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• Agricultural practices and stream ni-
trate loads in Danish catchments
were analyzed.

• Stream nitrate loads decreased by
30–52% over 29 years.

• The effect of mitigation measures is
seen from shifts in load-runoff rela-
tionships.

• Mitigation measures in loamy catch-
ments have the largest impact at
large runoff.

• Catchment biogeophysical properties
determine response to mitigation
measures.
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Excess nitrogen (N) losses from intensive agricultural production are aworld-wide problem causing eutrophication
in vulnerable aquatic ecosystems such as estuaries. Therefore, Denmark as one of themost intensively farmed coun-
tries in the world has enforced mandatory regulations on agricultural production since the late 1980s. We demon-
strate the outcome of the regulations imposed on agriculture by analyzing decadal trends in nitrate (NO3

−)
concentrations and loads in streams using 29 years of detailed monitoring data and survey information on agricul-
tural practices at field level from five intensively cultivated headwater catchments. The analysis includes the impor-
tance of four main drivers (climate, land use, agricultural practices, and biogeophysical properties of catchments),
each divided into different factors that may influence stream NO3

− loads during three subperiods defined by the
time of introduction of different mitigation measures: i) 1990–1998, ii) 1999–2007, and iii) 2008–2018.
Significant correlations with annual flow-weighted streamNO3

− concentrations and/or loads were found for fac-
tors representing all of the four main drivers including precipitation, large scale climate fluctuations, runoff, pre-
vious year's runoff, baseflow index, number of annual frost days, agricultural area, livestock density, field N
surplus, catch crop cover,manure storage capacity,method and time ofmanure spreading, and timeof soil tillage.
Changes in the four drivers were reflected by the load-runoff (L-Q) relationships for each of the three subperiods
within each of the five headwater catchments. The five catchments experienced large but catchment-specific
downward shifts in the L-Q relationship attributable to changes in land use and agricultural management within
the catchments. The documented large downward shifts in NO3

− loads demonstrated for the five catchments
(30–52%) as a consequence of mandatory regulation over a period of nearly three decades are a unique example
of how agriculture can reduce its environmental impact.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
noff; N, nitrogen; NAOi, North Atlantic Oscillation index; NO3
−, nitrate; TN, total nitrogen; WFD, Water Framework Directive.
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Table 1
Overview of regulations and mitigation measures implemented in agriculture to reduce
nitrate leaching and stream nitrate transport. The time of political decision can be one to
several years before the actual implementation in agriculture and the effect on nitrate
leaching and on nitrate transport in streams will be visible at the earliest in autumn or
winter in the year of implementation. The time of political adoption of the actions plans
is provided in the footnotes, while years of first implementation are marked by bold
underlined, years of policy tightening is marked by bold, and years of policy relaxation
are marked by italic font.

Policy measure Year implemented, tightened or
relaxed

Increase in manure storage capacity 1985a, 1987b, 2004f

Restrictions on manure spreading time 1985a, 1987b, 1991c, 2009h

Restrictions on maximum livestock
density

1985a, 1998d

Restrictions on application of
plant-available N

1991c, 1999d, 2000d, 2001e, 2016k

Fertilizer accounts 1994c

Utilization of nitrogen in manure 1994-1997c, 1998, 2000d, 2002d,
2003d,e, 2005g, 2021l

Catch crops 1998d, 2003e, 2004g, 2008h, 2016l

Restoration of wetlands 2000d, 2003e, 2004g, 2009i, 2014j,
2016k,l

Restrictions on manure spreading method 2003f, 2009i

Closed period of tillage and plowing 2011i

Buffer zones along watercourses and lakes 2011i, 2014j, 2016k

Collective and targeted regulation: e.g.
constructed wetlands

2016k

a 1985: NPo Action Plan to reduce N- and P-pollution.
b 1987: The First Action Plan for the Aquatic Environment (AP-I).
c 1991: Action Plan for a Sustainable Agriculture, aiming to reduce N-losses from agri-

cultural fields.
d 1998: The Second Action Plan for the Aquatic Environment (AP-II).
e 2001: AP-II Midterm Evaluation and Enforcement.
f 2001: Ammonia Action Plan.
g 2004: The Third Action Plan for the Aquatic Environment (AP-III).
h 2008: The EU obligatory set aside was suspended. To counter-act possible increase in

nitrogen leaching further requirements of catch crops of 4%-point was implemented.
i 2009: Green Growth Agreement.
j 2014: The first River Basin Management Plan for 2009–2015 (delayed).
k 2015: Food and Agricultural Package (Political agreement).
l 2016: The second River Basin Management Plan for 2016–2021.
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1. Introduction

Eutrophication of inland surface and coastal waters due to increased
anthropogenic nutrient loads from diffuse and point sources has been a
challenge for more than half a century in many parts of the world, in-
cluding Denmark (Kronvang et al., 1993; Diaz and Rosenberg, 2008;
Riemann et al., 2016; Reusch et al., 2018; Murray et al., 2019). A major
source of diffuse nitrogen (N) is leaching of excess N from agricultural
areas (Pieterse et al., 2003; Passy et al., 2013; Sobota et al., 2015;
Kronvang et al., 2020).

Denmark is traditionally a farming country; thus, about 63% of the
land area is used for intensive farming. Agricultural activities have
longbeen known to be themain source of N pollution of Danish ground-
water, rivers, lakes, andmarine waters (Kronvang et al., 1993; Dalgaard
et al., 2014; Hansen et al., 2017; Ptak et al., 2020). The combined total N
load frompoint and diffuse sources to surface and coastalwaters has de-
creased by almost 50% during the period 1990–2018 (Dalgaard et al.,
2014; Thodsen et al., 2019). The main diffuse source of N is agriculture,
but also background losses (forested areas and areas with natural vege-
tation) and, to aminor degree, wastewater runoff from scattered dwell-
ings contribute to overall N losses (Kronvang et al., 2015). The total N
load from diffuse sources decreased by 37% in Denmark during the pe-
riod 1990–2018 (Thodsen et al., 2019). Moreover, the N load from
point sources to streams contributed 20–25% of the combined total N
loads in 1990, but improved wastewater treatment had gradually re-
duced the point source load to 10% of the total N load by 2018
(Riemann et al., 2016; Thodsen et al., 2019). Thus, even though N
loads from diffuse sources generally have decreased in Denmark, their
relative importance have increased. Therefore, the future reductions of
total N loads demanded to fulfill the EU Water Framework Directive's
(WFD) objective of having at least good ecological quality in Danish
coastal waters can only be achieved by a further reduction of the diffuse
N loads.

Through a series of national environmental action plans, Danish
farmers has since the mid-1980s been required to follow a number of
different mandatory regulations and measures to decrease the diffuse
N losses (Table 1). The action plans include requirements regardingma-
nure storage capacity, rules for the timing and application method of
manure, requirements of fertilizer accounts, limits for the maximum
amount of N that may be applied to different crops, and requirements
of buffer zones along water courses. Until 2016, the measures were im-
plemented nation-wide, i.e. applied uniformly throughout the country,
disregarding the fact that all catchments have a unique combination of
drivers related to climate and hydrology, land use, farm practices, and
catchment biogeophysical properties, implying that the effect of mea-
sures varies across climate, soil, and farming systems (Hashemi et al.,
2018a; Hashemi et al., 2018b; Blicher-Mathiesen et al., 2020).

Numerous studies have shown downwards trends in N concentra-
tions or loads in streams. However, due to large spatial and temporal
variations in climate and hydrology as well as catchment-specific
biogeophysical properties, differences in agricultural practices, and the
extent of application of the different mitigation measures between
catchments, the overall effects of the individual measure on the N
loads have been difficult to determine (Bouraoui and Grizzetti, 2011;
Stålnacke et al., 2014; Saaltink et al., 2014; Shoda et al., 2019; Blicher-
Mathiesen et al., 2020; Wenng et al., 2020).

Drivers influencing the export of nutrients from agricultural catch-
ments may be grouped into four major categories: climate, land use,
farm practices, and biogeophysical properties of the specific catchments
(Fig. 1). Each of the main drivers is represented by several factors and
mitigation measures that might increase or decrease the N losses.

Climate and catchment hydrology have historically undergone large
changes as seen from trends in precipitation and runoff in streams
(Asadieh et al., 2016; Poulsen et al., 2017; Mellander et al., 2018).
Poulsen et al. (2017) showed that in 14 out of 18 Danish streams mon-
itoredduring the80year period 1935–2015, streamdischarge increased
2

significantly by 9–33%. Their findings are in line with climate change
forecasts for Northern Europe also predicting higher rainfall and in-
creasing temperature with potentially higher frequencies of extreme
events such as drought or flooding (Hoffmann and Spekat, 2020;
Tabari et al., 2020). Depending on the sensitivity of the specific
catchments to climate variation, the impacts of climate change may
override or blunt the benefits of local mitigation management
(Mellander et al., 2018). Andersen et al. (2006) performed simulations
of the responses of stream discharge and diffuse N losses to climatic
changes comparing a control period (1961–1990) with a future climate
scenario (2071–2100, IPCC A2 scenario) in a 114 km2 Danish lowland
catchment. Their results showed that mean annual runoff would
increase by 27 mm (7.5%), while mean annual stream TN loads would
increase by 2.3 kg N ha−1 (8.5%) in loamy subcatchments and by
1.6 kg N ha−1 (6.9%) in sandy subcatchments.

A recent study of 69 Nordic headwater catchments found that
land use was the dominant driver controlling N loads as these
were highest in agricultural-dominated catchments, intermediate in
forested-impacted catchments, and lowest in natural catchments (de
Wit et al., 2020).

Clear temporal relationships have been identified between field N
surplus and groundwater concentrations of NO3

− (Hansen et al., 2017).
Similarly, significant relationships between field N surplus and stream
N concentrations were found for nine out of a total of ten large Danish
catchments during the period 1990–2009 covering a total of
15,200 km2 (Windolf et al., 2012). In a short-term (1-year) study of
six agricultural landscapes dispersed across Europe, significant correla-
tions across sites appeared between field N surplus and N



Fig. 1. Conceptual figure showing the fourmain drivers (climate, land use, farm practices, and biogeophysical properties) controlling catchment nitrogen exports. The arrows indicate the
direction in which an increase of the driver affects the stream NO3

− loads.
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concentrations in soils and groundwater, while no significant correla-
tion was found between field N surplus and stream N loads across the
sites (Dalgaard et al., 2012). Difficulties with using the field N surplus
as an indicator of stream N loads across sites with different land uses,
climates, and soil types also emerged in a study covering England and
Wales, which demonstrated that the field N surplus could even be neg-
atively correlated with stream NO3

− concentrations or loads for certain
land uses (Lord et al., 2002). Several studies have reported nutrient leg-
acies in catchments linked to both nutrient stores in soils and ground-
water as well as time lags that might influence nutrient depletion
trajectories after changes in land use or management practices (Van
Meter and Basu, 2015; Kim et al., 2020). Significant temporal relation-
ships between the field N surplus and stream N concentrations were
found for only four out of a total of 14 Nordic-Baltic agricultural-
dominated headwater catchments, all with long-term (14–22 years)
time series of monitoring data (Bechmann et al., 2014). Consequently,
there were no significant relationships for ten of the investigated catch-
ments. While these results may reflect the differences in agricultural
practices caused by, for instance, changes in livestock production
(Norway), mandatory regulations of fertilizer application (Denmark)
or increased intensity of production (Latvia), they may also present dif-
ficulties for unraveling the effect of themany drivers influencingN loads
from small headwater catchments.

The possibility that catchment biogeophysical properties such as N
retention and transport time lag could mask trends in N loads following
even extreme changes in agricultural production systems has been
3

found when studying larger rivers even a decade after decreases
in field N surpluses (Grimvall et al., 2000; Stålnacke et al., 2003;
Bouraoui and Grizzetti, 2011). For small agriculturally dominated
catchments, attenuation and time lag of transport from the soil
surface to stream discharge have been attributed to the specific
hydrogeophysical structures of the catchments (Blicher-Mathiesen
et al., 2020). Furthermore, in some river catchments, loss of N may
also be dominated by mineralization of large pools of organic nitrogen
accumulated over several decades in the cultivated soils (Stålnacke
et al., 2003).

Given the complexity of the rural landscape involving intricate inter-
actions between climate, topography, hydrology, land use and manage-
ment, forecasting the effects of mitigation measures is a difficult task
(Heathwaite et al., 2005). Since the requirements of the WFD are asso-
ciated with local water bodies, assessment of the effect of mitigation
measures to be implemented at local catchment scale is needed. It re-
mains, however, a challenge to identify and validate themost successful
mitigationmanagement plans as data derived from long-termmonitor-
ing, and especially documentation and recording of changes in all the
main drivers and their underlying factors, are only available for few
catchments worldwide (Fig. 1).

In this paper, we analyze three decades of trends in NO3
− concentra-

tions and loads in five Danish headwater streams draining intensive,
agricultural catchments. Our main aims are to elucidate the impact on
the observed trends in stream NO3

− loads of the four main drivers and
their underlying factors: i) catchment biogeophysical characteristics,
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ii) climate and hydrology, iii) land use, and iv) farming practices,
including mitigation measures. Identification of the most efficient
mitigation measures under different climate and soil conditions
and different agricultural practices may serve as an important
guideline for other countries bordering the Baltic Sea or other
marine waters world-wide where the ecological state is suffering
from high diffuse N loads.

2. Materials and methods

2.1. Study sites

TheDanishAgriculturalWatershedMonitoring Program (LOOP-pro-
gram)was initiated in 1989 tomonitor the effects of implemented agri-
cultural policies on the leaching and transport of nutrients. The
monitoring program consists of annual interviews with farmers regard-
ing agricultural practices in six small catchments (4–15 km2) selected to
represent variations in climate, soil type, and agricultural practices in
Denmark. In five of the six catchments (Fig. 2 and Table 2), farm prac-
tices were recorded and the annual nutrient transport in different
parts of the water cycle was measured for the period 1990–2018. De-
tailed descriptions of themonitoring stations and conducted interviews
of farmers can be found in Grant et al. (2011) and Blicher-Mathiesen
et al. (2014).

Land use in all five catchments was dominated by agriculture, which
covered 69–85% of the total catchment areas (Table 2). The extent of tile
drainage and ditches as predicted by national soil drainage maps was
pronounced for L1 and L4, and negligible for L2 and L6. Livestock densi-
ties in the sandy catchments, L2 and L6, were five times higher than in
Fig. 2. Location of the monitored catchments (L1, L2, L3, L4, and L6), the distribution of
average annual precipitation (1990–2018, Vejen et al., 2014), and the distribution of
sandy and loamy soil in Denmark (Adhikari et al., 2013).

4

the loamy catchment L1, and twice as high as in the loamy catchments
L3 and L4.

2.2. Periods

In our analysis of the effects of different mitigation measures on
the NO3

− load to the streams, we divided the data into three subpe-
riods, 1990–1998, 1999–2007, and 2008–2018. These subdivisions
represent periods of implementation of different mitigation mea-
sures and periods in which specific agricultural practices changed,
for instance time and technique for manure spreading, share of
catch crops, tillage in autumn, and surface field balance for nitro-
gen (Table 1). All statistics were calculated for agro-hydrological
years (defined as the period from 1 April to 31 March); e.g. the
year 1990 represents the period April 1, 1990 to March 31, 1991,
and the period 1990–2018 represents the period from April, 1990
to March 31, 2019.

2.2.1. 1990–1998
The first subperiod 1990–1998 was characterized by the require-

ment for farmers to gradually increase their manure storage capacity
up to nine months at the end of 1994 (Table 1). Spreading of animal
slurry in late autumn andwinter was banned. Starting with the NPo Ac-
tion Plan in 1985 fertilizer accounts were to be tabulated for each farm.
However, farmers only needed to provide the accounts if requested.
From 1994 the fertilizer accounts were mandatory to be submitted to
the authorities. Furthermore, the consumption of effective nitrogen in
fertilizer and manure was gradually tightened relative to the nitrogen
quota system introduced in 1994.

2.2.2. 1999–2007
In 1998, theDanish parliament adoptedAction Plan II (AP-II, Table 1)

according towhich the effective consumption of nitrogenwas to be 90%
of the economic optimum as from the year 1999 (Grant and Blicher-
Mathiesen, 2004). AP-II furthermore included restrictions on livestock
densities, requirements for the use of catch crops, and restorations of
wetlands (Hoffmann and Baattrup-Pedersen, 2007). Therefore, the sec-
ond subperiod was set to start this year. The restoration of wetlands
continued gradually as suited low-lying areas that could be converted
to wetlands were identified, farmers accepted to cease farming in ex-
change for compensation and/or new land and further funding was
provided in following action plans (Table 1). However, in the five catch-
ments investigated in this study no wetland restoration has taken place
asmost projectswere conducted infloodplains along larger streams and
rivers (Hoffmann and Baattrup-Pedersen, 2007). The 2001 Ammonia
Action Plan included further requirements for manure storage, and a
ban on the use of broadcast spreaders for the application of manure.

2.2.3. 2008–2018
The third period was characterized by a further increase in catch

crops (Table 1). From 2008, the requirements increased, and catch
crops were to cover 10% and 14% of the potential catch crop area on
farms using, respectively, less or more than 80 kg N in organic manure
per hectare (Børgesen et al., 2013). From autumn 2011, soil tillage was
only allowed after November 1 on loamy soils and after February 1 on
sandy soils.

The total area of buffer zones introduced with the Green Growth
Agreement in 2009 being implemented with the buffer zone law
adopted by the Danish Parliament in June 2011 comprised an area of
only 28 ha (0.7%) of the combined area of the five investigated catch-
ments during the period 2012–2015 where 10 m buffer zones were
mandatory. After the adoption of the Agricultural Package in 2016 the
areas with buffer zones declined to only 9 ha (0.2%) in 2016 and to
3 ha (0.08%) in 2017. All buffer zones were established as dry vegetated
10m strips along streamswithout reestablishing the natural hydrology.



Table 2
Total catchment area, soil type, proportion of agriculture, proportion of total catchment areawith high probability of being drained (Møller et al., 2018), as well as livestock density in the
five monitored catchments. All figures are averages for the period 1990–2018.

Catchment Area [ha] Soil Agricultural area [%] Drained area [%] Livestock density [LU ha−1]

L1 Højvads Rende 980 Loamy 69 100 0.17
L2, Odder Bæk 1140 Sandy 82 7 1.06
L3, Horndrup Bæk 510 Loamy 70 47 0.46
L4, Lillebæk 440 Loamy 83 100 0.58
L6, Bolbro Bæk 780 Sandy 85 4 1.00
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The Political Agreement on Food and Agriculture was implemented in
2016.With this, farmerswere allowed to apply extra fertilizer amounting
to 2/3 of the gap between the economic optimum and the reduced N
quota in 2016, and in 2017 farmerswere permitted to apply N equivalent
to the economic optimum. Among other measures, targeted cover of
catch crops and a greening element, for instance more catch crops and
set-aside,were introduced to counteract the potential increase in leaching
due to the extra application of fertilizer as from 2016.

2.3. Interview data

By interviewing farmers, the monitoring encompasses collection of
detailed information on agricultural practices. This information includes
area and maps for location of fields, crop types, N balances, tillage time
and the amount, method, and time of mineral and organic fertilizer ap-
plication at field level. At farm level, the interview data includes the
number of livestock, total production of manure and manure storage
capacity.

For the purpose of the analyses in our study, relevant interview data
was summarized annually for each catchment as follows:

• Agricultural area as percentage of total catchment.
• Livestock density: manure is exchanged between farms so that the in-
dividual farmswill meet the Livestock Units per hectare (LU ha−1) re-
quirements. The livestock densities were therefore calculated as the
application of manure nitrogen (kg N) divided by 100 following the
Danish definition of the term.

• Manure spread in spring and summer: the percentage of total manure
spread during spring and summer (March through August).

• Manure spread by injection or hoses: The percentage of liquidmanure
applied by injection or hoses.

• Manure storage >9months: data onmanure storage capacitywas cal-
culated as the percentage of liquid manure, for which farms had stor-
age capacity for 9 months or longer.

• Tillage in autumn: the percentage of area tillage during autumn. Re-
strictions on tillage before November 1 and February 1 on loamy
and sandy soils were implemented from autumn 2011 and onwards.

• Catch crop cover: calculated as the percentage of agricultural area
with catch crops. Catch crops take up N and extensively prevent N
leaching during the runoff season.

• Field N surplus: The surface N surpluswas calculated as the difference
between input and output for all fields within each of the five catch-
ments (Eq. (1)). The N input was the N in fertilizer and manure, N
from grazing animals, atmospheric N deposition, and N fixation by le-
gumes and clover. The N output was the N in harvested crops and re-
moved straw. N fixation was calculated using the dry matter and N
content in the yield and the proportion of fixed N in both the harvest
yield and in stubble and roots (Høgh-Jensen et al., 2004). The surface
N surplus describes the potential for all N losses including (i) leaching
from the root zone, (ii) denitrification, and (iii) ammonia volatiliza-
tion during manure spreading, as well as possible changes in the
pools of organic and inorganic N in the soil.

Nsurplus ¼ Nmineral fertilizer þNmanure þNgrazing þ Nseeds þNfixation
þ Ndeposition−Nyield (1)
5

2.4. Climate data

Daily values of precipitation and air temperature were obtained
from the DanishMeteorological Institute and based upon interpolations
of measured precipitation from local stations to a 10 × 10 km2 grid for
precipitation and a 20 × 20 km2 grid for air temperature (Scharling,
2012). The precipitation data were corrected on a daily basis for the
lower catch effect of wind and wetting according to guidelines from
the Danish Meteorological Institute (Refsgaard et al., 2011). If a catch-
ment was represented in more than one 10 km × 10 km grid, the
mean of two grids was used. For trend analyses of annual data, temper-
ature was summarized by mean winter temperature (October through
March) and number of frost days.

Data on the North Atlantic Oscillation index (NAOi) was pro-
vided by the NOAA Climate Prediction Centre (www.noaa.gov).
The index describes the variability of the strength of surface west-
erlies caused by pressure differences across the Atlantic Ocean
(Hurrell, 1995). In north-western Europe, positive phases of NAOi
are generally associated with higher precipitation, more frequent
large winter precipitation events, and elevated summer air temper-
atures (Mellander et al., 2018). For the trend analyses, annual aver-
ages of NAOi were used.

2.5. Stream runoff and stream nitrate load

In the study period, stream water level and NO3
− concentra-

tions of the studied catchment areas were gauged at the catch-
ment outlet. Instantaneous discharge was measured 12–20 times
per year using a low friction propeller, and daily discharge values
were calculated using relationships between discharge and contin-
uously measured fluctuations in stream water levels. Water sam-
pling at the monitoring stations was usually conducted every
fortnight.

Baseflow index (BFI) for each agrohydrological year aswell as for the
entire monitoring periods was calculated according to Gustard et al.
(1992). The annual BFI was used for trend and correlation analyses as
a climate variable representing changes in the proportions of quickflow
and baseflow, while the BFI for the entire period represented the aver-
age hydrophysical response of each catchment.

The method used to analyze TN in the Danish monitoring program
has changed over themonitoring period and is therefore not consistent
for the entiremeasurement period. In this study,we therefore only used
concentrations and loads of nitrite (NO2

−-N) + NO3
−-N (hereafter

referred to as NO3
−-N) to analyze for trends in the concentrations and

loads between periods and catchments. Nitrate constituted, on average,
89%, 85%, 87%, 92%, and 59% of TN in L1, L2, L3, L4, and L6, respectively,
and the share was nearly constant for the period 1991–2006 where
the method for measuring TN was Kjeldahl N. During the entire
period 1990–2018, concentrations of NO3

− was measured using a
more robust method from the Danish Standards Association (1975).
The concentrations of ammonia N were in general very low, often less
than 0.01 mg N/l.

NO3
− loads from the gauged streams were calculated using linear in-

terpolation for NO3
−-N concentrations multiplied by average daily run-

offs. We calculated runoff (mm yr−1), NO3
−-N loads (kg N ha−1 yr−1),

and flow-weighted NO3
−-N concentrations (mg N L−1) for agro-

http://www.noaa.gov
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hydrological years in order to correlate changes in farm practices and
other factors with the responses of load and concentrations of NO3

− for
the same year. For trend and correlation analyses, the runoff from the
previous agrohydrological year was included to account for lag time.

Based on comparisons ofmeans andmedians and tests for normality
using the tests of Anderson-Darling, Kolmogorov-Smirnov, and
Shapiro-Wilk, it appeared that stream runoffs (Q, mm yr−1) were closer
to being normally distributed after log-transformation, while the distri-
butions of stream loads of NO3 (L, kg NO3

−-N ha−1 yr−1) were closer to
being normal when untransformed.

L-Q relationships were therefore calculated by linear regression
between untransformed stream NO3-N loads and natural log-
transformed stream runoff using the least squares method.

2.6. Groundwater age and nitrate retention

The age of the 50%, 75%, and 95% fractiles of oxidized groundwater
reaching the stream waters was calculated by particle tracking in
MIKE-SHE using the National Water Resource Model (DK-model,
Henriksen et al., 2003; Stisen et al., 2019; Blicher-Mathiesen et al.,
2020).

The natural retention of NO3
− in groundwater was calculated using

the National Nitrogen Model (Højberg et al., 2015), which is based on
the NationalWater Resources Model for Denmark (DK-model), the em-
pirical Nitrogen Leaching EStimator model (NLES, Kristensen et al.,
2008), and observations from 344 stream stations. The groundwater re-
tention of NO3

−was thus calculated as the fraction of particle trajectories
from the surface crossing an oxic-anoxic redox boundary before
reaching surface waters.

2.7. Statistical analyses

The statistical significance of regression coefficientswas tested using
t-tests, and analysis of covariance (ANOCOVA) was used to test for sta-
tistically significant differences between regression coefficients from
each subperiod. Correlations between data variables were calculated
using Kendall's rank correlation coefficient. The level of statistical signif-
icance was set at p < 0.05 for all analyses.

Temporal trend analyses were carried out using the non-parametric
Mann-Kendall test (Kendall, 1938; Mann, 1945; Kendall, 1975). For
time series with significant trends (p < 0.05), the linear slope (a) of
the trends was calculated as the Theil-Sen estimator (Theil, 1950; Sen,
1968), and the intercept (b) was calculated as suggested by Conover
(1980):

b ¼ x0:5−a � y0:5 (2)

where x0.5 and y0.5 are the variable medians.
To account for hydrometeorological fluctuations impeding the de-

tection of trends in streamNO3
−-N loads, streamNO3

−-N loadswere nor-
malized according to Larsen et al. (2020) by first calculating the linear
Table 3
Average annual precipitation and runoff, baseflow index (BFI), modeled nitrate (NO3

−) retentio
tering the streams in the five monitored catchments. Precipitation and runoff are averages fo
1990–2018 (Gustard et al., 1992), while modeled NO3

− retention and age of groundwater refer

Catchment Precipitation [mm yr−1] Runoff [mm yr−1]

Loamy L1 Højvads Rende 709 ± 113 155 ± 75
L3, Horndrup Bæk 848 ± 201 285 ± 78
L4, Lillebæk 796 ± 137 239 ± 93

Sandy L2, Odder Bæk 840 ± 119 225 ± 44
L6, Bolbro Bæk 1009 ± 156 520 ± 125

6

regression between monthly values of log-transformed stream NO3
−-N

loads (L) and log-transformed runoff

log Lij
� � ¼ αj þ βj � i

� �� log Qij
� �þ εij (3)

where the indices i and j are year and month, respectively, α and β are
regression coefficients, and ε is the residuals. The normalized stream
NO3

−-N load (Lnorm) was calculated using the estimated regression coef-
ficients

Lnorm ij ¼ exp log Lij
� �

− log Qij
� �

− log Qj

� �� �
� αj þ βj � i
� �� �

� exp 0:5�MSEð Þ (4)

where MSE is the mean squared error from the linear regression. A re-
sult of the log transformations is that the sum of stream NO3

−-N load
is not conserved after normalization. Upon summing the monthly nor-
malized streamNO3

−-N load by agrohydrological year, the potential bias
is therefore corrected by

LnormB i ¼ Lnorm i þ Li−Lnorm i
� �

(5)

where LnormB i is the annual normalized and bias-corrected streamNO3
−-

N load. In this paper, the term normalized stream NO3
−-N load refers to

this normalized and bias-corrected quantity. Additional trend analyses
of untransformed stream NO3

−-N concentration and stream NO3
−-N

loads were conducted using the partial Mann-Kendall (PMK) test in-
cluding stream runoff as an explanatory variable (two-sided test)
(Libiseller and Grimvall, 2002; Stålnacke et al., 2014).

3. Results

3.1. Climate, hydrology, and catchment biogeophysical properties

The average annual precipitation and runoff varied consider-
ably among the five catchments and ranged from an average of
709mmyr−1 in L1 to 1009mmyr−1 in L6 (Table 3). The average fraction
of precipitation resulting in stream runoff was considerably larger in L6
(52%) than in the remaining catchments (22–34%).

A large variation in the modeled groundwater NO3
− retention was

found between the five catchments (Table 3). Here, groundwater atten-
uation refers to themicrobial or chemical reductionofNO3

− to gaseousN
that occurs below the redox zone in the aquifers during transport from
the bottom of the root zone to the streams. Also the lag time in the
transport of oxidized groundwater from the soil surface to the streams
differed between the catchments with a higher lag time of the oxidized
groundwater for catchment L2 than for the other four catchments
where the lag times for 95% of the oxidized groundwater to reach the
stream were less than 2.2 years old (Table 3).
n in groundwater, and age of 50%, 75%, and 95% percentiles of oxidized groundwater en-
r the period 1990–2018 ± standard deviation and BFI is calculated for the entire period
to the period 1990–2010 (Højberg et al., 2015).

BFI NO3
− retention [%] Age of oxidized groundwater

in stream [yr]

P50 P75 P95

0.57 52 0.13 0.45 2.20
0.63 67 0.12 0.21 1.01
0.53 48 0.17 0.44 1.78
0.77 82 0.50 1.72 9.11
0.84 92 0.53 1.16 2.16
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3.2. Stream nitrate concentrations and runoff

Stream NO3
−-N loads increased with increasing runoff in all five

catchments (Fig. 3). However, the shape of the relationship between
NO3

−-N loads and runoff varied strongly, both between catchments
and between the three subperiods: i) 1990–1998, ii) 1999–2007, and
iii) 2008–2018. The regression coefficients were significant for all the
established relationships (Fig. 3). However, not all regression relation-
shipswere significantly different between the three periods. The regres-
sion slopes differed significantly between thefirst and the last period for
L3 and L4, while the intercepts were significantly different in all
Fig. 3. Streamnitrate-N (NO3-N) loads (L) vs runoff (Q) for thefive catchments L1, L2, L3, L4, and
of the three periods 1990–1998, 1999–2007, and 2008–2018. The vertical dashed lines sho
1990–2018. The significance levels of the regression coefficients are indicated by * (p < 0.05),

7

catchments with the exception of the second period in L1, for which
the intercept did not differ notably from the first and third periods,
and the second period in L2 and L6, for which the intercepts did not dif-
fer significantly from those of the third period.

The L-Q relationships established between annual NO3
−-N loads and

annual log-transformed runoff for the three periodswere nearly parallel
in the two sandy catchments, L2 and L6 (Fig. 3). A shift in the L-Q rela-
tions towards lower NO3

−-N loads in these two catchments were
especially pronounced between the first and the second period.
Opposite to the sandy catchments, the slopes of the regression lines
for the loamy catchments L1, L3, and L4, decreased with each time
L6. For each catchment, the relationship betweenNO3
−-N load and runoff is shown for each

w the geometric mean of runoff in each catchment for the entire measurement period
** (p < 0.01), and *** (p < 0.001).
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period (i.e. the regression lines “fan out”with increasing runoff). These
shifts in slope demonstrate that the NO3

−-N export decreased between
all three timeperiods and that the reductionwasmuchmore prominent
in years with high annual runoff than in years with a low annual and
hence baseflow-dominated runoff.

3.3. Trends in stream nitrate concentrations and loads

The results of theMann-Kendall analyses showed significant tempo-
ral downwards trends in flow-weighted stream NO3-N concentrations
in four of the five catchments (L2, L3, L4, and L6), with Sen's slopes of
−0.082,−0.147,−0.209, and−0.014mgNO3-N L−1 yr−1, respectively
(Fig. 4). The differences in stream NO3-N concentration between 1990
and 2018 were 5%, −29%, −44%, −35%, and −56% for the five catch-
ments L1, L2, L3, L4 and L6, respectively. When considering the subpe-
riod 1990–2015, i.e. before the introduction of the Political Agreement
on Food and Agriculture, the reductions were generally larger: −20%,
−36%,−52%, −43%, and −53%, respectively.

A significant decreasing trend in NO3
− loads was only found for L3.

However, normalization of NO3
−-N loads to stream runoff revealed sig-

nificant downwards trends in NO3
−-N loads for L2, L3, L4, and L6, with

Sen's slopes of −0.160, −0.374, −0.380, and −0.083 kg N ha−1 yr−1,
respectively. Including streamrunoff as an explanatory variable in a par-
tial Mann-Kendall analysis also resulted in significant decreasing trends
in NO3

−-N loads in all five catchments (Supporting Information Fig. S1).
Differences in NO3

−-N loads between the regression lines for consec-
utive periods as a function of runoff are shown in Fig. 5. These differ-
ences generally show a much larger reduction in NO3

−-N between the
first and the second period than between the second and the third pe-
riod. For the sandy catchments L2 and L6, the difference between the
second and the third period at geomean runoff is around zero, while
the difference between the second and the third period for L1, L4, and
L6 at geometric mean stream runoff is only a factor 0.4–0.7 of the differ-
ence between the first and the second period (Table 4). The overall re-
duction in NO3

− loads as calculated from the L-Q relations at geomean
runoff was 30–52% between the first and the third subperiod, with the
largest reductions occurring between the first and the second subpe-
riods (Table 4). The absolute reductions in stream NO3

− loads between
the first two periods were highest for the loamy catchments, while the
relative reductions were highest for the sandy catchments. Between
the second and the third period, the reductions were highest for the
loamy catchments in both relative and absolute terms. The steepest re-
sponse to runoff was recorded for L4 between the first and the second
period, with a reduced loss of 13.3 kg N ha−1 yr−1 at the highest mea-
sured runoff of 450 mm yr−1 (Fig. 5a). A lower load reduction was
seen for L3 with reduced losses amounting to 7.6 kg N ha−1 yr−1 for
the highest annual runoff of 441 mm yr−1. The lowest load reductions
between the first and the second period were detected in catchment
L1, L2, and L6, amounting to 4.6, 4.5, and 2.3 kg N ha−1 yr−1, respec-
tively, at the highest annual runoff of 300, 294, and 712 mm yr−1,
respectively.

3.4. Trends in factors driving stream nitrate

3.4.1. Climate and hydrology
Only annual average air temperature in the catchments L1, L3, L4,

and L6 showed a significant increasing trend for the entire 29-year
Fig. 4. Time series of annual (1/4–31/3) values for flow-weighted stream nitrate (NO3
−) conce

driving stream NO3
− concentrations and loads for the five investigated catchments L1, L2,

agricultural practices represented by livestock density, percentage of manure nitrogen (N
(March–August), percentage of manure N spread using injection or hoses, percentage of man
during autumn (September–November), percentage of catch crop cover, field N surplus, amou
average October–March), number of frost days, North Atlantic Oscillations index (NAOi), str
Kendall trend was found, the dotted lines show Sen's slopes and gray areas indicate the 95% co

9

monitoring period (Fig. 4). None of the catchments showed any signifi-
cant trends for any of the other climate and hydrological variables (win-
ter temperature, number of frost days, NAOi, precipitation, runoff, or
BFI) during the entire period (Fig. 4). However, when considering
each of the three subperiods separately, NAOi showed a significant de-
creasing trend during the first period and a significant increasing
trend in the third period (Supporting Information Fig. S2).

3.4.2. Land use
Significant decreasing trends for the agricultural proportion of the

catchment areas were found in four of the five catchments (L1, L2, L3,
and L6, Fig. 4). During the 29-year monitoring period, the agricultural
area decreased by 22%, 8.5%, 10%, 1.2%, and 11% in catchments L1, L2,
L3, L4, and L6, respectively. The converted agricultural areas were
mainly left as low, mixed vegetation or uncultivated permanent grass
turning into nature, and in L6 someof these grasslands eventually trans-
formed into forest.

3.4.3. Agricultural practices
Significant decreasing trends in livestock density were found for L2

and L6 (Fig. 4), while significant decreases in field N surplus only
emerged for catchments L3 and L6 when considering the entire mea-
surement period 1990–2018. Focusing only on the period 1990–2015
(the period before implementation of the Political Agreement on Food
and Agriculture allowing farmers to apply more fertilizer), the p-
values from trend analyses of the field N surplus decreased for all catch-
ments and a significant trend emerged also for L1,while the trendswere
still non-significant for L2 (p < 0.09) and L4 (p < 0.11). The amount of
applied mineral N fertilizer decreased significantly over the entire pe-
riod in L2, L3, L4, and L6 (Fig. 4). However, when considering the
three subperiods individually, significant increasing trends appeared
for L1 and L4 in the third subperiod (2008–2018) (Supporting Informa-
tion Fig. S2). Significant increasing trends were found for the share of
spring or summer manure application in all catchments, except for L4
(p < 0.09), while significant increasing trends in the storage capacity
of liquid manure exceeding 9 months occurred in all of the five catch-
ments (Fig. 4). Also the increasing trends in the percentage of manure
applied by injection or hoses were significant in all five catchments
(Fig. 4). Tillage performed during autumn increased significantly in L1,
L4, and L6, while the percentage of agricultural area covered by catch
crops increased significantly in all five catchments following the imple-
mentation of obligatory catch crops in 1998 (Fig. 4).

3.5. Relations between drivers and stream nitrate

Several of the climate and hydrological variables showed significant
relationshipswith streamNO3

−-N concentrations and loads (Table 5 and
Supporting Information Figs. S3–S7). As expected, precipitation and
stream runoff showed a positive significant relationship with stream
NO3

−-N loads in all five catchments. NAOi as a proxy for both climate
and hydrology correlated positively with stream NO3

−-N loads in two
of the investigated catchments, while BFI and number of frost days cor-
related negatively with streamNO3

−-N loads in three and one of the five
catchments, respectively (Table 5). Only one of the catchments (L6)
demonstrated significant relationships between streamNO3

−-N concen-
trations and, respectively, precipitation, runoff and BFI (Table 5). How-
ever, when analyzing the three individual subperiods, additional
ntrations, stream NO3
− loads, climate-normalized stream NO3

− loads, and key parameters
L3, L4, and L6. Drivers are land use represented by the coverage of agricultural area,
) spread in liquid manure, percentage of manure N spread during spring and summer
ure N for which the storage capacity is >9 months, percentage of agricultural area tilled
nts of applied mineral N fertilizer, and climate represented by winter temperature (daily
eam runoff, and base flow index. Graphs are bold when a significant (p < 0.05) Mann-
nfidence interval around the slope.



Fig. 5.Difference in NO3
−-N loads between the regression lines of streamNO3

−-N loads and runoff in the three different periods shown in Fig. 3. Open circles denote the geometric mean of
the annual runoff for the entire measurement period (1990–2018).
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significant correlations emerged (Supporting Information Figs. S8–S22).
The number of frost days and winter temperature correlated negatively
with streamNO3

−-N loads inmost of the five catchments (frost days: L1,
L2, L3, L6; winter temperature: L2, L4, L6) and with stream NO3

−-N con-
centrations in fewer catchments (frost days: L2, L6; winter tempera-
ture: L2) in the second subperiod (1999–2007).

The proportion of agricultural area only exhibited significant
positive correlations with stream NO3

−-N concentrations, NO3
−-N

loads, and normalized NO3
−-N loads in catchment L3 and with

stream NO3
−-N concentrations and normalized NO3

−-N loads in L4
(Table 5), while no such correlations were found for the remaining
catchments.

Field N surplus correlated positively with stream NO3
−-N loads in

catchments L2, L3, and L6 and with stream NO3
−-N concentrations in

L2 and L6 for which also livestock density correlated positively with
stream NO3

−-N concentrations (Table 5). The amounts of mineral N
Table 4
Stream loads in kgNO3

−-N ha−1 yr−1 at geomean runoff (137, 221, 275, 205, and 503mmyr−1,
P2, and P3 and the load reduction at geomean runoff between consecutive periods calculated

[kg NO3
−-N ha−1 yr−1] Load at geomean runoff

P1 (1990–1998) P2 (1999–2007)

Loamy L1, Højvads Rende 13.4 10.9
L3, Horndrup Bæk 17.9 11.9
L4, Lillebæk 26.3 17.2

Sandy L2, Odder Bæk 15.1 9.9
L6, Bolbro Bæk 5.8 3.4

10
fertilizer applied correlated positively with stream NO3
−-N concentra-

tions in catchments L2, L3, L4, and L6. The percentage of manure spread
during summer and spring correlated positively with stream NO3

−-N
loads in L1, L2, and L6 but correlated significantly with stream NO3

−-N
concentrations only in L2 and L6. The percentage liquid manure with
for which storage capacity was nine months or more correlated nega-
tively with stream NO3

−-N concentrations only in L3 and L4. The per-
centage of liquid manure spread using injection or hoses correlated
positively with stream NO3

−-N loads in L1, L2, L3, and L4 but correlated
significantly with stream NO3

− concentrations only in L6 (Table 5). The
catch crop cover correlated negatively with stream NO3

−-N loads only
in L6 but correlated negatively with stream NO3

−-N concentrations in
both L4 and L6 (Table 5).

Stream runoff in the previous yearwas used as a proxy of catchment
lag time in the correlation analysis. This parameter correlated negatively
with stream NO3

−-N concentration in catchments L2, L4, and L6,
respectively) for the five catchments L1, L2, L3, L4, and L6 during the three time periods P1,
from the relations presented in Fig. 5.

Load reduction

P3 (2008–2018) P1–P2 P2–P3 P1–P3

9.1 2.5 (19%) 1.8 (16%) 3.9 (30%)
8.7 6.0 (33%) 3.3 (27%) 9.3 (52%)

13.7 9.1 (35%) 3.5 (20%) 12 (46%)
10.2 5.2 (35%) −0.3 (−3%) 5.0 (33%)
3.0 2.4 (42%) 0.4 (11%) 2.8 (48%)



Table 5
Factors representing the four main drivers, climate, land use, agricultural practices and catchment properties, with significant positive (↑) or negative (↓) correlation with stream nitrate
(NO3

−) loads and flow-weighted stream NO3
− concentrations for the five catchments L1, L2, L3, L4, and L6.

Catchment L1 Catchment L2 Catchment L3 Catchment L4 Catchment L6

Stream NO3
− load ↑Precipitation

↑Runoff
↓ManureSpring/summer

↑Precipitation
↑Runoff
↑NAOi
↓Frost days
↓BFI
↓ManureSpring/summer

↑Precipitation
↑Runoff
↑Agricultural area
↑Field N surplus
↓Autumn tillage

↑Precipitation
↑Runoff
↑NAOi
↓BFI
↓Catch crop cover

↑Precipitation
↑Runoff
↓BFI
↓ManureSpring/summer

↓Manure injection

Flow-weighted stream NO3
− concentration – ↑Livestock density

↑Field N surplus
↑Mineral N fertilizer
↓ManureSpring/summer

↓Manure injection
↓Manure storage
↓Stream Qt-1yr

↑Agricultural area
↑Field N surplus
↑Mineral N fertilizer
↓Manure injection
↓Manure storage

↑Agricultural area
↑Mineral N fertilizer
↓Manure injection
↓Catch crop cover
↓Stream Qt-1yr

↑Precipitation
↑Runoff
↓BFI
↑Livestock density
↑Field N surplus
↑Mineral N fertilizer
↓ManureSpring/summer

↓Manure injection
↓Catch crop cover
↓Stream Qt-1yr
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whereas no significant relationshipwas found for catchments L1 and L3
(Table 5).

4. Discussion

4.1. Catchment biogeophysical properties

A very important biogeochemical catchment property to take into
account when analyzing trends in N concentrations and loads in
streams is N retention, i.e. the NO3

− reduction in anoxic aquifers
(Billen et al., 2013). N retention in groundwater differed strongly be-
tween the five studied headwater catchments with the highest N reten-
tion of 82% and 92% occurring in the two undrained sandy catchments,
L2 and L6, respectively, and the lowest N retention in the three loamy
catchments (L1: 52%; L3: 67%; L4: 58%), which were drained
(Table 2). The differences in groundwater dominance on stream
hydrographs in the five catchments were also illustrated by the high
BFI in the two groundwater-fed streams L2 (0.77) and L6 (0.84) and
much lower in the three drained catchments (0.53–0.63) (Table 2).
Strong catchment-specific differences in N retention have also been
found in other studies (Wendland et al., 2001; Windolf et al., 2012;
Billen et al., 2013; Stålnacke et al., 2014; Højberg et al., 2017).

The differences in N retention illustrate the importance of transport
pathways. Thus, in the sandy catchments a considerable part of the per-
colated water was transported through anoxic aquifers or denitrified in
water-saturated riparian areas, while in the loamy catchments the
water was rather transported laterally through the vadose zone and
via the artificial man-made transport pathway of tile drains or ditches.
Even though the field N surplus and the application of manure were
highest in the first period, and mitigation measures related to the utili-
zation of N in manure had a strong impact on the use of mineral fertil-
izer in these two catchments (Fig. 4), the subsequent response in
stream NO3

−-N was subdued by the high N retention in groundwater.
In contrast, the lower N retention of 48–67% in the three loamy catch-
ments (L1, L3, and L4) rendered these catchments more sensitive to
the implemented mitigation measures by which they showed a more
pronounced response in stream NO3

− loads to the various climate, land
use, and agricultural changes occurring during the three studied subpe-
riods (Fig. 5 and Table 4).

Long lag times of up to 15 and 30 years in the transport of oxic
groundwater from soil surface to the stream have been recorded in
some Danish catchments (Windolf et al., 2012; Vervloet et al., 2018).
The lag times in the five catchments investigated in this study were rel-
atively short as 75% of the oxic groundwater reached the streamswithin
0.2–1.7 years (Table 3). These relatively short time lags are optimal for
11
analyzing the impact of mitigation measures on stream NO3
− loads and

concentrations. While the tailing, i.e. the time for transport of 95% of
the oxic groundwater, was up to 9.1 years in L2, it was only 2.2 years
in the other four catchments. The decreasing response with higher run-
off found in catchment L2might be attributed to old groundwater as L2
had the longest NO3

− transport time in groundwater. On the other hand,
the apparent lack of correlation between one-year runoff lag times and
stream NO3

− concentrations in L1 and L3 is consistent with the fact that
the age of the 50% fractile of oxidized groundwater entering these
streams was the youngest in these two catchments (Table 3).

The geophysical properties of the catchments appear to influence
the robustness of the L-Q relations. Outliers from the L-Q relations
were found for the sandy catchments during yearswith very high runoff
following a year with very low runoff. For instance, in 2006 in the two
sandy catchments, L2 and L6, high runoff and high NO3

−-N loss in
2006 came after a year characterized by low runoff and low NO3

−-N
loss. For both catchments, only a fraction of the NO3

−-N in the top soil
was leached out of the root zone in 2005 and therefore contributed to
an increased NO3

−-N loss during the large runoff in the following year
(Supporting Information Figs. S23–S27). Outliers from the L-Q relations
were also found in the hydrological year 1992/93 with a drought-
related low harvest in 1992, verified by a low N surplus (Fig. 4)
(Windolf et al., 2012).

4.2. Climate and hydrology

Water is the agent for NO3
−-N transport and, consequently, climate

and hydrology have a strong impact on the leaching and transport of
NO3

−-N through catchments to streams. In all the investigated catch-
ments, increasing runoff resulted in increasing stream NO3

−-N loads
(Fig. 3). Precipitation and runoff were also found to be the most impor-
tant drivers for NO3

−-N loads across all five catchments (Table 5).
Typical for L-Q relations is a linear relationship between the loga-

rithm of stream NO3
−-N loads, log(L), and the logarithm of runoff, log

(Q) (Vogel et al., 2005; Basu et al., 2010). However, for the five catch-
ments investigated in this study, the distributions of L were closer to a
normal distribution than those of log(L). Thus, with increasing runoff,
the resulting additional NO3

− load declined as the NO3
− pools in the

catchment soils were increasingly depleted (Moatar et al., 2017).
Several studies have investigated concentration-runoff (C-Q) and

load-runoff (L-Q) relationships (e.g. Vogel et al., 2005; Basu et al.,
2010; Musolff et al., 2015; Gao and Zhang, 2016; Bieroza et al., 2018)
and these have been used as a basis for dividing catchments into re-
sponse types (Moatar et al., 2017; Hashemi et al., 2020).While spurious
correlations may occur in L-Q relationships due to the two variables
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sharing a common element (Q), these may be negligible when a
physical causation exists between the two non-independent variables
(Gao and Zhang, 2016). For the current case, it is well known that
NO3

− is transported by runoff and that a limited supply of NO3
− beyond

a threshold runoff may result in decreasing concentrations (Moatar
et al., 2017).

The response of the annual N loss to changes in annual runoff dif-
fered between the five investigated catchments as revealed by the dif-
ferent L-Q relationships established between stream NO3

−-N loss and
runoff (Fig. 3). While the slopes of NO3

− loads against runoff did not
change between the different subperiods in the sandy catchments
with large groundwater reduction of NO3

−, L2 and L6, the slope de-
creased between consecutive periods in the loamy catchments, al-
though the decrease was only significant in L3 and L4 between the
first and the third period. This difference between the sandy and
loamy catchments is especially pronounced when comparing the first
and the second subperiod (Fig. 5a). In the loamy catchments, the reduc-
tion in NO3

−-N loads increased with increasing runoff, while the reduc-
tion in NO3

−-N loadswere unaffected by runoff in L6 and even decreased
with increasing runoff in L2. At high runoff in the loamy catchments, a
large proportion of the water flowed directly, and unaltered, from the
root zone via tile drains to the streams, demonstrating a large effect of
mitigation measures. Contrarily, in the sandy catchments, water resi-
dence times were longer and the effects of mitigation measures might
have been dampened by biogeochemical alterations occurring along
the groundwater flow path and delayed due to a tail of older groundwa-
ter contributing to the stream flow.

The analysis using L-Q relationships provides important information
about the response of stream nutrient loads in different catchment
types to agricultural management, land use, and climate variations. Cli-
mate forecasts for Northern Europe predict an increasingly variable cli-
mate including more heavy precipitation events, increases in heat
extremes, and decreases in summer precipitation (EEA, 2019). The L-Q
method, applied to different subperiods, is well suited to elucidate
catchment responses to regulations and mitigation measures, also
under future climate scenarios, since it encompasses the entire range
of measured runoff. For instance, for the loamy catchments, the imple-
mented mitigation measures were mainly efficient at reducing NO3

−-N
loads at high runoff levels, which are expected to become increasingly
frequentwith climate change (Jeppesen et al., 2011; EEA, 2019). This ef-
fect would not be visible by comparing climate-normalized concentra-
tions at average runoff, which is a traditional method used for
comparing the effect of mitigation measures (Moatar et al., 2013). Al-
thoughwewere not able to detect significant trends in streamdischarge
in the five small investigated catchments in the current study, an inves-
tigation of larger Danish streams and rivers showed significant increases
in discharge in 12 out of 18 catchments during the longer-term period
1935–2015 (Poulsen et al., 2017).

Although we documented significant correlations between precipi-
tation/runoff and stream NO3

−-N loads, NAOi was only found to be sig-
nificantly positively correlated with the NO3

−-N loads in catchment L2
and L4 (Table 5). NAOi has previously been shown to be an important
driver for NO3

−-N concentrations in headwater streams in north-
western Europe, resulting in both significant positive and negative cor-
relations and, in some catchments, lack of significant correlations
(Mellander et al., 2018). In our five headwater catchments, no signifi-
cant correlations betweenNAOi or other climate parameters (precipita-
tion, temperature) and stream NO3

−-N concentrations were discovered,
except for catchment L6, the most groundwater-dominated stream
(Table 5). Catchment L6 also demonstrated a significant negative corre-
lation between BFI and the NO3

−-N concentration in the stream, indicat-
ing that longer-term climate signals are important when investigating
N-trends in streams, as also shown by Mellander et al. (2018). The
strong correlations between climate variables and stream NO3

−-N
loads are likely to mask correlations between stream NO3

−-N loads
and land use or agricultural management practices.
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While the annual average temperature increased significantly in
four of the five investigated catchments, our analysis did not reveal
any direct effects of annual average temperature on streamNO3

−-N con-
centrations or loads (Table 5). Only the number of frost days was found
to correlate negatively with stream NO3

−-N loads in L2 (Table 5), and in
the second subperiod either the number of frost days and/ormeanwin-
ter temperature correlated with stream NO3

− loads in the other catch-
ments (Supporting Information Fig. S14, S16, and S17). Therefore, low
winter temperatures including a high number of frost days clearly influ-
ence N losses, possibly by lowering the mineralization of N in the agri-
cultural soils, blocking of water percolation water through the soil,
and potential transport of melting snow to the stream as surface runoff
with lowNO3

−-N concentrations (Wenng et al., 2020). Therefore, the ex-
pected future climate changeswill influence future trends in N in catch-
ments in a complicated way caused by the dual occurrence of not only
processes that increase N losses, such as increasing soil mineralization
due to higher winter temperatures (Turner and Haygarth, 2001) and
higher percolation of water through the soil due to a lower number of
frost days, but also of processes that decrease N losses due to extended
growing seasons increasing crop yields and hence the N uptake (Olesen
et al., 2007; Wenng et al., 2020).

4.3. Land use

Land use is generally acknowledged to be one of themost important
drivers for N losses in catchments (Beaulac and Reckhow, 1982; Preston
et al., 2011; deWit et al., 2020; Liang et al., 2020; Piniewski et al., 2021)
and almost all empiricalmodels established for predictingdiffuseN con-
centrations and losses in streams include the share of agricultural land
as one of the main predictors (e.g. Alexander et al., 2009; Windolf
et al., 2011). In our analysis, we found that the proportion of agricultural
land generally decreased (1.2–22%), most pronouncedly in catchment
L1. In most cases, the agricultural areas were converted into unculti-
vated permanent grassland. However, only in catchments L3 and L4
did the share of agricultural area show significant positive correlations
with stream NO3

−-N loads and concentrations (Table 4). The absence
of such correlations in L1 is surprising but may be caused by the very
low average field N surplus in this catchment and other confounding
variables such as a legacy of N in agricultural soils (Van Meter et al.,
2016). However, the driver for the observed downward shift in the L-
Q analysis between the first and second subperiod (−19%) might still
be attributed to the relatively large change in landuse during this period
within the L1 catchment (Fig. 5 and Table 4).

Buffer zones established along streams after 2011 covered only a
small area of the investigated catchments and were maintained only
for a short duration due the adoption of the Agricultural Package in
2016. The effect of such buffer zones on N transport have been shown
to vary widely from the only effect being due to seized fertilization in
dry buffer zones (Noij et al., 2012) to removal rates of up to 100% in
wet buffer zones (Valkama et al., 2019). Thus, given the minimal extent
and duration of this measure in our study catchments and that the
buffer zones were all established without changing their hydrology as
dry vegetated 10 m buffer zones along streams, their effect on annual
stream NO3

− transport is likely to be minor.

4.4. Agricultural practices and surface N-balance

Early warnings of the effects of legislation and other incentives to
change agricultural practices and hence to reduce N losses from agricul-
ture can best be observed by conductingmonitoring as close as possible
to the N source, for instance in headwater catchments (Bechmann et al.,
2014; Blicher-Mathiesen et al., 2014; Iital et al., 2014; Kyllmar et al.,
2014; Lagzdiņš et al., 2015; Wenng et al., 2020).

In our long-term study, we divided our dataset into three different
subperiods representing the implementation of different mitigation
measures. By analysis of L-Q relations and the differences appearing
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between these among consecutive periods, we were able to shed some
light on the effects of different mitigation measures in different catch-
ment types. Thus, the first period (1990–1998)was characterized by in-
creases inmanure storage capacities, decreases inmanure application in
late autumn and winter, improved manure application techniques, and
a general reduction of the use of chemical fertilizers. The second period
(1999–2007) featured further restrictions on fertilization, livestock
density, and the time of tillage, as well as introduction of requirements
for catch crops. The third period (2007–2018) was characterized by ad-
ditional restrictions on the time of tillage and increasing requirements
for catch crops. Further reductions in fertilization were introduced dur-
ing the third period until the implementation of the Political Agreement
on Food and Agriculture in 2016.

The summed effect of the implemented mitigation measures
was clearly demonstrated by the difference in field N surplus between
the first and the second subperiod, showing a decrease of 87 and
58 kg N ha−1 yr−1 in the sandy catchments, L2 (−52%) and L6
(−38%), and of 10, 16, and 5 kg N ha−1 yr−1 in the loamy catchments,
L1 (−19%), L3 (−15%), and L4 (−5%). The main driving factor behind
these large changes in the field N surplus was the significant reduction
of the application of mineral fertilizers due to the mandatory rules re-
garding the N use in manure imposed on all farms (Fig. 4).The outcome
of these changes in the field N surplus on stream NO3

−-N loads was
clearly shown by the pronounced downward changes in the L-Q rela-
tions towards lower NO3

−-N loads between the first and the second pe-
riod in all catchments (Figs. 3 and 5a). The importance of the manure
storage capacity, as well as the timing and technique ofmanure applica-
tion, is further supported by the correlation analyses that revealed sev-
eral significant correlations between stream NO3

−-N loads and/or
concentrations and themitigation measures adopted in the catchments
(Table 5).

The shifts between the L-Q relationships were lower between the
second and the third subperiod than between the first and the second
subperiod for all catchments (Fig. 5). This was especially pronounced
for the two sandy catchments, L2 and L6. Here, there was practically
no difference between the second and the third period, indicating that
the implementation of stricter requirements on catch crops and the
time of tillage had no discernable effect. While the shift in L-Q relation-
ships between the second and the third subperiod was not as pro-
nounced as between the first and the second period for the three
loamy catchments, there was still a clear effect of the increased require-
ments for catch crops and restrictions on the time of tillage (Fig. 5 and
Table 4). These latter results are in agreement with the findings that
leaching of N increases with intensification of cultivation, particularly
when tillage is carried out in autumn as opposed to spring (Hansen
and Djurhuus, 1997; Piniewski et al., 2021). Moreover, the mandatory
requirements regarding the use of catch crops linked to livestock den-
sity is well known from plot experiments to reduce the leaching of
NO3

− (Aronsson et al., 2016). Closed periods for soil tillage, between
November 1 and February 1 on loamy and sandy soils, respectively,
were implemented in Denmark from autumn 2011, but a change in
the time of tillage appeared to have started earlier (Fig. 4).

Contrary to the results of the L-Q relationships, the correlation anal-
yses showed significant positive correlations between catch crop cover
and stream NO3

−-N concentrations in both a loamy (L4) and a sandy
(L6) catchment but only a significant correlation with the stream
NO3

−-N load in L4 (Table 5). Thus, although not discernable from the
L-Q analysis, catch crops may still be an effective mitigation measure
to prevent excess NO3

−-N leaching from agricultural production. A re-
view of 35 studies conducted in Denmark, Sweden, Finland, and
Norway over the past four decades found that non-legume catch
crops, mainly ryegrass species, reduced the N leaching loss by an aver-
age of 50% and soil NO3

−-N or inorganic N by 35% (Valkama et al.,
2015). However, an effect on the NO3

− concentration or load in streams
by implementing catch crops has so far not been documented. This
might be attributed to the fact that the specific effect of catch crops
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may be hampered due to a dry or a wet climate in the period of seeding
and growth of catch crops in autumn. Moreover, in the sandy catch-
ments (L2 and L6), the effects of catch crops may have been dampened
by the catchment biogeophysical properties.

Due to the lower groundwater N retention of 48–67% in the loamy
catchments, a more pronounced response of stream NO3

−-N loads to
themitigationmeasures implemented between the first and the second
period was observed in L3 and L4. The relatively more subdued re-
sponse in L1 compared with the other loamy catchments is likely re-
lated to lower inputs of N, as expressed by the low field N surplus of
46 kg N ha−1 yr−1. The lower field N surplus in this catchment is mainly
due to very low inputs of manure and higher N yields from sugar beets.
Also the very low annual runoff of 155 mm facilitated lower stream
NO3

−-N loads in L1. In contrast, L3 and L4 had higher average field N sur-
pluses of 91 and 89 kg N ha−1 yr−1, respectively. The particularly pro-
nounced response of stream NO3

−-N loads to runoff in L4 is likely due
to the low N retention in this catchment combined with quick water
transport (Table 3).

For the period 1990–2015, Blicher-Mathiesen et al. (2020) reported
reductions in stream TN loads from the five catchments L1, L2, L3, L4,
and L6 of −19%, −42%, −53% -35%, and −32%, respectively. While
the decreases in stream NO3

−-N loads recorded in this study were com-
parable for the same subperiod, the decreases during the entire mea-
surement period of 1990–2018 were somewhat lower. The
discrepancy between the decreases calculated for the periods
1990–2015 and 1990–2018 partly reflects the sensitivity to year-to-
year variations when using only end points, but it may also, to a certain
degree, reflect the effect of increased fertilization following the imple-
mentation of the Political Agreement on Food and Agriculture in 2016.
The latter is further supported by the significant increasing trends in
the amount of mineral N fertilizer applied in catchment L1 during the
third subperiod (Fig. 4 and Supporting Information Fig. S2).

In our study, we found a significant correlation between the field N
surplus and stream NO3

−-N concentrations through 29 years for catch-
ments L2, L3, and L6, which also showed the largest changes in field N
surplus (Table 5). Similar positive correlations between N application,
field N surplus, and N concentrations in surface and subsurface runoff
have been documented at plot (Goulding, 2000; Korsaeth and Eltun,
2000) and field scale (Jansons et al., 2003; Salo and Turtola, 2006;
Blicher-Mathiesen et al., 2014).

The lack of a significant correlation between the field N surplus
and N loads in streams has been attributed to catchment lag times
(Bouraoui and Grizzetti, 2011; Vervloet et al., 2018). Of the five
catchments investigated in this study, a significant correlation be-
tween stream NO3

− concentrations and/or loads and field N surplus
was found for L2, L3, and L6 (Table 5). L2 and L6 also had the
highest livestock density and the largest reductions in N surplus,
whereas L3 had the lowest age of oxidized groundwater and a rel-
atively low groundwater N retention (Tables 2 and 3). The absence
of a significant correlation between the field N surplus and stream
N load in the L1 and L4 catchments may also be caused by a
decrease in the organic pool of N in the agricultural soil. For the
period 1986–2009 in a Danish national inventory study, Taghizadeh-
Toosi et al. (2014) found a significant decrease in soil organic carbon
on farms producing cash crops andwith onlyminimum input of organic
matter from manure. On the other hand, in this study, an increase in
soil organic carbon occurred in soils receiving a large input of ma-
nure and having a larger share of grasslands. The loss of inorganic
N, primarily due to mineralization of large pools of organic N accu-
mulated over several years, may also have contributed to the lack
of response between fertilizer and manure inputs and NO3

− loads as
seen for Latvia rivers (Stålnacke et al., 2003). Also for River Oder
and River Vistula in Poland, a comparison of the trends in N concen-
trations over four decades indicated that factors other than reduced
fertilizer application influenced the inertia of the water quality re-
sponse (Eriksson et al., 2007).
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5. Conclusion

Based on 29 years of intensivemonitoring of five headwater streams
draining intensive agricultural catchments and the establishment of
stream nitrate-N (NO3

−-N) load-runoff (L-Q) relationships, a large but
catchment-specific effect of a suite of implemented mitigation
measures in agriculture was demonstrated by a large shifts in L-Q rela-
tionships (−30–52% at geomean runoff). Effective and significant miti-
gation measures for NO3

−-N loads were found to be increased storage
capacity and improved spreading technique of manure, facilitating
higher utilization of nitrogen in manure and hence decreasing the
need for application of mineral fertilizer in the four catchments having
moderate to high livestock densities during the first two investigated
subperiods (1990–2007). Another mitigation measure effectively re-
ducing NO3

−-N loads was the growing of catch crops following the
main crops as well as changes in tillage timing from autumn to spring,
especially during the second subperiod studied (2007–2018). Albeit
not traced in the correlations analysis, a large decrease in agricultural
area in L1 during the first period likely contributed to the concurrent
decrease in NO3

−-N loads in this catchment.
The efficiency of differentmitigationmeasures varied with the stud-

ied catchment biogeophysical properties and type of agricultural pro-
duction. The manure-driven mitigation measures showed a better
relative efficiency in the sandy catchments with high livestock density,
while the absolute reductions in NO3

− loads were largest in the loamy
catchments with low NO3

− retention in groundwater. Catch crops had
higher areal cover and thereby also higher retention efficiency in the
loamy than in the sandy catchments, also related to the relatively
smaller groundwater N retention in the loamy catchments. Further-
more,we demonstrated that climate, as expressed by precipitation, run-
off, number of frost days and in the case of loamy catchments the North
Atlantic Oscillation index (NAOi), exerts a strong impact on stream
NO3

−-N loads andmaymask the impacts of the implementedmitigation
measures.

We recommend that future management plans to reach good eco-
logical status in surface waters should consider both catchment
biogeophyscial properties as well as climate and hydrology as it facili-
tates amore precise prediction of the effects of adoptedmitigationmea-
sures on NO3

− loads. Such a recommendation can improve catchment
management worldwide as implementation of mitigation measures
can be focused to catchments and sites yielding the highest reductions
in NO3

− loads.

CRediT authorship contribution statement

Rasmus Jes Petersen: Conceptualization, Validation, Formal analy-
sis, Investigation, Writing – original draft, Writing – review & editing,
Visualization. Gitte Blicher-Mathiesen: Conceptualization, Validation,
Formal analysis, Investigation, Resources, Data curation, Writing –
original draft, Writing – review & editing, Supervision. Jonas Rolighed:
Data curation, Writing – review & editing. Hans Estrup Andersen:
Writing – review & editing. Brian Kronvang: Conceptualization,
Writing – original draft, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

Thanks to Tinna Christensen for graphical help with the conceptual
figure, to Jianlian Wienke for help with data extraction from the
agricultural management database, and to Søren Erik Larsen for statisti-
cal guidance. Funding: This work was supported by the EU DG
14
Environment “HELCOM ACTION” — Actions to evaluate and identify ef-
fective measures to reach GES in the Baltic Sea marine region.

Appendix A. Supporting information

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147619.

References

Adhikari, K., Kheir, R.B., Greve, M.B., Bøcher, P.K., Malone, B.P., Minasny, B., McBratney,
A.B., Greve, M.H., 2013. High-resolution 3-D mapping of soil texture in Denmark.
Soil Sci. Soc. Am. J. 77, 860–876.

Alexander, R.B., Böhlke, J.K., Boyer, E.W., David, M.B., Harvey, J.W., Mulholland, P.J.,
Seitzinger, S.P., Tobias, C.R., Tonitto, C., Wollheim, W.M., 2009. Dynamic modeling
of nitrogen losses in river networks unravels the coupled effects of hydrological
and biogeochemical processes. Biogeochemistry 93, 91–116.

Andersen, H.E., Kronvang, B., Larsen, S.E., Hoffmann, C.C., Jensen, T.S., Rasmussen, E.K.,
2006. Climate-change impacts on hydrology and nutrients in a Danish lowland
river basin. Sci. Total Environ. 365, 223–237.

Aronsson, H., Hansen, E.M., Thomsen, I.K., Liu, J., Øgaard, A.F., Känkänen, H., Ulén, B., 2016.
The ability of cover crops to reduce nitrogen and phosphorus losses from arable land
in southern Scandinavia and Finland. J. Soil Water Conserv. 71, 41–55.

Asadieh, B., Krakauer, N.Y., Fekete, B.M., 2016. Historical trends inmean and extreme run-
off and streamflow based on observations and climate models. Water 8, 189.

Basu, N.B., Destouni, G., Jawitz, J.W., Thompson, S.E., Loukinova, N.V., Darracq, A., Zanardo,
S., Yaeger, M., Sivapalan, M., Rinaldo, A., Rao, P.S.C., 2010. Nutrient loads exported
from managed catchments reveal emergent biogeochemical stationarity. Geophys.
Res. Lett. 37.

Beaulac, M.N., Reckhow, K.H., 1982. An examination of land use–nutrient export relation-
ships. JAWRA 18, 1013–1024.

Bechmann, M., Blicher-Mathiesen, G., Kyllmar, K., Iital, A., Lagzdins, A., Salo, T., 2014.
Nitrogen application, balances and their effect on water quality in small catchments
in the Nordic–Baltic countries. Agric. Ecosyst. Environ. 198, 104–113.

Bieroza, M.Z., Heathwaite, A.L., Bechmann, M., Kyllmar, K., Jordan, P., 2018. The
concentration-discharge slope as a tool for water quality management. Sci. Total
Environ. 630, 738–749.

Billen, G., Garnier, J., Lassaletta, L., 2013. The nitrogen cascade from agricultural soils to the
sea: modelling nitrogen transfers at regional watershed and global scales. Philos.
Trans. R. Soc. B Biol. Sci. 368, 20130123.

Blicher-Mathiesen, G., Andersen, H.E., Larsen, S.E., 2014. Nitrogen field balances and suc-
tion cup-measured N leaching in Danish catchments. Agric. Ecosyst. Environ. 196,
69–75.

Blicher-Mathiesen, G., Windolf, J., Larsen, S.E., Rolighed, J., Carstensen, M.V., Hojberg, A.L.,
Tornbjerg, H., Kronvang, B., 2020. The effect of nitrogen mitigation measures evalu-
ated by monitoring of nitrogen concentrations and loadings in Danish mini-
catchments-1990–2015. Water Sci. Technol. Water Supply 20, 586–593.

Børgesen, C.D., Jensen, P.N., Blicher-Mathiesen, G., Schelde, K., 2013. Udviklingen i
kvælstofudvaskning og næringsstof-overskud fra dansk landbrug for perioden
2007–2011. DCA-rapport 031. (in Danish). DCA-Nationalt Center for Fødevarer og
Jordbrug.

Bouraoui, F., Grizzetti, B., 2011. Long term change of nutrient concentrations of rivers
discharging in European seas. Sci. Total Environ. 409, 4899–4916.

Conover, W.J., 1980. Practical Nonparametric Statistics. John Wiley, New York.
Dalgaard, T., Bienkowski, J.F., Bleeker, A., Dragosits, U., Drouet, J.L., Durand, P., Frumau, A.,

Hutchings, N.J., Kedziora, A., Magliulo, V., Olesen, J.E., Theobald, M.R., Maury, O., Akkal,
N., Cellier, P., 2012. Farmnitrogen balances in six European landscapes as an indicator
for nitrogen losses and basis for improved management. Biogeosciences 9,
5303–5321.

Dalgaard, T., Hansen, B., Hasler, B., Hertel, O., Hutchings, N.J., Jacobsen, B.H., Stoumann
Jensen, L., Kronvang, B., Olesen, J.E., Schjørring, J.K., Sillebak Kristensen, I.,
Graversgaard, M., Termansen, M., Vejre, H., 2014. Policies for agricultural nitrogen
management—trends, challenges and prospects for improved efficiency in
Denmark. Environ. Res. Lett. 9, 115002.

Danish Standards Association, 1975. Determination of Nitrogen Content after Oxidation
by Peroxodisulphate Copenhagen.

Diaz, R.J., Rosenberg, R., 2008. Spreading dead zones and consequences formarine ecosys-
tems. Science 321, 926–929.

EEA, 2019. Climate Change Adaptation in the Agriculture Sector in Europe. European En-
vironment Agency, Copenhagen.

Eriksson, H., Pastuszak, M., Löfgren, S., Mörth, C.-M., Humborg, C., 2007. Nitrogen budgets
of the Polish agriculture 1960–2000: implications for riverine nitrogen loads to the
Baltic Sea from transitional countries. Biogeochemistry 85, 153–168.

Gao, P., Zhang, L., 2016. Determining spurious correlation between two variables with
common elements: event area-weighted suspended sediment yield and event
mean runoff depth. Prof. Geogr. 68, 261–270.

Goulding, K., 2000. Nitrate leaching from arable and horticultural land. Soil Use Manag.
16, 145–151.

Grant, R., Blicher-Mathiesen, G., 2004. Danish policy measures to reduce diffuse nitrogen
emissions from agriculture to the aquatic environment. Water Sci. Technol. 49,
91–99.

Grant, R., Thorling, L., Hossy, H., 2011. Developments in monitoring the effectiveness of
the EU Nitrates Directive Action Programmes: approach by Denmark. In: Fraters, B.,

https://doi.org/10.1016/j.scitotenv.2021.147619
https://doi.org/10.1016/j.scitotenv.2021.147619
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0005
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0005
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0010
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0010
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0010
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0015
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0015
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0020
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0020
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0025
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0025
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0030
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0030
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0030
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0035
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0035
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0040
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0040
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0045
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0045
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0045
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0050
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0050
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0050
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0055
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0055
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0055
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0060
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0060
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0060
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0065
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0065
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0065
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0065
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0070
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0070
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0075
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0080
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0080
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0080
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0085
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0085
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0085
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0090
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0090
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0095
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0095
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0100
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0100
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0105
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0105
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0105
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0110
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0110
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0110
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0115
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0115
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0120
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0120
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0120
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0125
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0125


R.J. Petersen, G. Blicher-Mathiesen, J. Rolighed et al. Science of the Total Environment 787 (2021) 147619
Kovar, K., Grant, R., Thorling, L., Reijs, J.W. (Eds.), Development in Monitoring the
Effectiveness of the EU Nitrate Directive Action Programmes. Results of the Second
MonNO3 Workshop, 10–11 June 2009, RIVM, National Institute for Public Health
and the Environment, Report 680717019/2011, the Netherlands, pp. 167–189.

Grimvall, A., Stålnacke, P., Tonderski, A., 2000. Time scales of nutrient losses from land to
sea — a European perspective. Ecol. Eng. 14, 363–371.

Gustard, A., Bullock, A., Dixon, J.M., 1992. Low Flow Estimation in the United Kingdom. In-
stitute of Hydrology, Oxfordshire, United Kingdom.

Hansen, B., Thorling, L., Schullehner, J., Termansen, M., Dalgaard, T., 2017. Groundwater
nitrate response to sustainable nitrogen management. Sci. Rep. 7, 8566.

Hansen, E.M., Djurhuus, J., 1997. Nitrate leaching as influenced by soil tillage and catch
crop. Soil Tillage Res. 41, 203–219.

Hashemi, F., Olesen, J.E., Børgesen, C.D., Tornbjerg, H., Thodsen, H., Dalgaard, T., 2018a.
Potential benefits of farm scale measures versus landscape measures for reducing ni-
trate loads in a Danish catchment. Sci. Total Environ. 637–638, 318–335.

Hashemi, F., Olesen, J.E., Hansen, A.L., Børgesen, C.D., Dalgaard, T., 2018b. Spatially differ-
entiated strategies for reducing nitrate loads from agriculture in two Danish catch-
ments. J. Environ. Manag. 208, 77–91.

Hashemi, F., Pohle, I., Pullens, J.W.M., Tornbjerg, H., Kyllmar, K., Marttila, H., Lepistö, A.,
Kløve, B., Futter, M., Kronvang, B., 2020. Conceptual mini-catchment typologies for
testing dominant controls of nutrient dynamics in three Nordic countries. Water
12, 1776.

Heathwaite, A.L., Quinn, P.F., Hewett, C.J.M., 2005. Modelling and managing critical source
areas of diffuse pollution from agricultural land using flow connectivity simulation.
J. Hydrol. 304, 446–461.

Henriksen, H.J., Troldborg, L., Nyegaard, P., Sonnenborg, T.O., Refsgaard, J.C., Madsen, B.,
2003. Methodology for construction, calibration and validation of a national hydro-
logical model for Denmark. J. Hydrol. 280, 52–71.

Hoffmann, C.C., Baattrup-Pedersen, A., 2007. Re-establishing freshwater wetlands in
Denmark. Ecol. Eng. 30, 157–166.

Hoffmann, P., Spekat, A., 2020. Identification of possible dynamical drivers for long-term
changes in temperature and rainfall patterns over Europe. Theor. Appl. Climatol. 15.

Høgh-Jensen, H., Loges, R., Jørgensen, F.V., Vinther, F.P., Jensen, E.S., 2004. An empirical
model for quantification of symbiotic nitrogen fixation in grass-clover mixtures.
Agric. Syst. 82, 181–194.

Højberg, A.L., Windolf, J., Børgesen, C.D., Troldborg, L., Tornbjerg, H., Blicher-Mathiesen, G.,
Kronvang, B., Thodsen, H., Ernstsen, V., 2015. National kvælstofmodel. Oplandsmodel
til belastning og virkemidler. Geological Survey of Denmark and Greenland, Copenha-
gen, Denmark (in Danish).

Højberg, A.L., Hansen, A.L., Wachniew, P., Zurek, A.J., Virtanen, S., Arustiene, J., Stromqvist,
J., Rankinen, K., Refsgaard, J.C., 2017. Review and assessment of nitrate reduction in
groundwater in the Baltic Sea Basin. J. Hydrol. Reg. Stud. 12, 50–68.

Hurrell, J.W., 1995. Decadal trends in the North Atlantic oscillation: regional temperatures
and precipitation. Science 269, 676.

Iital, A., Klõga, M., Pihlak, M., Pachel, K., Zahharov, A., Loigu, E., 2014. Nitrogen content and
trends in agricultural catchments in Estonia. Agric. Ecosyst. Environ. 198, 44–53.

Jansons, V., Busmanis, P., Dzalbe, I., Kirsteina, D., 2003. Catchment and drainage field ni-
trogen balances and nitrogen loss in three agriculturally influenced Latvian water-
sheds. Eur. J. Agron. 20, 173–179.

Jeppesen, E., Kronvang, B., Olesen, J.E., Audet, J., Søndergaard, M., Hoffmann, C.C.,
Andersen, H.E., Lauridsen, T.L., Liboriussen, L., Larsen, S.E., Beklioglu, M., Meerhoff,
M., Özen, A., Özkan, K., 2011. Climate change effects on nitrogen loading from culti-
vated catchments in Europe: implications for nitrogen retention, ecological state of
lakes and adaptation. Hydrobiologia 663, 1–21.

Kendall, M.G., 1938. A new measure of rank correlation. Biometrika 30, 81–93.
Kendall, M.G., 1975. Rank Correlation Methods. Griffin, London.
Kim, H., Surdyk, N., Møller, I., Graversgaard, M., Blicher-Mathiesen, G., Henriot, A.,

Dalgaard, T., Hansen, B., 2020. Lag time as an indicator of the link between agricul-
tural pressure and drinking water quality state. Water 12, 2385.

Korsaeth, A., Eltun, R., 2000. Nitrogen mass balances in conventional, integrated and eco-
logical cropping systems and the relationship between balance calculations and ni-
trogen runoff in an 8-year field experiment in Norway. Agric. Ecosyst. Environ. 79,
199–214.

Kristensen, K., Waagepetersen, J., Børgesen, C.D., Vinther, F.P., Grant, R., Blicher-
Mathiesen, G., 2008. Reestimation and Further Development in the Model N-LES -
N-LES3 to N-LES4. Aarhus Universitet, Det Jordbrugsvidenskabelige Fakultet.

Kronvang, B., Ærtebjerg, G., Grant, R., Kristensen, P., Hovmand, M., Kirkegaard, J., 1993.
Nationwide monitoring of nutrients and their ecological effects: state of the Danish
aquatic environment. Ambio 22, 176–187.

Kronvang, B., Windolf, J., Larsen, S.E., Bøgestrand, J., 2015. Background concentrations and
loadings of nitrogen in Danish surface waters. Acta Agric. Scand. Sect. B Soil Plant Sci.
65, 155–163.

Kronvang, B., Wendland, F., Kovar, K., Fraters, D., 2020. Land use and water quality. Water
12, 2412.

Kyllmar, K., Forsberg, L.S., Andersson, S., Mårtensson, K., 2014. Small agricultural monitor-
ing catchments in Sweden representing environmental impact. Agric. Ecosyst.
Environ. 198, 25–35.

Lagzdiņš, A., Jansons, V., Sudars, R., Grinberga, L., Veinbergs, A., Abramenko, K., 2015. Nu-
trient losses from subsurface drainage systems in Latvia. Acta Agric. Scand. Sect. B Soil
Plant Sci. 65, 66–79.

Larsen, S.E., Thodsen, H., Tornbjerg, H., Windolf, J., 2020. Klimanormalisering af
kvælstofafstrømning - Videnskabelig rapport nr. 393. (in Danish). Aarhus Universitet,
DCE – Nationalt Center for Miljø og Energi.

Liang, K., Jiang, Y., Qi, J., Fuller, K., Nyiraneza, J., Meng, F.-R., 2020. Characterizing the im-
pacts of land use on nitrate load and water yield in an agricultural watershed in
Atlantic Canada. Sci. Total Environ. 729, 138793.
15
Libiseller, C., Grimvall, A., 2002. Performance of partial Mann–Kendall tests for trend de-
tection in the presence of covariates. Environmetrics 13, 71–84.

Lord, E.I., Anthony, S.G., Goodlass, G., 2002. Agricultural nitrogen balance and water qual-
ity in the UK. Soil Use Manag. 18, 363–369.

Mann, H.B., 1945. Nonparametric tests against trend. Econometrica 13, 245–259.
Mellander, P.-E., Jordan, P., Bechmann, M., Fovet, O., Shore, M.M., McDonald, N.T., Gascuel-

Odoux, C., 2018. Integrated climate-chemical indicators of diffuse pollution from land
to water. Sci. Rep. 8, 944.

Moatar, F., Meybeck, M., Raymond, S., Birgand, F., Curie, F., 2013. River flux uncertainties
predicted by hydrological variability and riverinematerial behaviour. Hydrol. Process.
27, 3535–3546.

Moatar, F., Abbott, B.W., Minaudo, C., Curie, F., Pinay, G., 2017. Elemental properties, hy-
drology, and biology interact to shape concentration-discharge curves for carbon, nu-
trients, sediment, and major ions. Water Resour. Res. 53, 1270–1287.

Møller, A.B., Beucher, A., Iversen, B.V., Greve, M.H., 2018. Predicting artificially drained
areas by means of a selective model ensemble. Geoderma 320, 30–42.

Murray, C.J., Müller-Karulis, B., Carstensen, J., Conley, D.J., Gustafsson, B.G.,
Andersen, J.H., 2019. Past, present and future eutrophication status of the Baltic
Sea. Front. Mar. Sci. 6.

Musolff, A., Schmidt, C., Selle, B., Fleckenstein, J.H., 2015. Catchment controls on solute ex-
port. Adv. Water Resour. 86, 133–146.

Noij, I.G.A.M., Heinen, M., Heesmans, H.I.M., Thissen, J.T.N.M., Groenendijk, P., 2012. Effec-
tiveness of unfertilized buffer strips for reducing nitrogen loads from agricultural
lowland to surface waters. J. Environ. Qual. 41, 322–333.

Olesen, J.E., Carter, T.R., Díaz-Ambrona, C.H., Fronzek, S., Heidmann, T., Hickler, T., Holt, T.,
Minguez, M.I., Morales, P., Palutikof, J.P., Quemada, M., Ruiz-Ramos, M., Rubæk, G.H.,
Sau, F., Smith, B., Sykes, M.T., 2007. Uncertainties in projected impacts of climate
change on European agriculture and terrestrial ecosystems based on scenarios from
regional climate models. Clim. Chang. 81, 123–143.

Passy, P., Gypens, N., Billen, G., Garnier, J., Thieu, V., Rousseau, V., Callens, J., Parent, J.Y.,
Lancelot, C., 2013. A model reconstruction of riverine nutrient fluxes and eutrophica-
tion in the Belgian Coastal Zone since 1984. J. Mar. Syst. 128, 106–122.

Pieterse, N.M., Bleuten,W., Jørgensen, S.E., 2003. Contribution of point sources and diffuse
sources to nitrogen and phosphorus loads in lowland river tributaries. J. Hydrol. 271,
213–225.

Piniewski, M., Tattari, S., Koskiaho, J., Olsson, O., Djodjic, F., Giełczewski, M., Marcinkowski,
P., Księżniak, M., Okruszko, T., 2021. How effective are River BasinManagement Plans
in reaching the nutrient load reduction targets? Ambio 50, 706–722.

Poulsen, J.R., Thodsen, H., Larsen, S.E., Ovesen, N.B., Kronvang, B., 2017. Climate and hy-
drology. In: Jensen, P.N. (Ed.), Estimation of Nitrogen Concentrations From Root
Zone to Marine Areas Around the Year 1900. Scientific Report from DCE – Danish
Centre for Environment and Energy No. 241. Aarhus University, pp. 20–36.

Preston, S.D., Alexander, R.B., Schwarz, G.E., Crawford, C.G., 2011. Factors affecting stream
nutrient loads: a synthesis of egional SPARROW model results for the continental
United States. J. Am. Water Resour. Assoc. 47, 891–915.

Ptak, E.N., Graversgaard, M., Refsgaard, J.C., Dalgaard, T., 2020. Nitrate management dis-
courses in Poland and Denmark—laggards or leaders in water quality protection?
Water 12, 2371.

Refsgaard, J.C., Stisen, S., Højberg, A.L., Olsen, M., Henriksen, H.J., Børgesen, C.D., Vejen, F.,
Kern-Hansen, C., Bicher-Mathiesen, G., 2011. Vandbalance i Danmark. Vejledning i
opgørelse af vandbalance ud fra hydrologiske data for perioden 1990–2010.

Reusch, T.B.H., Dierking, J., Andersson, H.C., Bonsdorff, E., Carstensen, J., Casini, M.,
Czajkowski, M., Hasler, B., Hinsby, K., Hyytiäinen, K., Johannesson, K., Jomaa, S.,
Jormalainen, V., Kuosa, H., Kurland, S., Laikre, L., MacKenzie, B.R., Margonski, P.,
Melzner, F., Oesterwind, D., Ojaveer, H., Refsgaard, J.C., Sandström, A., Schwarz, G.,
Tonderski, K., Winder, M., Zandersen, M., 2018. The Baltic Sea as a time machine for
the future coastal ocean. Sci. Adv. 4, eaar8195.

Riemann, B., Carstensen, J., Dahl, K., Fossing, H., Hansen, J.W., Jakobsen, H.H., Josefson, A.B.,
Krause-Jensen, D., Markager, S., Stæhr, P.A., Timmermann, K., Windolf, J., Andersen,
J.H., 2016. Recovery of Danish coastal ecosystems after reductions in nutrient loading:
a holistic ecosystem approach. Estuar. Coast 39, 82–97.

Saaltink, R., van der Velde, Y., Dekker, S.C., Lyon, S.W., Dahlke, H.E., 2014. Societal, land
cover and climatic controls on river nutrient flows into the Baltic Sea. J. Hydrol.
Reg. Stud. 1, 44–56.

Salo, T., Turtola, E., 2006. Nitrogen balance as an indicator of nitrogen leaching in Finland.
Agric. Ecosyst. Environ. 113, 98–107.

Scharling, M., 2012. Climate Grid Denmark. Dataset for Use in Research and Education
Technical Report 12-10. Danish Meteorological Institute, Copenhagen.

Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall’s tau. J. Am. Stat.
Assoc. 63, 1379–1389.

Shoda,M.E., Sprague, L.A., Murphy, J.C., Riskin, M.L., 2019. Water-quality trends in U.S. riv-
ers, 2002 to 2012: relations to levels of concern. Sci. Total Environ. 650, 2314–2324.

Sobota, D.J., Compton, J.E., McCrackin, M.L., Singh, S., 2015. Cost of reactive nitrogen re-
lease from human activities to the environment in the United States. Environ. Res.
Lett. 10, 025006.

Stålnacke, P., Grimvall, A., Libiseller, C., Laznik, M., Kokorite, I., 2003. Trends in nutrient
concentrations in Latvian rivers and the response to the dramatic change in agricul-
ture. J. Hydrol. 283, 184–205.

Stålnacke, P., Aakerøy, P.A., Blicher-Mathiesen, G., Iital, A., Jansons, V., Koskiaho, J.,
Kyllmar, K., Lagzdins, A., Pengerud, A., Povilaitis, A., 2014. Temporal trends in nitrogen
concentrations and losses from agricultural catchments in the Nordic and Baltic
countries. Agric. Ecosyst. Environ. 198, 94–103.

Stisen, S., Ondracek, M., Troldborg, L., Schneider, R.J.M., van Til, M.J., 2019. National
Vandressource Model. (in Danish). GEUS, Copenhagen.

Tabari, H., Madani, K., Willems, P., 2020. The contribution of anthropogenic influence to
more anomalous extreme precipitation in Europe. Environ. Res. Lett. 15, 15.

http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0125
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0125
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0125
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0125
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0130
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0130
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0135
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0135
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0140
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0140
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0145
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0145
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0150
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0150
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0155
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0155
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0155
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0160
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0160
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0160
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0165
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0165
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0165
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0170
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0170
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0175
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0175
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0180
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0180
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0185
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0185
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0185
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0190
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0190
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0190
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0195
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0195
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0200
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0200
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0205
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0205
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0210
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0210
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0210
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0215
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0215
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0215
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0220
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0225
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0230
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0230
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0235
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0235
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0235
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0235
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0240
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0240
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0245
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0245
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0250
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0250
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0250
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0255
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0255
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0260
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0260
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0260
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0265
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0265
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0265
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0270
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0270
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0270
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0275
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0275
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0275
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0280
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0280
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0285
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0285
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0290
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0295
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0295
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0300
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0300
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0300
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0305
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0305
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0305
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0310
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0310
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0315
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0315
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0320
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0320
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0325
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0325
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0325
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0330
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0330
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0330
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0335
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0335
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0340
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0340
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0340
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0345
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0345
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0350
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0350
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0350
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0350
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0355
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0355
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0355
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0360
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0360
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0360
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0365
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0365
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0370
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0370
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0375
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0375
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0380
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0380
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0380
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0385
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0385
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0390
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0390
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0395
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0395
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0400
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0400
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0405
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0405
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0405
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0410
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0410
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0410
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0415
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0415
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0415
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0420
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0420
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0425
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0425


R.J. Petersen, G. Blicher-Mathiesen, J. Rolighed et al. Science of the Total Environment 787 (2021) 147619
Taghizadeh-Toosi, A., Olesen, J.E., Kristensen, K., Elsgaard, L., Østergaard, H.S., Lægdsmand,
M., Greve, M.H., Christensen, B.T., 2014. Changes in carbon stocks of Danish agricul-
tural mineral soils between 1986 and 2009. Eur. J. Soil Sci. 65, 730–740.

Theil, H., 1950. A rank invariant method of linear and polynomial regression analysis.
Proceedings of the Koninklijke Nederlandse Akademie Wetenschappen, Series A
Mathematical Sciences, Dordrecht.

Thodsen, H., Tornbjerg, H., Rasmussen, J.J., Bøgestrand, J., Larsen, S.E., Ovesen, N.B.,
Blicher-Mathiesen, G., Kjeldgaard, A., Windolf, J., 2019. Vandløb 2018. (in Danish).
NOVANA. Aarhus Universitet, Dept. of Bioscience.

Turner, B.L., Haygarth, P.M., 2001. Phosphorus solubilization in rewetted soils. Nature 411,
258.

Valkama, E., Lemola, R., Känkänen, H., Turtola, E., 2015. Meta-analysis of the effects of
undersown catch crops on nitrogen leaching loss and grain yields in the Nordic coun-
tries. Agric. Ecosyst. Environ. 203, 93–101.

Valkama, E., Usva, K., Saarinen, M., Uusi-Kämppä, J., 2019. A meta-analysis on nitrogen re-
tention by buffer zones. J. Environ. Qual. 48, 270–279.

VanMeter, K.J., Basu, N.B., 2015. Catchment legacies and time lags: a parsimonious water-
shed model to predict the effects of legacy storage on nitrogen export. PLoS One 10,
e0125971.

Van Meter, K.J., Basu, N.B., Veenstra, J.J., Burras, C.L., 2016. The nitrogen legacy: emerging
evidence of nitrogen accumulation in anthropogenic landscapes. Environ. Res. Lett.
11, 035014.

Vejen, F., Vilic, K., Jensen, H., 2014. Korrigeret nedbør 1989–2010, 2011–2012 & 2013. (in
Danish). Danish Meteorological Institute, Copenhagen, Denmark.
16
Vervloet, L.S.C., Binning, P.J., Børgesen, C.D., Højberg, A.L., 2018. Delay in catchment nitro-
gen load to streams following restrictions on fertilizer application. Sci. Total Environ.
627, 1154–1166.

Vogel, R.M., Rudolph, B.E., Hooper, R.P., 2005. Probabilistic behavior of water-quality
loads. J. Environ. Eng. 131, 1081–1089.

Wendland, F., Kunkel, R., Grimvall, A., Kronvang, B., Müller-Wohlfeil, D.I., 2001. Model
system for the management of nitrogen leaching at the scale of river basins and re-
gions. Water Sci. Technol. 43, 215–222.

Wenng, H., Bechmann, M., Krogstad, T., Skarbøvik, E., 2020. Climate effects on land man-
agement and stream nitrogen concentrations in small agricultural catchments in
Norway. Ambio 49, 1747–1758.

Windolf, J., Thodsen, H., Troldborg, L., Larsen, S.E., Bøgestrand, J., Ovesen, N.B., Kronvang,
B., 2011. A distributed modelling system for simulation of monthly runoff and nitro-
gen sources, loads and sinks for ungauged catchments in Denmark. J. Environ. Monit.
13, 2645–2658.

Windolf, J., Blicher-Mathiesen, G., Carstensen, J., Kronvang, B., 2012. Changes in nitrogen
loads to estuaries following implementation of governmental action plans in
Denmark: a paired catchment and estuary approach for analysing regional responses.
Environ. Sci. Pol. 24, 24–33.

de Wit, H.A., Lepistö, A., Marttila, H., Wenng, H., Bechmann, M., Blicher-Mathiesen, G.,
Eklöf, K.N., Futter, M., Kortelainen, P., Kronvang, B., Kyllmar, K., Rakovic, J., 2020.
Land-use dominates climate controls on nitrogen and phosphorus export from man-
aged and natural Nordic headwater catchments. Hydrol. Process. 34, 4831–4850.
https://doi.org/10.1002/hyp.13939.

http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0430
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0430
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0435
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0435
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0435
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0440
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0440
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0445
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0445
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0450
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0450
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0450
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0455
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0455
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0460
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0460
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0460
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0465
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0465
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0465
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0470
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0470
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0475
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0475
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0475
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0480
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0480
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0485
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0485
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0485
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0490
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0490
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0490
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0495
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0495
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0495
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0500
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0500
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0500
http://refhub.elsevier.com/S0048-9697(21)02690-5/rf0500
https://doi.org/10.1002/hyp.13939

	Three decades of regulation of agricultural nitrogen losses: Experiences from the Danish Agricultural Monitoring Program
	1. Introduction
	2. Materials and methods
	2.1. Study sites
	2.2. Periods
	2.2.1. 1990–1998
	2.2.2. 1999–2007
	2.2.3. 2008–2018

	2.3. Interview data
	2.4. Climate data
	2.5. Stream runoff and stream nitrate load
	2.6. Groundwater age and nitrate retention
	2.7. Statistical analyses

	3. Results
	3.1. Climate, hydrology, and catchment biogeophysical properties
	3.2. Stream nitrate concentrations and runoff
	3.3. Trends in stream nitrate concentrations and loads
	3.4. Trends in factors driving stream nitrate
	3.4.1. Climate and hydrology
	3.4.2. Land use
	3.4.3. Agricultural practices

	3.5. Relations between drivers and stream nitrate

	4. Discussion
	4.1. Catchment biogeophysical properties
	4.2. Climate and hydrology
	4.3. Land use
	4.4. Agricultural practices and surface N-balance

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supporting information
	References




