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Abstract: Nitrate pollution in groundwater and its mitigation strategies is currently a topic of
controversial debate in Germany, and the demand for harmonised approaches for the implementation
of regulations is increasing. Important factors that need to be considered when planning mitigation
measures are the nitrogen inputs into water bodies and the natural nitrate reduction capacity.
The present study introduces a nationwide, harmonised and simplified approach for estimating
nitrate reduction as an integral quantity across the unsaturated zone and the groundwater body.
The nitrate reduction rates vary from 0% to 100%, and are on average 57%, with high values in the
north of Germany and low values in the south. Hydrogeological characteristics are associated with
the estimated nitrate reduction rates, whereby the influence of aquifer type and redox conditions
are particularly relevant. The nitrate reduction rates are substantially higher in porous aquifers and
under anaerobic conditions than in fractured, consolidated aquifers and under aerobic conditions.
This contribution presents a harmonised conceptual approach to derive the nitrate reduction rate at
a1 km x 1 km resolution. This information can be used when planning and designing mitigation
measures to meet the groundwater nitrate limits.

Keywords: nitrogen loads; denitrification; groundwater; hydrogeological conditions; nitrate reduction
rates; large-scale application

1. Introduction

Human interference in the natural nitrogen (N) cycle has serious environmental consequences.
Reactive nitrogen is a macronutrient essential for plant growth, but it also has a negative impact on
human health, is involved in global warming and negatively affects terrestrial and aquatic ecosystems [1].
Therefore, there is an urgent need for sustainable, integrated nitrogen management at all levels, from the
field site up to the global scale [2,3]. The pollution of water systems is seen as a major challenge by the
European Commission. A total of 25% of the groundwater bodies in the EU have a poor chemical status,
with 18% mainly affected by nitrate pollution [4]. The EU Water Framework Directive 2000/60/EC
(WFD) was implemented with the aim of maintaining or restoring the “good status” of water bodies.
Key to achieving this goal are effective strategies to reduce N inputs into groundwater and surface
water. According to Fuchs et al. [5], 80% of the N load in surface waters in Germany originates from
anthropogenic sources, with agriculture as the largest factor. The agricultural sector accounts for
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nearly 90% of the nitrate leaching into water systems [6]. Since the inputs largely result from diffuse N
surpluses, initial measures are needed to reduce or optimise fertiliser management.

The pollution of groundwater bodies with nitrate depends considerably on the properties of the
subsurface. These properties have to be taken into account in order to be able to decide where and to
what extent mitigation measures are required to achieve a good water status. Seitzinger et al. [7] states
that about 46% of nitrogen newly fixed by technical ammonia synthesis is removed by biogeochemical
turnover processes in terrestrial soils on a global scale. This corresponds to a similar removal rate of
40% estimated for Europe [8]. In a study for the German federal state of North Rhine-Westphalia,
an average denitrification rate of around 45% for the mobile N surplus in soils is deduced by
Wendland et al. [9] and Kuhr et al. [10] have determined a range for N load reduction from 20% up to
80%. Moreover, groundwater bodies can have a substantial capacity for nitrate reduction, but this
can vary widely in space and between 0% to 100% of the N loads can be removed in aquifers [7,11].
For Denmark, mean reduction rates in the groundwater of 63% were stated [12]. For the federal states
of Mecklenburg-Vorpommern and a catchment in the north of Saxony-Anhalt (both in Germany),
it was reported that 80% of the N input load was removed in the aquifers [13,14]. A mean reduction
rate of the N loads of 46% and maximum values above 80% in some marsh regions were modelled for
the large river Weser catchment in Germany [15]. Nitrate reduction rates in the groundwater from
65-83% were measured for different arable land systems in eastern China [16]. Hejberg [12] reviewed
studies on different scales (local to national) dealing with groundwater nitrate reduction in the Baltic
Sea basin, concluding that the spatial variation can be significant in most countries. The studies
showed that information of the heterogeneous distribution of nitrate reduction in soils and aquifers
based on harmonised approaches with a high spatial resolution is needed to substantially improve the
estimation of the fate of N loads in groundwater bodies on national scales.

Nitrate reduction in groundwater is primarily governed by denitrification processes. Knowles [17]
describes denitrification as a microbial reduction process of N oxides to molecular nitrogen as the
end product (NO3~™ — NO;~™ — NO — N,O — Nj). Denitrification depends on the prevailing
biogeochemical aquifer conditions and only occurs under anaerobic conditions when electron donors
are available [7,18]. Further, the groundwater residence time influences the denitrification [7]. In general,
a distinction is made between heterotrophic and autotrophic denitrification, depending on the type of
denitrifying bacteria [18,19]. In heterotrophic denitrification, the bacteria use organic carbon as an
electron donor, whereas in autotrophic denitrification they obtain the electrons from the oxidation
of inorganic species, e.g., iron sulphide (pyrite, FeS,) [18,20]. Both processes have been identified in
several studies on nitrate degradation in groundwater [21-24]. Other studies have found that the
nitrate concentration in groundwater strongly depends on the hydrogeological conditions and the
prevailing redox conditions [25,26].

Due to the complexity of the environmental conditions that favour degradation processes and
the difficulty of measuring these in the field, models are useful tools to estimate the magnitude of
nitrate reduction at different scales [27]. Various studies have modelled and analysed denitrification
on the catchment scale [15,28-32]. Wriedt and Rode [14] successfully simulated nitrate transport and
turnover processes in a small lowland catchment using a process-based model that considers detailed
geochemical reactions to describe the denitrification. In studies on larger scales, e.g., on a regional or
national level, a simplified representation of the nitrate reduction processes is needed due to limited data
availability and the spatial resolution. Wendland et al. [9] and Kunkel et al. [13] coupled several models
(GROWA-DENUZ-WEKU) to assess the denitrification in soils at a federal state level, depending on
the soil type and residence time of the percolation water according to the Michaelis-Menten kinetics,
as well as the denitrification during groundwater transport assuming the first order. Hirt et al. [15]
used the same approach and coupled their model chain with a nutrient emission model (MONERIS)
for modelling the nitrogen loads in surface water. In nationwide studies for Germany, simplified
exponential functions, depending on the seepage water rate and hydrogeological conditions, were used
to describe the reduction in N loads [33,34]. These functions were derived by comparing the nitrate
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concentration in the seepage water and groundwater for different rock types [34]. The concentration
data from 217 groundwater monitoring sites were taken into account and four hydrogeological rock
types were distinguished. With regard to the large-scale problem and the heterogeneous landscapes
in Germany, an improved approximation of the actual nitrate reduction rates could be achieved by a
more comprehensive representation of the distribution of the nitrate concentration in the groundwater
and a stronger differentiation of the hydrogeological conditions.

Through the implementation of the EU Nitrates Directive and the EU Water Framework Directive,
EU Member States have undertaken to report regularly on the implementation of the guidelines,
which requires nationwide harmonised assessment of the water quality status. National assessments
of groundwater quality and of nitrate reduction, can contribute to further studies, such as national
assessments of the nutrient inputs into surface waters [33]. Due to the limitations of modelling complex
nitrate reduction processes on a large scale (national level), this study combines nationwide data sets
with a simplified conceptual approach to derive the nitrate reduction rates across the unsaturated zone
and the groundwater body. The aims of the present study are (1) to determine the nitrate-nitrogen input
loads to the unsaturated zone and in the groundwater; (2) to quantify the reduction rates describing
the integrated nitrate reduction across the unsaturated zone and the groundwater body; and (3) to
analyse the relationships between the hydrogeological conditions and the resulting reduction rates.

2. Materials and Methods

This study focuses on the regionalisation of Germany, with a spatial resolution of 1 km X 1 km grid
size [35], which in total is approximately 360,000 grid cells. All data used in the study were handled in
the geographical information system ArcGIS (v. 10.4). All analyses of the present study concerning the
possible relationships between the nitrate reduction and the hydrogeological parameters were made
using R (v. 3.4.1).

Figure 1 shows the simulated flow paths of the water and nitrogen loads in our model. Nitrogen
(N) is supplied to the soil in different reactive forms of N: as mineral nitrogen (nitrate, ammonium)
and organic nitrogen. Under the typical soil and climate conditions in Germany, only nitrate-nitrogen
(NO3-N) in quantifiable quantities is displaced by the seepage water. The concentrations of ammonium
and organic N in the soil solution are usually very low below the root zone. For simplification, it is
therefore justified to assume NOs-N for the entire N load in the seepage water (NO3-N load). On the
basis of the hydrospheric N surplus of different land uses (agricultural and urban areas as well as
forests; N_surplus, t ), the potential NO3-N input load into the unsaturated zone (NO3—N_load;yput_uz2)
is derived from a previous study [36]. This is transported through the unsaturated zone with seepage
water (Qsw), depending on the seepage water rate [37]. Due to interflow and tile drains (Q; 4), some of
the seepage water and thus also some of the NO3-N load (NO3-N_load; ;) does not reach the groundwater.
The remaining share represents the given groundwater recharge (Qgw) [38] and the estimated NO3-N
input load transported across the unsaturated zone to the groundwater by Qgw (NO3-N_load;yput_gz)-
For the groundwater body, a groundwater nitrate concentration map (c(NO3)gw) is taken from a
previous study [26]. Given the groundwater recharge Qgw, the NO3-N load in the groundwater
(NO3-N_loadg,) can be calculated. In order to describe the reduction processes in the unsaturated
zone and in the groundwater body, the integrated nitrate reduction, the NO3-N load reduction rate
(NO3-N_red), is defined as the ratio of NO3-N_loadg, to NO3-N_loadypys >- The parameters and
calculations are further described in the following sections.
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Figure 1. Flow paths and nitrate nitrogen loads (NO3-N loads) through the unsaturated zone and
the groundwater body with N_surplus, ¢, = hydrospheric N surplus for different land-use types
(a = agriculture (including arable land, grassland and special crops), f = forest, and u = urban) (kg N h -1
a™1)); Qew = seepage water (mm a~ly; Qgw = groundwater recharge (mm a~ly; Qi 4 = interflow, drainage
(mm a~t); c(NO3)gw = NOj3 concentration in the groundwater (mg 11); NO; —N_loadypys_uz = NO3-N
input load in the unsaturated zone (kg N ha!a™l); NO3—-N_loadypys_grv = NO3-N input load in the
groundwater (kg N ha=la1); N O3—N_loadgy, = groundwater NO3-N load (kg N ha=! a71); NO3—N_red
= nitrate reduction rate (%). Calculated values in italic; blue arrows represents water fluxes and orange
arrows represents NO3-N_loads.

2.1. Nitrogen Input Load

The hydrospheric N surplus is defined as the N surface budget surplus reduced by the gaseous
N losses during and after application of organic and mineral fertilizer. The hydrospheric N surplus
describes the amount of nitrogen potentially translocated to the hydrosphere; it is used as a key
indicator characterising possible water pollution with nitrate from agricultural systems. The annual
N budgets and the hydrospheric N surplus for the utilised agricultural area (UAA) were calculated
on the basis of administrative units (district regions) [36]. The average hydrospheric N surplus in
Germany in the period 2007-2016 was calculated as 56 kg N ha=! a=! UAA, ranging from 13 to
146 kg N ha™! a=! UAA for the districts. As these values refer only to the inputs from agricultural land
(arable land, grassland and special crops), constant values for the N surplus have been assumed for
the remaining areas. Forest and natural areas have been assigned with 5 kg N ha~! a~!, and urban
land with 18 kg N ha™! a~!; for special crops on agricultural land, the N surplus was multiplied by the
factor 1.5. The spatial distribution of the five land-use types was given by the land cover model [39]
and their area proportions were assigned to the grid cells. An area-weighted and land-use-specific
hydrospheric N surplus was calculated according to Knoll et al. [26] and is considered to be equivalent
to the NO3-N input load into the unsaturated zone (NO3—N_load;yy;_y2):

NO3-N_load;ypyt_; = Nsurplus, wa + Nsurplusy wy + Nsurplusg w + Nsurpluss ws 1

NOg3-N_load;ypyt_y, = NO3-N input load into the unsaturated zone (kg N hala™)
Nsurplus, = hydrospheric N-urplus arable land (kg N ha=! a™!) [36]

Nsurplus, = N-surplus urban land = 18 (kg N ha~! a~!)

Nsurplus¢ = N-surplus forest = 5 (kg N ha=! a™!)
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Nsurpluss = N-surplus special crops = Nsurplus, X 1.5 (kg N ha! a7!)
Waufs = area weighting factor (-) with Yw; = 1.

Much of the NO;z-N load is transported with seepage water via interflow or drains (Q; q4) into
surface waters (NO3-N_load,; q), so that only the remaining load is transported across the unsaturated
zone to the groundwater (NO3-N_load;py;_¢r). For example, Kunkel et al. [13] reported that for the
federal state of Mecklenburg-Vorpommern, around 35% of the N load is transported via drainage
systems into surface waters without any substantial nitrate reduction. The ratio of groundwater
recharge Qg [38] and the seepage water rate Qs [37] were used here as a proxy to estimate the
interflow proportion and hence the NO3-N input load to the groundwater via the unsaturated zone:

NO3'N_1oadinput_gw = (ng/ Qsw) X NO3'N_loadinput_uz )

NO3-N_load;ypyt_gy = NO3-N input load to the groundwater (kg N hala™)
NOg3-N_load;ypyt . = NO3-N input load into the unsaturated zone (kg N ha='a™)
Qgw = mean annual groundwater recharge rate (mm a™) [38]

Qsw = mean annual seepage water rate (mm a1 [37]

Due to differences in the ways of estimation of the seepage water [37] and groundwater recharge
rates [38], it can happen that lower seepage water rates than groundwater recharge rates occur,
particularly in some lowland areas. In this case, the rates are considered equivalent (Qgw/Qsw = 1),
since the groundwater recharge rate can only be as high as the seepage water rate.

2.2. Groundwater Nitrate Nitrogen Load

In a study by Knoll et al. [26], a 1 km X 1 km grid map of the groundwater nitrate concentrations in
Germany was estimated using a data-driven approach based on the measured concentrations from the
period 2009 to 2018. Applying the “random forest” machine learning technique, the groundwater nitrate
concentration map was modelled using several spatial predictors, such as the land use, hydrogeology
and redox conditions throughout Germany. These predictions are applied in this study, since they
provide a good assumption for the nationwide estimates of groundwater NO3-N loads. In order to
calculate the groundwater loads, the groundwater recharge rate as an approximated value for the
groundwater volume flow is used. Taking into account the conversion from nitrate to nitrate-nitrogen
per hectare, the groundwater NO3-N load is calculated as follows:

NO3-N_loadgy = (Cgw X Qg)/443 3)

NO3-N_loadgy, = groundwater NO3-N load (kg N ha—la™)

cgw = groundwater nitrate concentration (mg NO3 L) [26]

Qgw = mean annual groundwater recharge rate (mm a 1) [38]

= unit conversion factor from nitrate to nitrate nitrogen per hectare
(atomic weights: N = 14, O = 16)

2.3. Nitrate Reduction

Considering the spatial resolution and the size of the study area, a straightforward approach is
developed to estimate the integrated nitrate reduction across the unsaturated zone and the groundwater
body. Such an approach is appropriate because data for the validation of the reduction processes in the
unsaturated zone are very limited. Since both the initial value (NO3-N input load) and the resulting
value (groundwater NOs3-N load) are available from previous studies [26,36], all possible natural
degradation processes are taken into account when determining the nitrate reduction. The integrated
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nitrate reduction, the reduction of the NO3-N loads, is quantified as the ratio of the groundwater
NO3-N load to the NO3-N input load to the groundwater:

NOs3-N_red = (1 — (NO3-N_loadgw/NO3-N_loadinput_gw)) X 100 4)

NOs3-N_red = nitrate reduction (%)
NOs3-N_loadgy, = groundwater NO3-N load (kg N ha—la™)
NOg3-N_load;ypyt_gy = NO3-N input load to the groundwater (kg N ha—la™)

2.4. Hydrogeological Conditions
In the hydrogeological shape map of Germany (HUEK200 [40]), the hydrogeology of the upper

aquifer is described by the attributes “aquifer type”, “consolidation”, “rock type”, “geochemical rock
type” and “conductivity”. These five attributes are linked to the grid cells by the ArcGIS add-in tool
“Spatial join-largest overlap”, which assigns the attributes with the dominant area that overlaps with
the respective grid cell. As an additional hydrogeological parameter, the redox conditions are used as
modelled by Knoll et al. [26], which has four redox classes, namely, “strong anaerobic”, “anaerobic”,
“intermediate” and “aerobic”, based on the groundwater oxygen and iron concentrations (specific

limits are shown in Table 1).

Table 1. Mean NO;3-N load reduction rates and standard deviation for the different
hydrogeological attributes.

NO3-N Load Reduction [%]

Hydrogeology
Mean Standard Deviation
Aquifer type !
Fractured 36.1 21.3
fractured/karstified 329 21.7
fractured/porous 32.8 18.9
Porous 725 28.4
Consolidation !
consolidated 35.4 21.3
unconsolidated 72.6 28.4
Rock type !
magmatic 37.6 16.9
metamorphic 36.1 17.8
sedimentary 58.9 31.9
Geochemical rock type !
anthropogenic 67.1 24.0
sulphatic 379 235
sulphatic/halitic 20.0 11.2
carbonatic 35.1 20.2
silicatic/carbonatic 42.6 23.2
silicatic 64.6 32.1

silicatic/organic 55.3 25.1
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Table 1. Cont.

NO3-N Load Reduction [%]

Hydrogeology
Mean Standard Deviation
Conductivity !
very high (>1072 m s71) 46.5 222
high (1072-10"3 ms71) 77.6 27.1
medium (1073-10~¢ m s71) 426 27.1
moderate (107410 m s~1) 39.2 22.9
low (107°-10~7 m s71) 40.3 23.3
very low (1077-107 m s71) 28.5 14.7
Owerlapping classes
very high to high (>1073 ms™1) 27.4 14.8
medium to moderate (1073-107° m s) 739 31.6
low to very low (<10™> ms™1) 37.4 21.0
moderate to low (1074107 m s~1) 38.1 21.5
variable 56.0 27.6
Redox conditions 2
aerobic
(O >5mg L1 and Fe < 0.2 mg LY 329 17.2
intermediate
(O, >5mg L' and Fe > 0.2mg L™! or 448 22.7
0,2-5mg L~ and Fe <0.2mg L)
anaerobic
(0, 2-5mgL~! and Fe > 0.2 mg L' or 69.1 16.6
0, <2mgL~!and Fe <02mg L")
strongly anaerobic 95.8 5.7

(O <2mgL~!tand Fe >02mgL™)
1 Attribute classes derived from HUK200 [4]; % [26].

3. Results

To calculate the NO3-N input loads to the groundwater, the ratio of Qg to Qsw is estimated
(Figure 2). The seepage water rate is generally higher than the groundwater recharge rate and the
difference between both is greater in the consolidated aquifers compared to the unconsolidated aquifers.
Therefore, the ratio Qgw/Qsw for the consolidated aquifers is also considerably lower than for the
unconsolidated aquifers. This can probably be attributed to the morphological aspects of the mountain
regions and the associated higher depth to the groundwater table, thus causing a greater susceptibility
to interflow. Agriculturally used areas are often tile drained, which also leads to lower Qg /Qsw values;
however, this is generally the case in less mountainous areas and lowlands. The average seepage water
rate for Germany is about 287 mm a~! [37], and the average groundwater recharge rate is 125 mm
a~! [38]. Therefore, considering the assumptions for Equation (2), more than 50% of the seepage water
reaches the surface waters via interflow or drainage.

The NOs-N input loads calculated according to Equation (2) are shown in Figure 3a. The mean
NOs-N input load into the unsaturated zone (N_load pyt_y-) is around 36 kg N halal Considering
the proportional reduction by interflow and drainage, the mean NO3-N_load;p,; ¢, is only about
17 kg N h 7! a7, Intensively managed agricultural systems are apparent in north, north-west and
south-east Germany, as well as in some preferential regions, mainly in the lowlands (Figure 3a).
The highest loads in these regions are greater than 40 kg N ha=! a~!.
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Figure 2. (a) Combined regression and density plot of the seepage water [37] and groundwater recharge
rate [38]; (b) boxplot of the ratio of the groundwater recharge and seepage water rate grouped by the
consolidated and unconsolidated aquifers.
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Figure 3. (a) Nitrate-nitrogen input load in the groundwater (NO3-N_loadinput_gw)- (b) Groundwater
nitrate-nitrogen load (NO3-N_loadgy), based on a 1 km x 1 km grid map of Germany (federal state
borders: © GeoBasis-DE/BKG, 2017).

In Figure 3b, the NO3-N loads in the groundwater derived according to Equation (3) are shown.
It should be noted again that these are the NO3-N loads and not the groundwater nitrate concentrations
and therefore cannot be linked to the limit value of 50 mg NO3 L~1. It is already evident that the
NO3-N_loadg,, (mean 6 kg N ha=! a™!) is in most cases substantially lower than the NO3-N_load;ypus_gw
(mean 17 kg N ha™! a™1). The spatial distribution of the high NO3-N_loadg, is not spatially correlated
with a high NO3-N_load;yyut_gz-

In summary, for Germany, the annual NO3-N input into the unsaturated zone (NO3-N_load;yyt )
amounts to 1196 kt N a~!. The NO3-N_load;yyys g accounts for 580 kt N a1, of which 236 kt N a~!



Water 2020, 12, 2456 9of 16

are discharged from the groundwater (NO3-N_loady;) into the surface waters. Thus, the difference
of 344 kt N a™! is due to the NO3-N load reduction (NO3-N_red) in the unsaturated zone and the
groundwater body. Figure 3 shows that the NO3-N loads in the groundwater body are substantially
reduced compared to the NO3-N input loads. The reduction in NO3-N loads was quantified based on
Equation (4), where the percentage of removed NO3-N load was calculated. The spatial distribution
of the reduction rate (%) is shown in Figure 4. There is a marked north-south contrast with high
reduction rates of up to 100% in the North German Plain and low to zero reduction in central and
southern Germany. In some regions, predominantly in mountainous areas but also for example in the
Geest regions in northern Germany, the reduction rates are at or below zero. Excluding the areas with
no NO3-N reduction, the average reduction rate from NO3-N input across the unsaturated zone and
the groundwater body is 57%.

Nitrate reduction [%]

< 0 (no reduction calculated)
I -0-20

>20-40

>40 - 60

I ~60 - 80

I >80 - 100

states
N

e km
0 50 100 200

Figure 4. Map of mean nitrate reduction (NO3-N_red) across the unsaturated zone and the groundwater
based on a 1 km X 1 km grid map of Germany (federal state borders: © GeoBasis-DE/BKG, 2017).

The nitrate reduction rates were further analysed regarding their dominant hydrogeological
features. In Table 1, the mean values and the standard deviations for the NO3-N load reduction
are summarised for the attributes “aquifer types”, “consolidation”, “rock type”, “geochemical rock
type”, “conductivity” and “redox conditions”. The differences between the characteristics within the
hydrogeological features were statistically analysed using a post-hoc test (Tukey HSD) (see Tables S1-56
in the Supplementary Materials). It is obvious that porous unconsolidated aquifers tend to have
significantly higher reduction rates (>70%) than consolidated, fractured and karstified aquifers with
below average reduction rates (32.8-36.1%) (Figure 5a). Since the porous aquifers predominantly

have sedimentary origins, this difference in NO3-N load reduction is also apparent in the rock type,
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with significantly higher reduction rates being observed for sedimentary rocks than for metamorphic
and magmatic rocks. Looking at the geochemical rock type, “silicatic” rocks tend to have a significantly
higher NO3-N load reduction potential; “anthropogenic” and “sulphatic/halitic” rocks show the highest
and the lowest reductions rates, respectively. However, both classes are rare, occurring with a share
of <0.5%. No obvious trend can be deduced for “conductivity”. The highest mean NO;3-N load
reduction rates of 77.6% are found for high conductivities, as well as for the overlapping class medium
to moderate with 73.9%. However, medium conductivities only show an NOj3-N load reduction rate
below the average of 42.6%, and for moderate conductivities even lower. The lowest mean NO3-N
load reduction values (28.5%) occur for the class “very low”, but both the class “very low” and also
“very high to high” are rare, with a share of <0.2% of the overall area. With regard to redox conditions,
there is a clear trend of increasing reduction rates from aerobic (32.9%) to strongly anaerobic aquifer
conditions (95.8%) (Figure 5b).

Aquifer type Redox conditions

1004 1001 —

~

a
~
wm

NO; —N reduction [%)]
=

NOz — N reduction [%]
3

N
21

n
o
1

0 ‘ ‘ 04

fractured fractured/karstified fractured/porous porous aerobic intermediate anaerobic strong anaerobic

(a) (b)

Figure 5. Boxplots of the NO3-N load reduction rates (%) for (a) aquifer type and (b) redox conditions.

4. Discussion

To the best of our knowledge, this study provides for the first time a conceptual, parsimonious
modelling approach for estimating the spatial distribution, at a high resolution (1 km), of the integrated
nitrate reduction in the unsaturated zone and within the groundwater body on a large scale, applied
here for Germany. Previous studies on N fluxes in Germany have shown that a significant fraction of the
N loads in the surface waters originate from the groundwater. However, the order of magnitude of the N
load reduction rates during the groundwater transfer is a major unknown [41]. Although the approach
presented here is simplified, the results provide a valuable approximation for estimating the potential
losses of N loads via the groundwater path. It is not possible to estimate the uncertainties involved
in the approach due to the assumptions made. For the hydrospheric N surplus on agriculturally
utilised areas, uncertainties of +10 kg N ha~! a~! are stated [36]. Large uncertainties are also found
for groundwater nitrate concentrations, with prediction intervals of 53 mg L™! and a mean absolute
error of 12.7 mg L1 [26]. No uncertainty analyses are available for the estimates of the N surplus on
non-agricultural areas, the seepage water rate, or groundwater recharge rate. It can be argued that
both the input variables NO3-N_load;pyt_giw and NO3-N_loadgy, are technically well established and
documented. They therefore provide the best available and state-of-the-art data sets for Germany. If it
is accepted that the estimates of NO3-N_load;y,; ¢, and NO3-N_loadg;, are reliable, and it could be
concluded that the results of Equation (4) are also reliable within the scope of the overall uncertainties
of the approach, which however cannot be determined quantitatively. In order to examine the
reliability of the results, the Ny/Ar-method could be applied. The Ny/Ar ratio is used to calculate the
concentration of excess N in the groundwater, which can be used to derive the denitrification rate.
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Since corresponding nationwide measurement programs have not yet been established, a validation of
the approach presented here can currently not be carried out with the Ny/Ar-method, but offers great
potential for further research.

A conceptual approach for estimating the nitrate reduction along its transport paths from the
source through the groundwater body includes many processes. Studies dealing with this topic [13,15]
usually distinguish between a reduction in the unsaturated zone and the groundwater. However,
for the unsaturated zone, a small decrease in nitrate concentration or a conservative transport can be
assumed [42,43]. The capability of validating the nitrate reduction in the unsaturated zone is limited to
a very small number of measured nitrate concentrations in seepage water [44]. Since the groundwater
nitrate concentration data are available in a much higher density than the measured values for nitrate
concentration in the seepage water, Wendland et al. [9] compared modelled nitrate concentrations in
seepage water with the observed nitrate concentrations in groundwater, and found good agreement.
However, they note that in regions with increased denitrification capacity, the measured groundwater
concentrations are considerably lower than the simulated seepage water concentrations. In the present
study, it was done the other way round, where the nitrate concentration in the groundwater was used
as the input data to derive the overall nitrate reduction. This approach provides a simple, uniform and
robust method for the quantification of nitrate reduction, depending on existing nationwide data sets.

The nitrate reduction for Germany in the present study ranges from 0% to 100%, which was also
the case in the study by Seitzinger et al. [7]. Comparing the overall mean integrated nitrate reduction
of 57% calculated for Germany, with other studies indicating similar dimensions, throughout Germany
there is however a very heterogeneous spatial distribution of nitrate reduction. For example, looking at
the federal state of Mecklenburg-Vorpommern with its widespread glacially formed Late Pleistocene
units, a mean integrated nitrate reduction of around 89% was calculated, while Kunkel et al. [13]
estimated around 40% of the N input being denitrified in the soil, and 85% of the N load transported via
groundwater being removed within the aquifer. From this, one can infer an integrated reduction rate
for the transport path from the soil to the groundwater and within the groundwater body of around
74%, which is in a similar range to the reduction rates determined in the present study. For the Weser
catchment, a mean NO3-N load reduction of about 46% was calculated, which is exactly the same
as stated in Hirt et al. [15]. The Weser catchment covers the typical hydrogeological characteristics
occurring in Germany, from the Central German uplands to the North German Plain. According
to Fuchs et al. [41], the mean N input between 2006 to 2011 into surface waters in Germany via the
groundwater path amounted to 283 kt N, which is in line with the 236 kt N estimated in this study.
At this point, it has to be considered that these loads can be further reduced by the nitrate reduction
capacity of the riparian zone when entering the surface waters. Hill [45] reviewed research studies
from the recent decades dealing with nitrate removal in the riparian zone and found considerable
variation in the reduction capacity, depending on the hydrogeological properties.

While Haufermann et al. [36] report maximum values of the N surplus of up to 162 kg N'h ~1 a~!
(mean 77 kg N ha=! a7!), the values of the area-weighted land-use-specific hydrospheric N input
loads are considerably lower. This reflects the impact on the NO3-N input loads of areas with less
anthropogenic control, such as natural or forested land. For some 12% of the area of Germany no
reduction was calculated, which is due to the straightforward nature of our approach. When the N
inputs are underestimated or the groundwater loads are overestimated, a reduction of less than zero
results. A closer look at the regions with “no reduction” shows that this mainly concerns forested areas
or natural vegetation, e.g., the Alps or the Black Forest. In any case, these areas are not relevant with
respect to anthropogenic water pollution.

The spatial distribution of the nitrate reduction rates reflects very well the spatial hydrogeological
structure in Germany. Rivas et al. [31] concluded that the factors “soil texture”, “drainage class”,
“aquifer material” and “rock types” influence the groundwater denitrification potential. They found
that well drained soils and rocks are unsuitable for denitrification processes. However, in contrast
to Rivas et al. [31], the conductivities in this study do not show a clear effect on nitrate reduction.
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Zam

The present study further shows that, for Germany, the parameters “aquifer type”, “consolidation’
and in particular “redox conditions” significantly affect the intensity of the nitrate reduction.
Groundwater bodies with anaerobic conditions show a distinct influence on nitrate reduction,

7

which is to be expected since anaerobic conditions favour denitrification processes [18].
The unconsolidated porous aquifers occurring in the North German Plain are characterised by
largely confined aquifers, low flow velocities, long groundwater residence times and, due to the
thick covers of the till layers, strongly anaerobic conditions [26,46,47]. As a result, the North German
Plain is dominated by high nitrate reduction rates. The Central German uplands are predominantly
formed by fractured or karstified consolidated aquifers with mainly aerobic to intermediate redox
conditions, which are unsuitable for the denitrification processes, and thus lead to low reduction rates
compared to the Quaternary deposits [48]. The Alpine foreland in the south of Germany show a
rather heterogeneous distribution in nitrate reduction. The southern part, mainly characterised by Late
Pleistocene glacial deposits, has higher reduction rates. Further north, there are Quaternary fluviatile
gravel deposits with high conductivities and, in contrast to the pore aquifers in northern Germany,
very low to no nitrate reduction occur, which however is in line with the findings for well-drained
rocks [31]. The Tertiary sedimentary deposits in the northern Alpine foreland have in places thick loess
covers, which again lead to higher nitrate reduction rates in this area.

The spatial distribution of the natural nitrate reduction has to be taken into account when discussing
management strategies for groundwater bodies that do not meet the “good status” according to the
Water Framework Directive with respect to nitrate concentration. Mitigation measures are principally
intended to reduce the N surplus, mainly by restrictions on fertiliser use. In accordance with the
German Groundwater Ordinance [49], groundwater bodies are to be evaluated entirely according to
the precautionary principle. In the context of the current revision of the Fertiliser Ordinance, the issue
of an internal differentiation between nitrate-sensitive areas, which requires making a 20% reduction
in N fertilising, is gaining more and more relevance. For planning and designing mitigation measures,
information on the NO;3-N input load, the groundwater nitrate concentrations or the groundwater
NOs3-N load, as well as the NO3-N load reduction quantified in the present study, could be applied to
determine the N fertilising reduction necessary to meet the groundwater nitrate limit (50 mg NO3 L™1).

Looking at the potential nitrate reduction rates, finally one must also consider that the
denitrification processes are not inexhaustible [21,50]. Water management experts in Germany
regularly draw attention to the lack of knowledge about the denitrification capacity in the unsaturated
zone and in groundwater in the regions of Germany [51], and whether similar rates of subsurface
nitrate reduction can be expected in the longer term [52].

5. Conclusions

In the present study, a parsimonious modelling approach has been developed to estimate the
nationwide nitrate reduction or NO3-N load reduction rates from existing data sets on the N surplus
calculations, water fluxes and estimates of groundwater nitrate concentrations. The method follows
a simplified conceptual approach without the need to simulate complex biogeochemical processes.
The nitrate reduction is considered as an integrated measure across the unsaturated zone and the
groundwater body.

Besides a clear spatial differentiation with high nitrate reduction rates in north Germany and low
nitrate reduction rates in the south, it could also be shown that the hydrogeological characteristics
have a substantial influence on the degree of reduction. The nitrate reduction quantified in the present
study could be taken into account in the planning and design of mitigation measures. Particularly in
the current debate on the designation of vulnerable areas, the demand for harmonised approaches
is growing.
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