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Abstract. The surrounding landscape of a stream has cru-also had a significant influence but with weaker correlations.
cial impacts on the aquatic environment. This study picturesFor our case study we conclude that the fractions of coarse
the hydro-biogeochemical situation of the Tyrebaekken creekextured and organic soils have a major influence on N and
catchment in central Jutland, Denmark. The intensively manDOC export in this intensively used landscape. Meanwhile,
aged agricultural landscape is dominated by rotational cropthe contribution of DON to the total N losses was substantial.
lands. The small catchment mainly consist of sandy soil types
besides organic soils along the streams. The aim of the study

was to characterise the relative influence of soil type and

land use on stream water quality. Nine snapshot samplind Introduction

campaigns were undertaken during the growing season of

2009. Total dissolved nitrogen (TDN), nitrate (I§f) am-  Agricultural land use has been found responsible for ma-
monium nitrogen and dissolved organic carbon (DOC) con-jor nutrient losses from land to river systems and estuar-
centrations were measured, and dissolved organic nitrogeies worldwide (Vitousek et al., 1997). Nitrate (NQis de-
(DON) was calculated for each grabbed sample. Electricabcribed as the main source of nitrogen (N) losses from culti-
conductivity, pH and flow velocity were measured during vated land, because it is the mostimportant growth regulating
sampling. Statistical analyses showed significant differencegutrient and is often applied in excess to guarantee optimal
between the northern, southern and converged stream parts;op yields (van Kessel et al., 2009; Martin et al., 2004; Ran-
especially for NQ concentrations with average values be- dall and Mulla, 2001; Ruiz et al., 2002a; Steenvoorden et al.,
tween 1.4 mg N1t and 9.6 mg NtL. Furthermore, through-  2002). The amount of ND leaching into water bodies de-
out the sampling period DON concentrations increased tdPends on dry and wet climatic cycles (Randall, 1998). During
2.8mg N1 in the northern stream contributing up to 81 % dry periods N@Q accumulates in soils before being released
to TDN. Multiple-linear regression analyses performed be-under wet conditions, even after many years (Randall and
tween chemical data and landscape characteristics showédulla, 2001). More generally, N losses naturally show a large
a significant negative influence of organic soils on instreamspatial and temporal variability with minimum losses occur-
N concentrations and corresponding losses in spite of theifing in summer as a result of biological uptake (Edwards et
overall minor share of the agricultural land (12.9%). On al., 1985). For example, Vagstad et al. (2004) described N
the other hand, organic soil frequency was positively corre-losses ranging from 5 to 75kghayr—? in different Baltic

lated to the corresponding DOC concentrations. Cropland$€gions, with the highest losses corresponding to cropland on
sandy soils. Indeed, soil physicochemical properties such as
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texture or organic content play an important role on N losses2 Materials and methods
Recently, researchers have put more emphasis on studying
the contribution of dissolved organic nitrogen (DON) to the 2.1  Study area
N balance of landscapes (Mattson et al., 2009; Cooper et al.,
2007; Ghani et al., 2007; van Kessel et al., 2009; Neff et al.,The study site is located south of Bjerringbro in central
2003, 2002). Hedin et al. (1995) found that organic N repre-Jutland, Denmark. Two streams run through the investi-
sents a large part of the total N losses from forest ecosystemsgjated area from the east towards north-west (Fig. 1; Hutch-
which was also described in other studies (van Breemenings et al., 2004). They converge to form the Tyrebaekken
2002; Cooper et al., 2007; van Kessel et al., 2009; Neff etstream that ultimately reaches the GuaeRiver approxi-
al., 2003, 2002). It was also found that DON can be used asnately 3 km downstream of the studied area. The total catch-
N source by many plant speciesgdholm et al., 2009) and ment area is 842.7 ha and outlet coordinates a*t8%864" N
therefore could also play a substantial role in N flows of agri-and $6509” E. According to the available 22m DEM
cultural systems. digitised for the NitroEurope project (Dalgaard et al., 2012;
Cooper et al. (2007) pointed out that the release of DONHansen, 2004), elevation ranges from 25 to 58 ma.s.l. and
(and DOC) is “strongly influenced by a wide range of hydro- topography is gentle with a mean slope of 3.7 %, although
meteorological factors”. As DON includes labile and recal- local maximum reaches 21.4 %. The mean annual rainfall in
citrant compounds (Neff et al., 2003) and has different retenthe area is about 712 mm with a corresponding mean evapo-
tion times in soil and water, corresponding losses can subtranspiration of 555 mm per year. Mean annual temperature
stantially vary between different watersheds. Therefore, therdés 7.7°C (Plantelnfo, 2011).
is a need to better understand the fundamental role of DON As presented in Fig. 1, three river parts were analysed: the
in agricultural systems (Ghani et al., 2007; van Kessel et al.northern branch (sampling points 1 to 6), the southern branch
2009) and in the global N cycle (see review by Durand et al.,(points 11 to 20) and the downstream converged part (points
2011), including its preferential flow pathways and biologi- 21 to 24). As summarised in Table 1 and depicted in Fig. 1,
cal degradation mechanisms (Perakis, 2002). land use is dominated by 90 % of intensive farming, primar-
In this study, we focused on the N and carbon (C) fluxesily arable cropland in rotation (70 %). Pasture is the second
in the Tyrebaekken stream (Denmark) and the influence ofmost frequent land cover (20 %), totally dominating the land
land use and soil properties on stream chemistry. Agricul-use along the stream (Cellier et al., 2011). The average fer-
ture represents a large sector of Danish economy due ttilisation in the area is 80 kg N ha yr~1 in the form of live-
a suitable climate and relatively good soils. Manure is thestock manure (equal amounts of pig and cattle slurry), and
main fertiliser source for agricultural production (Dalgaard 74 kg N hayr—1 in the form of synthetic fertilisers with a
et al., 2011b) and represents more than 80 % of the N sourcenodelled average NDleaching equal to 58 kg N hayr—1
in Danish streams, lakes and coastal waters (Kronvang etDalgaard et al., 2011a), correlating to the typical cropping
al., 2005, 2008; National Environmental Research Instituteand management practices in this part of Denmark (moraine
2006). We investigated the fractions of dissolved inorganicplateaus with arable land dominated by winter wheat cere-
nitrogen (DIN) and DON within total dissolved nitrogen als, and with permanent grassland on the lowland organic
(TDN) concentrations and fluxes in the stream water, respecsoils; Dalgaard et al., 2012;d et al., 2002). According
tively. As DON is linked to DOC by often sharing the same to Dalgaard et al. (2012) atmospheric N deposition for the
origin of organic matter, DOC values were also studied. TheBjerringbro area derived from EMEP (2012) was around
main concern of this investigation concentrated on answering.2 kg ha 1 yr—, adding another 8 % of total N input, which
two questions: does not significantly change the overall N budget. The four
dominant soil textures are coarse sandy clay (27 %), coarse
1. What is the relative influence on stream chemistry of clayey sand (26 %), fine clayey sand (24 %) and 13 % with
land use and soil properties? soil organic matter predominant (Table 1). As illustrated in
Fig. 2 (Dalgaard et al., 2002), organic soils are mostly found
2. How big is the contribution of DON to TDN losses from near streams. The northern part is dominated by coarse and
agriculture-dominated land? fine clayey sands whilst coarse sandy clay dominates the
southern part (Fig. 2).
In order to unravel the impact of soil properties and land use
on in-stream chemistry, measurements of different C and N2.2 Sample collection and analyses
solutes with a high spatial and temporal resolution are re-
quired. Furthermore, to get a general overview on seasona total of nine snapshot sampling campaigns (Grayson et
trends in effects of nutrient export, flushing rainfall events al., 1997) were carried out in 2009. Sampling periods cor-
need to be excluded. Therefore, in our study we performedesponded to stable flow conditions in April (20th, 24th
“snapshot” sampling campaigns during stable flow condi-and 27th), August (4th, 11th, 13th), and September (10th,
tions (Grayson et al., 1997). 17th and 25th). Twenty different locations at an approximate
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Fig. 1. Land use distribution over the Bjerringbro study area Fig. 2. Soil type distribution over the Bjerringbro study area with
with stream network, delineated subcatchments and selected sargtream network, delineated subcatchments and selected sampling
pling site numbers along the stream (digitized for the NitroEuropesite numbers along the stream (based on the soil type map from
project; Dalgaard et al., 2012). Dalgaard et al., 2002).

) . measurements) or just above 0.05mg ! in 93 % of mea-
spacing of 200 m along the stream were sampled during eaclé‘urements), DIN was assumed to be equivalent tg; NO
cgmpaign (Fig. 3). Furthermore, six draiffy that discharge concentrations. Specific loads [gHad—1] of NO3-N, DON
directly into the southern stream were gnalysed as We"_a%md DOC were calculated by multiplying concentrations with
two n_earby groundwater wells (G\.N) (Fig. 3). Geograp_h|c daily specific discharge. They refer to yields (loads, or the
coordinates of the sampled waypoints were captured with ass of nutrient exported) per unit of area and allow com-

global positioning system (Garmin eTrex) and imported into aring losses from catchments of different size
a geographic information system (ArcGIS 9.3). The 2m paring '

DEM from the Bjerringbro area was used to delineate and2 3 Statistical analysis
calculate the upstream contributing area corresponding to

each sampled point (Fig. 3). The sampling protocol includedyy, getermine significant spatial and temporal differences of
measuring in-stream flow velocity with an electromagnetic ¢ 4nq N solutes, t-tests between different stream sections and
flow meter (FloMate 2000, Marsh McBirney, Frederick, US) gampling periods at a 5% level were carried out. Further-
and electric conductivity (EC) with a portable instrument .\, pearson correlation coefficients were calculated be-
(pH/cond 340i, WTW, Weilheim, Germany)_. Dischar@e  veen the three components (J@, DON, DOC) for con-
[Is~*] was computed based on stream velocity and the Crossgenrations and specific loads to check for inter-dependence
sectional area of the stream bed. Triplicates of grabbed wags 5| te dynamics.
ter samples were filled in 100 ml low-density polyethylene- 14 jhyestigate the influence of land use and soils on stream
bottles at each waypoint on each sampling day. One bottlghemistry, multivariate regression analyses were made with
was stored cold for immediate analyses whilst two bottlesyo «yackwards” method using SPSS 15.0.1 (2006) (Job-
were frozen for later analyses at the laboratory of the Justusgon, 1991), defining measured stream chemistry at each way-
Liebig-Universitt, Giefsen. _point as dependent variables. The independent variables were
_Samples were filtered and analysed at Aarhus Univeryne greq fraction of contributing area covered by cropland,
sity within 24h. NQ; and ammonium (Ngi) concentra- e portions covered by coarse clayey sandy soils and por-
tions were measured with a field photometer(Spectro&ant tion covered and by organic soils, two GIS-derived land-
Multy, Merck, Darmstadt, Germany) and converted to corre-scape characteristics (mean slope and mean topographic wet-
sponding N@-N and NH; -N concentrations. pH was mea- ness index (TWI) of each sub-basin) and the sampling pe-
sured with the same portable instrument as EC. Samples thaiod (April, August, September). TWI (Wilson and Gallant,
were stored frozen were later filtered with a 0.45 um filter and2000) is a measure of topographic control on hydrological
analysed for DOC and TDN with a liquiTOC analyser (Ele- processes that considers the local upslope catchment area
mentar Analysensysteme GmbH, Hanau, Germany) based aand its slope. It was calculated with the spatial analyst tool-
high temperature oxidation. box of ArcGIS 9.3 as TWI=Ifpdg/tang), with Ag being
DON was finally computed as the difference betweenthe specific catchment area agdthe slope gradient. We
TDN and DIN. Because measured [iidoncentrations were only report coefficient of determinationg£?) and standard-
often under the detection limit of 0.02mgH (63% of ised beta coefficients as we focus on the relative importance
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Table 1. Upstream area with related land use and soil type in the top layer calculated with ArcGIS. Point numbers correspond to Figs. 1, 2
and 3.

Poi Upstream Cropland Pasture  Forest Wetland Coarse Coarse Fine dOrganic
oint area [%] [%] (%] [%] clayey sand sandyclay clayey san [%]
[ha] [%6] (%] [%]
01 153.0 72.0 14.1 1.9 0.1 59.7 8.1 18.6 6.4
06 227.1 66.5 21.6 1.3 0.2 40.2 55 41.1 7.2
11 263.2 68.3 20.0 1.7 1.1 35.9 22.0 13.1 27.5
20 559.2 72.3 19.5 1.0 0.6 22.8 36.6 12.5 15.9
21 809.0 70.9 19.7 1.0 0.4 27.0 28.2 21.7 13.0
24 842.7 70.0 20.3 1.3 0.4 26.0 27.4 23.9 12.9
3 Results

Precipitation during the sampling period varied within the
span of long-term trends. Whilst April was substantially drier
than usual with only 11 mmH71 %) precipitation instead of

a long-term monthly mean of 38 mm, July and August saw
more rainfall than usual with 90 mm+40 %) and 82 mm
(+28 %), respectively, in relation to a mean of 64 mm for
both months. September was drier than usual with 45mm
(—33 %) instead of its monthly mean of 67 mm.

Legens Elevaion Measured EC and pH are presented in Table 2. Mean EC
; ;VZ‘."I ' ranged from 351 to 418 uS cth and mean pH values from
—2:}::|I e 7.2 to 7.7 in accordance with typically observed values in
CoEmemo Danish streams (National Environmental Research Institute,
2006).

Fig. 3. Elevation model (% 2m, based on the airborne laser- ) .
scanning by Hansen, 2004) with locations of sampling points along Discharge of up to 10.018 in the northern stream was
the three stream sections with corresponding subcatchments. NdOw in comparison to the southern branch. The discharge
meric labels indicate the number of the sampling point. from the source of the southern stream towards the catchment
outlet (including the converged part) increased from 21 1s
to 25.41s 1 for the southern stream part and from 16.81s
of independent variables rather than predicting dependenfo 37.61s1 for the converged part. Mean runoff during the
variables. To exclude multicollinearity and autocorrelation sampling period is given in Table 2 for all three stream sec-
of residuals, both tolerance and Durbin-Watson coefficientsjons.
were checked. Multicollinearity can be expected with a tol-  As shown in Fig. 4a, NQ-N concentrations ranged from
erance value smaller than 0.1 (Jobson, 1991). None of th@ 4 to 11.3 mg Nt for all three stream sections. Meanwhile,
regression coefficients had tolerance values below this levelpoN concentrations (Fig. 4c) showed the highest values in
For the Durbin-Watson coefficient, values below 1 or abovethe northern stream betweer0.01 and 4.3 mg N1t. On the
3 point to strong autocorrelation. Durbin-Watson coefficientscontrary, DOC concentrations (Fig. 4€) were lowest in the
of all regression analyses varied between 1 and 1.5, indinorthern part with concentrations from 5.9 to 11.5mg €|
cating a moderate positive autocorrelation of residuals. This Figyre 4b, d and f show the corresponding loads of the
is often observed when time series are analysed. In partiCthree stream solutes. The northern branch detected highest
ular, snapshot sampling is very sensitive to autocorrelationggds of NG -N with up to 48.5 g N ha' d—* as well as high-
as waypoints are located in vicinity to each other and CON-ost DON loads of up to 16.0g N had—1. Along with ob-
centrations measured upstream are likely to impact condigereq pOC concentrations, loads were higher in the south-
tions downstream. However, as we used the regression analys, stream with up to 59.1g Chhd-1.
ses for identifying relevant independent variables rather than  qyictinct differences in concentrations between stream sec-
predicting dependent variables, we assume to observe the bggns could be observed from the measurements. As shown in
sic conditions of regression analyses. Fig. 4a, the northern part always showed significantly higher
NO3 -N concentrations than the other streams. Furthermore,
the same stream section also depicted higher DON concen-
trations than the two other ones in August and September.
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Table 2. Mean values of pH, EC and discharge)(for April, August and September for the northern stream, southern stream and after
convergence.

pH[-] EC[uScntl] olis™h
April  August  September April  August September April  August  September
Northern part ~ 7.3X  7.2X 7.3X 3512% 407X 405X 58X 60X 5.3X
Southern part ~ 7&%  7.40Y 7.42.bX 402 418X 408>y 14.2Y  10.00Y  10.72bY
Converged part 73  7.6%7 7.60Y 3672XY  40RX 4132 31937 20.PZ 26.52

ab.Cindicate significant differences between April, August and September measurefiehitsdicate significant differences between northern part, southern part and
converged part.

Regarding DOC concentrations, significantly higher val- concentrations loads

ues were measured in the southern stream for all three 15 50

months. In the northern stream, the high N® concen- -2 %é% e e é;] TR
trations remained stable throughout the complete samplingNO,-N = | %,

period, whereas DON concentrations increased significantly £ - Tt o DBee
between April and September (Fig. 4c). Similarly, DOC con- S T A ¥ 0 e S R
centrations were significantly lower in April than in August <b ] ol tE e ame g ]

S F N W e NS W oo e
o
o

and September. o 120
Considering losses, DON loads were significantly lower DON 23 é 12 Ll]
in April than in August and September, whereas)N® and L. éé' é-%ﬁ “ : I éﬁﬂ
DOC loads remained stable in the northern part over the ob- — " o—————
servation periods. ~20 %I €11 D é é M3
In the southern stream section, the N@® concentra- DOC E'E;I; S %% éﬁé | zzi ééé %%1 ,l][% ]
tions were significantly higher in April in comparison to the = @ { 22 b :
latter sampling periods. DON concentrations and losses in o Sosth Corveraed o Coersed

this stream section increased significantly between April and
the end of summer. DOC concentrations were significantlyFi9- 4-Boxplots of measured NO-N (aandb), DON (c andd) and
higher in September than in April and August. Furthermore DOC (e andf) concentrations and loads for the northern, southern

— o . . . . _and converged part. Each group of three boxes corresponds to val-
NO3 N loads were significantly higher in April than in Au ues measured in April, August and September, respectively. Mark-

gust and September. Significant differences in DOC Ioadsers indicate quartiles. In cases where most of the measured values

were found for all three months in the southern part.  yere under detection limits, remaining single values are shown with
The converged stream part showed significantly risingcrosses. Letters a, b and ¢ above markers indicate significant differ-
NO3 -N loads from August to September. Furthermore DOC ences between the mean values of April, August and September,

loads declined significantly from April to August, whereas whereas letters x, y and z denote significant differences between
no significant differences were found between August andhe three stream branches referring to one sampling period. Colours
September. All measured concentrations and DON load#ndicate the compared groups of either date or stream section.
showed no significant differences between the three sampling

periods. showed positive correlations, indicated by standardized beta

The drains sampled were all located in the southern subggefficients of—0.55 and—0.57 for organic soils and 0.48
catchment, as in the northern sections no such drains coulgdnd 0.45 for coarse clayey sand, respectively (Table 3). For
be found. NQ-N concentrations in April £ 2mgNFY)  poN we found positive correlations with both the sampling
were higher than in August(0.5mgN 1) and declined  date and the portion of contributing area covered by sandy
in September to concentrations around 1.5 mgNFig. 6).  soils. The sampling period had the most significant influence
Groundwater well concentrations were in the range of drainson DON concentrations and loads with beta coefficients of
Meanwhile, DON and DOC showed neither significant tem-0.47 and 0.38, respectively. DOC concentrations showed a
poral nor spatial differences throughout the sampling peri-positive correlation with organic soils while DOC loads pos-
ods, apart from single drains peaking in concentration duringtively correlated with arable cropland. The distribution of
the third snapshot sampling in April and the first one in Au- organic soils seemed to have the most important influence on
gust. Multivariate regression analyses demonstrated a signifoOC concentrations as illustrated by a high beta coefficient
icant influence of organic and sandy soils on stream chemof 0.70. The two topographical indicators (mean TWI and
istry. NO; -N concentrations and loads are negatively corre-mean slope) had the lowest beta values, probably due to the
lated with the occurrence of organic soils, while sandy soilsuniformly gentle topography.

www.biogeosciences.net/9/4513/2012/ Biogeosciences, 9, 4825-2012
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Table 3. CorrectedR? and standardized beta coefficients of multivariate regression analyses (n.s. = not significant, TWI =topographic wet-
ness index).

Soil Land use

corregti d (OrgS;rlllic) (Coarse (Arable Discharge Sa?g;gg Slope TWI
clayey sand) Cropland)

NO3-N 0.98 -0.55 0.48 —-0.18 -0.07 —0.05 n.s. —0.02
[mgNI~1]
DON 0.47 -0.24 0.25 -0.17 n.s. 0.47 n.s. n.s.
[mgNI~1]
DOC 0.68 0.70 n.s. n.s. 0.29 0.17-0.28 n.s.
[mgNI~1]
NO3-N 0.87 —0.57 0.45 n.s. n.s. —0.22 0.15 -0.08
[gNha1d1
DON 0.42 —-0.25 0.37 n.s. n.s. 0.38 n.s. n.s.
[gNha1d-14
DOC 0.25 n.s. —-0.18 0.36 n.s. —-0.18 n.s. n.s.
[gNha1d—1

Furthermore, correlation coefficients were calculated forfrom agricultural soils and headwater quality. Consequently,
concentrations and loads to determine relations between thi leaching is affected by past land use and management prac-
three solutes. We found NON and DON to exhibit a rel-  tices (Hansen et al., 2011, 2012), which varied a lot in this
ative strong correlation with respect to concentrations andarea during the past 300 yr (Caspersen and Fritzbgger, 2002),
loads with coefficients of 0.47 and 0.57, respectively. On thebut a further study of this aspect was out the scope of the
other hand, DON and DOC were poorly correlated with cor- present study. Furthermore, the N@tored in soils can be
responding coefficients 6f0.17 and 0.06 for concentrations released into sub-surface and groundwater after some time.
and loads, respectively. Whilst concentrations of DOC andNutrients are mobilised by mineralisation processes during
NO; -N depicted the highest correlation 0.76, this rela-  the growing season when high rates of microbial activity are
tion was not evident for loads0.05). observed (Bhlke and Denver, 1995; dlke, 2002; Schn-

abel et al., 1993). ND leached to shallow groundwater may
be steadily released through time periods of a year or more

4 Discussion (Martin et al., 2004; Manat et al., 2002; Ruiz et al., 2002b).
As shown by Schiff et al. (2002), NDconcentrations can be
4.1 Nitrate traced back to groundwater charges and might give a correct

basis to explain the almost constant NO®I concentrations

In the Danish stream Tyrebaekken, water analyses showed @easured at sampling point 1 over the whole sampling pe-
quite heterogeneous distribution of [JEN concentrations  riod.

and fluxes between the three stream sections. In the northern Meanwhile, C concentrations measured in the southern
part, they were significantly higher than in the southern partpart were significantly lower in August and September than
even though the land use distribution according to Table 1in April. This was also seen in the concentrations of the
apparently did not vary much. On average N@® concen-  drainage outlets found in the southern subcatchment. The
trations measured in the southern part represented about 15 f4ck of rainfall in April may have led to a concentration
of the concentrations measured on the same day in the nortieffect (Poor and McDonnell, 2007) as concentrations mea-
ern part. However, as mentioned in Sect. 2.1, detailed inforsured during wetter periods of August and September were
mation about site-specific management practices (Dalgaargimost two times lower (Fig. 4). In the described study area,
etal., 2012; Cellier et al., 2011) showed relatively larger ar-Schelde et al. (2012) measured nitrous oxide@Nemis-

eas with extensive grazing (and thereby lower N fertiliser andsjons during the study period 2007 to 2009Nemissions
manure input) in the northern part, which also included morewere found to be higher during periods with moist soil, sug-
wet meadows compared to the more steep terrain along thgesting higher denitrification rates and therefore lower input
southern stream branch. Despite this, highegN®concen-  rates of NG with the water draining through soil and into
trations were exhibited in the northern branch during summeisiream water. An intensive field campaign was carried out in
2009. As pointed out in many studiesdfke and Denver,  April 2009 when NO emissions were found to be relatively

1995; Ruiz et al., 2002a; Worrall and Burt, 2001), soils arejow due to dry weather conditions (Schelde et al., 2012)
able to store N, leading to poor correlations between N losses

Biogeosciences, 9, 4518525 2012 www.biogeosciences.net/9/4513/2012/
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leading to the assumption that denitrification rates were lowet al. (2004), who also discuss the potential effect of clean
in April. Low denitrification rates in spring 2009 might ex- groundwater from buried valleys, which may affect the ]NO
plain higher N@Q concentrations in the southern stream dur- concentration in the stream, but no systematic difference be-
ing August and September 2009. Nevertheless, along withween the northern and the southern branch of Tyrebaekken
the general shallow groundwater table depth of 0.4 m ob-was found. Furthermore, according to Randall (1998);NO
served by Schelde et al. (2012), denitrification is likely to losses are also greatly affected by dry and wet climatic cy-
play a dominating factor for N losses in the area. cles. This might explain the low influence of land use and the
Regression analyses showed that]N® concentrations  higher influence of soil properties on N@oncentrations in
and loads significantly depended on soil properties. Organiour study.
soils in the upstream area obtained beta coefficiert0055
for all three months despite their low proportion of the study 4.2 Dissolved organic nitrogen (DON)
area. As summarized in Table 1, there are more organic soils
in the contributing area of the southern catchment than inDON was found to be an important part of dissolved N
the northern catchment. These soil properties imply a partialosses from soils, with concentrations as well as loads in-
immobilization of NG; (Randall and Mulla, 2001; Schiff et ~ creasing through the sampling period. Statistical analyses de-
al., 2002) and therefore lower concentrations in stream warsived significant differences between the northern and south-
ter. In the same area with organic soils along the southerrern stream part for August and September (Fig. 4). Multiple
branch, Schelde et al. (2012) observed that ammonia wastudies have shown that DON accounts for a significant frac-
more abundant than NQin the organic soils, and they found tion of N losses to streams of pristine or forested catchments
emissions of nitrous oxide to be relatively low at the riparian (Campbell et al., 2000; Hedin et al., 1995; Lajtha et al., 1995;
organic soils. On the other hand, high positive correlationsNeff et al., 2003). Mean April concentrations for the north-
(0.87) between NQ-N concentrations and soil properties ern and southern stream part were 0.1 migwith 85 % of
were observed for coarse clayey sand that is predominant ithem being less than 0.01 mgl (Fig. 4). As DON drains
the northern branch contributing area. The sandy nature imthrough soils, the duration and amount of drainage water are
plies a faster drainage of water and nutrients through the soiimportant factors and DON losses depend on rainfall events
and a better aeration that favours mineralization and slowgHedin et al., 1995). Even if there is much DON found in the
down denitrification (Scheffer and Schachtschabel, 2002)soil, the driving factor that transports the nutrient to surface
Therefore, and in correspondence with earlier Danish studwater may be missing (Hedin et al., 1995; van Kessel et al.,
ies (Kronvang et al., 2008; Hansen et al., 2012), sandy soil2009). The total precipitation in the Bjerringbro area in April
may be the explanation for the higher Nl@oncentrations in  was very low, which may explain the low DON values during

the northern stream water. this period.
According to the statistical analyses, arable cropland (i.e. In the review of van Kessel et al. (2009), it was found that
excl. grasslands) had a low influence (betaG-19) on NQ - the average loss of DON in diverse agricultural systems with

N concentrations and loads. There was a very similar distri-mostly light textured soils accounts for 26 % of total soluble
bution of land use over the respective contributing areas olN (mostly NG; and DON). We found average contributions
the different sampled points. This might be the reason whyof 1.2 to 41.2 % in the various study periods and an overall
regression analyses did not assign a higher influence to cropverage of 17 % of DON to TDN throughout the entire study
land. Usually, rivers that flow through agricultural land trans- (Fig. 5). This is somewhat lower than the typical contribu-
port much greater NDloads in comparison to rivers flowing tion of DON to TDN in more pristine freshwater ecosystems
through forested land (Randall and Mulla, 2001). This con-(Willett et al., 2004). Goodale et al. (2000) found an aver-
tributes to the idea that agricultural practices have the greatage of 54 % of DON in total N exports in forested landscapes
est impact on NQ losses. However, according to Keeney with corresponding mean DON losses of 0.7 kgher—1.
and Deluca (1993) the fertilizer N addition is not the impor- Willett et al. (2004) described a contribution of 4® % of
tant N contributor to streams. The major part of NGup- DON to total N in soil solution of Histosols and Spodosols
plies rather arises from agricultural practices that enhancedotably under grazed grassland and forested land in Wales
mineralization, leading to soluble N that can be rapidly trans-and Scotland. Besides, Mattsson et al. (2009) found an aver-
ported to the aquatic environment through tile drains. Theseging proportion of organic N of 21 % in Danish catchments
practices lead to higher losses of N@n agricultural dom-  that were dominated by agricultural land. The study points
inated areas. Maybe the higher N@oncentrations in the out a mean DON concentration of 1.1mgN! Siemens
northern part can be explained by tile drains from the moreand Kaupenjohann (2002) described median DON concen-
flat and thereby larger areas of drained agricultural uplandgrations of 0.4 to 2.3 mg Nt for leaching losses of an agri-
in this area, as compared to the southern part, but this coul@ultural site in northwestern Germany and concluded that
not be confirmed by the present study. A more elaboratedON contributes significantly to N losses from agricultural
discussion of the hydrology in the area can be found in Dahisoils. Considering these findings together with our results,
we conclude that DON can contribute substantially to the

www.biogeosciences.net/9/4513/2012/ Biogeosciences, 9, #825-2012



4520 T. Wohlfart et al.: Spatial distribution of soils determines export of nitrogen

April 2009 August 2009 September 2009 NO3'N concentrations
5 — 2 * 1 ‘ :'
/

>4

DON concentrations

Northern stream

Southern stream

: -¢- T14 —-A- T12B
shoi .A\ e -8~ T13C -v T12A |
: : Iy Y : i |- T13B == GW2

— 4F- . I/ A /:\. R - T13A — GW1 H
o : : : : : : : : :
= : R gt : : : : I ]
o : : : : : : : : :

. . . : :
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total N budget, even under highly intensive land use systems < 200 T
such as those of the Bjerringbro landscape. i I it S : :
DON exports in our study ranged from0.01ghald-1! il S S R S
to 16.0ghal d~! and were mostly in the range of observed .
values reported in other studies. However, little is known on  ® 202 222 2774 a/8 112 13/4 10/9 17/9 25/
the role of DON in the N cycle in agricultural soils (Murphy
et al., 2000) and flow path dynamics (Willett et al., 2004), Fig. 6. Measured N@-N, DON and DOC concentrations [mg}]
Therefore, the connection between the organic N pool in soifnalysed in drainsl) and groundwater wells (GW) during the nine
and the in-stream DON export is not well understood. Gener>"2P Sho_t samplings. The. given m_meerS ‘?f the drains ref(_er' o the
ally, DON does not vary as much as inorganic N with biolog- prewous.ln-stream samplln.g p0|n.t,.letter's indicate the posmon of
. .. . - each drain between two points (A: first, B: second, C: third).
ical activity, soil fertility, or season. Campbell et al. (2000)
and Goodale et al. (2000) found that DON actually varied
little throughout a year. This statement is not compatible
with the increasing values from April to September that we less to freshwater. It is difficult to estimate to what extent
observed. In fact, multivariate regression analyses pointedhese components contribute to surface water input, but they
out that sampling time had the highest influence on DONshould not be forgotten as a possible path for DON. That
concentrations and loads. Corresponding beta coefficients a6 why the ongoing rainfall in July (89.7 mm) and August
0.51 for DON concentrations and 0.55 for loads reflect the(81.8 mm) might have an influence on the DON concentra-
increasing values described above. Neff et al. (2002) pointedions and fluxes at our landscape. The significant contrast to
out that DON can enter ecosystems through precipitationthe drier month of April also highlights the importance of the
Different forms of DON are found in the atmosphere and sampling period, and heterogeneities in weather conditions,
have the potential to be washed out and flushed into soilsn the regression.
and water. Dust might also play an important role as well Regression analyses showed a significant influence of
as components emitted from surrounding agricultural fieldscoarse clayey sand on DON concentrations and loads. In gen-
(Neff et al., 2002). Wet N deposition can contain betweeneral, DON can be affected by biotic factors, like the pro-
25 and 50 % of DON, but direct inputs to freshwater ecosys-duction of organic matter, and abiotic factors, like soil tex-
tems are very low (Antia et al., 1991; McHale et al., 2000). ture that is responsible for sorption of organic components
Neff et al. (2002) also observed that the organic componentgNeff et al., 2000). On the other hand, DON losses did not
of N found in rain are often labile fractions and very reac- seem to be strongly linked to traditional biotic mechanisms
tive. Due to quick transformations, the reactive N compo-as described for inorganic N (Campbell et al., 2000; Hedin
nents in the atmosphere might therefore be more importanét al., 1995; Willett et al., 2004). Beta coefficients of 0.39
for local emissions (Neff et al., 2002) and hence contributeand 0.24 for concentrations and loads, respectively, may give

Converged stream
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an idea about the influence of soil texture on DON lossesdegradable organic matter that can be eventually released by
into streams. As shown in Fig. 4, DON and §I&N concen-  different physicochemical processes into streams (Kennedy
trations and loads were higher in the sand-dominated northet al., 1996). These observations coincide with the results of
ern stream part, consistent with previous studies (Neff et al.pur study where we find a higher proportion of organic soils
2003). For DON concentrations, similarly to IJEN, regres-  in the southern stream part along with higher DOC concen-
sion analyses assigned negative beta coefficient values fdrations and loads.

land use £0.17) and organic soils{0.24). Moreover, corre- Results indicated a significant influence of discharge on
lations between N©-N and DON concentrations and loads DOC concentrations, shown also in many other studies
link the behaviour of the two studied N components. (Cooper et al., 2007; Grieve, 1994; Hope et al., 1994; Worrall

et al., 2002). Cooper et al. (2007) and Worrall et al. (2002)
4.3 Dissolved organic carbon (DOC) described the importance of the amount of water flowing

through soils and its transit time for flushing C out of soils.

Similarly to the other chemical species studied, measuredoil properties can reduce the dissolution of C into surface
DOC concentrations and corresponding loads were signifiwaters through sorption on the one hand (Aitkenhead et al.,
cantly different between the stream sections. In contrast tdl999; Cooper et al., 2007; Kennedy et al., 1996), but a faster
NOj concentrations, DOC values were lower in the northerndrainage might limit the ability for adsorption on the other.
stream section. Concentrations increased from April to Au-Rewetting through rain and storm events seems to play an
gust in the northern stream section, whereas values rose sigmportant role on the release of carbon. During these events
nificantly in September in the southern one (Fig. 4). Thesequick discharge components such as surface and sub-surface
observations suggest an increasing trend during the growingunoff rapidly transport C laterally, reducing time for micro-
season, which was also observed by Dawson et al. (2002iological degradation in the upper soil horizons (Cooper et
and Aitkenhead et al. (1999). These studies reported inal., 2007) and releasing dissolved organic matter into stream
creasing concentrations in Scottish landscapes from June toater. We assume that the water input by precipitation that
November and from May to June, respectively. The earlyinfluences the in-stream runoff is a driving factor for DOC
autumn is considered to be the time of maximum DOC ex-exports to stream, thus explaining the observed correlation
port (Cooper et al., 2007; Grieve, 1984; Worrall et al., 2004). between DOC and discharge. Nevertheless, one has to care-
The rising trend can result from increasing soil temperaturefully consider the discharge data obtained with the handheld
and moisture which are driving factors for decomposition. flow meter and the uncertainty introduced by the evaluation
Moore (2003) measured DOC concentrations ranging fromof the cross-section in the transformation of velocity data to
10 to 30mgCt! in a boreal landscape with generally in- volumes.
creasing values throughout summer. Sand-Jensen and Ped-Interestingly, organic soils have opposite influences on in-
ersen (2005) reported DOC concentrations between 4.7 anstream concentrations of DOC and DON. With concentra-
18.3mgCt? in northern Zealand, Denmark, for different tions higher in the southern than in the northern stream, DOC
sites (agriculture, forest, urban). Mattson et al. (2009) foundconcentrations are positively correlated with the percentage
a mean DOC concentration of 7.2 mgIwhile considering  area corresponding to organic soils. Conversely, organic soils
10 Danish streams throughout a year. Generally, the conceriiave a negative effect on DON concentrations as a result of
trations measured in our study were consistent with thesenore adsorption or faster degradation. Actually, adsorption
previous results. of dissolved organic matter depends on molecular weight,

Due to the same organic matter origin and similar organicacidic group and aromatic structure (Kaiser and Zech, 2000).
components, DON is often closely linked to the C cycle The adsorption of DOC and DON also depends on their re-
(Campbell et al., 2000; Cooper et al., 2007; Ghani et al.,spective concentrations in the draining water (Lilienfein et
2007; Goodale et al., 2000; van Kessel et al., 2009; Wil-al., 2004). According to Lilienfein et al. (2004), at low initial
lett et al., 2004). Accordingly, it is assumed that DON and concentrations in soil solution, the soil releases potentially
DOC should be equally influenced by soil type or land use.more dissolved organic matter (DOM) than at higher concen-
However, we hardly saw any correlations between DOC andrations for which it is more likely to retain these substances.
DON. Organic soil occurrence explained only little of ob- Meanwhile, Lilienfein et al. (2004) also state that adsorption
served DON concentrations and loads (Table 3), whereas mechanisms of both species are controlled by similar fac-
highly significant influence of organic soils on DOC concen- tors. Nevertheless in other studies that compare the behaviour
trations was found. The dependency of DOC concentration®f these two DOM components, conclusions are drawn that
on organic soils has been already described by Aitkenheathe tendencies for adsorption and degradation probably dif-
et al. (1999). Accordingly, Dawson et al. (2008) concluded fer between DOC and DON (Michalzik and Matzner, 1999;
that the export rate of DOC depends on the carbon soil pooKalbitz et al., 2000). It is worth noting that DON has differ-
and therefore the organic fraction. They suggested the posent characteristics in these controlled laboratory experiments
sibility of assessing mean stream water concentrations fronthan in field studies (Michalzik and Matzner, 1999). Both
C pools in soils. Organic soils contain a high proportion of these previous studies and our current results may indicate
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