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Abstract. In this paper, a method is presented to estimatel Introduction
excess nitrogen on large scales considering single field pro-

cesses. The approach was implemented by using the physj- . . .
cally based model J2000-S to simulate the nitrogen balancjan many parts of Germany and Europe nutrient inputs in

X . - ivers and groundwater are a major reason for missing the
as well as the hydrological dynamics within meso-scale tes{ 9 J 9

catchments. The model input data, the parameterization, thga_rgets of the European Water Framework Directive (WFD).

results and a detailed system understanding were used to ge ince the 1950s the excess nitrogen on German arable areas

erate the regression tree models with GUIDE (Loh, 2002). "1 :
For each landscape type in the federal state of Thuringia 0 at least 85kgN Ita a~* nowadays (Nieder et al., 2007).

regression tree was calibrated and validated using the modelhe excess nitrogen enhances the risk of nitrogen leach-

data and results of excess nitrogen from the test catchmentd!9 to surface and groundwater. This can result in changes

Hydrological parameters such as precipitation and evapopf species spectrum in water flora and fauna, algae blooms

transpiration were also used to predict excess nitrogen bculmmatmg in eutrophication and hypoxia, which can in

the regression tree model. Hence they had to be caIcuIateﬁfm contribute to an increase of dead zones in coastal re-

and regionalized as well for the state of Thuringia. Here thed'0NS (Diaz and Rosenberg, 2008). The overall aim of this

model J2000g was used to simulate the water balance on t tudy which took place in collaboration with the Thuringian

macro scale. With the regression trees the excess nitrogennvwonmental Ministry was to assess the effect of agro-

was regionalized for each landscape type of Thuringia. Theenwronmental measures regarding load reduction in the wa-

approach allows calculating the potential nitrogen input intoter bodies of Thuringia (Bse et al., 2007). While the problem

the streams of the drainage area. The results show that th%f nutrient surplus occurs in entire river systems the measures

applied methodology was able to transfer the detailed mode?gainSt the nutrient leaching take place mainly in individual

results of the meso-scale catchments to the entire state (%gricultural fields. On the one hand the evaluation of nutrient
Thuringia by low computing time without losing the detailed reducing measures should take place with the help of detailed

knowledge from the nitrogen transport modeling. This wasgggflﬁaxvdh'tﬂ;?:e?/gft tr(i)V;erpéeSS{ee 'x;h:rseeonflzﬁsg r(t)asl,érotr; tge
validated with modeling results from Fink (2004) in a catch- y g

ment lying in the regionalization area. The regionalized andapﬁlytSl:Ch S_?_La"?d r'nodels.tEedncle fortt)he ec\i/alua;';:ondoi fﬁd;j
modeled excess nitrogen correspond with 94 %. eral state of Thuringia a methodology based on the detaile

The study was conducted within the framework of a modeling of representative meso-scale river basins and a sta-

project in collaboration with the Thuringian Environmental tistic.al regionalization for the entire state of Thuringia was
Ministry, whose overall aim was to assess the effect of agro—ap_f_)“ed' h th l of . . ducti
environmental measures regarding load reduction in the wag, IOfVZ‘?‘ff t f goal o assteslsmg nitrogen re tuctlo? po;[jerj—
ter bodies of Thuringia to fulfill the requirements of the Eu- 'al of difierent environmental measures an integrative dy

ropean Water Framework Directive 4Be et al., 2007; Fink namic river basin modeling of water and nutrient trans-
2006 Fink et al., 2007) B ' " port was carried out. The nitrogen balance which is closely

linked to the hydrological dynamics was represented with the

induced by N- fertilization increased froa30 kgN ha a1
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16 A. Kinne et al.: Regionalization of meso-scale physically based nitrogen modeling outputs

fully distributed physically based model J2000-S. Due to the w0000 4440000 w5000

model’s ability to describe the nitrogen balance detailed and § T i A WO |

distributed it demands thorough input data and high comput- ~ 4 2:"35;?"8' )
(Pul e imestone

ing resources. Therefore, three meso-scale catchments uppe¢
Gera (approx. 850 kR, Lossa (approx. 230 kfjand Helme
(approx. 190 krR) were selected as modeling units.

However, the aim of the aforementioned study was to
know the current status of excess nitrogen within the whole
state of Thuringia to identify potential areas of risk and hence
places, where measures for nitrogen reduction should be un §
dertaken. Therefore regression trees were selected as regiot
alization method, since they are able to take into considera-
tion high resolution data and a thorough system understand-
ing from the modeling with J2000-S with low computational
resources. This method was chosen under the assumptio £
that there is a causal relationship between excess nitrogerr
and environmental conditions, such as land use and soil chaiig. 1. Test catchments and the landscape types of Thuringia
acteristics. Regression trees are piecewise constant or lineg@#iekel et al., 2004). Coordinate System: Gausédér (GK 4,
estimations of a regression function, which are generated by1468).
the partition of the sample. The partitions are illustrated as
decision trees. Breiman et al. .(.198.4) published th_e funda-'I'able 1. Overview over the catchment characteristics of the test-
mental monograph of the Classification and Regression Treega,[Chlments (changed afteae et al. 2007).

(CART).
Regression trees are applied in geosciences especially
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for process identification and resulting spatial estimations. A : initation (mm) p %6 s
T . . . i verage annual precipitation (mm
Schillinger _(200_2) useql CART for spatial estlmatlo_ns o_f Ni-  Average annual temperatured) 8 9 7
trate Ie\_/els in 50|Is_ an(_:l in anot_her case study'for estimation of pagin size (ki) 189 233 847
proportions of grain-size fractions. Lahaa and$ihl (2006) Elevation diff. (m) 170-698 136-376 213-983
tested different statistical grouping methods to predict low Population 33700 55000 158400
flow discharges in Austria being regression trees the method UYrban area (%) 4.5 4 6.1
that shown the second best performance Pasture (%) 125 >4 175
p €. _ Forest (incl. shrub) (%) 185 17.7 39.2
The water balance was calculated with the much simpler arable land (%) 64.3 727 36.8

monthly based model J2000g for the entire state of Thuringia
in a distributive manner (Krause and Hanisch, 2007). The
results of the J2000g model were used together with other , , .

physical geographical variables like slope, land use and fieldabom the different environmental conditions of the_ three
capacity of soils in a statistical regression tree technique. FOF_ESt basins. The Helme and Gera Watersh_eds_have higher re-
each landscape type of Thuringia an individual regressior{'ef energy than the Lossa catchment, which influences cli-

tree was trained with the help of the results of J2000-S andnate parameters, e.g. temperature, precipitation. Therefore
extrapolated to the respective landscape type the Lossa basin has a higher annual average temperature and

lower annual precipitation than the other two catchments.
The land use varies from dominant arable land in the Helme

and Lossa regions to dominant forest in the Gera catchment.
2 Study area

The state of Thuringia is located in the central part of

Germany. It has an area of 16 172%nf\ccording to the 3 Material and methods

Thuringian Environmental Ministry (Hiekel et al., 2004) the

state can be divided into seven major landscape types: Lov8.1 Software

Mountain Range, Sandstone, Shell Limestone, Basalt, Inner-

Thuringian Agricultural Hill-land, Alluvial Land and Zech- The J2000-S model is a combination of the fully distributed

stein (Fig. 1). physically based J2000 model for hydrological simulations
The model was implemented in the three aforementionedf meso- to macro-scale river basins (Krause, 2001) extended

test catchments (rivers Helme, Gera and Lossa shown imwith the nutrient transport routines of the semi-distributive

Fig. 1) while the regionalization methodology was applied Soil and Water Assessment Tool (SWAT; Arnold et al.,

to the entire state of Thuringia. Table 1 gives an overview1998). The implementation was done within the Java-based
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A. Kinne et al.: Regionalization of meso-scale physically based nitrogen modeling outputs 17

modeling framework JAMS (Jena Adaptable Modeling Sys- 18000
tem; Kralisch and Krause, 2006). 14000 1
The water pathways are calculated on the spatial funda- 1200
ment of Hydrological Response Units (HRUs). According to g 1999 1
Fligel (1996) HRUs are units with homogeneous land use as: %% |
well as topological, pedological and geological characteris- jggg 'S , il A
tics controlling the water dynamics. In contrast to the SWAT e i kit . \
model, which also uses the HRU concept, considering soil, . =il 2o ut ™
land use and Slope (WInChe” etal., 2007), while J2000 over- Jan. Jul. Jan. Jul. Jan. Jul. Jan. Jul. Jan. Jul. Jan. Jul.
lays slope, aspect, elevation, soil, land use and geology tc mE R Y S wRER RN
delineate the HRUs. Moreover, the topological HRU concept ——eimulated kg N/dskobservecin kg N/ |
of J2000 (Staudenrausch, 2001) provides a fully distributive
approach, while the semi-distributive character of SWAT is
not able to represent single agricultural fields, because onl
portions of different combinations of the mentioned layers
are modeled.
The hydrological model J2000g was used to interpolate )
and model the associated water balance parameters for tf’?éz Modeling
entire state of Thuringia. J2000g is a simplified development
of J2000, designed to model the hydrology of macro-scaleThe modeling with J2000-S was performed for the three
catchments. The model is able to calculate the water balmeso-scale test catchments. Figure 2 shows one example
ance physically based and spatially distributed, but withoutof the modeled nitrogen output in the Gera catchment. The
considering lateral routing processes (Krause and Hanischpbserved and simulated nitrogen loads at the station Erfurt-
2007). Mobisburg indicate a high conformity both of the small loads
The regionalization was performed using GUIDE (Gen- during summer low flow periods and of the higher loads dur-
eralized Unbiased Interaction Detection and Estimation),ing winter and spring time. The coefficient of determina-
which is a freely available software to produce classificationtion for this catchment showsk¢ = 0.60) a high correlation
and regression trees (Loh, 2002). The total sample amount{Base et al., 2007). The average measured nitrogen concen-
from which the tree is built, forms the root or root node (t0) tration was 22.2 mgi' and the simulated 24.1 mg per | for
of the tree. The several sample parts are represented throughe model run (Fig. 2) (Fink, 2007). For each model entity
the nodes (t1,...,tn). The partitioning of the nodes is binary,(Hydrological Response Unit or HRUs) an average value of
which means, if the argument is fulfilled (1) the tree splits excess nitrogen over a long time period was determined. Ex-
left and if the argument is not true (0) the tree splits right. cess nitrogen is calculated in this case per each model entity
The partitioning stops at the end nodes (or leaves), if a stofHRU) using the nitrogen input (atmospheric deposition, fer-
criterion is reached, with preferably homogeneous values irtilizer) and subtract the nitrogen output (plant uptake, lateral
the partition of the end nodes. Hence, in the first step an overrunoff to other areas, denitrification). Due to the topological
large and high complex tree is created, which over representsouting of the model the nitrogen load of lateral flows (in-
(overfitting) the training data sample. This tree can be prunederflow and surface runoff) is routed through HRUs until it
back to eliminate nodes, which do not improve the predictionreaches receiving waters. In this case the lateral routed ni-
(Schillinger, 2002). The average of the predicted excess nitrogen which flows into the HRU was subtracted from the
trogen values is calculated from the model and shown at theutput and only the resulting net nitrogen from every HRU is
leaves. considered as excess nitrogen. The value of excess nitrogen
GUIDE can handle both categorical and numerical predic-per HRU can become negative through this procedure, if a
tor variables. It uses Pearson’s chi-square test of residualsiRU within the routing path has a lower nitrogen load in lat-
and bootstrap (see Efron and Tibshirani, 1994) calibrationeral flows than the former HRU. However these areas can be
to detect co-variances between the independent variableslefined as nitrogen sinks. They either represent areas which
Based on the chi-squared test GUIDE shows a high sensihave a higher lateral nitrogen input than the nitrogen pro-
tivity to local and pairwise interactions of independent vari- duced by this area itself or nitrogen uptake through plants or
ables using curvature and interaction tests. GUIDE provideshitrogen is released through denitrification processes. Grass-
different options to fit a regression tree model as well as di-land has the potential to be a nitrogen sink (Herrmann and
verse pruning options, e.g. k-fold cross validation method ofNeftel, 2002; Kolbe, 2002). During the regionalization the
CART (Breiman et al., 1984), wheferepresents the size of HRUSs with negative values considered as well, but they can
the training sample. In this case a linear least square regrede understood as zero-values. The remaining amount of ni-
sion with constant complexity at each node was built. Thetrogen is the excess nitrogen per HRU. Figure 3 shows these
final tree was pruned using k-fold cross validation. nitrogen outputs in kgN ha a1 for the Lossa catchment.

g

Nitrogen in ki

Fig. 2. Simulated and observed nitrogen concentrations inﬂgd
)gf the river Gera at the gauging station ErfurtMsburg.
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Fig. 5. Box plots of the excess nitrogen per HRU and different land
S use classes. The percentages highlight the HRU proportion of each
land use class. The upper border of the box (blue) depicts the upper
or third quartile (Q.75) of the distribution, while the lower bound-
Fig. 3. Modeled excess nitrogen output in kg[\rﬁ‘aa*1 for each ary describes the lower or first quartile (Q.25). The length of the
HRU of the Lossa catchment. Each HRU is framed by a black line.Whiskers (black) represent 1.5 times of the interquartile distance
The bold black lines are buffer strips also represented as (smallnd describes the dispersion of the distribution. The central ten-
HRUS. dency of the distribution is expressed by the median (red). Outliers
are not shown.
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nificance with respect to excess nitrogen: precipitation, evap-
otranspiration as well as soil, geology and land use classes.
In the further data preparation one of the selected indepen-
dent numerical variables (slope) was classified and the other
independent categorical variables (land use, soil and hydro-
geology) were reclassified based on excess nitrogen statisti-
cal significance. The new classes and the classification crite-
L ria are shown in Table 2. The land use classes, which were
= B % W outputin kg per ha snd & used for the nitrogen modeling with J2000-S, were reclassi-
fied from nine to four groups combining classes with simi-
Fig. 4. Histogram of the frequency distribution of excess Nitrogen |ar nitrogen output behavior, like for instance different forest
(kgNha*a1) of the HRUS. classes with similar excess nitrogen values. The same was
done for the soil and hydrogeology classes. The former 39
soil classes were grouped to five classes depending on the
3.3 Data preparation for regionalization field capacity (mm) in the upper layer of the soil (1 m). The
eight hydrogeology classes were reclassified into aquiferous
The input data and the model results were analyzed focusingclass 1) and non aquiferous (classes 2 and 3) rock based on
on the independent variables showing significant influencetheir hydraulic conductivity (K).
on the dependent variable, the excess nitrogen. The HRUs Moreover, independent variables for the whole state
of the test catchments were used as the total sample amourdf Thuringia were generated. The HRU delineation of
The frequency distribution of excess nitrogen per HRU is il- Thuringia (Krause and Hanisch, 2007) provides the spatial
lustrated in Fig. 4. The highest number of HRUs has a nitro-basis for the regionalization. To get the spatial information of
gen output between 0 and 10 kgNHa L. The second peak evapotranspiration and precipitation for each of the 211 000
lies in the range of 25 to 35 kgN haa 1. HRUSs for Thuringia the J2000g model was used to interpo-
A statistical analysis was done considering the influencelate point data of precipitation and simulate evapotranspira-
of each model input variable on the prediction behavior oftion after Penman-Monteith (Monteith, 1975).
excess nitrogen. An example of the excess nitrogen depen- The regionalization was done for every landscape type as-
dent on land use classes is shown as box plots in Fig. 5. Evesuming that environmental conditions are more related in
though land use plays an important role on nitrogen input dugegions with similar landscapes. Hence for every landscape
to use of fertilizers, soil conductivity and other soil physical type a regression was generated. Figure 6 shows an example
properties have also a significant impact. Therefore the fol-of a regression tree for the landscape type Arable Hill Land.
lowing variables were selected based on their statistical sigThe training data sets are located in the Gera catchment and

Frequency
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Table 2. List of categories of independent variables and classification criteria.

Land Use Classes 1 2 3 4
Land Use Urban Area Grassland Forest Arable Land
Soil Classes 1 2 3 4 5

Field capacity inmm <125 125-200 200-240 >240(clayey) =240 (silty)

Geology classes 1 2 3

(hydraulic conductivity in msl) K> (1E-7t01E-5) K=(1E-7t01E-5) K (1E-7to1E-5)

Slope 1 2 3 4 5 6

Degree <1 1-2 2-5 5-10 10-15>15

The next division was done based on the soil classes. The
moderately fertile soil classes 3 and 4 are separated from the
others. Following this central branch of the tree the next dis-
tinction is governed by the evapotranspiration, which is an
indicator for the local water balance. Further differentiations
were done base on the variables elevation, the separation of
the soil classes 3 and 4 and the additional water balance pa-
rameter precipitation. The noticeable value of the leaf with
the ID 49 0f—88.85 kgN hal a1 is caused by high amounts
of precipitation combined with low elevations. These are in-
dicators for wet conditions in the valleys, which might result
in high denitrification rates.

Regarding the right branch of the tree the first division is
again caused by the soil class which underlines the impor-
tance of the soil properties for nutrient leaching (Scheffer
and Schachtschabel, 1998). The soil class 1, which includes
Fig. 6. Regression tree to predict the average excess nitrogen ifhe poorest soil in the classification, causes the highest nu-
kgha*a* for the landscape type Arable Hill Land. trient output (ID 15 with 45.41 kg et a~1). Further differ-
entiations were made based on evapotranspiration, soil class
again, elevation, geology class and slope.

in the Lossa catchment (Fig. 1). The training data set includes

9993 values. A split sample of 50 % was used for the calibra-

tion and the other 50 % for the validation. The leaf nodes4 Results

are labeled with the predicted excess nitrogen in kgtlsa®

and an ID representing the node number. The high numberEor every landscape type of Thuringia a regression tree

are produced because first an overlarge tree is built, which isnodel was prepared with GUIDE. From the sample points

afterwards pruned back to avoid overfitting. of every landscape type a calibration and a validation data
For the landscape type Arable Hill Land the first division set were generated. The correlation coefficient between the

is made based on land use. The land use class arable lamdodeled and the regionalized excess nitrogen was calculated

(class 4) is separated from the others. The classes 1, 2 arahd is shown for the calibration and the validation in Table 3.

3 have only one more distinction depending on the elevatiorit underlines the quality of the calibration and validation of

and there is either no excess nitrogen for elevations undethe regression tree models for all landscape types. Only land-

323.2m or very low excess nitrogen value (3 kgNha™1). scape type 7 (Zechstein) shows a significant higher coeffi-

The main branch on the right side represents only predictiongient of determination for calibration than for the validation,

for the land use class 4 (arable land). Within the landscapeavhich means that the calibrated tree is overfitted. The reason

type Arable Hill Land this land use class is dominant (72 % might be the fact that this landscape type has relatively small

of the area). training area located in the Helme catchment.

land use class 1,2,3 .

elevation
soil class 3,3 )

soil class 2,.5()

-3.59  5.00

elevation
< 143.93

et
< 403.40( )

precip
< 608.39()

4.02 -88.85

3.06 28.44 3.10 26.44
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Table 3. Correlation coefficients (R) of the calibration and validation data set for the Thuringian landscape types.

Landscape Type Low Mountain Range Sandstone Shell Limestone Arable HillLand Alluvial Land  Zechstein

Calibration 0.53 0.71 0.8 0.73 0.74 0.88
Validation 0.64 0.64 0.78 0.73 0.66 0.62

Table 4. Excess nitrogen in tal and areain square kilometers of the landscape types of Thuringia.

Landscape Type Excess Nitrogentfa Area (krr?)
1. Low Mountain Range 2500 3761
2. Sandstone 3700 3715
3. Shell Limestone 2900 3346
4. Basalt 500 440

5. Arable Hill Land 5600 3994

6. Alluvial Land 800 606

7. Zechstein 300 357

Total 16 300 16219

sssouno w00 satonpo aasonpo 520000 Table 4 shows the excess nitrogen of the landscape types of

Excess N in kg per ha and a

Thuringia in ta® as well as the respective area inkm
B— )

5720000
5720000

oooooooo

5690000
5690000

5 Validation

To test the regionalization accuracy, the excess nitrogen from
another nutrient transport modeling study (Fink, 2004) in the
catchment of the river Weida in south Thuringia was used
to compare the results. The modeling was performed with
WASMOD (Reiche, 1994) for the same time series. An av-
erage value of 183t N for the whole basin was simulated
with WASMOD. The catchment has an area of 162kof
which 30kn? are located in the state of Saxony. The re-
gionalization was only done for Thuringia, which comprises
132 kn? of this catchment. Hence the regionalized excess ni-
trogen for the area of Thuringia was projected to the area of
162 kn? of the whole Weida catchment. The regression tree
model predicted 194 t N-dof excess nitrogen for the Catch-
ment. The difference between the modeled and the region-
alized excess nitrogen of the Weida catchment is 11t a

. o L which implies a correlation of 94 %.
The result of the regionalization is illustrated in Fig. 7. The

regionalized excess nitrogen represents the potential leach-

ing risk and therefore the contribution of each HRU to the 6 Summary and conclusions

nitrogen influx in waters. The borders of the three test catch-

ments are also shown in this figure. The map of excess niThe results show that the statistical regression tree method
trogen indicates a significant higher nitrogen output in theapplied in this study is able to predict the excess nitrogen
regions of the Arable Hill Land (Fig. 1), the eastern part of based on modeled training data. The goodness of the re-
the THiringer Schiefergebirge (Thuringian slate mountains)gionalization depends on the quality of the modeling and
located in the southeastern part of Thuringia, in the Helmethe model’s ability to achieve a thorough system understand-
catchment and in the western parts of the state. In contrashg. Due to the HRU-based modeling local characteristics,
to the landscape type Low Mountain Range, for instance thee.g. significantly high or low excess nitrogen outputs, can
Thiringer Wald (Thuringian forest), in which forest is the be identified and hence analyzed. The assumption was that
dominant land use. The results can also be shown in numberghe potential excess nitrogen depends on the specific local
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Fig. 7. Regionalized excess nitrogen in kgNHaa~1 for the whole
state of Thuringia.

Adv. Geosci., 31, 1521, 2012 www.adv-geosci.net/31/15/2012/



A. Kinne et al.: Regionalization of meso-scale physically based nitrogen modeling outputs 21

environmental factors, which can be described by a mathHerrmann, B. and Neftel, A.. Ammoniakaustausdser Grasland,
ematical relation. The results show that a regression tree Agrarforschung, 9, 280-285, 2002.

method like GUIDE is able to predict excess nitrogen for Hiekel, W., Fritzlar, F., Mllert, A., and Westhus, W.: Die
other areas with similar environmental conditions. Therefore, Naturiaume Tliringens, Naturschutzreport, Heft 21, Jena, 2004.
it can be used as an addition for meso-scale physically basef§0IPe H.: Wasserbelastung in ABhgigkeit von der Landnutzung.
nitrogen transport modeling. Both the results and the system chk?ﬂéarig'gaﬂgﬂ d(t));\ljvaltzrz d;ffggszggzthe method of landuse),
understanding gained from the modeling can be regionalizeq< g e ! '

. d | | . ideri inal ralisch, S. and Krause, P.: JAMS — A framework for natural
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fields. Conference on Hydroinformatics, HIC 2006, Nice, France, 2006.
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