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Abstract

The aim of this study was to investigate the effects of improved subsurface

drainage installation on nitrogen (N) loss in drain discharge (DD) and topsoil

layer runoff (TLR). Data on DD and TLR, as well as on concentrations of total,

nitrate and ammonium N in the runoff components, were collected from four

sections of an experimental field in southern Finland (June 2007–December

2018). Supplementary drains were installed in one of the field sections in June

2014, and the data from that section were compared with those from three

reference sections. Differences between the sections were statistically analysed

based on annual and monthly values of runoff components and concentra-

tions, as well as the loads of N fractions. The results revealed that improved

drainage increased the N load in the DD, reducing the load in the TLR.

Changes in N loads were more clearly driven by changes in the runoff volumes

rather than by changes in the N concentrations in the runoff waters. Before the

drainage improvement, most of the total N load was nitrate (53%), while the

share of rest N (fraction of the total N after the mineral N fractions were sub-

tracted) was 45%. After improved drainage, the percentages of nitrate and rest

N were 73 and 26%, respectively. The results demonstrate the importance of

agricultural water management as the key driver for controlling nutrient loads.
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Résumé

L'objectif était d'étudier les effets d'une installation de drainage souterrain

amélioré sur la perte d'azote (N) dans le débit de drainage (DD) et le ruisselle-

ment de la couche arable (RCA). Des données relatives au débit de drainage

(DD) et au ruissellement de la couche arable (RCA), ainsi que sur les concen-

trations en N total, nitrate et ammonium dans les composants du ruissellement
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ont été collectées à partir de quatre sections d'un terrain expérimental du sud

de la Finlande (06/2007–12/2018). Des drainages supplémentaires ont été

installés sur l'une des sections en juin 2014, et les données de cette section ont

été comparées avec les données de trois sections de référence. Les différences

entre les sections ont été analysées statistiquement en se basant sur les valeurs

annuelles et mensuelles des composants de ruissellement et des concentrations

et charges des fractions en azote. Les résultats ont révélé qu'un drainage améli-

oré augmentait la charge en N dans le DD, et la réduisait dans le RCA. Les

changements dans les charges en N ont été plus clairement provoqués par des

changements dans les volumes de ruissellement plutôt que dans les concentra-

tions en N dans les eaux de ruissellement. Avant l'amélioration du drainage, la

forme majoritaire du N total était la forme nitrate (53%), alors que la part de N

résiduel (fraction du N total après soustraction des fractions de N minéral)

était de 45%. Après l'amélioration du drainage, les parts de nitrate et de N rési-

duel étaient de 73 et 26%, respectivement. Les résultats démontrent l'impor-

tance de la gestion de l'eau agricole comme facteur clé pour contrôler les

charges en nutriments.

MOT S CL É S

fractions en azote, sommes cumulatives, analyse de séries temporelles, expérience de terrain
à long terme

1 | INTRODUCTION

A short growing period, rapid snowmelt in spring and
high precipitation combined with low evapotranspiration
in autumn create challenging conditions for cultivation
in northern areas. Agricultural drainage is especially
important in the clayey fields of Finland since they have
a high risk of harmful soil compaction when heavy
machinery is operated under excessively wet field condi-
tions (Alakukku et al., 2003; Mueller et al., 2003). Thus,
efficient field drainage is necessary to avoid soil degrada-
tion, facilitate field operations and maximize crop pro-
duction and profitable cultivation in these areas.

In Finland, artificial drainage is carried out as open
or subsurface drainage, with approximately 70% of the
fields being subsurface drained (Official Statistics of
Finland (OSF), 2022; Natural Resources Institute
Finland LUKE, 2015). However, most subsurface drain-
age was installed between the 1960s and 1980s and is
now in need of improvement in terms of reparation,
renewal or installing supplementary drains (Häggblom
et al., 2019). According to a survey among farmers,
functioning of the drainage and/or soil dewatering
needs to be improved on approximately 204,000 ha of
farmland (Ovaska et al., 2021). A large number of cur-
rent drainage installations are improvements to existing
drainage systems.

Agriculture accounts for approximately 50% of the
total anthropogenic nitrogen (N) loading to surface
water bodies at the national scale in Finland (Suomen
ympäristökeskus, 2022). Previous experimental studies
in northern areas have shown that introducing subsur-
face drainage increases N losses because of increased
soil oxygen content and enhanced drain discharge
(DD) (e.g. Gilliam et al., 1999; Seuna & Kauppi, 1981;
Turtola & Paajanen, 1995). Seuna and Kauppi (1981)
examined both total nitrogen (tot-N) and nitrate nitro-
gen (NO3-N), noting that the N losses were mainly
NO3-N, and after drainage installation, the share of
NO3-N increased further. Reducing drain spacing has
been found to increase NO3-N leaching in both experi-
mental (Kladivko et al., 2004; Kladivko & Bowling, 2021)
and modelling studies (Davis et al., 2000). Gramlich et al.
(2018) conducted an extensive review on the impacts of
agricultural drainage on nutrient leaching and con-
cluded that intensifying drainage increases tot-N, espe-
cially NO3-N losses, due to increasing drain discharge
and to higher mineralization rates caused by a deeper
water table.

Subsurface drainage and improved drainage have
been found to increase drain discharge volume, reduce
the response time of discharge after a rainfall event
(e.g. Tao et al., 2017) and reduce the amount of topsoil
layer runoff (TLR) (e.g. Äijö et al., 2016: Häggblom

2 JOKINEN ET AL.

 15310361, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.2965 by L

uonnonvarakeskus, W
iley O

nline L
ibrary on [02/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



et al., 2019; Singh et al., 2007; Tao et al., 2017). Field
studies have shown that the N concentrations in TLR can
be high (Paasonen-Kivekäs et al., 1999), resulting in high
loads even with limited discharge volumes. Norberg et al.
(2022) reported that total N concentrations were highest
during the summer months, but losses were the lowest
due to a lack of discharge water. Preferential flow paths,
which are common but not exclusive to clay soils, provide
a fast route for water and solutes from the field surface
via subsurface soil layers to subsurface drains
(e.g. Bronswijk et al., 1995; Frey et al., 2016; Salo
et al., 2015; Turunen et al., 2013; Salo et al., 2017;
Villholth et al., 1998). The fraction of larger soil pores
and macropores and the resulting presence of preferential
flow pathways depend on the soil drainage conditions, as
more macropores are present in well-drained soils with
wide pore size distributions and well-developed soil
structures (e.g. Alakukku et al., 2010). Surface and
subsurface flow processes impact N losses, but studies
investigating both DD and TLR water quality before and
after improved drainage are lacking. Although NO3-N is
typically the main component of the total N load from
agricultural fields (Seuna & Kauppi, 1981), there is a need
to examine the different fractions of N in soil and
drainage water to better understand the effects of water
management practices on soil N processes and loads.

Comprehensive long-term field-scale studies on the
impacts of drainage improvement on N loads, consider-
ing both the water balance components (precipitation,
evapotranspiration, TLR, drainage discharge, groundwa-
ter outflow and soil water storage) and the different frac-
tions of N (NO3-N, ammonium nitrogen [NH4-N] and
others), are rare. Given the large annual variation in field
hydrology and nutrient processes, the monitoring period
of an experimental drainage improvement study should
cover several years before and after treatment. Subsurface
drainage increases N losses via drain discharge
(e.g. Gilliam et al., 1999), but how drainage affects N frac-
tions in discharge waters is less obvious. Continuous
long-term monitoring to inspect seasonal changes in N
loads and their controlling factors is a prerequisite for
planning measures to prevent or minimize N losses.
Studying the effects of drainage practices on N fraction
loads can provide insights into how these practices affect
field-scale N processes, such as mineralization, nitrifica-
tion and denitrification.

In this study, N leaching in the DD and TLR before
and after improved drainage was investigated in an agri-
cultural, clayey field in southern Finland. Here, improved
drainage refers to the installation of supplementary
drains between existing drains. Focusing on NO3

� and
tot-N, previous studies have indicated that improving
drainage has a similar impact on N leaching as the first

installation of subsurface drainage (Gramlich et al., 2018;
Seuna & Kauppi, 1981; Turtola & Paajanen, 1995). Here,
measured data on the concentrations and loads of tot-N,
NO3-N, NH4-N and residual nitrogen (rest-N) in DD,
TLR and total runoff from a field section that underwent
drainage improvement were compared to those from
three other sections of the same field. The objective of
this study was to determine the magnitude of drainage
improvement on runoff, N concentrations and N loads
under varying seasonal and yearly hydrological condi-
tions. The study period covered 7 years before and 4 years
after the improved drainage installation. Differences
between the field sections were investigated using statisti-
cal analysis.

2 | MATERIALS AND METHODS

2.1 | Site description

The Nummela experimental field is in Jokioinen, south-
ern Finland (Figure 1). The area is 9.3 ha, and it has a
mean slope of 1% towards Raiskionoja Creek at the
northern border of the field (Figure 1). The soil type is
heavy clay. The organic matter content at 0–35 cm depth
varies between 4 and 8%, with a small decrease observed
between 2006 and 2018 (Äijö et al., 2021). According to
the FAO-UNESCO classification (1988), the soil class of
the field is Vertic Cambisol (Vakkilainen et al., 2010).

The experimental field is administered by the Natural
Resources Institute Finland (Luke), and it is divided into
four monitored field sections with their own subsurface
drainage networks (sections A, B, C and D in Figure 1).
The entire field was originally drained in 1952 when
section D was drained with a drain spacing of 32 m and
the remaining sections (A, B and C) had a drain spacing
of 16 m (Vakkilainen et al., 2010). The original tile drains
were installed at a depth of 1 m. At the end of May 2008,
the drainage network in section A was renewed with 6 m
spacing, and the drainage of section C was improved,
reducing its drain spacing to 8 m (Vakkilainen
et al., 2010). At the end of May 2014, drainage was
improved by installing supplementary drains to
section D, reducing the drain spacing from 32 to 10.7 m
(Äijö et al., 2014). The improved drainage installations in
sections C and D were made with a trenching machine,
using plastic pipes and gravel as the envelope material
and with additional gravel inlets in the trenches. Figure 1
presents the current drainage networks in the field. In
autumn 2011, three drains were added between sections
A and B as the area had been suffering from flooding dur-
ing snowmelt, causing unsuccessful TLR measurements
in section B.

JOKINEN ET AL. 3

 15310361, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.2965 by L

uonnonvarakeskus, W
iley O

nline L
ibrary on [02/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Agricultural practices were constant and simulta-
neous throughout the field during the observation period
of 2007–2019 (Äijö et al., 2021). Oat and barley were
grown, and mineral fertilizer was applied every spring. In
addition, manure was spread in the spring of 2007, 2008,
2017 and 2018, as well as in the autumn of 2007. In
autumn 2012, the entire Jokioinen area suffered from
exceptionally wet conditions, and the oat harvest partly
failed (Äijö et al., 2014).

2.2 | Data acquisition

The data consisted of runoff measurements and runoff N
concentration analyses (tot-N, NO3-N and NH4-N) for
each field section from June 2007 to December 2018. DD
and TLR were measured continuously with a Datawater
WS vertical helix water meter (Maddalena, Povoletto,
Italy) with a measurement range of 0.2–50 m3 h�1 and
were observed at 15-min intervals. The TLR was collected
with perforated pipes installed to a depth of approxi-
mately 0.4 m, and both the TLR and DD were routed to a
measurement centre (Figure 1) where the flow rate gaug-
ing took place.

Flow-weighted samples for N concentration analyses
were automatically aggregated at the measurement

centre for DD and TLR. Approximately 0.15 L of sample
was collected at

100-L intervals, from which the tot-N, NH4-N and
NO3-N concentrations were determined in the laboratory
(Korpelainen, 2021). The concentration of the aggregated
sample was assumed to represent the average concentra-
tion of the sampling interval. The laboratory analyses
were performed on average 22 (7–36) times per year. The
methods for water quality analyses are described in more
detail by Äijö et al. (2021) and Vakkilainen et al. (2010).

Precipitation data were obtained from the Jokioinen
Observatory weather station, 7 km south-east of the site
and operated by the Finnish Meteorological Institute
(FMI).

2.3 | Data processing and statistical
analysis

The data from section D were compared to those from
sections A, B and C to determine the effects of improved
drainage on N concentrations and loads. Section B was
the reference section, as no drainage alterations had been
made there after the original subsurface drainage in
1952. Sections A and C were also used as reference sec-
tions in the analysis because section B had been

FIGURE 1 Location of the study site in Finland and current drainage networks and measurement set-up of the study site.

4 JOKINEN ET AL.
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influenced by flooding during snowmelt periods (Äijö
et al., 2014), and the TLR was more comparable among
sections A, C and D. DD, TLR and total runoff, as well as
tot-N, NO3-N, NH4-N and rest-N concentration and load
in DD, TLR and total runoff, were determined. Rest-N
represents the N concentration and loads obtained by
subtracting the mineral N (NO3-N and NH4-N) values
from the total N values. Rest-N may contain N com-
pounds in sediments (ammonium N or organic N) and
soluble organic N.

Monthly or annual values were aggregated from the
collected data, which had a higher measurement resolu-
tion. The monthly and annual data series were input to
the statistical analyses that were performed for the quan-
tity and quality of DD, TLR and total runoff (sum of DD
and TLR). For the runoff, hourly data were summed into
monthly and annual data series. For the N loads, daily
loads of the different fractions of N were calculated by
multiplying the runoff component (DD or TLR) by the
corresponding concentration, and the data were aggre-
gated into monthly and annual values. For the concentra-
tions, the monthly N concentrations were calculated by
dividing the monthly load by the monthly runoff, while
the annual concentrations were calculated as the mean of
the monthly concentrations.

Differences between monthly time series from
section D and from a reference field section (D–A, D–B
and D–C) were studied to detect the impacts of improved
drainage on N leaching. Differences between field sec-
tions were used rather than absolute values (runoff, con-
centration or load series) to minimize the impact of
annually varying weather conditions and cultivation
methods. Previous studies have shown that both weather
conditions and cultivation methods affect absolute values
(e.g. Salo & Turtola, 2006), but using reference field sec-
tions to analyse the differences between the experimental
section and a reference section can better detect the
effects of the experimental practice (e.g. Äijö et al., 2014).
Monthly differences were accumulated over time to visu-
alize and analyse the temporal development of the cumu-
lative difference series. The cumulative sum is a statistic
that does not require the data to follow a normal distribu-
tion or to be parametric; thus, it allows time dependency
of the observations and seems suitable for hydrological
time series (e.g. Salo et al., 2019).

Statistical analysis was performed with Pettitt's test
(Pettitt, 1979) to determine the difference in the monthly
time series between section D and the other field sec-
tions. Pettitt's test is a non-parametric change-point
detection test that is widely used in hydrological and cli-
mate studies with long, continuous data series (Conte
et al., 2019; Pohlert, 2016). The null hypothesis (H0), that
the tested variables follow the same distribution, is tested

against the alternative that there is a change in the distri-
bution of the data (Conte et al., 2019; Pettitt, 1979;
Pohlert, 2016). Such a change point can be defined as a
point in time when any parameter of the data distribu-
tion, such as the mean, median, variance and/or autocor-
relation, does not maintain a continuous average over
long time periods but undergoes an abrupt change
(Conte et al., 2019). In this study, a significance level of
p ≤ 0.05 was used to reject H0, and the timing of the
change point was determined based on the change in
the mean of the data distribution. The analysis was per-
formed using the pyHomogeneity package for python
(Shourov, 2020).

To analyse the seasonal variation in the impact of
improved drainage, mean monthly values were calcu-
lated for the periods before (January 2008–May 2014) and
after (June 2014–December 2018) the improvement. The
difference in the mean monthly values between section D
and the other field sections was calculated and plotted to
compare how the difference changed from the period
before to the period after drainage improvement.

3 | RESULTS

3.1 | Runoff and weather conditions

The total runoff in all field sections (A–D) clearly corre-
sponded to the annual precipitation, whereas the shares
of DD and TLR relative to the total runoff were mostly
affected by drain spacing (Figure 2). During the study
period, the annual precipitation ranged from 442 to
743 mm (the mean annual precipitation was 591 mm).
The mean annual precipitation before drainage improve-
ment (2008–2013) was 624 mm, and after improvement
(2014–2018), it was 552 mm.

The mean annual temperature varied between 2.7�C
(in 2010) and 6.3�C (in 2015), with no apparent trend
during the period investigated (Figure 2). The annual
runoff or the proportions of its components showed no
clear dependency on the mean annual temperature. The
mean monthly temperatures in Table 1 show that
the first year of observation (2008) had an unusually
warm winter, and greater than average rainfall (Figure 2)
contributed to the large amount of observed runoff.

The mean annual DD in section D was 67.3 mm
(39.3–93.2 mm) before drainage improvement and
132.0 mm (68.7–203.7 mm) after improvement. Corre-
spondingly, the mean annual TLR from section D was
75.9 mm (24.5–110.0 mm) before the improvement and
30.1 mm (12.5–51.5 mm) afterwards. As a result of the
drainage improvement, the share of TLR in the total run-
off decreased from 51 to 18% (section D in Figure 2).
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High TLR peaks (1.7–2.0 mm h⁻¹) were observed in
section B in April during the years 2009–2013, while the
maximum peaks in the other sections were 0.3–0.6 mm
h⁻¹. These values are further reflected in the high annual
TLR values of section B (Figure 2).

The cumulative sums of the differences between the
runoff components of the field sections show that
improving drainage in section D increased DD (Figure 3).
Before the drainage improvement in June 2014, all the
other field sections (A, B and C) had greater DDs than

FIGURE 2 Annual precipitation, mean annual temperature, DD and TLR of each field section. The years of re-drainage in section A

and improved drainage on section C are marked with a dashed line. Only full calendar years were considered.

TABLE 1 Mean monthly temperature throughout the study period. The cells highlighted in orange are the values one standard

deviation above the monthly average, and the cells highlighted in blue are those with values one standard deviation below the monthly

average.

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2008–2018

Jan �1.0 �5.2 �12.5 �5.9 �6.3 �6.4 �8.8 �2.6 �10.7 �3.3 �3.2 �6.0

Feb �0.4 �5.3 �9.3 �11.9 �8.3 �3.1 �0.4 �0.7 �1.2 �4.2 �9.3 �4.9

Mar �1.3 �2.6 �2.8 �2.1 �0.4 �7.6 1.1 1.2 �0.3 0.4 �5.8 �1.8

Apr 5.7 4.3 4.2 5.4 3.5 2.0 4.8 4.5 4.2 1.8 4.3 4.1

May 10.1 11 11.4 10.0 10.5 12.9 10.2 8.9 12.8 8.9 14.6 11.0

Jun 13.8 13.4 – 16.7 12.6 16.6 12.7 12.4 14.7 12.8 14.6 14.0

Jul 16.3 16.2 20.8 19.0 16.7 16.4 19.1 15.1 16.8 14.9 20.3 17.4

Aug 14.0 15.3 16.3 15.6 14.5 15.8 16.3 15.8 15.0 14.6 16.8 15.5

Sep 8.8 11.9 10.6 12.1 10.7 10.8 11.2 11.5 11.5 10.4 12.1 11.1

Oct 7.2 2.6 4.0 6.8 4.9 5.8 5.5 4.2 3.6 4.2 5.8 5.0

Nov 1.4 1.9 �3.0 3.7 2.7 2.7 1.9 3.6 �1.4 2.2 2.3 1.6

Dec �0.2 �6.2 �10.5 1.1 �8.0 0.7 �1.7 1.7 �1.6 �0.1 �2.5 �2.5

6 JOKINEN ET AL.
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did section D (Figure 3a). After the improvement,
section D had a greater DD than sections A and B (posi-
tive slopes of the blue and orange lines in Figure 3a). The
DD from section C was still greater than that from
section D, but the difference was smaller (green line in
Figure 3a). According to Pettitt's test, the change in DD
in section D was significant. Changes were detected
within a few months after drainage improvement in
section D, with a p-value less than 0.05 (Table S1).

Improved drainage had the opposite effect on TLR
and not on DD (Figure 3b): before 2014, the TLR in
section D was greater than that in sections A and C, but
after drainage improvement, the TLR in section D was
similar to or smaller than that in sections A and C. The
impact of improved drainage on TLR was statistically sig-
nificant (Table S1).

The total runoff (sum of DD and TLR) from section D
increased in relation to that from the other sections after
the improved drainage (Figure 3c). The change in the
difference in total runoff between sections D and B was
statistically significant. However, a significant change
point in the difference between sections D and A was
found almost 2 years before the improvement, and no sig-
nificant change point was found between sections D and
C (Table S1).

3.2 | Nitrogen concentrations

The annual mean concentrations of tot-N, NO3-N,
NH4-N and rest-N in DD and TLR showed that NO3-N
formed a major part of the tot-N concentration (approxi-
mately 74% of tot-N) (Figure 4). The rest-N fraction was

considerably smaller (approximately 25% of tot-N) but
still relevant, while the fraction of NH4-N was in this case
negligible (approximately 1% of tot-N) in terms of the
annual total N concentrations.

The annual mean tot-N concentration in DD
increased in section D after the improvement (Figure 4).
This was a result of a rising NO3-N concentration
(on average from 4.0 to 7.3 mg L⁻¹), as no increase was
observed in rest-N. The share of NO3-N in tot-N
increased from 64 to 84%. The tot-N concentration in the
TLR decreased after drainage improved (on average,
the tot-N decreased from 9.9 to 7.8 mg L⁻¹). The distribu-
tions of NO3-N and rest-N were the same in the TLR
before and after the improvement (NO3-N approximately
72% of the total N).

No statistically significant effect of improved drainage
was detected for most of the studied concentration differ-
ences between the field sections (Table S1). Pettitt's test
revealed significant changes close to the drainage
improvement only for the concentration differences
between D–A tot-N in DD and D–B NO3-N in total run-
off. However, significant change points were found in
2012 for the rest of the studied concentration differences
of tot-N and NO3-N in DD and total runoff.

The cumulative changes in concentration differences
between section D and other field sections are presented
in Figure S1. There appears to be a moderate increase in
the concentrations from section D compared to those
from other sections around the time of drainage improve-
ment in terms of tot-N and NO3-N in DD and total runoff
(Figure S1a, c, d, f). Before 2014, these concentrations
were mostly lower in section D than in the other sections,
whereas after the improvement, the difference between

FIGURE 3 Cumulative sums of differences between the field sections in DD, TLR and total runoff (June 2007–December 2018). Positive

y-axis values indicate that section D had more runoff than did the other sections, whereas negative values indicate that the reference sections

(A, B or C) had greater runoff than did the experimental section (D). The years of re-drainage in section A and improved drainage on

section C are marked with a dashed line.

JOKINEN ET AL. 7

 15310361, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.2965 by L

uonnonvarakeskus, W
iley O

nline L
ibrary on [02/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



regions was reduced, or D even had higher concentra-
tions (D–C, green line in Figure S1a, c, d, f).

No change in the concentration of TLR was detected
around the improvement point (Table S1). However, after
2015, the tot-N and NO3-N concentrations in the TLR of
section D were consistently lower than those in the other
sections (Figure S1b, e). No change was observed in the
rest-N concentration differences in any of the runoff com-
ponents (Figure S1g, h, i; Table S1).

3.3 | Nitrogen loads

NO3-N formed a major part of the annual tot-N loads,
while the shares of rest-N were considerably smaller, and
the NH4-N loads were negligible (Figure 5). Most of the
N loads occurred through DD (Figure 5).

In section D, the DD tot-N loads increased after the
drainage improved. Before 2014, the mean annual DD
tot-N load from section D was 3.0 kg ha�1 (2.2–
4.2 kg ha�1), and after the improvement, it was
8.7 kg ha�1 (3.4–12.8 kg ha�1). The relative fraction of
rest-N in tot-N decreased from 45 to 26%, while the rela-
tive fraction of NO3-N increased from 53 to 73%.

The TLR tot-N loads in section D decreased after the
drainage improved from 2.6 kg ha�1 (1.6–4.2 kg ha�1) to
0.9 kg ha�1 (0.4–1.3 kg ha�1). The fraction of NO3-N in
tot-N decreased from 56 to 53%, and the fraction of rest-N
increased from 42 to 45%.

The cumulative sums of the load differences between
section D and the other field sections changed their slope
direction after the improved drainage, indicating that the
loads from section D increased (Figure 6). The change
point was statistically significant (Table S1). The TLR

FIGURE 4 Annual mean N concentration in the DD and TLR of each field section, calculated from the data of full calendar years. The

years of re-drainage in section A and improved drainage on section C are marked with a dashed line.

FIGURE 5 Annual N loads in the DD and TLR in each field section, calculated from the data of full calendar years. Note the different y-

axes. The years of re-drainage in section A and improved drainage on section C are marked with a dashed line.
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tot-N loads from section D were greater than those from
sections A and C before the improved drainage but lower
after the improvement (Figure 6b). However, the impact
of improved drainage on the TLR was not as clear as that
on the DD (Table S1).

From June 2014 onwards, the tot-N loads of total
runoff were approximately the same among all the field
sections, including section D (Figure 6c). A significant
increase was observed in 2014 in the tot-N loads of total

runoff from section D in comparison to all the other sec-
tions (Table S1).

The impact of improved drainage on NO3-N loads
resembled that on tot-N loads (Figure 6d–f). The DD
rest-N loads increased (significant change point detected
in D–A and D–B), while the TLR rest-N decreased (signif-
icant change point detected in D–B and D–C). However,
the differences between the rest-N loads of the field sec-
tions were approximately two to three times smaller than

FIGURE 6 Cumulative sums of load differences for tot-N, NO3-N and rest-N (rows) in DD, TLR and total runoff (columns), June 2007–
December 2018. Positive y-axis values indicate that section D had greater loads than did the other sections, whereas negative values indicate

that the reference sections (A, B or C) had greater runoff than did the experimental section (D). The years of re-drainage in section A and

improved drainage on section C are marked with a dashed line.

JOKINEN ET AL. 9

 15310361, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.2965 by L

uonnonvarakeskus, W
iley O

nline L
ibrary on [02/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the differences in the tot-N loads. The improved drainage
did not have a significant effect on the total runoff rest-N
loads (Figure 6i and Table S1). The increase in the DD
rest-N load was almost equal to the decrease in the TLR
rest-N load.

3.4 | Seasonal variation in tot-N leaching

Prior to drainage improvement, most of the tot-N load
(79% of the average annual load) formed during April
and between October and December (Figure 7). After the

improvement, the monthly tot-N load was otherwise sim-
ilar, but instead of October, June became one of the
months with the highest tot-N loads (22% of the average
annual load) across all field sections.

Most of the changes in the differences in the monthly
average tot-N loads between section D and the other field
sections occurred in spring (April) and in winter
(October–December) (Figure 8). Compared with those in
the reference sections (A, B and C), the loads in section D
increased. The TLR tot-N values remained similar, and
therefore, the changes in the tot-N loads in total runoff
were similar to the changes in the loads in DD.

FIGURE 7 Monthly mean total N loads from each field section before and after drainage improvement in section D.
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4 | DISCUSSION

4.1 | Runoff and weather conditions

The meteorological conditions varied greatly throughout
the study period, affecting the runoff components. Typi-
cally, in a boreal climate, winter months (Dec–Feb/Mar)
are characterized by temperatures below 0�C, and all pre-
cipitation falls as snow. During that time, the surface soil

is mostly frozen, and there is little drainage discharge or
nutrient loading. The temperatures in April 2008 and
2011 were warmer than average, which may explain the
greater total N load observed in April for the period
before the improved drainage, as the warm spring con-
tributed to early snowmelt runoff.

By studying the differences between the field sections,
it was possible to minimize the effects of changing condi-
tions that were equal for all the field sections

FIGURE 8 Differences in the monthly total N loads between section D and sections A, B and C before and after drainage improvement.

The first row represents the total N loads from DD, the second row from TLR and the third row from total runoff.
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(e.g. weather). This method has also been applied in
other studies on the effects of water management prac-
tices on runoff and nutrient loads (Äijö et al., 2017; Salo
et al., 2019).

Äijö et al. (2016) and Häggblom et al. (2019) summa-
rized results regarding improved drainage in the Num-
mela field, but here a longer data series was utilized, and
a systematic comparison in terms of statistical methods
was made between section D and the other field sections
(A, B and C). The data analysis revealed increasing DD
and decreasing TLR after improved drainage, which has
been reported in similar field sites (Kladivko et al., 1999;
Seuna & Kauppi, 1981; Turtola & Paajanen, 1995). Even
though the impacts on DD and TLR were statistically sig-
nificant, the impact on total runoff was not significant
when comparing section D to sections A and C. The
opposite changes in DD and TLR compensated for each
other and reduced the impact on total runoff. While the
current study included DD and TLR in total runoff,
modelling studies have demonstrated that additional sub-
surface components of total runoff may exist
(e.g. Häggblom et al., 2019; Turunen et al., 2013). The
current study did not focus on evapotranspiration, but
according to the simulations by Häggblom et al. (2019),
evapotranspiration remained at similar levels before and
after drainage improvement.

Section B was the main reference section because it
had the original drainage system, while the other refer-
ence sections underwent drainage improvement or
renewal. In section B, flooding occurs during the spring
snowmelt season (mainly in April), which has caused
uncertainty in the TLR measurements (Äijö et al., 2016).
Melting waters are suspected to have flowed into the
section from surrounding areas, leading to unusually
high runoff values compared to those in the other field
sections. The difference between the TLR values of sec-
tions B and D in April decreased towards the end of the
investigation period. The reasons for this could be varia-
tions in hydrological conditions, especially snow accumu-
lation and melt, or the three supplementary drains
installed between sections B and A in the autumn of
2011. Before the improved drainage, section D suffered
from poor drainage capacity, and it is possible that snow-
melt water did not infiltrate completely into the soil in
this section but flowed into section B instead. The drain-
age improvement decreased the soil moisture in spring in
section D, creating more efficient infiltration of the snow-
melt water to the soil rather than overflowing to the
neighbouring section B.

In addition to DD and TLR, Häggblom et al. (2019)
noted that groundwater outflow also formed a consider-
able part of the water balance in the field. They defined
groundwater outflow as lateral subsurface outflow to the

main ditch at the border of the field. Even though drain-
age improvement reduced it, it still comprised 22% of the
water balance of the improved drainage scenario
(Häggblom et al., 2019). Groundwater outflow was not
included in this study, but considering the results of
Häggblom et al. (2019), it should be taken into consider-
ation in future studies to analyse N losses through
groundwater outflow. The importance of groundwater
outflow for the water balance of cultivated fields and its
possible impact on nutrient leaching have been reported
previously by Turunen et al. (2013) and Rozemeijer et al.
(2010).

4.2 | Nitrogen concentrations

After the drainage improvement of section D, moderately
higher NO3-N concentrations appeared in DD (4.0 vs
7.3 mg L⁻¹ ), but there was not much change in the rest-N
concentrations. NO3-N formed most of the tot-N concen-
tration, and NH4-N concentrations were negligible,
which has been noted in previous studies from clayey
fields in Finland (e.g. Paasonen-Kivekäs et al., 1999;
Seuna & Kauppi, 1981; Turtola & Paajanen, 1995). Due to
higher NO3-N concentrations, there was a moderate
increase in DD tot-N concentrations. These changes were
generally not statistically significant according to Pettitt's
test, and in some cases, the change point was found in
2012 (i.e. 2 years before the improved drainage installa-
tion). This could be due to the exceptionally wet condi-
tions in the autumn of 2012, most likely through
diminished N uptake with the poor harvest in that year.
Pettitt's test is only able to detect one change point per
time series (Pettitt, 1979), so a change occurring earlier
than drainage improvement would make its effect unde-
tectable by the test. Bechmann and Bøe (2021) reported
that conditions similar to those in 2012 in Nummela
(poor harvest combined with rainy autumn) resulted in
high N losses. The load impacts of field drainage and
drain spacing in previous studies are ambiguous:
some have reported increased N loads (e.g. Seuna &
Kauppi, 1981; Turtola & Paajanen, 1995), while others
have shown that NO3-N concentrations are unaffected by
changes in the drainage system (e.g. Davis et al., 2000;
Kladivko et al., 2004; Kladivko & Bowling, 2021). The
main reason for the higher NO3-N concentrations (and
thus tot-N) is enhanced nitrification due to a higher
oxygen content in the soil (Davis et al., 2000; Gramlich
et al., 2018; Randall & Goss, 2008; Turtola &
Paajanen, 1995). Section D had previously suffered from
high soil moisture, and improving the drainage aimed at
reducing the moisture content in the soil. A field suffer-
ing from excessive moisture (water-filled pore space
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greater than 70%) is prone to gaseous N loss through
denitrification, reducing N leaching through drainage
(Gramlich et al., 2018). Increased nitrification and
decreased denitrification result in increased production
of NO3-N. As NO3-N is highly soluble and poorly retained
by the soil (Jury & Nielsen, 1989), it is easily leached into
runoff pathways.

The study results from Nummela showed no distinct
effect of improved drainage on TLR N concentrations,
although a few years after the improvement (in 2017–
2018), the tot-N and NO3-N concentrations seemed to
decrease, while the rest-N concentrations started
to slightly increase (Figure S1e, h). One reason may be
that improved drainage enhances soil microbiological
activity and increases the immobilization of NO3-N
(e.g. Castellano et al., 2019).

4.3 | Nitrogen loads

The annual loads from the Nummela field were on aver-
age lower than the estimates by Tattari et al. (2017) from
agricultural fields in Finland (15.5 kg ha�1). The annual
tot-N load from section D before drainage improvement
was on average only 5.6 kg ha�1 (from both the DD and
TLR). Drainage improvement increased the average total
N load from section D to 9.6 kg ha�1 yr�1, that is, to a
similar level as that in other field sections and the results
of Paasonen-Kivekäs et al. (2008).

Drainage improvement increased the DD tot-N load
and decreased the TLR tot-N load. The total N loss in
total runoff from section D increased, indicating that the
increase in DD was greater than the decrease in TLR.
Similar results have been reported by previous studies
focusing on the nutrient load effects of subsurface drain-
age (Gramlich et al., 2018; Seuna & Kauppi, 1981), drain
spacing (Davis et al., 2000; Kladivko et al., 2004;
Kladivko & Bowling, 2021), improved subsurface drain-
age (Äijö et al., 2016; Turtola & Paajanen, 1995) and mole
drainage (Valbuena-Parralejo et al., 2019). Although
some of the previous studies reported no effect on con-
centrations (Davis et al., 2000; Kladivko et al., 2004;
Kladivko & Bowling, 2021), all of them reported
increased N loads due to increased DD. Blann et al.
(2009) reported that the drain flow volume and NO3-N
loss are correlated when the drain flow volume varies
due to the use of crops with different water types. The
analyses of the Nummela field time series showed that
improved drainage had an impact on the N loads through
increased runoff volumes and that the increase in the
tot-N load was due to increased NO3-N load, while
the rest of the N load remained similar before and after
drainage improvement. The impact on both the runoff

and N loads was statistically significant, while the effect
on concentrations was not. Therefore, runoff and its
drivers, including snowmelt and rainfall, have a strong
influence on N loads.

The increase in tot-N loads from section D was caused
by increased NO3-N loads, as improved drainage had
only small impacts on the rest-N loads in total runoff. DD
rest-N loads increased slightly, which was compensated
for by decreased TLR rest-N loads. However, due to the
higher NO3-N loads after the improvement, the share of
rest-N in the total N load was halved compared to that in
the years before the improvement. After improvement,
rest-N still accounted for, on average, 16% of the total N
loss. Many studies only consider NO3-N and tot-N
(e.g. Turtola & Paajanen, 1995) or only consider NO3-N
(e.g. Davis et al., 2000; Kladivko et al., 2004; Kladivko &
Bowling, 2021) and thus might ignore N losses in the
form of rest-N. Even though improved drainage was not
found to change the rest-N loads in our study, it is an
important proportion to consider when, for example,
modelling N leaching.

In addition to the long-term change, a peak in N
loads was observed after the drainage operations. The
impact was most distinct in section A after the renewed
drainage in 2008, but a smaller peak was also found after
the improved drainage in sections C and D (2008 and
2014, respectively). The peak may be due to increased
DD, enhanced mineralization after reduced soil moisture,
or merely the installation of drains. Soil disturbance, such
as soil tillage, has been reported to increase the leaching
of NO3-N via DD (e.g. Grönroos et al., 2007).

Changes in the monthly tot-N loads caused by drain-
age improvement were greatest during the months when
most of the nutrient loads occurred at the times of the
highest runoffs (Äijö et al., 2017), as the volume of runoff
primarily controlled the changes in N loads. Runoff was
most abundant in spring because of snowmelt and in
autumn and winter because of moderately high rainfall
and low evapotranspiration. There was an increase in the
monthly tot-N loads in June after 2014 in all field sec-
tions, which was caused by the rainiest months of the
study period (June 2015 and 2017; data not shown). Addi-
tionally, manure was spread to the field in May 2015
and 2017.

5 | CONCLUSIONS

Improved drainage increased N loads, especially NO3-N
loads, in the DD. Improved drainage increased the DD
volume and decreased the TLR volume. The increase in
N loads mostly reflected the changes in runoff, which
indicates that N leaching could be controlled by
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controlling runoff generation and volume. Although the
nutrient load was mostly determined by runoff volume,
changes in N concentrations were observed as the con-
centration of NO3-N in drainage discharge increased due
to the improvement. This is attributed to an increase in
nitrification as a result of improved soil aeration.

Most of the N load increase occurred in spring and
autumn, after snowmelt and during heavy rainfall events,
respectively, creating potential for controlling field water
management during those periods. After the drainage
improvement, the DD increased more than the TLR
decreased, highlighting the need to consider other water
outflow pathways, such as groundwater outflow.

The results showed that rest-N is an important frac-
tion of the tot-N load (26% of the average annual tot-N
load). For example, when modelling the leaching of
nutrients, fractions other than mineral N should be
considered.
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