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Abstract. A data mining, regression tree algorithm M5 was 1 Introduction
used to review the role of mutual hydrological and seasonal

;ettings Whigh control the.st.reamwater nitrate flushing dur-ln recent years, the export of nitrogen from forested water-
ing hydrological events within a forested watershed in thesheds has become an important research area and a public

southwestern part of Slovenia, characterized by distinCtive, iy issue since nitrogen leaching can strip nutrients from
flushing, almost torrential hydrological regime. The bas'sforest soils, acidify streams and cause eutrophication (Vi-

for the research was an extensive dataset of continuous, hi%usek et al.. 1997: Fenn et al.. 1998: Lovett et al.. 2002:
frequency measurements of seasonal meteorological condis ;e et al..,2004',Fitzhugh ot al. 20’03)_ The va.riability,

tions, watershed hydrological responses and streamwater nj- nitrogen loss from forested watersheds is high and has

trate concentrations. The dataset contained 16 recorded hy;.., ascribed to many causes, including differences in atmo-
drographs occurring in different seasonal and hydrologicalgheric nitrogen inputs (Stoddard, 1994; Aber et al., 2003),
conditions. Based on predefined regression tree pruning C”bedology (Gundersen et al., 1998), forest history (Goodale et

teria, a comprehensible regression tree model was obtaineg| 2000) and hvdroloay (Hornberaer et al.. 1994 Creed et
in the sense of the domain knowledge, which was able to ady,; 1996)). y oy ( g B '

equately describe most of the streamwater nitrate concentra- ) . o .

tion variations (RMSE=1.02 mg/I-N;=0.91). The attributes The hydrologlcally mduc_ed mobilization of hitrate as
which were found to be the most descriptive in the sense of '€ MOst mobile form of nitrogen from the undisturbed,
streamwater nitrate concentrations were the antecedent prdorested watersheds has received considerable attention in
cipitation index (API) and air temperatures in the preced_recent hydrological and biogeochemical studies (Creed et
ing periods. The model was most successful in describing@\ll", 1996; McHale et al., 2002; Beachtold et al., 2003;
streamwater concentrations in the range 1—4 mg/I-N, cov- eiler and McDonnell, 2006). Nitrate concentrations in the
ering large proportion of the dataset. The model pérfor_streamwater draining forested watershed provide the funda-

mance was little worse in the periods of high streamwatefMental information about biogeochemical processing of ni-
nitrate concentration peaks during the summer hydrograph©9€n in the forest ecosystem (Burns, 1998; Goodale et
(up to 7 mg/I-N) but poor during the autumn hydrograph (up a!., 2902). Af[ seaso.nal _boundques, accumulat|o.n of la-
to 14 mg/I-N) related to highly variable hydrological con- bile dissolved inorganic nitrogen in excess of physical and

ditions, which would require a less robust regression tree?iological retention capacity tends to occur (Likens and
model based on the extended dataset. Boremann, 1995; Cirmo and McDonnell, 1997; Lovett

et al., 2002; Vanderbilt et al.,, 2003). Both autumn and
spring streamwater nitrate pulses are usually observed, with
autumn increases in the nitrate concentration associated
with a greater amount of precipitation and diminished bi-

Correspondence to: S. Rusjan ological assimilation, whereas spring pulses are reported
BY (srusjan@fgg.uni-j.si) mainly from watersheds with snowmelt driven hydrology
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(Arheimer et al., 1996; McHale et al., 2000; Langusch andimportant role in controlling the size of the forest soil ni-
Matzner, 2002; Sickman et al., 2003; Clark et al., 2004).  trate pool which is available for further mobilization through
The understanding of how hydrological conditions trigger hydrological mechanisms.
flushing of labile nutrients on a watershed scale is still rather Continuous tracing of nitrate concentration in streamwa-
poor, especially when we move from the timescale of seater requires substantial effort and resources. Based on our
sonal variability towards the timescale of a single hydrolog- continuous observations of nitrate export during 16 recorded
ical event. The main differences in the explanation of thefloodwaves, a considerable amount of data was acquired.
hydrologically driven export of nitrate found in the literature This paper aims at presenting the application of data min-
are not necessarily contradictory as they can be ascribed timg (DM) and knowledge discovery from database (KDD)
discrepancies in basic hydrological and climatological con-tool, namely regression or model trees, for gaining additional
ditions, topography, forest soil characteristics and biogeoknowledge about the observed behaviour of seasonally and
chemical behaviour of forest ecosystems (Cirmo and Mc-hydrologically influenced mobilization of nitrate during hy-
Donnell, 1997; Andersson and Lepisto, 1998; Aber et al.,drological events and applying this knowledge to better un-
2002; Worall et al., 2003; Stieglitz et al., 2003; Binkley et derstand the streamwater nitrate concentration behaviour.
al., 2004).
The inability to obtain an insight into the interactions be-
tween the hydrological and biogeochemical states, which2 Study area
control the nitrate flushing mechanisms, lies in the complex-
ity of event-scale hydro-biogeochemical observations. StudThe Padi stream watershed is situated in the southwestern
ies of the hydrologically induced nitrate export behaviour part of Slovenia and comprises 42.1%(fig. 1). The Pade
from forests are observed mainly at low time frequencies,stream is a tributary of the Reka river, one of the widest
which do not allow tracing the behaviour of nitrate export known sinking streams of the Classic Karst area in Slove-
during a particular hydrological event. In order to under- nia; the Padewatershed reaches deeply into the hilly area of
stand how hydrological flowpaths affect stream chemistryBrkini in the south (altitude up to 815ma.s.l.). The studied
and, conversely, to use stream chemistry to decipher hydroarea consists of Eocene flysch (mainly marl and sandstone
logical processes, we need chemical measurements at tirlayers) underlain by deep cretaceous carbonate bedrocks
scales that correspond to the hydrological dynamics of arwhich also surround the wider area of the Brkini flysch pool.
observed hydrologic unit (Kirchner et al., 2004). Spatially, the hydrogeological characteristics of the Rade
Several models have been used to describe the nutrierwatershed are uniform, characterized by the low permeabil-
runoff and transport, for example ANSWERS (Beasley etity of erodible flysch layers and, consequently, a well devel-
al., 1980); AGNPS (Young et al., 1995); SWAT (Arnold and oped, dense and highly incised stream channel network with
Allen, 1996); HBV-N (Pettersson et al., 2001); TOPCAT-NP a drainage density of 1.94 km/KmThe lowest parts of the
(Quinn et al., 2007). These models are mainly applied to esmain valleys (the Padeand Suhorka stream valleys) are cov-
timate the budgets of nutrient exports as a consequence afred by up to 4-m thick alluvial deposits. The hydraulic con-
land use patterns and management. A conceptual explanauctivity of flysch is low (in the range ¢ m/s to 10> m/s),
tion of mechanisms responsible for the observed peaks iithe hillslopes are steep (average slope derived from the dig-
solute concentration during changeable hydrological condiital elevation model amounts to 33%), the average slope of
tions was proposed by Hornberger et al. (1994) and is comthe Padg stream channel being almost 3%. In 2006 the
monly referred to as the “Flushing Hypothesis”. The hypoth- mean discharge of the Padstream amounted 0.672fs;
esis was later modelled by Creed et al. (1996) using TOPthe long-term mean annual discharge of the Raieeam is
MODEL as the hydrological simulator. Temporally, the cal- 1.1 m#/s. The hydrological response of the watershed is fast,
culations in the models listed above are usually performedwhich is reflected in the flushing, almost torrential regime
at daily or even longer time steps; therefore, their applica-of the Pade stream and short times to hydrograph peaks
tion for the modelling of hydrologically, event-induced ni- which can, in conditions of combined preceding wetting of
trate mobilization is limited. the watershed and high rainfall intensities, vary between 2
Our study presents an investigation of interacting seasonaind 3 h. For most of the year, stream water is present only in
and hydrological conditions which strongly influence the ex- the Padg stream and its major tributary, the Suhorka stream,
port of nitrate from a forested watershed in the SW part ofother smaller streams in the watershed being intermittent.
Slovenia. The continuous high-frequency measurements of The Brkini hilly area is a climatic transitional area between
streamwater nitrate concentration in the periods of hydrologthe mediterranean and continental climate with a mean an-
ical events in different seasons provided the ability to studynual temperature of °€. The mean annual precipitation
the nitrate export behaviour predefined by seasonal meteords approximately 1440 mm (Rusjan et al., 2006). The pre-
logical settings and conditioned by the hydrological eventsvailing movement of the wet air masses is in the southwest-
observed. The results of the measurements show that seaertheast direction. The majority of the precipitation falls
sonal hydrological and biogeochemical conditions play anduring the October—March period with periodical snowfall
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on the highest parts of the Brkini hills, which does not have

substantial influence on the watershed hydrology. In 2006, A

the total annual precipitation amounted 1055 mm, more than i ' >
300 mm of rainfall was recorded during the intensive rainfall o P |
events of August 2006. The mean daily temperature in 2006 ' iy
was 10.8C. P § o l

Spatially, soils in the study area are uniform. According to e A W
the WRB 2006 soil classification they are classified as Hap- S
lic Cambisol (Humic, Hyperdystric, Endoskeletic); the hy- Y
draulic conductivity of clayish and silt soils is low (around '
10-°m/s).

The Padi stream watershed is minimally disturbed by hu-
man activity; it has already been used for drinking water sup- | (
ply and, as such, it is also foreseen as an additional source
of drinking water for the water-deficient area of the Slove-
nian coastal region. According to the CORINE 2000 land
cover data, 82% of the watershed is covered by forest (79%
by broad-leaved forest), and 18% of the watershed comprises =
complex cultivation patterns (meadows with significant areas |
of natural vegetation), which discontinuously appear on top
of the hills and are all in the state of successive afforestation.
Few small settlements can be found on top of the hills and
they are separated from the stream network by wide areas of
forest. Steep hillslopes and narrow lower parts of the valleys~ig. 1. The Padé stream watershed and the monitoring system.
are almost completely covered by deciduous forest; there-
fore the possible effect of anthropogenic disturbances on the
stream chemistry was excluded. The main tree species that Stream chemistry was measured continuously on a 30-min
can be found in the Padavatershed are Sessile oaBugr- time step using a water quality multi-parameter data-sonde.
cus petraea), Black alder Alnus glutinosa), Beech Fagus  The multi-parameter sonde is designed for on-site and flow-
sylvatica L.), and HornbeamQarpinus betulus) (Slovenian  through applications and measures water chemistry param-
Forest Service, 206). eters simultaneously (Brilly et al., 2006). The multiple pa-

rameters include: nitrate, temperature, electrical conductiv-
ity, depth, dissolved oxygen, Total Dissolved Solids (TDS),

Legend:

@® Meteorological station

® Rain gauge

B Limnigraph
Limnigraph and
multi-parameter sonde

*  Sampling point

/ pmsi5masi

329masl

3 Methods Oxidation Reduction Potential (ORP) and pH. Additionally,
o grab water samples were taken occasionally from January to
3.1 Monitoring system November 2006 at the site where the multi-parameter sonde

o . . . was installed for laboratory analysis in order to control the
The monitoring system at the Padwatershed is shown in o, 1t harameter sonde readings. The samples were collected
Flg. 1. Precipitation dat_a were obta}med from tipping bucket ;.4 preserved according to SIST EN ISO 5667-6 and SIST
rain gauges located within the Padeatershed; the me- gy |50 5667-3 standards, respectively. Nitrate was mea-
teorological data were gathered from the automatic meteog,eq according to SIST EN ISO 10304-1 standard using the
rological station positioned in the middle of the watershed;q, chromatograph. The differences in the nitrate concentra-
(Fig. 1). Water level was recorded continuously with a 5-min 4, readings by the multi-parameter sonde and the labora-

time step on four locations using a 1-D Doppler instrument gy analysis were not statistically significant€14; confi-
with an integrated logger. Flow was gauged on stream seCgeance level 0.95p=0.12).

tions equipped with limnigraphs using two instruments. Dur-
ing low flow conditions, a salt-dilution flowmeter was used, 3.2 Regression trees
whereas during middle to high flows, a 2-D/3-D handheld g
Doppler velocimeter was used. The resulting water-level
records were converted to volumetric discharges by empir
ical ratings that were validated by gauging at different flow
levels.

Regression trees as a subgroup of decision trees are a repre-

'sentation for piece-wise constant or piece-wise linear func-

tions. Like classic regression equations, they predict the

value of a dependent variable (called class) from the values
Lslovenian Forest Service: Silvicultural plans for the Kozina Of a set ofindependent variables (called attributegpfDski,

and llirska Bistrica local forest units (in Slovenian), unpublished 2001; Witten and Frank, 2005). Regression trees are an es-

documentation, 2000 pecially attractive type of models for three main reasons.
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Table 1. Attributes selected for the construction of regression trees.

Attribute  Description

NO3 Nitrate concentration in streamwater [mg/I-N]

API3 Antecedent precipitation index determined for 3 preceding days prior the day of the hydrograph peak occurrence [mm].
APlg Antecedent precipitation index determined for 5 preceding days prior the day of the hydrograph peak occurrence [mm].
APl Antecedent precipitation index determined for 7 preceding days prior the day of the hydrograph peak occurrence [mm].
APl14 Antecedent precipitation index determined for 14 preceding days prior the day of the hydrograph peak occurrence [mm].

Psumyp,  Sum of rainfall during last 3 preceding h prior the occurrence of hydrograph peak [mm].
Psung,  Sum of rainfall during last 6 preceding h prior the occurrence of hydrograph peak [mm].
Psumop,  Sum of rainfall during last 12 preceding h prior the occurrence of hydrograph peak [mm].
Psumy4p,  Sum of rainfall during last 24 preceding h prior the occurrence of hydrograph peak [mm].
Psumgyp  Sum of rainfall during last 48 preceding h prior the occurrence of hydrograph peak [mm].

avgTy Average hourly air temperature during 1 preceding day prior the occurrence of the hydrographGjeak [
avgTs Average hourly air temperature during 3 preceding days prior the occurrence of the hydrograpgtQjeak [
avgTy Average hourly air temperature during 7 preceding days prior the occurrence of the hydrograptQjeak [

avgTi4 Average hourly air temperature during 14 preceding days prior the occurrence of the hydrogragtCpeak [
™ Temperature of streamwatéd].

0 Discharge [m/s]

EwW Event water contribution to total discharge [-].

Firstly, they have an intuitive representation, the resultingleaf of the generated regression tree contains a linear regres-
model is easy to understand and assimilated by humansion equation which is used to model the dependant class
(Breiman et al., 1984). Secondly, the regression trees ar@side the subset of instances classified to the particular leaf.
nonparametric models, minimal intervention being requiredThe main intervention of the user in the application of the
from the user, and thus they are very suited for data min-algorithm is the definition of the pruning factor — the thresh-
ing (DM) and knowledge discovery from database (KDD) old for the minimum number of instances which are clas-
(Dzeroski, 2001; Atanasova and Kompare, 2002). Lastly, thesified into a particular regression tree leaf. The prediction
accuracy of decision trees is comparable or superior to otheaccuracy of the constructed models was evaluated perform-
models (Witten and Frank, 2005). Compared to neural neting 10-fold cross-validation (Kohavi, 1995). In the 10-fold
works, a more commonly used machine learning method incross-validation, the dataset is randomly split into 10 disjoint
hydrological studies, regression trees can give a structural insubsets of approximately the same size, and 10 experiments
sight into the hydrological processes being modeémia(vs are performed. In each of these, 1 of the 10 subsets is with-
and Brilly, 2007). held, the prediction method trained on the union of the re-
The regression tree construction proceeds recursivelynaining 9, then tested on the unseen examples from the with-
starting with the entire set of training examples. At each stepheld subset. The reported accuracies are the averages of the
the most discriminating attribute is selected automatically aslO experiments.
the root of the (sub)tree and the current training set is split The attribute selection considered in the data mining ap-
into subsets according to the values of the selected attributeplications should be based on the domain knowledge of the
The split variable selection made by the algorithm is one ofmodeled processes (Hall et al., 2002; Zaffron, 2005). The
the main components of classification tree construction. Theattributes which were considered in the dataset used for the
quality of the split selection criterion in tree nodes has a ma-construction of regression tree models of the streamwater ni-
jor impact on the quality (generalization, interpretability and trate concentration are listed in Table 1. The dataset con-
accuracy) of the resulting tree. For regression trees, the awsisted of 1257 records of attributes, which were temporally
tomatically selected split is the one that maximizes the ho-adjusted on an hourly time step containing 16 hydrographs,
mogeneity of the two resulting groups with respect to theand every combination of attributes obtained at a certain time
response variable (Prasad et al., 2006). In order to avoid thetep represents an instance used in the data mining process.
overfitting of the regression trees to the training data, many Within a particular region or forest stand, mineralization
technigues, called pruning, have been proposed in the literaand nitrification rates vary considerably in response to two
ture (Witten and Frank, 2005). key factors: temperature and moisture (Arheimer et al., 1996;
In our study of the nitrate flushing, a re-implementation Andersson and Lepisto, 1998; Welsch et al., 2001; Bern-
of the well known regression tree induction algorithm M5 hardt et al., 2002; Vanderbilt et al., 2003). In temperate
(Quinlan, 1992) within the software package WEKA (Wang soils, mineralization displays a seasonal pattern; rates are
and Witten, 1997; Witten and Frank, 2005) was used. Eaclgreatestin summer or fall when soil temperatures are highest
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Fig. 2. (a) Recorded hydrological events inside the hydrological and seasonal temperature settings in period March—Decem{igr 2006.
Hydrological events and associated streamwater nitrate concentrations included into the data mining process.

(Strader et al., 1989; Reich et al., 1997; Knoepp and Swankevents are captured through the sums of rainfall (Psum) for
2002). Furthermore, Clark et al. (2004) used mean monthly3, 6, 12, 24 and 48 preceding hours and the observed dis-
air temperature to describe the mean monthly streamwatecharges of the Padestream. Additionally, the characteris-
nitrate concentrations in forested watersheds, however, withtics of the rainfall runoff formation are considered within the
out a detailed consideration of the possible effect of changediata about the proportion of event water in the total discharge
hydrological conditions. The high temporal resolution of the (EW). The proportion of event water in the total discharge
detailed biogeochemical settings controlling the soil nitro- was obtained performing a two-component hydrograph sep-
gen transformations is almost impossible to obtain, howeveraration using the electrical conductivity as a natural tracer.
we believe that the specific, spatially uniform hydrogeologi- We measured the electrical conductivity of rainfall in a bulk
cal and pedological settings at the Padeatershed enabled sample and continuously in the streamwater. Seasonal bio-
us to link the observed streamwater nitrate concentrations tgeochemical implications in the sense of temperatures are
the main driving factors of the nitrate formation considered considered through the data about average hourly air tem-
by the given attribute selection. With particular attribute se-peratures (avgT) for the periods of 1, 3, 7 and 14 preceding
lections we therefore tried to capture the possible hydrologi-days and the streamwater temperatuliég)

cal and seasonal biogeochemical characteristics which most

likely play an important role in regulating streamwater ni- ) .

trate responses during the observed hydrological events. Iff Results and discussion

order to describe the preceding watershed wetness state
used the antecedent precipitation index (QRbr a selected
period of x preceding days using the method of Linsley et
al. (1982), whereas the characteristics of the hydrologica

V\ﬁelgure 2a shows the hydrological and seasonal air tempera-
ture settings in the period March—December 2006; Fig. 2b

|represents the recorded hydrological events and associated
streamwater nitrate pulses which were included into the data
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Fig. 3. Size of the generated regression trees performing 10-foldg;g 4 pregiction accuracies of the generated regression trees per-
cross-validation method. forming 10-fold cross validation method.

mining process. The streamwater nitrate concentrations durblack alder in the riparian areas which is known because of
ing the baseflow conditions were generally in the range of 1-the symbiotic relationship with a nitrogen-fixing bacterium
1.5mg/I-N. The measurements of the nitrate concentration irfFrankia alni (Zitzer et al., 1989; Cote and Camire, 2005).

bulk rainfall samples during different episodes showed small

concentrations of nitrate in rainfall (i.e. below 0.2mg/I-N). 4.1 Regression tree model

Thus the wet deposition was not considered as an impor-

tant source of stream water nitrate throughout the hydrolog-The size of the generated regression trees which depends on
ical events. During the first two recorded hydrographs inthe predefined number of instances that reach a tree leaf as a
early spring (March and April hydrographs), the streamwa-pruning factor is shown in Fig. 3. The resulting performances
ter nitrate concentrations showed no responsiveness to thef the trees in predicting the streamwater nitrate concentra-
changed hydrological conditions. The concentrations re-tion expressed through RMSE and correlation coefficient
mained around 2 mg/I-N. Continuous measurements of thevere obtained through a 10-fold cross validation and are
nitrate concentration during the early spring hydrographs andyiven in Fig. 4. The regression trees with a small number of
other dry periods disclosed a diurnal cycle of nitrate concen4instances in the leaves are extremely big; in the case of only
tration oscillations with the appearance of maximum con-5instances in a leaf, the generated regression tree has 73 rules
centrations early in the morning and minimum concentra-— linear regression equations in leaves. The performance of
tions late in the afternoon. The diurnal oscillations in the the trees with a large number of rules is suspiciously high (in
nitrate concentration are seasonally dependant and could dbe case of the tree with 73 rules: RMSE=0.40 mg/I-N and
associated to the diurnal activity of aquatic photoautotrophg'=0.99).

and surrounding, especially riparian forest vegetation, sim- However, a tree of such size is practically incomprehen-
ilarly to those described by Burns (1998). However, thesive and very likely overfitted to the training data. In order
diurnal cycle of the nitrate streamwater concentrations isto avoid the problem of overfitting and improve the com-
not considered in detail in the paper as the main stress iprehensiveness of the resulting regression trees, we have
on the nitrate streamwater concentrations during the rainfalbpted for a more drastic pruning of the regression tree by
events. The hydrological events in late spring and summeincreasing the number of the instances in the leaves. Sat-
(observed hydrographs in May, June and especially Augustjsfactory prediction accuracies have been obtained generat-
expressed the strong influence of the changed hydrologicahg regression trees with 100 and 125instances in leaves
state on the streamwater nitrate concentration increases of uphich have 14 and 10rules, respectively. If we further in-
to 7mg/I-N. The greatest increase in the streamwater nitratereased the number of instances in the leaves, the perfor-
concentration was observed during the hydrological evenimance of the resulting regression trees decreased substan-
in November, when streamwater nitrate concentrations extially (Fig. 4). The performance measures for the two se-
ceeded 14 mg/I-N. The extreme rise of the streamwater nifected regression trees are: in the case of a regression tree
trate concentration during the November hydrograph couldwith 100 instances in leaves RMSE=0.97 mg/I-N ar€.92;

be associated to the extremely dry (the total amount of prein the case of 125 instance regression tree RMSE=1.02 mg/I-
cipitation in October and first half of November was only N andr=0.91. The decrease in the performance of the two
19mm) and warm (average daily temperatures in Octoberegression trees is relatively small whereas the size of the re-
around 15C) preceding autumn period (Fig. 2a) coupled by gression tree with 125 instances in leaves is additionally de-
the seasonally reduced N uptake by vegetation and additionalreased (10 rules) vs. regression tree with 100 instances in the
input of nitrate through the litter decomposition. The pos- leaves (14 rules). We have therefore opted for the regression
sible additional source of nitrate to the stream during thetree with 125 instances in the leaves (regression tree RT125).
observed rainfall events could be related to the presence dfigure 5 represents the structure of the resulting regression
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tree. In Table 2, a list of linear regression equations which
are included into the leaves of the resulting regression tree
RT125 by performing 10-fold cross-validation of the dataset Branch 1 "2 B Branch 4

<=10.1 >10.1 >116

is given.

The splitting attribute selected in the root node of the
resulting regression tree by the algorithm automatically [t ] _2 [ow ] [ows ] [we ]

2

is the antecedent precipitation index for the period of ’3 > >
5preceding days AB!I According to the splitting value of
the APE=17.9mm the two resulting branches interpret the Cwe] L]

states of high hydrological wetness of the watershed (val- _ _
ues above 17.9mm), whereas the branch defined by valugdg- 5. Structural representation of the regression tree RT125.
of APIs below 17.9 mm is used to describe the hydrologi-
cally less moist periods. On the second split level, avgT . ] )
(value 10.2C) and avgT4 (value 11.8C) were selected by 5_mg/I-N concentrations) Whl_ch occur only during short pe-
the algorithm to describe the seasonal character of the hyti0ds of hydrograph peaks (Fig. 2b). Furthermore, the model
drological events. The result of the splitting on the first two d0€S not predict nitrate concentrations above 9 mg/I-N, while
split levels is four branches of the regression tree (Fig. 5).(n€ measured concentrations during the November hydro-
The split of the dataset into four branches according to thedraph peak discharges rose to 14 mg/I-N.
conditions imposed on the first two split levels of the re-
gression tree is shown in Fig. 6. From the temporal point4-2 Interpretation of the model results in the light of do-
of view, branch 1 covers the data obtained during the hydro- main knowledge
logically less moist, early spring period (March and April)
and the short period before the occurrence of the Novembef he structural transparency of the regression tree models of-
hydrograph. Branch 2 includes the data obtained during thdéers additional opportunities to interpret not only the model
rising limbs of the first hydrographs in the sequences of the'esults in the sense of performance but also model structure
late spring and summer hydrographs in May, June, Augusin the light of the domain knowledge of the modelled pro-
and September, whereas branch 4 covers the rest of the da€g§SS. As the primary splitting attribute in the generated re-
obtained during the late spring and summer periods. Branclgression tree model, the antecedent precipitation index cal-
3 comprehends the wettest periods during the November hyculated for the period of 5 preceding days ARlas chosen
drograph and the March hydrograph. by the algorithm M5. The selection of the API as a primary
On the lower, third split level (Fig. 5), we can find split attribute was very likely imposed by its definition. The
Psum-p, and Psumup, which characterize the properties of Values of the APl are defined on the daily time step, whereas
the hydrological events in more detail. Attribute aygFan other attributes were included into the dataset on the hourly
be also found on the third split level which according to the time step. However, the time step definition of the API does
particular split value 99 draws a distinction between the Nnot prevail over the further construction of the regression tree
data acquired during the seasonally and biogeochemicall?ince on the second split level other attributes, namely aver-
very contrasting periods, the March and November hydro-age hourly air temperature during 3 (agy&nd 14 (avgTs)
graphs. preceding days, are selected automatically as splitting at-
On the fourth and fifth split levels avgZ, avgT; and  tributes.
APly4 are selected by the algorithm for further splitting. In-  The values of the antecedent precipitation indexes are de-
terestingly, the resulting regression tree model does not infined empirically based on the selection of the recession con-
clude the data about dischargeand streamwater tempera- Stant and they help to simulate the drying of the watershed
ture TW as a split attribute nor as an attribute included into depending on the characteristics of the watershed. From the
the linear models in the leaves. However, the discharge islomain knowledge point of view, the exact values of the
considered indirectly through thHEW attribute, which ap- APl do not offer the exact information about the hydrolog-
pears in the linear models Nos. 8 to 10 (Table 2). ical nitrate mobilization process traced through continuous
The measured streamwater nitrate concentrations vsstreamwater nitrate concentration measurements, however,
streamwater nitrate concentrations predicted by the regreghey provide an insight into the temporal changes of the hy-
sion tree model are shown in Fig. 7. The regression treglrological state of the Padevatershed responsible for nitrate
model successfully predicts low to medium nitrate concen-flushing.
tration (1 mg/I-N to 4 mg/I-N). The accuracy of the model The values of the avggF10.°C and avg14=11.6C are
prediction decreases with an increase in the streamwater nfrom the biogeochemical point of view much more interest-
trate concentration. The regression tree model RT125 withing. Temperature together with soil moisture conditions sig-
10leaves is not adaptable enough to be able to more accuwificantly affects the mineralization and nitrification rates in
rately predict high streamwater nitrate concentrations (abovdorest soils (Arheimer et al., 1996; Andersson and Lepisto,
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Table 2. Generated linear regression equations included into the leaves of the regression tree model RT125.

Linear regression equations

LM1: NO3 = + 0.0008x Psumpsp + 0.0006x Psumygh + 0.0017x APIg + 0.0017x APly4 — 0.0008 x avgTs +

0.0095x avgT;y + 0.0017x avgTi4 + 1.7664

LM2: NO3z =+ 0.0008x Psump4p + 0.0006x Psumygp + 0.0017x APIs + 0.0017x APly4 — 0.0008x avgrs +

0.0095x avgT; + 0.0008x avgTi4 + 1.9596

LM3: NO3 = —0.0014x Psumaop+ 0.0008x Psunpsp + 0.0006x Psumygp+ 0.0017x APIg + 0.0017x APly4 —

0.0008 * avgh+ 0.0095x avgT; — 0.0029x avgTi4 + 1.6483

LM4: NO3 = 0.0016x Psumaop + 0.0008x Psumpgp + 0.0025x Psumgp + 0.0017x APIl5 + 0.0071x APl14 —

0.0006x avgTz — 0.008x avgT; — 0.0073x avgTyi4 + 2.1905

LM5: NO3 = 0.0016x Psumayp + 0.0008x Psumpsp + 0.0025x Psumygp + 0.0017x APIg + 0.0071x APly4 —

0.0006x avgTz — 0.0068x avgT; — 0.0073x avgTy4 + 1.6814

LM6: NO3 = 0.0016x Psumaop + 0.0008x Psumgp + 0.0025x Psumygp + 0.0017x API5 + 0.0082x APIl14 —

0.0006x avgTs + 0.0082x avgT; — 0.0073x avgTy4 + 2.3035

LM7: NO3 = 0.0016x Psumaop + 0.0008x Psumpgp + 0.0072x Psumygp + 0.0017x APIl5 + 0.0068x APl14 —

0.0006x avgTz + 0.014x avgTy — 0.0073x avgTi4 + 2.889

LM8: NO3 =0.2417x EW + 0.0004x Psumop+ 0.0067x Psunpspn+ 0.0181x APIs — 0.0129x APIlq4 + 0.2743
x avgTy + 0.0013x avgTz + 0.0076x avgT; — 0.0277x avgTy4 + 0.4859

LM9: NO3 =0.2417x EW + 0.0004x Psumop+ 0.0067x Psumpgp+ 0.0181x APIg — 0.0129x APIlq4 + 0.168x

avgT; + 0.0013x avgTsz + 0.0076x avgT; — 0.0277x avgTi4 + 6.7974

LM10: NO3 = 4.4079x EW + 0.0004x Psumyp+ 0.0183x Psumsp — 0.0203x APIg + 0.0587x APl14 + 0.007
x avgTy + 0.0013x avgTz + 0.0076x avgTy + 0.1929x avgTi4 — 2.5505
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Fig. 6. Split of the dataset into four branches according to the conditions imposed on the first two split levels of the regression tree RT125.

1998; Knoepp and Swank, 2002). Whereas maximum min-covered by branches Nos. 2 and 4. For further interpretation

eralization is reported for the forest soil temperature rangeadditional vegetation characteristics and detailed description

between 20 and 2& (Nicolardot et al., 1994), the miner- of seasonal changes in soil characteristics would have to be
alization becomes strongly inhibited at temperatures belowconsidered. However, as in our case, such information is usu-

10°C (Knoepp and Swank, 2002). Presuming that air temperally not available, also in the mechanistic approaches these
atures indirectly represent the temperature of the forest soilsgharacteristics are addressed differently. This is also beyond
the values of avg3>10.1°C and avgTs4>11.6°C, used for  the mainly hydrological framework of the study.

splitting in the regression tree model, define the periods of

more effective mineralization, nitrification and nitrate accu-  Figure 8 shows the temporal performance of the regres-

mulation in forest floors, which is in the periods of changed Sion tree model predicting streamwater nitrate concentrations

hydrological conditions available for hydrological mobiliza- against the measured streamwater nitrate concentrations dur-

tion. In Fig. 6 these conditions correspond to the periodsing the observed hydrographs. The errors indicate the dif-
ference between the modelled and measured streamwater
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nitrate concentrations. The regression tree model success 14
fully predicts the streamwater nitrate concentrations during 131
spring and summer hydrographs, when the error rarely ex- 12 RP=0.83
ceeds 2mg/I-N. "

During the November hydrograph the concentrations of _ ™1
the nitrate were extremely high if compared to other observed 2
hydrographs. Increased exports of the nitrate from forested g
watersheds are known to occur during seasonal transitions§
as a consequence of changed biochemical and hydrologi-
cal conditions (Likens and Boremann, 1995). The high ni-
trate concentrations during the November hydrograph could
be assigned to the extremely warm autumn period in 2006
(average daily air temperatures generally arourfiC}&mnd
absence of substantial rainfall in the early autumn period e
(September, October and first half of November), the biogeo- o 1 2 3 4 5 6 7 8 9 10 1 12 13 1
chemical and hydrological conditions being favourable for Nitrate measured [mgl-\]

accumulation of nitrate in forest soils. Additionally, the veg- _. . . .

. . . . . Fig. 7. Measured streamwater nitrate concentrations vs. predicted
etation nitrogen uptake is strongly reduced in autumn (L|kensstreamwater nitrate concentrations
and Boremann, 1995; Beachtold et al., 2003). The streamwa- ’
ter nitrate concentrations are not satisfactorily described by
the regression tree model during the November hydrograpls Conclusions
as the error exceeds 4 mg/I-N. The changes in the nitrate con-
centrations occurred abruptly, therefore the regression treRegression trees proved to be a powerful and useful data
model generated using the 125instances in the leaf pruningnining tool in extracting additional knowledge from a given
criteria is not able to consider more accurately the extremealatabase, which helps to review and improve the existent do-
streamwater nitrate concentration changes during a singlenain knowledge about the mutual seasonal and hydrological
November hydrological event. In order to enable the regrescontrols of the streamwater nitrate pulses. Based on an ex-
sion tree to become more adaptive to the streamwater nitrateensive enlistment of attributes, which were expected to de-
concentrations during the November hydrological and bio-scribe a general hydrological and seasonal biogeochemical
geochemical setting the pruning factor could be reduced framework of the forested watershed on the temporal scale of
smaller number of instances in the leaves. This would re-more than 50 days of hourly attribute collection, the regres-
sult both, in the increased complexity of the regression treesion tree generating algorithm successfully described com-
model (Fig. 3) and slightly increased performance (Fig. 4),plex streamwater nitrate concentration responses while en-
however such action usually leads to the increased risk ofbling the conceptual explanation of the resulting regression
overfitting the algorithm to the extreme situations such as thdree structure. The regression tree model recognized the hy-
one that occurred in November. Furthermore, the dataset indrological and seasonal patterns which lead the forested wa-
cluded only one such extreme situation, therefore, to improvaershed from the states of being nitrate source limited (early
the regression tree algorithm performance, the dataset shoukpring hydrographs in March and April), in excess of hydro-
be extended with more autumn and winter hydrological eventogical mobilizing mechanisms, to the states when the avail-
observations, as it is the case in spring and summer rainfaldbility of the hydrological mechanisms was exceeded by the
events. size of the accumulated nitrate in the forested watershed (late

The data about the discharg@ and temperature of spring, summer hydrographs and especially the autumn hy-
streamwateW were not found to be important for the re- drograph). The regression tree model RT125 was obtained
gression tree algorithm; the discharge is considered indiby automatic recognition of the associations between the at-
rectly through the event water contribution to the total dis- tributes included into the dataset. The resulting model for the
charge EW) in linear regression equations Nos. 8 to 10, prediction of the streamwater nitrate concentration responses
which can be found under branches 3 and 4. These twas derived from the data about the preceding hydrological and
branches cover the part of the dataset which can be chaseasonal biogeochemical states of the forested watershed and
acterized as hydrologically moist periods (RL7.9mm) s, by definition, empirical. However, the model structure can
when the event water contribution to the total discharge carbe explained by the domain knowledge of the modelled pro-
be substantial. It can be seen from the dataset (Fig. 2b) thatess, furthermore, the model structural transparency can be
beside some general positive relation between the dischargased to improve the conceptual understanding of the process
and streamwater nitrate concentration, similar hydrograph$rom the event-based temporal point of view.
in the sense of the discharge peaks cause various nitrate con- The possible limitations of the regression tree applications
centration responses. were also evident. Due to the extreme and fast streamwater
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Fig. 8. Temporal performance of the regression tree model predictions.
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