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Abstract. Controlled drainage combined with winter crops was investigated for the first time as a mitigation measure for 

reducing nitrate loss through drainage systems during a three-year period (2012-15) on a loamy soil in Denmark. The impact 

of controlled drainage on groundwater levels, drain flow, total nitrogen, nitrate, ammonium, nitrous oxide, total 

phosphorous, and phosphate when applying regulation levels of 50 and 70 cm above drain pipes were determined by using a 15 

before-after control-impact (BACI) study design. The regulation level had to be 70 cm to significantly elevate groundwater 

levels and reduce drain outflow and nitrate loss, which were reduced by 38-52 % (97-127 mm) and 36-48 % (6-8 kg nitrate-

N ha
-1

) relative to conventional drainage levels, respectively. Controlled drainage did not appear to influence harvest yield or 

cause pollution swapping as the loss of total phosphorous, phosphate, and nitrous oxide was reduced by 44-45 %, 44-54 %, 

and 36-38 %, respectively. Stable isotope analysis of δ
15

N and δ
18

O in nitrate from drain water supported by measurements 20 

of nitrate, sulphate, and ammonium concentrations in drain water revealed that denitrification was not enhanced markedly at 

the impacted plots, except during one event where a pronounced decline in nitrate concentrations and ceased drain flow was 

observed.  

1 Introduction 

Drainage of fields by subsurface tile drainage pipes is a common farming practice in Denmark, thus, approximately 50 % of 25 

the agricultural fields are tile drained, in particular loamy soils (Aslyng, 1980). High  amounts of water and different forms 

of nitrogen (N), especially nitrate (NO3
-
-N), are transported directly from the root zone of the fields to nearby streams with 

the risk of creating eutrophication of freshwater and coastal water bodies, potentially leading to hypoxia events (Rivett et al., 

2008). As the diffusive loss of N from agricultural fields is the predominant N source to most Danish coastal waters, 

mitigation measures aimed to reduce N emissions to surface waters are strongly needed (Jensen et al., 2015). Previous 30 

studies have demonstrated that use of controlled drainage on fields with periodical increases of the groundwater table may be 

a targeted mitigation measure to reduce the loading of NO3
-
-N from drain pipes (Wesström and Messing, 2007;Wesström et 

al., 2001;Lalonde et al., 1996;Drury et al., 2014;Gaynor et al., 2002;Skaggs et al., 2010). Controlled drainage has been tested 

on a wide range of soil types and under various climate conditions, which is reflected in the large variation – from 21to 96 % 

(9-30 kg N ha
-1

 yr
-1

) in the efficiency of reducing NO3
-
-N loading compared with conventional drainage (Evans et al., 35 

1989;Lalonde et al., 1996;Wesström et al., 2001;Ramoska et al., 2011;Drury et al., 2014;Gilliam et al., 1979;Williams et al., 

2015;Fang et al., 2012;Tan et al., 1999;Drury et al., 2009;Sunohara et al., 2014;Gaynor et al., 2002).  Most studies 
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demonstrate that the decreased NO3
-
-N loading is primarily a consequences of  reduced drain flow, and a few studies 

document it to be a combination of reduced drain flow and enhanced denitrification
 
(Lalonde et al., 1996;Wesström et al., 

2001;Gilliam et al., 1979). Denitrification, which requires anoxic conditions, can potentially be enhanced by controlled 

drainage as an elevated groundwater table in a field leaves a larger proportion of the soil column saturated, promoting anoxic 

conditions. However, if NO3
-
-N is not completely reduced to N2, there is a risk of emission of the powerful greenhouse gas, 5 

nitrous oxide (N2O-N), to air or water (Knowles, 1982). Consequently, controlled drainage could lead to ‘pollution 

swapping’, i.e. substitution of one environmental problem with another. Another concern is related to PO4
3-

  as reduced 

conditions can lead to desorption of PO4
3-

 from hydrous iron oxides if Fe
3+

 is reduced to Fe
2+ 

(Hoffmann et al., 2009). 

The stable isotope ratios of δ
15

N/δ
14

N and δ
18

O/δ
16

O of NO3
-
-N have proven to be a powerful tool in detecting denitrification 

as microbes prefer light isotopes over heavy isotopes. Field and laboratory studies have documented that denitrification 10 

results in a distinct relationship of δ
15

N and δ
18

O around 0.5-1 in the remaining pool of NO3
-
-N (Aravena and Robertson, 

1998;Mengis et al., 1999;Li et al., 2014;Fukada et al., 2003;Sigman et al., 2005;Granger et al., 2008).  

The aims of this study were to investigate and test the following hypotheses: i) Does controlled drainage assist in reducing 

NO3
-
-N losses to surface waters when cropping a winter wheat?; ii) Does controlled drainage promote pollution swapping by 

increasing the indirect emissions of N2O-N and losses of PO4
3-

 via drainage water?; iii) Can the dual isotope technique using 15 

δ
15

N and δ
18

O of NO3
-
-N be used to assess changes in N transformation processes, such as denitrification, when applying 

controlled drainage? 

2 Materials and methods 

2.1 Study area 

The experimental site was located in Odder municipality, Denmark (55°55'01.2"N 10°10'54.5"E), and consisted of four 20 

adjacent drainage systems draining approximately 1 ha each, with 3-5 lateral drainage pipes placed at app. 15 m intervals 

and at 1.1 m depth  (Fig.  1). A control structure and a measuring well were installed at each plot. The study was conducted 

during the main drainage period (September to April) of the agro-hydrological years (4/1-3/31) 2012/13 (Y0), 2013/14 (Y1), 

and 2014/15 (Y2). The first period, Y0, served as reference without application of controlled drainage. In Y1 and Y2 

controlled drainage was introduced at two of the plots (IP1 and IP2), while the two other plots served as controls without 25 

controlled drainage (CP1 and CP2). In 2013/14, the regulation levels were set to 50 cm above normal drain depth at the 

regulation well. However, no effect on groundwater levels was detected and the regulation level was therefore increased to 

70 cm on 01/28/14 at IP1. In Y2, the regulation level was set to 70 cm at both IP1 and IP2.  

The soil samples for texture analysis which were taken adjacent to the regulation wells showed that the plots are 

characterized by silty loam and loam (USDA classification) in the root zone (1 m depth) with an average clay, silt and sand 30 

content of 14.9±3.7, 21.6±6 and 59.5±7.8 %, respectively (Table S1). The soil C content was 1.7-1.8 % C in the AP horizon 

(0-27 cm) at all plots (Table S2). For IP2 the C content was low (<0.16 %) in the remaining of the profile, while CP1 and 

CP2 had a C horizon (95-110 cm) with 2 % C and a high chalk content (7.3-15.5 %). At IP1 an interglacial lake deposit with 

a high humus and carbon (C) content (6.6 % C) were present at approximately 120-130 cm depth. Field management 

practices were similar during the three-year study period involving growth of winter wheat and application of identical 35 

amounts of manure and fertilizer in spring.  

2.2 Water monitoring and modelling 

 Groundwater levels were monitored continuously at each plot by a pressure transducer, MadgeTech level 2000 (accuracy 

±0.3 %), located in the piezometer pipes closest to the regulation well. The piezometer pipes had no filter pack, which 

resulted in periodically clogged screens, especially at IP2, thus the continuously measured groundwater levels at IP2 had to 40 
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be omitted from the analysis. The groundwater levels were spatially monitored with a water level meter, Solinst 101 

(accuracy ±0.3 cm) three to four times per month in eight to nine piezometer pipes with filter packs evenly distributed at 

each plot. Drain flow was monitored by an electromagnetic flow meter, Waterflux 3000 (accuracy ±0.3%), recording every 

10 minutes, and a converter, IFC 100, placed in each measuring well. Ground water storage change (∆GW) was calculated 

by the difference between groundwater level in the beginning and end of the study periods and the drainable porosity of the 5 

soil.  

Actual evaporation (AE) and percolation to the deeper groundwater was simulated with the Danish root zone model, 

Daisy (version 5.19), which is a one-dimensional, dynamic model driven by daily weather and farm management data 

(Abrahamsen and Hansen, 2000). The model has been validated in several international studies and thus holds high 

credibility (Refsgaard et al., 1999;Djurhuus et al., 1999;Jensen et al., 1997;Müller et al., 2006;Pedersen et al., 2010). 10 

Weather data were obtained from the Danish Meteorological Institute (DMI) as a 10x10 km grid covering the experimental 

site and corrected according to Allerup and Madsen (1980).  Field management data were derived from the fertilizer plans 

elaborated for each field. Harvest yield was measured by the combined harvester.  

2.3 Sampling and chemical analysis 

Weekly grab samples of drain water were taken in the measuring well, and two to three monthly grab samples of the upper 15 

groundwater were taken in the piezometer pipes. Concentrations of nitrate (NO3
-
-N), total nitrogen (TN), ammonium (NH4

+
-

N), and sulphate (SO4
2-

) were determined by ion chromatography using a Dionex ICS-1500. NO3
-
-N and SO4

2-
, and NH4

+
-N 

were analysed according to ISO 10304/1(Standard, 2009) (detection limit (d.l) 0.050 mgL
-1

) and ISO 11732 (Standard, 2005) 

(d.l. 0.010 mg L
-1

), respectively. TN analysis followed ISO 12260 (Standard, 2003b) and was conducted using a Total 

Organic Carbon (TOC) analyser, Shimadzu TOC L
-1

, with a TN measuring unit. Dissolved organic nitrogen (DON) was 20 

calculated by the standard approach of subtracting total inorganic nitrogen (TIN) from TN, and particular organic nitrogen 

(PON) as the difference between unfiltered and filtered TN. Consequently, DON and PON were negative in some years and 

these were subsequently set to zero. For N2O-N analysis, samples were taken once or twice monthly from the drain pipe 

intercepting the regulation well with an air tight pumping system transferring the water to a 10 mL vial with 50 % ZnCl (0.3 

mL per 10 mL). The N2O-N samples dissolved in water were analysed using a headspace analysis technique, the head space 25 

gas in the vials being analysed on a gas chromatograph, Agilent 7890A with a CTC Combi Pal auto sampler. Total 

phosphorus (TP) and Orto-phosphate (PO4
3-

) were analysed according to the ISO 6878 (d.l. 0.0005 mg L
-1

), and the 

spectrophotometric analysis was conducted on a Shimadzu UV-1700. Intensive sampling involving taking of hourly samples 

with an ISCO sampler was conducted for a one-week period after the regulation well opening (03/11/14) in Y1 to investigate 

if the opening would lead to increased release of nutrient enriched water. 30 

2.4 Isotope analysis of 𝜹15
N and 𝜹18

O in nitrate in drain water  

Five and six grab samples of drain water from each plot were selected from Y1 and Y2, respectively, to represent scenarios 

with low and high water flow. Additionally, four samples from IP1 taken in Y0 were analyzed. The isotope analyses were 

conducted at the Stable Isotope Facility at the University of California, Davis, using the denitrifier method (d.l. of 0.4‰ 

for 
15

N and 0.5 ‰ for 
18

O (Casciotti et al., 2002;Sigman et al., 2001;Facility, 2015)). Isotope ratios of 
15

N and 
18

O were 35 

measured using a ThermoFinnigan Gas Bench and a PreCon trace gas concentration system interfaced to a ThermoScientific 

Delta V Plus isotope-ratio mass spectrometer. The international reference standards USGS 32, 34, and 35 supplied by 

National Institute of Standards and Technology, Gaithersburg, MD (NIST), were used to calibrate the results. Values were 

reported in parts per thousand (‰) relative to atmospheric N2 and Vienna
 
Standard Mean Ocean Water (VSMOW) for δ15

N 

and δ18
O, as shown in Eq. (1):

 
40 

 δ
15

N (or δ
18

O)sample  (‰)= (Rsample – Rstandard)/ Rstandard x 1000 
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where R is the ratio of the heavy to light isotope (e.g. 
15

N/
14

N or 
18

O/
16

O). 

Linear regression analysis of δ
18

O and δ
15

N was conducted for each plot and year. The analysis of δ
18

O vs. δ
15

N was 

supplemented with the natural abundance method where NO3
-
-N and δ

15
N are compared, as due to the complexity of the N 

cycle and the different transformation processes, the isotope compositions of δ
18

O and δ
15

N could be a result of the mixing of 

waters with different isotopic compositions rather than fractionation due to denitrification (Kendall et al., 2007).  5 

2.5 Statistical and data analysis 

The total loads of chemicals and water from the drainage systems were determined by multiplying the daily drain water flow 

by daily concentrations which were found by linear interpolation of the measured weekly concentrations. The same method 

of calculation was used to determine NO3
-
-N loss, thus modelled daily percolation and interpolation of measured 

concentrations in the upper groundwater was used. 10 

A before-after control-impact design (BACI) was used to determine if controlled drainage had a significant impact 

on drain flow, groundwater levels and water quality (Stewart-Oaten et al., 1986). The statistical model for the BACI analysis 

was fitted using a repeated measures generalized linear mixed model in SAS-STAT 9.4. Data were log transformed before 

analysis and drain flow was transformed by log(y+1) due to the presence of null values (Box and Cox, 1964). The BACI 

effect (BE) was calculated as in Eq. (2): 15 

BEi =(XIAi −XIBi)−(XCAi −XCBi)           Paired Control and Impact Plots (i = 1,2,..., n)       

where BEi=the BACI Effect, X=the constituent being analyzed, C=controlled, B=before, A=after and I= impacted.  

To calculate percentage changes in drain flow and chemical losses data from the reference year was used to establish a ratio 

between plots before treatment as in Clausen and Spooner (1993). This relationship was used to predict drain flow and 

chemical losses at IP1 and IP2 in Y1 and Y2 and thereby the percentage changes. In Y0 N concentrations at CP2 was low 20 

due to winter wheat was grown at this plot in 2011/12, while spring barley being grown at the other plots, thus TN, NO3
-
-N, 

NH4
+
-N, and N2O-N  from CP1 was used instead in Y0. 

3 Results 

3.1 Hydrology 

The annual precipitation in Y0, Y1 and Y2 were 783, 680 and 823 mm year
-1 

and deviated by +7, -7, and +12 % from the 25-25 

year average (1989-2014) of 733±8 mm year
-1

 (Table 1). The continuously monitoring of groundwater levels showed that 

they fluctuated in response to interactions of precipitation, drain flow, evaporation, and percolation. Thus, the groundwater 

levels were higher and more fluctuating in Y2 due to a higher amount of precipitation and more evenly distributed 

precipitation events this year than in the preceding years. Both the spatially and continuously monitoring of groundwater 

levels showed that they were naturally shallow and above the drainage depth the majority of the time during the study 30 

periods (Fig.  2b).  

The implementation of controlled drainage significantly elevated the groundwater table at IP1 in both Y1 and Y2 

(Table 1). However, in Y1 the groundwater levels were only significantly elevated after the regulation level was increased to 

70 cm on 01/28/14 (Fig.  2b). The difference between the groundwater tables at IP1 and CP1 was more profound during Y2 

and, on average, 5 cm day
-1

 greater at IP1 than at CP1, although varying from 0-39 cm (Table 2). The greatest differences 35 

were seen in dry periods, while during precipitation events (>10mm) the groundwater tables at CP1 reached the same level 

as IP1. The spatial monitoring of groundwater levels showed that the groundwater levels within 20 m from the collecting 

pipe (most eastern pipe) were significantly elevated during Y1 and Y2 at IP1 and IP2 (Table S3), and the extent of the area 

with significantly elevated groundwater levels being greater in Y2 than in Y1 now including the most southern part of IP1 
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and IP2. Despite elevated groundwater levels the harvest yields at the impacted plots were unaffected in both Y1 and Y2. 

Groundwater storage change was positive during all study periods, and no difference were seen between impacted and 

control plots.  

The drain flow tended to follow the trends in precipitation during all years (Fig. 2a and S7). Thus, the drain flow 

was similar in magnitude and duration at all plots in the reference year, reflecting the high degree of similarity. The drain 5 

flow was significant reduced in both Y1 and Y2 (Table 2), and, on average, reduced by 0.18 and 0.89 mm day
-1

, 

respectively, according to the BE. Besides drain flow rates being markedly lower at impacted plots than at controls in Y2 the 

drain flow ceased during periods with low precipitation (Fig. 2a). However, during precipitation events the drain flow peaks 

at the impacted plots were nearly at the same level as at the control plots. Additionally, drain flow occurred later at the 

impacted plots in Y2. The total drain flow volume from the impacted plots was reduced by 12 % and 6 % (19 and 9 mm) at 10 

IP1 and IP2 during Y1, while during Y2 reduction of 38 % and 52 % (97-127 mm) were reached at IP1 and IP2 compared to 

control plots, respectively (Table 1). Upon opening of the regulation well in Y1, the drain flow was 1.1 and 1.5 mm week
-1

 

greater from IP1 and IP2 compared with the mean drain flow from the control plots. 

 Vertical percolation modelled with Daisy showed that percolation accounted for 12-15 % of net precipitation in Y0 

(Table 1). Since the model simulates water dynamics in a one-dimensional vertical soil column, lateral flow is not 15 

considered. The BACI analysis showed that vertical deep percolation to groundwater increased significantly at the impacted 

plots in both years with controlled drainage (Table 2). The daily percolation increased by, on average, 0.09 and 0.79 mm day
-

1
 in Y1 and Y2, respectively. This corresponded to an increase of 26-59 % and 144-309 % at the impacted plots relative to 

the control plots during Y1 and Y2 (Table 1).  

3.2 Nitrogen concentrations and losses 20 

The mean NO3
-
-N concentrations ranged from 5.5±0.2 to 8.3±0.3 mg L

-1 
in Y0 (Fig.  2c and S9) and in general the NO3

-
-N 

concentrations varied insignificantly during the periods. The concentration at plot CP2 was considerably lower than at the 

other plots, probably due to the fact that winter wheat was grown at this plot in 2011/12, while spring barley being grown at  

the other plots (Fig.  S9). The NO3
-
-N concentrations were significantly lower at impacted plots compared with the control 

plots in both Y1 and Y2; however, BE was greatest in Y1 where the NO3
-
-N concentrations at the impacted plots were, on 25 

average, 1.4 mg L
-1 

day
-1

 lower, while being, on average, 0.8 mg L
-1

 day
-1

 lower during Y2 (Table 2).  

The loss of NO3
-
-N via drain flow from IP1 was reduced by 17 % (2 kg NO3

-
-N ha

-1
) while it increased by 12 % (1 

kg NO3
-
-N ha

-1
)  at IP2 during Y1, where the regulation level was kept at 50 cm above drain depth (Table 3). However, 

during Y2 the NO3
-
-N loss decreased by 36 % and 48 % (6-8 kg NO3

-
-N ha

-1
) at IP1 and IP2. NO3

-
-N constituted the major 

part of TN loss in drainage water outflow and accounted for 95-98 % of TN in the reference year, while being lower (84-93 30 

%) in the years with controlled drainage due to an increasing DON fraction (Table 3).  Nevertheless there was no significant 

difference between impacted and control plots with respect to DON losses. NH4
+
-N loss constituted only a minimal part of 

the TN loss at all plots in all years (Table 3), and NH4
+
-N concentrations were not significantly affected by controlled 

drainage (Table 2, Fig. S2 and S10).The opening of the regulation well resulted in a higher loss of NO3
-
-N, albeit only by 26 

and 93 g ha
-1

 week
-1 

from IP1 and IP2, respectively, compared with the mean loss from the control plots. 35 

The N2O-N concentrations were generally low and fluctuated only slightly during the study periods (Fig. S3 and 

S11). Mean N2O-N concentrations in drain water ranged from 0.001±0.004 to 0.004±0.001 mg L
-1

 during Y0. The N2O-N 

concentrations increased significantly in Y1, while the increase at the impacted plots being insignificant during Y2 (Table 2). 

The indirect emission of N2O-N was 5-14 g N2O-N ha
-1 

(51-75%) higher at the impacted plots during Y1, while it was 22-24 

g N2O-N ha
-1 

(36-38 %) lower in Y2. The NO3
-
-N loss to deeper groundwater showed an increase amounting to 57 and 103 40 

% at IP1 and IP2 during Y1 and to 171 and 393 % at IP1 and IP2 during Y2 (Table 3). 
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3.3 Total phosphorus and phosphorus concentrations and losses 

The TP concentrations were generally low with means ranging from 0.008±0.004 to 0.016±0.01 mg L
-1

 in Y0 (Fig. S4 and 

S12). TP increased significantly in Y1, on average, 0.003 mg L
-1

 day
-1

 according to the BE, but showed no significant 

increasing trend in Y2. In Y1, total loss of TP increased by 1.2-1.7 g (3-55 %) at the plots with controlled drainage, and in 

Y2 the loss was 24.3-27.4 g (44-45 %) lower compared with the control plot losses.   5 

The PO4
3-

 concentrations were also low with means ranging from 0.005±0.003 to 0.008±0.004 mg L
-1

 in Y0 (Fig. 

S5 and S13). The BACI analysis showed that concentrations were not significantly affected in Y1 and Y2 (Table 2).  The 

total loss of PO4
3-

 decreased by 1.3 g (21 %) at IP1 and increased by 0.8 g (12 %) at IP2 during Y1. However, during Y2 the 

PO4
3-

 loss was reduced by 10 and 9.6 g (54 and 44 %) at IP1 and IP2, respectively. Following the opening of the regulation 

well, the loss of PO4
3-

 was 0.04 and 0.03 g ha
-1

 week-1 greater at IP1 and IP2 compared with the mean PO4
3-

 loss at the 10 

control plots.  

3.4 Isotope analysis of δ
18

O and δ
15

N 

The values of δ
15

N and δ
18

O indicated that NO3
-
-N originated from nitrification and application of organic N (Kendall et al., 

2007) (Fig. S14), which is in agreement with that the potential sources of NO3
-
-N in this study included manure, fertilizer, 

soil organic matter and wet deposition. The δ
15

N values were within the same range (7.2-9.9 ‰) at the impacted and control 15 

plots during the two years with controlled drainage (Y1 and Y2), except for one enriched value of 13.8‰ recorded at IP1 on 

02/04/14 in Y1.On this date, also the δ
18

O value was enriched (4.3 ‰). When excluding this measurement, the δ
18

O values 

were within the same range at the impacted sites and at the control plots in Y1 (0.7-2.6 ‰). In Y2, the δ
18

O values were 

more or less within the same range (1.2-4.4 ‰) at impacted and control plots and thus slightly more enriched than in Y1.  

The relation of δ
18

O vs. δ
15

N at IP1 in Y1 was within the range indicating denitrification; however, without the 20 

particularly enriched measurement from 02/04/14, there was no sign of denitrification at IP1 (slope 0.13, R
2
= 0.02, p=0.85) 

(Fig. 3). For IP2, the resulting slope for δ
18

O vs. δ
15

N was within the excepted range for denitrification, but the relation was 

not significant. In Y2, the slope for δ
18

O vs. δ
15

N at both IP1 and IP2 suggested that denitrification occurred (Fig. 3). At 

CP1, denitrification seemed to be the dominant fractionation process during both years with controlled drainage. At CP2, 

there was no indication of denitrification as the slope was either slightly below or slightly above the expected range.  25 

4. Discussion 

4.1 Impact of controlled drainage on hydrology 

The groundwater levels were naturally shallow at all plots, thus to produce a significant groundwater level increase a 

regulation level of 70 cm was required, however it only resulted in an average increase of 5 cm at IP1 compared to CP1 

according to the BE. Yet, it cannot be excluded that the effect of controlled drainage potentially was greater above the tile 30 

drain pipes as the monitoring of the groundwater table was conducted between pipes, the effect of controlled drainage 

expectedly being strongest just above the pipes (Twitty and Rice, 2001). 

The spatial monitoring of the groundwater levels demonstrated that the area influenced by controlled drainage 

increased with the regulation level increase from 50 to 70 cm. Compared to the continuously monitored groundwater levels 

the spatially monitoring of groundwater levels showed a somewhat stronger effect on groundwater levels, on average, 6 and 35 

18 cm greater in Y1 and Y2, respectively, than at the control plots according to the BE. An explanation could be related to 

the timing of sampling as the difference between groundwater levels of impacted and control plots was greater in relatively 

dry periods.  

The drain flow reduction of 6-52 % found in this study is in good agreement with findings in other field studies 

conducted on silty and clayey loam; where drain flow reductions ranged between 8-64 % (Fang et al., 2012;Sunohara et al., 40 
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2014;Tan et al., 1999;Williams et al., 2015;Drury et al., 2009;Gaynor et al., 2002). The effect of controlled drainage was 

clearly stronger with the highest regulation level, which cooperates with the results observed in earlier studies (Lalonde et 

al., 1996;Wesström and Messing, 2007;Evans et al., 1995). Besides regulation level, climate has a strong impact on the 

effect of controlled drainage, where the effect being smaller or even totally absent in wet years (Osmond et al., 2002). The 

study by Wesström and Messing (2007) showed that during wet years the effect of the highest regulation level was of the 5 

same magnitude as the effect of the lowest regulation level in dry years. During precipitation events, the drain flow peaks 

and groundwater table at the impacted plots were at the same level or even exceeded the peaks at the control plots. Beside 

reducing the drain flow, controlled drainage also resulted in an approximately one-month delay in drain flow compared with 

the control plots, a similar result being found by Ramoska et al. (2011). Furthermore, the drain flow ceased periodically, 

which might increase the soil water retention time and improve conditions for denitrification. 10 

The water not leaving the field as drain flow at the impacted plots can either lost as evaporation, surface runoff, 

storage, lateral subsurface flow, vertical seepage and/or groundwater storage (Skaggs et al., 2010;Wesström et al., 2001). 

The pathways depend on climate, soil properties, site conditions, drainage system design and management, and crops 

(Skaggs et al., 2010). Only a few studies have investigated how controlled drainage alters the water pathways (Sunohara et 

al., 2014;Rozemeijer et al., 2015). In our study, no increase in evaporation was expected which was supported by the model 15 

simulations (Table 1). No surface runoff was observed during the study; thus, lateral subsurface flow or vertical seepage 

and/or groundwater storage was increased. The Daisy model simulations showed that vertical flow increased by13-237 %. 

However, future studies of controlled drainage should consider including a 3D hydrological model and tracer additions to 

cope with changes in the lateral flow component. Sunohara et al. (2014), found that lateral flow to the ditch and adjacent 

field increased by 61±104 % and 213±27 %, respectively, and vertical flow increased by 49±63 % on study fields compared 20 

with control fields when using the model DRAINMOD. 

4.2 Impact of controlled drainage on nitrogen fluxes 

NO3
-
-N concentrations were significantly reduced in both years with controlled drainage, the effect being strongest in Y1 

probably driven by that NO3
-
-N concentrations were markedly reduced during dry periods in the beginning of February and 

March 2014 after the regulation level was increased with 20 cm at IP1. This was supported by that the total loading of NO3
-
-25 

N declined by 22 % at IP1 while it increased by 5 % at IP2 during Y1. Nevertheless the reduction of NO3
-
-N loss was 

greatest (36-48 %) in Y2 indicating that the primary effect of controlled drainage with respect to reducing the NO3
-
-N loss 

was mediated by the reduced drain flow, which corroborate with the vast majority of studies on controlled drainage (Skaggs 

et al., 2012).  

There was no significant difference between impacted and control plots with respect to DON losses thus no 30 

indication that controlled drainage influences the decomposition processes of organic matter releasing DON. An increase in 

total DON loss was seen in Y2 at all plots, but an equivalent increase in PON was not observed, which might be due to the 

higher groundwater levels this year, preventing macro pore flow to the drains. However, the DON and PON fractions are 

somewhat uncertain as they were estimated based on TN, NO3
-
-N or NH4

+
-N measurements; thus, small measurement errors 

may have yielded large errors in the calculated DON and PON losses (Graeber et al., 2012).  35 

A potential disadvantage of using controlled drainage is the risk of increasing the indirect emission of N2O-N via 

drain water, a pathway that has not been investigated in earlier studies of controlled drainage. The indirect emissions were 

higher in Y1 by 5-14 g N2O-N ha
-1

, contrary to Y2 where it was reduced by 22-24 g N2O-N ha
-1

 (36-38 %) due to the 

reduction of drain flow from the impacted plots. 

 40 
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4.3 Impact of controlled drainage on phosphorus 

Even though the TP and PO4
3-

 loss was elevated in Y1 at IP2, it was only by 0.8 and 1.7 g bearing in mind that the impact of 

controlled drainage at this site was minimal inY1. In Y2 when controlled drainage was effective, both PO4
3-

 and TP loss 

declined, since the concentrations were not significantly affected, indicating that the reduction was a consequence of the 

reduced drain flow. The findings that PO4
3-

 concentrations was unaffected by the implementation of controlled drainage 5 

could be explained by that groundwater level was not elevated long enough to create reduced conditions to the levels where 

PO4
3-

 is released as suggested in Williams et al. (2015). Furthermore, the PO4
3-

 loss did not pose a risk when opening the 

regulating well in this setup, as the loss was imperceptible small.  

4.4 Impact of controlled drainage on denitrification 

The results of Y1 showed that on 02/04/14, enhanced denitrification occurred at IP1, δ
15

N and δ
18

O being enriched by 2:1 10 

manner with a pronounced reduction of NO3
-
-N, while NH4

+
-N and SO4

2-
 increased (Fig. S2 and S6). The increase of NH4

+
-

N and SO4
2-

 concentrations indicated that both heterotrophic and autotrophic denitrification occurred. A natural source of 

SO4
2-

 can be omitted since SO4
2-

 levels did not increase at the other plots, and no fertilizer was applied during the winter 

monitoring periods. Furthermore, the significantly higher N2O-N concentrations in drainage water at the impacted plots than 

at control plots suggest denitrification. To investigate if IP1 was particularly prone to denitrification due to the high C 15 

content in the deeper soil horizons, stable isotope analyses of NO3
-
-N in drain water from Y0 were conducted. The slope of 

δ
18

O vs. δ
15

N at 2.01 (R
2
= 0.94, p<0.005) suggested that denitrification did not take place in Y0, and no reduction in NO3

-
-N 

concentrations were seen. Thus, the enhanced denitrification found during Y1 could be related to the changes in hydrology, 

including cease of drain flow and stable groundwater levels above drain depth, leading to an increase of the soil water 

retention time. The results from IP2 in Y1 were more ambiguous as the relationship between δ
18

O and δ
15

N was within the 20 

range of denitrification but insignificant, potentially due to the low sampling frequency. Nevertheless, the negative 

correlation between δ
15

N and NO3
-
-N indicated that denitrification took place.  

The regression analysis of δ
15

N and δ
18

O indicated that denitrification occurred at the impacted plots when the 

regulation level was 70 cm above drain depth in Y2. This was supported by a strong negative correlation between δ
15

N and 

NO3
-
-N (R

2
= 0.65-0.74) in at both impacted plots. The N2O-N concentrations were also found to increase, albeit not 25 

significantly so, at the impacted plots. According to the stable isotope analysis, denitrification also took place at the control 

plots in both Y1 and Y2, especially at CP1. At CP2, the result was slightly out of range, but the relationship of NO3
-
-N and 

δ
15

N indicated that denitrification did occur. This is in agreement with the expectation that denitrification would occur at all 

sites, as predicted by the simple model SimDen (Vinther and Hansen, 2004), which estimated a yearly denitrification 

potential of 18-23 kg N ha
-1

 yr
-1

 in this soil type with the given amount of applied manure and fertilizer.  30 

The application of stable isotope analysis of NO3
-
-N to trace denitrification is far from trivial due to the complexity 

of the N cycle (Kendall et al., 2007). The results demonstrated markedly enhanced denitrification only on 02/04/14 at IP1. 

The reason for the absence of a distinct increase in denitrification may owe to several factors. Firstly, the impact of 

controlled drainage on groundwater levels appeared to be lower than expected. Secondly, the soil water might not be 

adequate anoxic for denitrification to occur as percolating water from the soil surface will supply oxygen (O2) to the soil 35 

water.  

5 Conclusion 

The introduction of controlled drainage on loamy soils with winter crops did significantly change tile drain flow and nitrogen 

loss, however, only when a regulation level of 70 cm above drain depth was applied. The drain water flow was reduced by 

38-52 % (97-127 mm) and a nearly similar reduction was found for the NO3
-
-N loss via drain pipes, which was reduced by 40 
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36-48 %, corresponding to 6-8 kg NO3
-
-N per ha. In this study controlled drainage did not lead to ‘pollution swapping’ 

where reduction in N loss is substituted by increased emission of nitrous oxide or dissolved reactive phosphorus, which has 

been shown to be a potential risk when applying controlled drainage. Markedly enhanced denitrification was only 

documented for a shorter, dry period in one of the controlled drainage systems, as shown by the results of a stable isotopes 

analysis supported by strongly declining NO3
-
-N concentrations and an increase in concentrations of NH4

+
-N and SO4

2-
.   5 

Controlled drainage can only be considered an effective mitigation measure if the overall loss of NO3
-
-N to 

groundwater and surface water is reduced. However, the results from this study do not allow us to determine the pathways 

for the   groundwater and NO3
-
-N that under controlled drainage did not enter. Therefore, it is an open question if the missing 

NO3
-
-N in tile drains on fields with controlled drainage will be reduced on its pathway to surface waters. Therefore, 

knowledge about how controlled drainage changes water flow pathways and the likelihood of NO3
-
-N being reduced is 10 

necessary to elucidate the net effect of controlled drainage on the NO3
-
-N loss. 

 

Acknowledgement. The authors are grateful for assistance from the technicians at Aarhus University. The research project 

was financed by ‘Green Development and Demonstration Programme (GUDP)’ of The Danish Ministry of Environment and 

Food. 15 

 

 

 

References 

Abrahamsen, P., and Hansen, S.: Daisy: an open soil-crop-atmosphere system model, Environmental Modelling and 20 

Software, 15, 313-330, 10.1016/s1364-8152(00)00003-7, 2000. 

Allerup, P., and Madsen, H.: Accuracy of Point Precipitation Measurements, Nordic Hydrology, 11, 57-70, 1980. 

Aravena, R., and Robertson, W. D.: Use of Multiple Isotope Tracers to Evaluate Denitrification in Ground Water: Study of 

Nitrate from a Large-Flux Septic System Plume, Ground Water, 36, 975-982, 10.1111/j.1745-6584.1998.tb02104.x, 

1998. 25 

Aslyng, H. C.: Afvanding i jordbruget, DSR-forlag., 3. Udg, 228, 1980. 

Box, G. E. P., and Cox, D. R.: An Analysis of Transformations, Journal of the Royal Statistical Society. Series B 

(Methodological), 26, 211-252, 1964. 

Casciotti, K. L., Sigman, D. M., Hastings, M. G., Böhlke, J. K., and Hilkert, A.: Measurement of the oxygen isotopic 

composition of nitrate in seawater and freshwater using the denitrifier method, Analytical chemistry, 74, 4905-30 

4912, 10.1021/ac020113w, 2002. 

Clausen, J. C., and Spooner, J.: Paired watershed study design, Environmental Protection Agency, Washington, DC (United 

States). Office of Wetlands, Oceans and Watersheds, 1993. 

Djurhuus, J., Hansen, S., Schelde, K., and Jacobsen, O. H.: Modelling mean nitrate leaching from spatially variable fields 

using effective hydraulic parameters, Geoderma, 87, 261-279, 10.1016/S0016-7061(98)00057-3, 1999. 35 

Drury, C. F., Tan, C. S., Reynolds, W. D., Welacky, T. W., Oloya, T. O., and Gaynor, J. D.: Managing tile drainage, 

subirrigation, and nitrogen fertilization to enhance crop yields and reduce nitrate loss, Journal of environmental 

quality, 38, 1193, 10.2134/jeq2008.0036, 2009. 

Drury, C. F., Tan, C. S., Welacky, T. W., Reynolds, W. D., Zhang, T. Q., Oloya, T. O., McLaughlin, N. B., and Gaynor, J. 

D.: Reducing nitrate loss in tile drainage water with cover crops and water-table management systems, Journal of 40 

environmental quality, 43, 587, 10.2134/jeq2012.0495, 2014. 

Evans, R., Wayne Skaggs, R., and Wendell Gilliam, J.: Controlled versus Conventional Drainage Effects on Water Quality, 

Journal of Irrigation and Drainage Engineering, 121, 271-276, doi:10.1061/(ASCE)0733-9437(1995)121:4(271), 

1995. 

Evans, R. O., Gilliam, J., and Skaggs , R.: Effects of agricultural water table management on drainage water quality, Water 45 

Resources Research Institute of the University of North Carolina, 1989. 

Nitrate (NO3) Analysis by Bacteria Denitrification: http://stableisotopefacility.ucdavis.edu/no3.html, access: 04-15-2015, 

2015. 

Fang, Q. X., Malone, R. W., Ma, L., Jaynes, D. B., Thorp, K. R., Green, T. R., and Ahuja, L. R.: Modeling the effects of 

controlled drainage, N rate and weather on nitrate loss to subsurface drainage, Agricultural Water Management, 50 

103, 150-161, 10.1016/j.agwat.2011.11.006, 2012. 

Fukada, T., Hiscock, K. M., Dennis, P. F., and Grischek, T.: A dual isotope approach to identify denitrification in 

groundwater at a river-bank infiltration site, Water Research, 37, 3070-3078, 10.1016/S0043-1354(03)00176-3, 

2003. 

Gaynor, J. D., Tan, C. S., Drury, C. F., Welacky, T. W., Ng, H. Y. F., and Reynolds, W. D.: Runoff and drainage losses of 55 

atrazine, metribuzin, and metolachlor in three water management systems, Journal of environmental quality, 31, 

300, 10.2134/jeq2002.0300, 2002. 

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-303, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 26 July 2016
c© Author(s) 2016. CC-BY 3.0 License.



10 

 

Gilliam, J. W., Skaggs, R. W., and Weed, S. B.: Drainage Control to Diminish Nitrate Loss from Agricultural Fields, Journal 

of Environment Quality, 8, 137, 10.2134/jeq1979.00472425000800010030x, 1979. 

Graeber, D., Gelbrecht, J., Kronvang, B., Gücker, B., Pusch, M. T., and Zwirnmann, E.: Technical Note: Comparison 

between a direct and the standard, indirect method for dissolved organic nitrogen determination in freshwater 

environments with high dissolved inorganic nitrogen concentrations, Biogeosciences, 9, 4873-4884, 10.5194/bg-9-5 

4873-2012, 2012. 

Granger, J., Sigman, D. M., Lehmann, M. F., and Tortell, P. D.: Nitrogen and Oxygen Isotope Fractionation during 

Dissimilatory Nitrate Reduction by Denitrifying Bacteria, Limnology and Oceanography, 53, 2533-2545, 

10.4319/lo.2008.53.6.2533, 2008. 

Hoffmann, C. C., Kjaergaard, C., Uusi-Kämppä, J., Hansen, H. C. B., and Kronvang, B.: Phosphorus retention in riparian 10 

buffers: review of their efficiency, Journal of environmental quality, 38, 1942, 10.2134/jeq2008.0087, 2009. 

Jensen, L. S., Mueller, T., Nielsen, N. E., Hansen, S., Crocker, G. J., Grace, P. R., Klír, J., Körschens, M., and Poulton, P. R.: 

Simulating trends in soil organic carbon in long-term experiments using the soil-plant-atmosphere model DAISY, 

Geoderma, 81, 5-28, 10.1016/S0016-7061(97)88181-5, 1997. 

Jensen, P. N., Boutrup, S., Fredshavn, J. R., Svendsen, L. M., Blicher-Mathiesen, G., Wiberg-Larsen, P., Bjerring, R., 15 

Hansen, J. W., Søgaard, B., Pihl, S., Ellermann, T., Thorling, L., and Holm, A. G.: Vandmiljø og Natur 2013 : 

NOVANA. Tilstand og udvikling - faglig sammenfatning, Aarhus Universitet, DCE - Nationalt Center for Miljø og 

Energi, 2015. 

Kendall, C., Elliott, E. M., and Wankel, S. D.: Tracing anthropogenic inputs of nitrogen to ecosystems, in: Stable Isotopes in 

Ecology and Environmental Science, 2nd edition ed., Blackwell Publishing, p. 375-449., 2007. 20 

Knowles, R.: Denitrification, Microbiological reviews, 46, 43-70, 1982. 

Lalonde, V., Madramootoo, C. A., Trenholm, L., and Broughton, R. S.: Effects of controlled drainage on nitrate 

concentrations in subsurface drain discharge, Agricultural Water Management, 29, 187-199, 10.1016/0378-

3774(95)01193-5, 1996. 

Li, C., Jiang, Y., Guo, X., Cao, Y., and Ji, H.: Multi-isotope ((15)N, (18)O and (13)C) indicators of sources and fate of 25 

nitrate in the upper stream of Chaobai River, Beijing, China, Environmental science. Processes & impacts, 16, 

2644, 2014. 

Mengis, M., Schif, S. L., Harris, M., English, M. C., Aravena, R., Elgood, R. J., and MacLean, A.: Multiple Geochemical 

and Isotopic Approaches for Assessing Ground Water NO3− Elimination in a Riparian Zone, Ground Water, 37, 

448-457, 10.1111/j.1745-6584.1999.tb01124.x, 1999. 30 

Müller, T., Thorup-Kristensen, K., Magid, J., Jensen, L. S., and Hansen, S.: Catch crops affect nitrogen dynamics in organic 

farming systems without livestock husbandry—Simulations with the DAISY model, Ecological Modelling, 191, 

538-544, 10.1016/j.ecolmodel.2005.05.026, 2006. 

Osmond, D. L., J.W. Gilliam, and 2002, R. O. E.: Riparian buffers and controlled drainage to reduce agricultural nonpoint 

source pollution, North Carolina State University, Raleigh, NC., 2002. 35 

Pedersen, L. E., Blicher-Mathiesen, G., Andersen, P. M., and Grant, R.: Oplandsmodellering af vand og kvælstof i umættet 

zone for oplandet til Lillebæk Bæk, Danmarks Miljøundersøgelser, Aarhus Universitet, 2010. 

Ramoska, E., Bastiene, N., and Saulys, V.: Evaluation of controlled drainage efficiency in Lithuania, Irrigation and 

Drainage, 60, 196-206, 10.1002/ird.548, 2011. 

Refsgaard, J. C., Thorsen, M., Jensen, J. B., Kleeschulte, S., and Hansen, S.: Large scale modelling of groundwater 40 

contamination from nitrate leaching, Journal of Hydrology, 221, 117-140, 10.1016/S0022-1694(99)00081-5, 1999. 

Rivett, M. O., Buss, S. R., Morgan, P., Smith, J. W. N., and Bemment, C. D.: Nitrate attenuation in groundwater: A review 

of biogeochemical controlling processes, Water Research, 42, 4215-4232, 10.1016/j.watres.2008.07.020, 2008. 

Rozemeijer, J. C., Visser, A., Borren, W., Winegram, M., Velde, Y. v. d., Klein, J., and Broers, H. P.: High frequency 

monitoring of water fluxes and nutrient loads to assess the effects of controlled drainage on water storage and 45 

nutrient transport, Hydrology and Earth System Sciences Discussions, 12, 6275-6304, 10.5194/hessd-12-6275-

2015, 2015. 

Sigman, D. M., Casciotti, K. L., Andreani, M., Barford, C., Galanter, M., and Böhlke, J. K.: A bacterial method for the 

nitrogen isotopic analysis of nitrate in seawater and freshwater, Analytical chemistry, 73, 4145-4153, 

10.1021/ac010088e, 2001. 50 

Sigman, D. M., Granger, J., DiFiore, P. J., Lehmann, M. M., Ho, R., Cane, G., and Geen, A. v.: Coupled nitrogen and 

oxygen isotope measurements of nitrate along the eastern North Pacific margin, Global Biogeochemical Cycles, 19, 

GB4022, 10.1029/2005GB002458, 2005. 

Skaggs, R. W., Youssef, M. A., Gillliam, J. W., and Evans, R. O.: Effect of controlled drainage on water and nitrogen 

balances in drained lands, American Society of Agricultural and Biological Engineers, 53(6), 2010. 55 

Skaggs, R. W., Fausey, N. R., and Evans, R. O.: Drainage water management, Journal of soil and water conservation, 67, 

10.2489/jswc.67.6.167A, 2012. 

Stewart-Oaten, A., Murdoch, W. W., and Parker, K. R.: Environmental Impact Assessment: "Pseudoreplication" in Time?, 

Ecology, 67, 929-940, 1986. 

Sunohara, M. D., Craiovan, E., Topp, E., Gottschall, N., Drury, C. F., and Lapen, D. R.: Comprehensive nitrogen budgets for 60 

controlled tile drainage fields in eastern ontario, Canada, Journal of environmental quality, 43, 617, 2014. 

Tan, C. S., Drury, C. F., Y., N. H., and Gaynor, J. D.: Effect of controlled drainage and subirrigation on subsurface tile 

drainage nitrate loss and crop yield at the farm scale, Canadian Water Resources Journal, 24, 177, 1999. 

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-303, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 26 July 2016
c© Author(s) 2016. CC-BY 3.0 License.



11 

 

Twitty, K., and Rice, J.: Water table control, in: Drainage National Engineering Handbook, The U.S. Department of 

Agriculture (USDA) 2001. 

Vinther, F., and Hansen, S. f.: SimDen : en simpel model til kvantificering af N₂O-emission og denitrifikation, DJF rapport. 

Markbrug ; Nr. 104, Ministeriet for Fødevarer, Landbrug og Fiskeri, Danmarks JordbrugsForskning, 

Forskningscenter Foulum, Tjele, 47 pp., 2004. 5 

Wesström, I., Messing, I., Linnér, H., and Lindström, J.: Controlled drainage — effects on drain outflow and water quality, 

Agricultural Water Management, 47, 85-100, 10.1016/S0378-3774(00)00104-9, 2001. 

Wesström, I., and Messing, I.: Effects of controlled drainage on N and P losses and N dynamics in a loamy sand with spring 

crops, Agricultural Water Management, 87, 229-240, 10.1016/j.agwat.2006.07.005, 2007. 

Williams, M. R., King, K. W., and Fausey, N. R.: Drainage water management effects on tile discharge and water quality, 10 

Agricultural Water Management, 148, 43-51, 10.1016/j.agwat.2014.09.017, 2015. 

 

 

 

 15 

 

 

 

 

 20 

 

 

 

 

 25 

 

 

 

 

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-303, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 26 July 2016
c© Author(s) 2016. CC-BY 3.0 License.



12 

 

 
Figure 1. Map of the experimental site. 
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Figure 2. Drain flow (a), groundwater levels (b), and NO3
-
-N concentrations (c) at impacted (IP1) and control plot 

(CP1) during Y0 (2012/13), Y1 (2013/14), and Y2 (2014/15). 
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Figure 3. δ
18

O vs. δ
15

N at impacted (IP1-2) and control plots (CP1-2) during Y1 (2013/14) and Y2 (2014/15). 
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Table 1. Water balances for the period Y0-2 at impacted (IP1-2) and control plots (CP1-2). 

 Y0 (2012/13) Y1 (2013/14) Y2 (2014/15) 

 IP1 IP2 CP1 CP2 IP1 IP2 CP1 CP2 IP1 IP2 CP1 CP2 

Precipitation 262 262 262 262 284 284 284 284 350 350 350 350 

AE -44 -44 -44 -53 -69 -69 -69 -69 -57 -57 -55 -55 

Drain flow -166 -157 -159 -169 -139 -140 -152 -160 -160 -116 -255 -253 

Matrix percolation -46 -40 -47 -40 -49 -54 -43 -32 -119 -173 -49 -43 

∆GW 34 36 30 20 5 12 26 4 27 13 18 7 

Net inflow -40 -57 -42 -20 -32 -33 -46 -27 -41 -17 -9 -6 
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Table 2. BACI test for the periods Y0 (2012/13), Y1 (2013/14) and Y2 (2014/15) for the impacted (IP1-2) and 

control plots (CP1-2).  

 
Unit  of BE 

Compared 

periods 
n* BE t value p 

Drain flow mm  day
-1

 Y0/Y1 976 0.2 13.6 <0.001 

 

- Y0/Y2 1024 0.9 46.2 <0.001 

Groundwater level cm  day
-1

 Y0/Y1 353 -0.1 2.9 <0.001 

 

- Y0/Y2 426 -4.9 5.1 <0.001 

Percolation mm  day
-1

 Y0/Y1 976 -0.1 -16.1 <0.001 

 

- Y0/Y2 1024 -0.8 -47.0 <0.001 

TN mg L
-1

 day
-1

 Y0/Y1 148 1.5 4.5 <0.001 

 
- Y0/Y2 156 0.7 3.3 <0.001 

NO3
-
-N mg  L

-1
 day

-1
 Y0/Y1 148 1.4 4.3 <0.001 

 
- Y0/Y2 156 0.8 3.9 <0.001 

NH4
+
-N mg  L

-1
 day

-1
 Y0/Y1 148 -0.010 -0.1 0.91 

 
- Y0/Y2 156 -0.001 1.6 0.12 

N2O-N µg  L
-1

 day
-1

 Y0/Y1 36 -7.0 -3.06 <0.001 

 

- Y0/Y2 28 -5.3 -0.01 0.99 

TP mg  L
-1

 day
-1

 Y0/Y1 148 -0.003 -3.1 <0.05 

 - Y0/Y2 156 b.d.l. -1.3 0.19 

PO4
3-

 mg  L
-1

 day
-1

 Y0/Y1 148 b.d.l. -1.0 0.31 

 

- Y0/Y2 156 b.d.l. 0.1 0.88 

*sample size       
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Table 3.  Total losses of chemicals via drainage water and groundwater during Y0-2 at impacted (IP1-2) and control plots (CP1-

2). 

 Y0 (2012/13) Y1 (2013/14) Y2 (2014/15) 

 

IP1 IP2 CP1 CP2 IP1 IP2 CP1 CP2 IP1 IP2 CP1 CP2 

TN 14.0 12.8 15.1 11.1* 10.9 14.3 16.5 13.4 13.0 9.9 22.6 20.3 

NO3
-
-N 13.5 12.6 14.8 10.5* 10.1 12.7 14.3 12.4 11.0 8.4 19.7 20.3 

NH4
+
-N 0.013 0.026 0.026 0.028* 0.010 0.005 0.006 0.006 0.009 0.006 0.017 0.013 

PON 0.25 0.19 0.78 0.27* 0.06 0** 0.14 0.11 0.21 0** 0.18 0.18 

DON 0.16 0.01 0** 0.25* 0.67 1.60 2.04 0.89 1.74 1.54 2.68 2.13 

N2O-N 0.026 0.014 0.013 0.007* 0.034 0.015 0.012 0.008 0.035 0.019 0.030 0.025 

TP 0.044 0.013 0.023 0.046 0.009 0.004 0.006 0.006 0.046 0.013 0.053 0.061 

PO4
3-

 0.016 0.009 0.011 0.019* 0.006 0.005 0.007 0.008 0.013 0.006 0.017 0.027 

NO3
-
-N  via 

groundwater 3.4 2.8 3.4 2.6 8.1 8.7 6.0 4.6 12.5 18.9 5.3 4.1 

* values from CP1 was used in the calculations,**corrected to zero.  

Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-303, 2016
Manuscript under review for journal Hydrol. Earth Syst. Sci.
Published: 26 July 2016
c© Author(s) 2016. CC-BY 3.0 License.


