confidence intervals are lower than the defined threshold value, but prediction interval suggests that this threshold can be exceeded in the following years, the groundwater body could be marked as being at risk of not reaching good chemical status. However, the use of prediction intervals can have numerous limitations when using too many observation wells, especially in areas where anthropogenic influence is very pronounced, as is the case with the urban part of the City of Zagreb. In that case, the use of data without smoothing would provide much more realistic predictions.




5. Conclusions


It can be seen that nitrate contamination exists in the groundwater of the Zagreb aquifer. Although the presence of various sources of nitrate contamination has been established, trend analysis has shown that nitrate concentration trends are decreasing, except in a few isolated areas. Simple linear regression can be very efficiently used in trend estimation, along with confidence and prediction intervals. However, its use becomes more limited when using too much spatially aggregated data because aquifer chemistry, as well as anthropogenic influence, can change over time and space. Confidence and prediction intervals can be very useful in the estimation of groundwater body chemical status and risk assessment. It has been shown that data smoothing provides more statistically significant trends when trends exist and more strict intervals, providing a faster method of identifying slower trend change. Data aggregation in groundwater chemistry research is desirable and necessary at the level of each observation well. Spatial aggregation can also be very useful. However, spatial aggregation, especially in areas where there is a large difference in groundwater chemistry and anthropogenic influence, must be conducted very carefully, so that the analysis does not lead to false conclusions. Within this trend analysis, the influence of geochemical processes which take place in the unsaturated zone was not evaluated. In order to reduce uncertainty in the trend estimation, future research should be focused on the definition of biogeochemical processes that have an impact on nitrate concentrations, as well as on a more detailed definition of spatial and temporal changes in aerobic and anaerobic conditions in the Zagreb aquifer. Evaluation of trends at different observational scales is a very efficient tool for trend assessment, and it can provide more realistic and more detailed identification of vulnerable areas.
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