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Abstract: Excessive nutrients in rivers, lakes and aquifers are still threatening environmental health
in Europe. Stringent regulations have led to progress in water quality, however hotspots with high
nitrate concentrations still exist in Europe and understanding the impact of management on the
nitrate concentrations and trends in these critical areas is still challenging. In this paper, we use
the Exploration and Graphics for RivEr Trends (EGRET) statistical tool to eliminate the impact of
flow variation, both short- and long-term, on nitrate concentration. We apply this tool to the south
of France where water quality and quantity monitoring data is readily available. We compare the
Mann-Kendall non-parametric approach to estimate trend and a methodology commonly used
by Member States of the European Union when they report their progress in implementing the
Nitrates Directive (referred to MSD approach hereafter). We showed that using the latter approach
for the period 2008-2015 and the Mann—Kendall test leads to similar results in percentage of stations
exhibiting trends, however with a significant disagreement on the stations exhibiting these trends.
We further showed that when using flow-weighted nitrate concentrations instead of the simple mean
nitrate concentration, the MSD approach results in a significant underestimation of the stations
with an increasing trend. We also demonstrated that most of nitrate concentration time series are
characterized by a bell-shaped curve with an increase of concentration from 1990 to mid-2000 and then
a significant decreasing trend due to the implementation of management measures from mid-2000
to 2017. Most of the significant decreasing nitrate concentration trends are localized in Nitrate
Vulnerable Zones that correspond to areas where strict nutrient management is required, highlighting
the efficiency of the policy in place.

Keywords: trend; nitrates directive; management; random and systematic flow variability

1. Introduction

Excessive nutrients in rivers and aquifers are still an environmental issue in Europe [1].
The European Environmental Agency (EEA) reports diffuse pollution as the second largest significant
pressure on surface water resources after hydromorphological alteration, with agriculture the dominant
source of diffuse pollution [1]. As early as 1991, the European Commission (EC) set the Nitrates
Directive, a stringent regulation to control the emission of nitrate from agriculture [2]. The Directive
aims at reducing pollution from nitrate coming from agriculture and preventing any further pollution.
To achieve these objectives, Member States (MS) are required to identify waters affected by pollution or
potentially affected if no action is taken, where pollution refers to waters where nitrate concentration is
larger than 50 mg/L or could be so if no measures are taken, and water bodies affected by eutrophication
or that could be so if no measures are taken. MS are required to designate Nitrate Vulnerable Zones
(NVZ) which are the areas draining in the previously identified areas where good agricultural practices,
for minimizing pollution from nitrate, have to be implemented. Member States may also choose to
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apply their Action Program throughout their territory. The Directive also requires MS to assess the
effectiveness of the measures and report on their implementation every 4 years.

One key parameter of the successful implementation of the Directive is the evaluation of the trend
of nitrate concentration both in surface and groundwater. The reported trends by Member States are
usually calculated as the difference between the average nitrate concentrations of two consecutive
reporting periods of four years (i.e., 2008-2011 and 2012-2015). This method will be referred to as the
MSD approach hereafter. Based on these reported data, the European Commission estimated that
31% of all surface water monitoring stations (more than 33,000 stations were reported during the last
exercise, 2012-2015) showed an improvement [3]. About 8% showed a strong improvement (a decrease
of more than 5 mg NO;3/L between the last two reporting periods). The European Environmental
Agency (EEA), performing the Mann-Kendall non-parametric trend test [4], found that in Europe,
nitrate concentration in surface waters decreased for more than 20% of the stations, attributing this
decrease to the implementation of measures to control diffuse pollution and the increased efficiency of
wastewater treatment collection and treatment in Europe [1]. Despite the fact that these two assessments
by the EC and the EEA use different monitoring networks and cover a different period, these dissimilar
results highlight the importance of the techniques used to calculate the trend. Many different methods
have been developed for trend detection of water quality data based on parametric or non-parametric
approaches [5]. Non-parametric methods have been used extensively due to the fewer assumptions,
in particular that of the distribution of the data. Furthermore, the non-parametric approaches can
handle missing data and are less sensitive to outliers [6].

Trend analysis is used to inform on the evolution in time of water quality, to verify whether waters
are at risk to become polluted and to evaluate the effectiveness of management measures put in place to
improve water quality. However, measured water quality data is the result of many interacting factors
including climate, anthropogenic and background impacts, making the trend analysis interpretation
rather difficult. Dupas et al. [7] pointed out that climate variability explains most of the observed nitrate
concentration dynamics at the medium time scale (few years). Furthermore, short-term water quality
data do not inform on the effectiveness of the implementation of measures, such as those required
by the Nitrates Directive, due to the longer time scale of nutrient cycling and transport through the
unsaturated and saturated zones [8,9]. There is a clear incongruity between the multi-decadal time
scale of nitrate transport and that of the legislation timeframe of the Nitrates Directive (and Water
Directives in general) for which reporting and assessment occur every four years [10]. In addition,
it is difficult to separate in the measured concentrations the effects of both climate and catchment
management [7]. Indeed, concentrations of nitrate fluctuate because of the measures put in place to
control diffuse pollution but also because of other processes such as dilution or concentration due to
the variation of the river flow [11]. Dupas et al. [12] show how long-term flow and its patterns could
mask the effects of changing agricultural management.

Catchment hydrology is key, among other factors, in controlling transport of solutes from
sources to streams [13]. Concentration—flow relationships have been widely used to identify sources
and characterize pathways [14], and to interpolate solutes concentrations [15]. These solute-flow
relationships have been categorized into three types, including transport-limited, where a solute
concentration increases with flow, source-limited, where the solute decreases with flow, and chemostatic
type, where solute concentration is not impacted by changes in flow [13]. However, nitrate—flow
relationships can exhibit a mixed behavior with a concentrating pattern at low flow and diluting
pattern at higher flow [14,16].

Changes in flow usually have a random component (short-term fluctuations) and could have
a systematic component linked to longer-term changes such as climate change or other anthropogenic
alterations (i.e., increased abstractions). It is important to note that systematic changes of flow due to
climate change have been reported for Europe with a significant increase in annual discharge in
northern Europe and decreasing trends in southern and eastern Europe [17]. Strong seasonal patterns
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were also observed, with a significant increase of winter streamflow [17] period, during which large
stocks of nitrate are present in the soil and the soil is bare.

The random variability of flow needs to be removed before any trend analysis of solute
concentrations [11], and this is particularly true when the trend focuses on short time series of
solute concentration such as that used by the Nitrates Directive. However, removing the random
part of the flow variation will not inform on the impact of systematic variation of flow on the solute
concentrations and fluxes since they are affected both by watershed management and flow.

To understand the impacts of management measures implementation, it is of utmost importance
to dispose of tools that allow the accurate quantification of nitrate concentrations and load trends
and that apportion the trends to flow variation components (both random and systematic) and river
basin component (management). Removing the random component of the water discharge is critical
to identify the trend in a water quality time series. Further, removing the impact of the systematic
variability of flow could inform on the effect of other factors, in particular watershed management,
on the water quality trend.

The purpose of this paper is to estimate the trend of nitrate concentration in Southern France
using different approaches. We use a recently modified statistical analysis approach combined with
a high space and temporal resolution monitoring program in Southern France to generate time series
of nitrate concentration where the random and systematic flow variations were removed. We then
calculate the trends of nitrate concentration in rivers and apportion these trends to impacts due to
watershed management and those due to long-term flow trend. The trend outcomes are compared
to the trends estimated with the MSD approach, analyzing the potential policy impact of using
different methodologies.

2. Materials and Methods

2.1. Study Area

The study focused on parts of the Rhone-Mediterranean-Corsica and the Adour-Garonne River
Basins Districts (Figure 1), where long-term water quality data is readily available and easily accessible.
The area covered in the analysis includes the following river basins: Adour, Garonne, Dordogne
and Charente (all belonging to the Adour-Garonne River Basins District), and the Rhone (Figure 1),
covering a surface area of about 204,000 km?, representing about 37% of the Metropolitan French area.
These regions are quite different in terms of reported significant pressures and impacts on surface
water bodies (Table 1).

The Adour-Garonne River Basin District surface area is mostly occupied by agriculture (60%) [18].
The Rhone-Mediterranean area is covered by 27% agriculture [19]. The Adour Garonne is significantly
more impacted by nutrient pollution coming from agriculture, while the dominant pressure in the
Rhone is hydromorphology, with only 21% of surface water bodies affected by nutrient pollution
(Table 1). The major characteristics of the individual river basins are provided in Table 2.

2.2. Water Quantity and Quality Monitoring Stations

The water quality datasets were retrieved from the water agencies web portals: SIE Adour-
Garonne [18] and the Rhone Corsica Mediterranean Water Agency [19]. The original datasets included
611 water quality stations with discrete measurements, usually at a monthly scale. However, many gaps
extending over several years were discovered in the datasets. A screening was performed selecting the
stations with measurements of nitrates for at least 20 years spanning from 1990 until 2017, resulting in
a subset of 366 stations (hereafter WQ366).
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Figure 1. Study area including the Rhone, Charente, Dordogne, Garonne and Adour river basins.

Table 1. Surface water bodies” major pressures and impacts, as reported in the River Basin Management
plans of the Rhone-Mediterranean-Corsica and the Adour-Garonne River Basin Districts, and for all of

France [1].
Pressure/Impact Rhone Adour-Garonne France
Diffuse 28 48 38
Pressure (%) Hydromorphology 62 22 42
Point sources 27 30 30
Impact (%) Nutrient pollution 21 55 33

Table 2. Characteristics of the studied river basins (retrieved from French Ministry of Environment [20]
and Tockner et al., [21]).

Adour Charente Dordogne Garonne Rhone
Catchment area (10° km?) 16.9 9.5 23.9 56.2 90.5
Mean altitude (m) 415 102 359 478 699
Mean annual flow m3/s 350 49 380 630 1700
Arable land (%) 39.5 68.6 46.6 34.4 30.1
Population (106 inhabitant) 1.1 0.5 1 4.1 8.9
Nitrate Vulnerable Zone area (%) 57 92 13 50 21

Daily water discharges for both river basin districts were retrieved from the central French
water discharge repository HYDRO [22]. About 1040 stations were extracted. Only stations with
at least 7300 measured daily discharge (corresponding to about 20 years) were kept, resulting in
a subset of 582 stations (hereafter WD582). These stations were positioned on the stream network of
HYDROSHEDS at 15 arc-seconds [23]. The correct positioning of the stations was done checking the
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drained area obtained from the HYDROSHEDS at 15 arc-seconds and that reported with the metadata
of the water discharge monitoring stations obtained from HYDRO.

The water quality stations were also positioned on the HYDROSHEDS stream network at
15 arc-seconds [23]. A spatial join was performed between the water quality and quantity stations
to determine, for each water quality station, the nearest water quantity station positioned on the
same river stretch. All the associations were checked individually based on the water quality station
metadata using information about the coordinates and the name of the monitored stream (the drained
area was not available). The check consisted in ensuring that the associated water quality and quantity
monitoring stations drained the same stream based on the stream name. This resulted in a subset of
154 monitoring pairs (water quality-water quantity) of monitoring stations. Since one water quantity
station could be associated to more than one water quality station, the final subset includes 134 unique
water-discharge monitoring stations (hereafter WD134) and 154 water quality monitoring stations
(hereafter WQ154), with about 24,900 discrete measurements. Each selected water quality station had
on average at least 8 measurements per year for at least 20 years. A summary of the approach used for
the selection of the monitoring stations is shown in Figure 2.

Extract daily water discharge
monitoring for the period
1990-2017:

1040 stations

Extract water quality monitoring
for the period 1990-2017:

611 stations

More than 20 measurements More than 7300 measurements

366 quality stations: 582 water discharge
WQ366 stations: WD582

Association water quality —
water quantity monitoring station
based on hydrography
154 quality stations: WQ154; 134 discharge stations
DISWQ134

Generate time series of daily flow,
flow-weighted, normalized nitrate
concentrations

Half-windows 7

Calculate annual Calculate flow-normalized Calculate flow-normalized annual

. Calculate flow-weighted . .
concentration from raw . annual concentration concentration
annual concentration

data (non-flow-weighted) FCW154 (no-random var.) (no-random and systematic var.)
wQwbD154 FCN154 FCNV154

Figure 2. Flow chart of the generation of the various time series of nitrate concentrations.

2.3. Prediction of Nitrate Concentrations and Trend Analysis

Since the main objective of this work is to detect trends of nitrate concentration of long time
series, we generated daily time series of nitrate concentrations for all the 154 water quality stations.
Subsequently, we applied two different methods, i.e., the non-parametric Mann-Kendall [4] and the
MSD, to calculate the trends.

2.3.1. Estimation of Water Quality Time Series Data

The time series of daily nitrate concentrations were generated using the Weighted Regression
on Time, Season and Discharge (WRTDS) model developed by (city, country) [15,24]. For any date,
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WRTDS generates an estimate of the log of the nitrate concentration using the flow measured for that
day, as follows:

In(c) = Bg+ Bit+ B2 In(Q) + B3sin(2mt) + B4 cos(27t) + ¢ (1)

where c is the estimated nitrate concentration (mg/L), Q is the measured daily discharge (m3/s), t is
time (days), 0, 1, 32, p3 and P4 are calibration coefficients and ¢ is the unexplained residual.
WRTDS looks for parameters that are valid for one single combination of flow and time, resulting in
a unique regression function for each day. For each day, the equation is calibrated using observations
that are similar in terms of time, season and discharge to that of the calibrated day. The more similar
combinations are given higher weights in the regression and the less similar observations lower
weights. For time, the measured concentration at a date close to that of the calibrated date will be
given a higher weight. The weight used for each data point is calculated as the product of each of the
following distance-based weights: time distance weight, seasonal distance weight and flow distance
weight. For each distance, a tricube weight function [25] was formulated, as follows:

d\3 .
" 1-(4) , ifld <h O
0 , ifldl > h

where d is the distance (time, season, flow) and h is the half-window that defines the space beyond
which an observation in no longer influencing the regressions [15]. The half-window was set to % year
for season and 2 log cycles for discharge [11]. For time, the measured concentration at a date close to
that of the calibration date will be given a higher weight.

The use of this procedure leads to generation of time series of daily flow-weighted nitrate
concentration that are then aggregated at monthly and annual steps. It is required to have a complete
time series of daily discharge to adequately perform the estimation of the daily nitrate concentrations.

The subsequent step of the procedure is to generate flow-normalized time series of nitrate
concentration. Removing the impact of flow variation on the concentration is done by generating
2h + 1 regressions (Equation (1)) for a particular day with streamflow equal to the measured value
of the day for the 2h + 1 years centered on the year of the observed discharge. The flow-normalized
concentration, where the random variation (short-term climate variability) or systematic variation
(long-term climate variability) has been removed, is calculated as the mean of the 2h + 1 estimations of
the concentration.

The selection of the half-window controls the impact of random and systematic flow variations on
concentration. Indeed shorter half-windows (h) will be used to remove short-term random variation,
while if 2h + 1 is equal to the whole study period, then all non-stationarity is removed through
flow normalization [11,26]. For our analysis, the half-window was set at 7 years to remove random
variability of the flow, while a half-window of 15 years was used to remove any systematic trend
(the longest flow and nitrate concentration time series does not exceed 31 years). The EGRET R version
3.0.2 package [24] that includes the WRTDS approach was used to perform all the analyses.

We first calculated the annual concentrations from raw data without using the flow as weight
(WQWD154), then we calculated the flow-weighted annual concentrations (FCW154) and the flow-
normalized annual concentrations, removing the random variation of flow (FCN154). Finally, we estimated
the annual flow-normalized concentrations, removing the random and the systematic impact of flow
changes on the concentration (FCNV154).

2.3.2. Trend Estimation

We used two different approaches to calculate the trends for the nitrate concentration. The first is
an approach commonly used by Member States in the context of the Nitrates Directive (MSD
approach). It consists in calculating the difference between the mean nitrate concentrations of two
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consecutive reporting periods, where each reporting period extends over 4 years. Some Member States
use a flow-weighted concentration to determine the annual mean concentration for the reporting
period, while other countries use a simple arithmetic mean. In the context of the Nitrates Directive,
a positive trend is detected when the difference between the means of two consecutive reporting
periods is larger than 1 mg/L (increasing trend). In addition, when the trend is larger than 5 mg/L, it is
considered a highly increasing trend. A similar ranking is used for decreasing trends. The range -1
to 1 mg/L indicates the absence of a trend. Clearly, as the trend is calculated as the difference of two
means, no statistical significance could be associated to it. We evaluated the trend for the most recent
period by calculating the difference between the mean annual concentration for the periods 2012-2015
and 2008-2011.

In the second approach, the trends of nitrate concentration were analyzed using the non-parametric
Mann-Kendall test [4]. This test is used to detect monotonic trends. It does not assume any underlying
distribution of the data and can handle missing data. A trend analysis was also performed for water
discharge. Water discharge was analyzed for both seasonal (monthly) and annual trends. The monthly
and annual trends were analyzed using the functions kendallSeasonalTrendTest and kendallTrend Test
of the Envstats R package version 2.4.0, respectively [27]. The seasonal trend was performed using the
mean monthly measured water discharge. The annual test was performed on the mean, maximum
and minimum flow discharge in order to detect changes in the flow distribution. Similarly, trends for
the annual nitrate concentrations were analyzed using the Mann-Kendall test. The flow-weighted,
flow-normalized (half-windows of 7 and 15 years) and raw concentrations were used to perform the
tests. All trends for the Mann-Kendall test were detected at the 0.05 significance level. The Pettitt
test [28] was finally used to determine the potential existence of a breakpoint in the slope of the time
series (inflection point) of annual flow-weighted nitrate concentrations.

3. Results

3.1. Estimated Daily Flow-Weighted Nitrate Concentration Trends Using the WQ154 Dataset

The WRTDS prediction of the daily flow-weighted concentration (Equation (1)) versus the
measured daily concentration for the 24,900 entry points is shown in Figure 3. The WRTDS model
was extremely accurate in predicting the daily concentrations. The coefficient of determination (R?)
is 0.87, the Nash-Sutcliffe [29] coefficient is 0.86 and the bias is less than 0.1%. There is a slight
positive correlation between the residuals and the measured values, however, this is expected since,
as mentioned by Hirsch et al. [15], as with any regression methods, WRTDS tends to regress to the
mean and the estimates exhibit less variability than the observations.

measured daily nitrate concentration (mg/L)

measured daily nitrate concentration (mg/L)

Figure 3. Measured versus predicted flow-weighted daily concentrations using the WRTDS
methodology considering all stations together for the period 1990-2017.
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The model performed extremely well for all stations together but also on each individual station.
The histogram of the coefficient of determination between the measured and calculated concentrations
for all individual stations is displayed in Figure 4A. More than 80% of the stations have a coefficient of
determination larger than 0.4 and more than 70% of the stations have a coefficient of determination
larger than 0.5. Similar results were also obtained when using the Nash-Sutcliffe coefficient of efficiency.

0.20
0.20
|

relative frequency
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0.00
L
0.00
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(A) 00 02 04 06 Bl (B) 1998 2002 2006 2010

R? Break point

Figure 4. (A) The histogram of relative frequency of the coefficient of determination R? for the 154
water quality monitoring stations. (B) The histogram (relative frequency) of the breakpoint for the
studied 154 water quality monitoring stations, using flow-normalized concentrations with removal of
all random variations.

3.2. Annual Nitrate Concentration Trends Using the WQ366 Dataset (Raw Data)

A trend analysis of the entire nitrate dataset (366 stations) was performed using the Mann-Kendall
test. The maximum, minimum and mean annual concentrations were calculated for each station
using the raw data (no flow adjustment). The results are reported in Table 3 and compared with those
obtained using the method of the MSD, also estimated using the raw data. The majority of the stations
(more than 70%) do not exhibit any trend for the annual maximum concentration (Table 3). About 64%
of the stations exhibit no trend for the mean annual concentration.

Table 3. Trend analysis of annual maximum, minimum and mean nitrate concentrations using the Mann—
Kendall (columns 2—4) and Nitrates Directive methods (column 5) with the WQ366 dataset (raw data).

Trend Mann-Kendall MSD Approach
Annual Maximum  Annual Minimum Annual Mean Annual Mean
Concentration Concentration Concentration Concentration
Decreasing trend (%) 12 17 16 20
No significant trend (%) 70 68 64 63
Increasing trend (%) 18 15 20 17

The results of Table 3 indicate that the Mann—Kendall and the Nitrates Directive (using the
mean annual concentration) approaches led to similar outcomes. However, Figure 5 shows that
the results are not spatially compatible. In fact, out of the 73 stations for which the MSD method
predicted a decreasing trend, only 16 exhibited a decreasing trend according to the Mann-Kendall
test, and 7 exhibited an increasing trend when using the Mann-Kendall test. Out of the 230 stations
for which the Directive’s method predicted no trend, 88 exhibited a significant trend according to
the Mann—Kendall test. Out of the 63 stations with increasing trend when using the MSD approach,
only 18 stations exhibited an increasing trend (4 exhibited a significant decreasing trend). Even though
the results globally seem to be coherent between the Mann-Kendall test and the Directive’s approach
when using the raw data, they disagree on the stations with significant trends, and the overall similarity
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of the MSD method with respect to the Mann-Kendall approach is around 33%. The differences in the
trend evaluation are particularly marked in the river basins of the Garonne and Dordogne (Figure 5).

nitrate concentration trend
Mann-Kendall test (p<0.05)
¥ decreasing

©  stable

nitrate concentration trend
Nitrates Diretcttive trend
Y  decrease

© stable

(A e

Figure 5. Trend analysis of the mean annual nitrate concentration using the Mann—Kendall (A) and the
Nitrates Directive (B) approaches for the entire water quality dataset using the raw data.

3.3. Annual Nitrate Concentration Trends Using WQ154

A similar trend analysis was performed using the subset of water quality stations associated
to a water discharge station (154 monitoring stations). The trend analysis was performed for the
period 1990-2017 for the mean nitrate concentration calculated using the raw concentration dataset
(WQ154), the flow-weighted concentration (FCW154) and the flow-normalized concentration (FCN154,
removal of the random fluctuation of the flow). The results of the Mann-Kendall annual trend
analysis are given in Table 4. The results of the Mann-Kendall test for WQ154 dataset were similar
to those obtained when using the entire water quality dataset (366), indicating that the subset
of 154 water quality monitoring stations is representative of the entire dataset. The results using the
three different time series of concentrations are rather different when using the raw data, the flow-
weighted and flow-normalized concentrations (no random variation). Indeed, when using the raw
data, most of the stations show no significant trend (61%). On the other hand, the trend analyses
of the flow-weighted and flow-normalized concentrations show that most of the stations exhibit
a trend (either increasing or decreasing). When we use the estimated flow-weighted concentration
instead of the raw concentration, the results indicated a marked increase of stations with a decreasing
trend. When using the flow-normalized concentration (removal of random variation), stations with
an increasing trend (44%) become dominant. It is important to note the significantly different results
between the tests using the annual raw mean concentration and flow-weighted and normalized
concentrations, giving a very different policy message concerning trends. Indeed, when using the raw
data, stations with no significant trend are dominant, showing a limited water quality degradation.
When using the flow-normalized concentrations (removal of the random variation of flow), then the
stations with an increasing trend are dominant, indicating an overall degradation of water quality for
the period 1990-2017.
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Table 4. Mann-Kendall trend analysis of annual nitrate concentration using raw WQ154, flow-adjusted
FCW154 and FCN154 flow-normalized concentrations (random variation of flow removed) using the
Mann-Kendall test for the period 1990-2017 (28 years) along with the calculated MSD (reporting
periods 2012-2015 and 2008-2011) trend calculated using the raw concentration (conc.).

Trend Mann-Kendall Test MSD Trend
WQ154 FCW154 FCN154 FCW154
(Raw Conc.) (Flow-Weighted Conc.) (Flow-Normalized Conc.) (Raw Conc.)
Decreasing trend (%) 13 34 34 19
No significant trend (%) 61 31 22 67
Increasing trend (%) 26 35 44 14

To evaluate the performance of the trend calculation using the MSD approach, two different
tests were performed. The first one consisted in comparing the results of the MSD method with the
Mann-Kendall test using the same time period (2008-2015). The second test consisted in using the
MSD approach not only with the raw data but also with the flow-weighted and flow-normalized
concentration (half-period of 7 years). The results are given in Tables 5 and 6 for the Mann—-Kendall
and MSD approaches, respectively.

Table 5. Trend analysis of annual nitrate concentration using raw, flow-weighted and flow-normalized
concentrations using the Mann—Kendall trend test for the period 2008-2015 (8 years) along with the
calculated MSD trend using the raw concentration (conc.).

Trend Mann-Kendall Test MSD Trend
WQ154 FCW154 FCN154 FCW154
(Raw Conc.) (Flow-Weighted Conc.) (Flow-Normalized Conc.) (Raw Conc.)
Decreasing trend (%) 6 30 70 19
No significant trend (%) 93 66 20 67
Increasing trend (%) 1 4 10 14

Table 6. Trend analysis of annual nitrate concentration using raw, flow-weighted and flow-normalized
concentrations (conc.) using the MSD trend test (period 2008-2011 and 2012-2015) per class of trend of
the Nitrates Directive.

Trend (szchiic.) (Flow-\/fleci‘glllltz‘:l Conc) FCN154 (Flow-Normalized Conc.)
Highly decreasing trend (%) 3 0 16
Decreasing trend (%) 16 18 1
No significant trend (%) 67 80 82
Increasing trend (%) 11 2 1
Highly increasing trend (%) 3 0

Clearly, when applying the Mann—Kendall test on a very short time period (8 years) using the raw
concentration for the period 2008-2015, the large inter-annual variation of the concentrations results in
most of the stations not exhibiting any trend (Table 5). When using the flow-weighted concentrations,
the number of stations with trends increases. When using the flow-normalized concentrations, then most
of the stations exhibit a decreasing trend (70%). The results of the MSD method are similar to those
obtained when using the Mann—Kendall test based on the flow-weighted concentrations. However,
the accuracy is 53% (percentage of stations with the same trend detected by the Mann-Kendall and the
MSD tests).

When applying the MSD method to calculate trends (Table 6) using the different time series
(flow-weighed and flow-normalized concentrations), then most of the stations exhibit no trend.
The number of stations with no trend varies from 67% when using the raw data to 82% when using
the flow-normalized concentration. The number of stations with increasing trend drops from 11%
when using the raw data to 1% when using the flow-normalized concentration. These results illustrate
the importance of the water quality datasets and the way the mean concentration is calculated and
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their impacts on the final outcome of the trend analysis when using the Directive’s approach. Indeed,
when using the raw concentration, as is usually done, we observed an overestimation of stations with
trends when compared to the trend obtained with the flow-normalized concentration (removal of the
impact of random variation of the flow on the nitrate concentration). When using the flow-normalized
concentration, more than 80% of the stations did not exhibit a trend.

The different results presented in Tables 5 and 6 illustrate the importance of the length of the
time series on the Mann—Kendall trend outcome. When using short-term time series, the random
fluctuation of the flow results in the majority of the stations not exhibiting any trend. When removing
the random variation, the Mann-Kendall approach identifies more stations exhibiting a trend when
using short-term data (Table 5), while when using longer time series, the Mann-Kendall categorizes
most of the stations as exhibiting a trend (Table 6). This clearly indicates that even though water quality
has improved between 2008 and 2015, overall, there is a significant water quality decrease of the whole
period (1990-2017). This shows that the trend of the time series is not monotonic.

Consequently, the Pettitt test [28] was applied to detect the presence of a breakpoint. It was decided
to use the test on the slope of the time series of the nitrate concentration rather than on the actual
concentration since we are looking for a change in the trend (change of direction). The Mann-Kendall
test was applied on the time series before and after the breakpoint (when present).

The Pettitt test was performed on datasets of flow-normalized concentrations with removal of all
random variations, FCN154. About 75% of the stations were characterized by a change of slope of the
time series of nitrate concentration (p < 0.05). For the large majority of the stations, the breakpoint
occurs between 2002 and 2008 (Figure 4B). Most of the breakpoints fall in the period during which the
gross nitrogen surplus decreases in France (Figure S1, Supplementary Material). The Mann-Kendall
test was applied before and after the breakpoint (when significant), and the results are summarized
in Table 7. The dominant class of change in trends (44% of the stations) consists of stations that are
characterized by bell-shaped time series with an increasing trend before the breakpoint and then
a decreasing trend (Table 7).

Table 7. Characteristics of the trend before and after breakpoint.

Station (%) Trend Before Breakpoint Trend After Breakpoint

1
8
3
6
44
8
10
4
16

—

N1

ST ONNT
SN TONNT T

! non-significant trend; 2 increasing trend; 3 decreasing trend.

These results are compatible with the results presented in Table 5 when using the Mann—Kendall
test only for the period 2008-2015. Indeed, about 70% of the stations have a decreasing trend after the
breakpoint. It is noteworthy that only 16% of the stations exhibited a decreasing trend all throughout
the study period, and 6% of the stations are characterized by an increasing trend throughout the
period. About 58% of the stations are characterized by an increasing trend before the breakpoint and
this number reduces to 13% after the breakpoint. The large number of stations with an increasing
trend, when performing the Mann-Kendall over the whole period and considering the analysis of the
breakpoint, shows that many stations are improving since years 2005-2008, but the concentrations still
remain high when compared to the concentrations of the early 1990s.



Water 2020, 12, 3374 12 of 21

3.4. Impact of Flow and Management on Nitrate Trends

The data was then analyzed removing the systematic trend of flow setting the half-window to
15 years, FCNV154. The trend analysis for the period 1990-2017 is shown in Table 8. When removing
the impact of the systematic impact of flow change, any remaining trend in the nitrate concentration
time series is due to management, where management represents the impact of anthropogenic activities
on nitrate concentration. Management includes all measures aiming at reducing point and diffuse
inputs of nitrate in the streams and range from upgrading wastewater treatment plants’ efficiency to
best agricultural practices. We estimate that about 54% of the stations exhibit a significant increasing
trend due to management (after removal of all random and systematic flow components). The results
show that management in the studied area leads to a water quality degradation from 1990 in about
54% of the stations. About 38% of the stations show a decreasing trend due to implementation of
measures. The trend analysis using the raw data shows a completely different picture, with only 26%
of the station exhibiting an increasing trend.

Table 8. Trend analysis of annual nitrate concentration using raw and flow-normalized concentrations
using the Mann-Kendall trend test for the period 19902017 after removal of random and systematic
variation due to flow variability.

FCN154 (Flow-Normalized FCNV154 (Flow-Normalized

WQWD154 . . Concentration Removing
Trend . Concentration, Removing .
(Raw Concentration) o Random and Systematic
Random Variation of Flow) ..
Variations of Flow)

Decreasing trend (%) 13 34 38
No significant trend (%) 61 22 8
Increasing trend (%) 26 44 54

Management has the largest impact on the change of nitrate concentration in the long-term.
Indeed, it is the major factor responsible for the decrease or increase of nitrate concentration (Figure 6A).
Management is the major source of change in nitrate concentration for 78% of the stations, while flow
is dominant in 22% of the stations. Management and flow have antagonistic effects for 56% of the
stations and synergistic effects for 44% of the stations.
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Figure 6. Impact of flow and management on the variation of the nitrate concentrations for the period
1990-2017 (A). Impact of flow and management on the variation of the nitrate concentrations after the
breakpoint (B).
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