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Abstract: The interaction between land use and water quality is of great importance worldwide as
agriculture has been proven to exert a huge pressure on the quality of groundwater and surface waters
due to excess losses of nutrients (nitrogen and phosphorous) through leaching and erosion processes.
These losses result in, inter alia, high nitrate concentrations in groundwater and eutrophication of
rivers, lakes and coastal waters. Combatting especially non-point losses of nutrients has been a hot
topic for river basin managers worldwide, and new important mitigation measures to reduce the
input of nutrients into groundwater and surface waters at the pollution source have been developed
and implemented in many countries. This Special Issue of the Land use and Water Quality conference
series (LuWQ) includes a total of 11 papers covering topics such as: (i) nitrogen surplus; (ii) protection
of groundwater from pollution; (iii) nutrient sources of pollution and dynamics in catchments and
(iv) new technologies for monitoring, mapping and analysing water quality.
Keywords: land use; water quality; nutrients; surplus; management; mitigation measures; monitoring
and mapping technologies

1. Introduction
Agriculture provides food, fibre, energy and, last but not least, a living for many people around
the world [1–3]. A drawback of agricultural production is pollution of the terrestrial environment
with nitrogen via atmospheric deposition [4] and the aquatic environment by nutrients, pesticides
and trace elements [5–9]. Thus, growth of agricultural production, as has occurred in Europe and
North America since the 1950s and more recently in many other parts of the world, threatens the
quality of groundwater and surface waters or has already led to deterioration of the quality of these
waters [10–12]. Problematic hotspot areas are found in all countries around the world with typical
examples in Denmark, the Netherlands, Germany, Belgium, United Kingdom, northern Italy, France,
China, the United States and New Zealand.
Policies to abate the deterioration of water quality have been developed and programmes
to improve water quality implemented around the world. For example, the European Union has
adopted directives (the Nitrates Directive in 1991 [13]; the Water Framework Directive in 2000 [14];
the Groundwater Directive in 2006 [15]) with the objective of obtaining good quality in all waters
by 2027.
Experience from the last 15 to 25 years shows that it will be a great challenge to realise the
objectives of these policies in the remaining years of this decade, not only because the easy, low-cost
measures have already been implemented, but also because the need for food for a growing world
population creates a pressure to increase agricultural production. Since the easy, low cost measures
generally have already been introduced, there is a need for answers to questions like ‘Which measures
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measures (Figure 1) [18,19].
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Source measures typically belong to groups 1–4 and 6, whereas transport measures belong to
Source measures typically belong to groups 1–4 and 6, whereas transport measures belong to
groups 5, 7 and 8 (Figure 1). Mitigation measures can be adapted as mandatory requirements for
groups 5, 7 and 8 (Figure 1). Mitigation measures can be adapted as mandatory requirements for
farmers as was the case during the period 1987–2015 in Denmark. This strategy was successful as
farmers as was the case during the period 1987–2015 in Denmark. This strategy was successful as
demonstrated by a reduction of nitrogen and phosphorus concentrations and loadings in streams and
demonstrated by a reduction of nitrogen and phosphorus concentrations and loadings in streams and
rivers of nearly 50% and 70%, respectively, since 1990 [20]. A new era of management has, however,
rivers of nearly 50% and 70%, respectively, since 1990 [20]. A new era of management has, however,
evolved in Denmark involving the application of targeted mitigation measures in agriculture, including
evolved in Denmark involving the application of targeted mitigation measures in agriculture,
local N-retention in groundwater and surface waters [21], as well as identification of phosphorus loss
including local N-retention in groundwater and surface waters [21], as well as identification of
hotspots in agricultural catchments (P-risk mapping) [22]. Currently, development, scientific testing
phosphorus loss hotspots in agricultural catchments (P-risk mapping) [22]. Currently, development,
and application of new mitigation measures are ongoing worldwide. Research into new and more
scientific testing and application of new mitigation measures are ongoing worldwide. Research into
engineered types of mitigation measures assisting in removing and capturing nutrients during the
new and more engineered types of mitigation measures assisting in removing and capturing
transport from source to recipient waters is in progress [18,19].
nutrients during the transport from source to recipient waters is in progress [18,19].
Some of the above issues are touched upon in this Special Issue from the Land use and Water
Some of the above issues are touched upon in this Special Issue from the Land use and Water
Quality (LUWQ) conference series, of which the most recent, LuWQ2019, was held at Aarhus University
Quality (LUWQ) conference series, of which the most recent, LuWQ2019, was held at Aarhus
from 3 to 6 June 2019.
University from 3 to 6 June 2019.
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2. History and Themes of the LuWQ Conference Series 2013–2021
The Land use and Water Quality conferences have their origin in the series of so-called international
MonNO3 workshops focusing on monitoring the effectiveness of the European Nitrates Directive action
programmes. The first MoNO3 workshop was held in The Hague in 2003 and the second in Amsterdam
in 2009. The workshops were limited to invited researchers and policy advisors from north-west
and central European countries. At the latter workshop, the importance of the European Water
Framework Directive for nutrients and other agriculture-related pollutants became clear. Furthermore,
in countries outside the European Union, interesting developments in agri-environmental research,
water management and policies have taken place. Therefore, we decided to broaden the scope of the
meetings and to continue them in the form of conferences.
Thematically, LuWQ currently covers a wide range of topics covered by the nine themes.
Three themes relate to more fundamental research:
(a)
(b)
(c)

to increase our knowledge about ‘system functions’, i.e., basic hydrogeological and biogeochemical
processes and related tools and methodologies,
water quality monitoring which is about improving the effectiveness and increasing the added
value of monitoring,
impact of weather variability and climate change on water quality.

Three themes deal with the impact of policy and measures on water quality on plot, field,
catchment and national scales:
(d)
(e)
(f)

assessing national or regional policy, e.g., with regard to the effectiveness of programmes of
measures on water quality,
improving water quality by farm management practices (monitoring and modelling) and changes
in land use,
improving water quality by establishing eco-technological mitigation measures and discussing
development, testing, implementation and operation to quantify the effects of such measures.
The last three themes cover management and social–economic aspects:

(g)
(h)
(i)

managing protected areas for water supply and nature conservation including risk assessment
techniques, monitoring and modelling,
decision-making on Programmes of Measures with topics which look into the role of stakeholder
input and science in policy decision-making, and
implementation of Programmes of Measures that focusses on social and economic incentives and
regulatory mandates that drive implementation (carrots and sticks).

At the first LuWQ conference in The Hague in 2013, we had a total of 170 participants from
30 different countries from all continents. Since then, the number of participants rose to 175 at the
conference in Vienna in 2015, to 195 at the conference in The Hague in 2017 and to 240 participants in
Aarhus in 2019. Feedback of participants resulted in a separate theme about monitoring in 2017 and
distinguishing explicitly separate themes on farm management and technical measure for improving
water quality in 2019. Furthermore the setup of the conference developed, for example, by introducing
special sessions and workshops giving more room for in-depth discussion. However, the key strength
of the LuWQ conferences remained which is twofold: (1) LuWQ has a well-defined narrow focus on
‘agriculture and water quality’ and (2) the conference is broadly oriented with regard to the various
professional disciplines related to the conference topics.
3. Contributions
This Special Issue from the LuWQ2019 Conference hosted by Aarhus University, Danish Centre
for Environment and Energy and Department of Bioscience, includes a total of 11 papers related to land
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use and water quality. The papers are grouped into four sections according to their main aims. The first
section includes three papers discussing the use of the nitrogen surplus as an indicator to assess the
impact of agri-environmental policies and climate change on water quality. Protection of groundwater
from pollution is the guiding theme of the second section. The common theme of the three papers in
the third section is sources and dynamics of nutrients in catchments, and the last section contains four
papers that discuss new technologies for monitoring, mapping and analysing water quality.
3.1. Nitrogen Surplus
The nitrogen (N) surplus is an appealing indicator for assessing agri-environmental policies.
Klages et al. [23] used this indicator to demonstrate the effect of the sunny and dry summer of 2018
on the environment. The 2018 drought resulted in yield reductions between 10 and 35% of the main
crops grown in Germany, which led to an additional average N surplus of 30 kg/ha. Their calculations
showed that this surplus would have been higher (43 kg/ha) if farmers had not changed their regular
fertilisation practices. Klages et al. [23] referred to data showing an increase in mineral N in soil
(upper 0.9 m) in southern Germany of 36 kg/ha between spring 2018 and spring 2019. They therefore
concluded that water shortages in a changing climate not only impacted agricultural production and
yields but also created further challenges and threats to nutrient management and the environment.
To provide farmers with tools to reduce these risks, they discussed measures for bringing down N
losses in autumn and winter, counteracting the risk of crop failure and to increase N-efficiency during
the cropping season.
However, in a second paper, Klages et al. [24] questioned the use of the N surplus as a unified
indicator for water pollution at farm level in Europe. They analysed the methods of fertilisation planning
and nitrogen budgeting at farm level in fourteen European countries and came to the conclusion that
there is no unified indicator to the assist management of nutrients and water quality at farm level.
Although fertilisation planning is defined as “good agricultural practice” in the Nitrates Directive,
the directive does not accept the N surplus as an indicator for the success of its implementation into
national legislation. The authors argued that this is an obstacle to harmonising the methodology of
using nitrogen budgets as agri-environmental indicators at farm level. Additionally, the lack of farm
specific data for calculating budgets makes the N surplus at farm level less reliable. Nevertheless,
Klages et al. [24] state that nitrogen budgets at farm level can serve as a simple benchmark instrument,
next to autumn mineral nitrogen values of the soil, to identify the best management practices under
defined environmental and farming conditions.
A model-based assessment of the nitrogen surplus can also be used to analyse the fate of
agricultural nitrogen inputs into groundwater and nitrate concentrations in leachate as described in
the paper by Wendland et al. [25]. They coupled a water balance model, an agro-economic model
and a reactive transport model to calculate nitrate concentrations in leachate from N emissions from
agriculture, urban systems and small sewage plants in North Rhine-Westphalia with a spatial resolution
of 100 by 100 m. Wendland et al. [25] compared the modelled nitrate concentrations in leachate of
different land uses with measured nitrate concentrations in groundwater from 1500 monitoring wells.
The model results corresponded well with the measured results, with the exception of wells located in
aquifers with high denitrification capacities due to the fact that denitrification in groundwater was not
accounted for in the modelled nitrate concentrations in the leachate. Wendland et al. [25] highlight the
importance of considering systematically not only agricultural N-emissions when modelling nitrate
concentrations in densely populated regions, but argued that N-inputs from all sources (including
small sewage plants, urban systems and nitrogen oxides deposition) should be included, and such
a model seems promising for evaluating the relative contribution of each pollutant to the overall
N-pollution. The latter has supported the selection and adequate dimensioning of regionally adapted
agricultural N reduction measures.
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3.2. Protection of Groundwater from Pollution
The paper by Nicholson and colleagues [26] is a comprehensive review carried out within the
framework of the FAIRWAY project where approaches to protect drinking water from nitrate and
pesticide pollution have been assessed. The authors reviewed more than 150 decision support tools
(DSTs) applied by farmers, advisors, water managers and policy makers across the European Union
with the aim to identify tools applicable at farm scale. Out of these, 12 DSTs were selected for practical
testing at nine case study sites across Europe, based on their pertinence to the local challenges at the
nine locations. It turned out that the exchange of DSTs across Europe is still challenging because
of the different legislative environments, advisory frameworks, country-specific data/calibration
requirements, regional climate/soil differences, and language issues. Specifically, the authors found
that although many countries have developed comparable DSTs for similar problems, these—albeit
being based on the same input data—may deliver very different results. The authors conclude that the
potential for exchange of DSTs between countries is limited at present but necessary in order to promote
a more effective drinking water protection within EU, for instance by collecting the required data in
such a way that any transnational DST can be used consistently and thereby increase the comparability
between regions. Although the paper focuses on Europe, the concept may also be applicable in other
regions experiencing problems with high nitrate and pesticide concentrations in groundwater sources.
3.3. Nutrient Sources and Dynamics in Catchments
The paper “Influence of Farming Intensity and Climate on Lowland Stream Nitrogen” by
Goyenola et al. [27] elucidates the patterns and driving factors behind N fluxes in lowland stream
ecosystems differing in land use, soil characteristics and climatic-hydrological conditions. For the
purpose of the paper, three complementary monitoring sampling characteristics were applied to 43
selected streams showing contrasting farming intensities in a humid subtropical climate with flashy
conditions in Uruguay and a humid cold temperate with stable discharge conditions in Denmark.
The results proved that, in both study regions, farming intensity determined the concentrations in
and loss to streams of total dissolved N, nitrate and total N in spite of the differences in soil and
climatic–hydrological conditions between the case study areas. Ammonium and dissolved organic N
concentrations did not show significant responses to the farming intensity or climatic/hydrological
conditions, whereas a high dissolved inorganic N to total dissolved N ratio was associated with the
temperate climate and high base flow conditions but not with farming intensity. As for nitrate pollution
of surface waters, the authors touched upon an issue of general importance in many lowland areas.
In the Danish catchments, artificial drainage through tile drains is widespread, these acting as a shortcut
pathway for the transport of nitrate from the soils to surface waters. As part of the nitrate leached from
soils is transported directly in tile drains to streams and thus escapes from the denitrification processes
in the groundwater of lowland areas, connected streams draining intensively farmed catchments are
characterised by higher nitrate concentrations than streams in intensively farmed catchments without
drainage systems such as the subtropical streams in Uruguay.
Chen et al. [28] draw attention to the source apportionment and spatiotemporal dynamics of
nitrogen distribution and transport in hilly areas with a monsoon climate. Specifically, the paper
presents the results of applying a SWAT model to the Qiandao Lake Basin (China) to identify drivers
and transport processes in order to facilitate effective nutrient management. The simulation showed
that the basin’s annual average total nitrogen load between 2007 and 2016 of ca. 11,500 tons was
represented realistically by the model. The authors conclude that most of all available optimised
localised SWAT model parameters suitable for hilly areas with a monsoon climate, such as shallow
soil layers, were needed to provide reliable estimates, e.g., with regard to realistic representation of
the N loss peak from fertilised tea plantations in the subsurface flow in the period before the rainy
season. For such areas with intensive agriculture and high total nitrogen (TN) yields, the authors
suggest that water conservation practices should be implemented. Another main finding was that
the largest contributors to the N loads were domestic sewage (ca. 22%) and livestock production
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(21%), which highlights the need for not only constructing more wastewater treatment plants in areas
identified as sites of high domestic and industrial pollution but also for increasing their operational
efficiency. Although the paper focuses on a Chinese catchment, the concept of optimised localised
SWAT model parameters may be relevant for application in similar monsoon basins elsewhere that
experience problems with nitrate pollution of surface waters.
Ta et al. [29] performed a distributed model analysis on the gap between the current water status and
the good ecological status stipulated by the European Water Framework Directive (WFD) for an entire
region of Germany (state of Schleswig-Holstein) by applying the model system GROWA-MEPhos
with high spatial resolution. The model results on water balances and phosphorus sources and
emissions showed that phosphorus target concentrations were exceeded in 60% of the 6407 analysed
sub-catchments. The authors also found that a 269 tons P year-one reduction of the phosphorus input
to rivers and lakes in Schleswig-Holsten is required, corresponding to approximately 31% of the total
emissions to surface waters. As most of the phosphorus emissions into surface waters are derived
from agricultural diffuse sources, Ta et al. [29] concluded that the implementation of measures directed
against fertilisation and erosion control is needed. Moreover, improved treatment of waste in sewage
treatment plants may be an option, especially when they play a major emission role in urban areas.
Finally, the authors found that technically sound and plausible methods are required to better describe
the phosphorus retention processes in rivers and lakes in order to improve the model results.
3.4. New Technologies for Monitoring, Mapping and Analysing Water Quality
Song et al. [30] investigated the effects of land use on water quality across multiple spatial
scales based on both circular and riparian buffers in a rapidly urbanised region in Hangzhou City,
China. Their results showed that total nitrogen (TN) and total phosphorus (TP) concentrations were
closely related to land use at circular buffer scale, while relatively strong correlations were found
between land use and algae biomass at riparian buffer scale. At circular buffer scale, significant
positive correlations appeared between land use and TN concentrations when areas of industrial land,
urban greenspace and roads increased, whereas negative correlations were found with forests, lakes,
ponds and rivers. In the case of TP, significant correlations emerged between land use and industrial
areas at circular buffer scale, the correlation improving with increasing buffer size (100 m to 1000 m).
In addition, significant correlations existed between land use and algae biomass (total chlorophyll a),
with the clearest correlation occurring at the riparian buffer scale, and the authors therefore concluded
that riparian buffer zones might play a key role in the conservation of aquatic ecosystems. Finally,
the variation in water quality explained by landscape metrics increased with increasing buffer size,
implying that land use patterns may have a closer correlation with water quality at larger spatial scales
than those of this investigation (maxima of 1000 m for circular buffers and 300 m for riparian buffers).
Zhang et al. [31] investigated a water quality predictive model based on a combination of Kernal
Principal Component Analysis (kPCA) and a Recurrent Neural Network (RNN) to forecast the trend of
dissolved oxygen based on sensor data on electrical conductivity, pH, turbidity and chlorophyll-a in the
Burnett River, Australia. Enormous amounts of water quality data are collected by advanced sensors,
and the authors therefore foresee that use of data-driven models for predicting trends in water quality
will increase in the future. The water quality variables used in their investigation were reconstructed
based on the kPCA method, which aims to reduce the noise from raw sensory data and preserve
usable data. Due to the RNN’s recurrent connections, their model was able to include previously
gathered information to predict a trend for the future of water quality data. The kPCA-RNN model
achieved R2 scores up to 0.908, 0.823 and 0.671 in predicting the concentration of dissolved oxygen in
the upcoming 1, 2 and 3 h, respectively, using data from the previous 24 h time intervals as the model
input. The predictive accuracy of the kPCA–RNN model was at least 8-17% better than that of other
comparative models. Zhang et al. [28] concluded that the model inputs can be improved to include
extra information such as rainfall and to cover longer periods of time and, also, that the water quality
predictive model can be extended to support simultaneous prediction of multiple water variables.
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Hashemi et al. [32] investigated nutrient concentration–discharge (C–Q) relationships for hysteresis
behaviours and export regimes in 87 Nordic small streams draining mini-catchments from three Nordic
countries (Finland, Sweden and Denmark). The classification applied is based on a combination of
stream export behaviour (dilution, constant, enrichment) and hysteresis rotational pattern (clockwise,
no rotation, anticlockwise). The classification is intended to assist in the development of pollution
monitoring and management in catchments as it requires an in-depth understanding of spatial and
temporal factors controlling nutrient dynamics in streams. Hashemi et al. [32] documented that
the dominant nutrient export regimes were enrichment for NO3− and constant for total organic N
(TON), dissolved reactive P (DRP), and particulate P (PP). Nutrient hysteresis patterns were primarily
clockwise or no hysteresis. A Principal Component Analysis (PCA) considering the effects of catchment
size, land use, climate, and dominant soil type showed that land use and air temperature were the
dominant factors controlling nutrient C–Q types. Therefore, the nutrient export behaviour in streams
draining Nordic mini-catchments seems to be dominantly controlled by their land use characteristics
and, to a lesser extent, their climate.
Kim et al. [33] investigated lag time as an indicator of the link between nitrogen (N) surplus
in agriculture and groundwater nitrate concentrations utilizing a cross correlation analysis method.
The authors used groundwater monitoring data from three case study sites with groundwater-based
drinking water abstraction: Tunø and Aalborg-Drastrup in Denmark and La Voulzie in France. In these
case study sites, soil surface N surplus and long-term groundwater monitoring data were available for
the analysis. Kim et al. [33] found that for Tunø and La Voulzie, where matrix flow is the dominant
groundwater pathway, the N lag times continuously increased with an increasing distance from the
agricultural N source (in Tunø: from 0 to 20 years between 1.2 to 24 m below the land surface (mbls);
at La Voulzie: from 8 to 24 years along the groundwater pathway). However, in Aalborg-Drastrup
where both matrix and fracture flows are important groundwater pathways, the N lag times showed a
greater variability with depth: for instance, a 23-year lag time at 9–17 mbls compared to a 4-year lag
time at 21–23 mbls. The N lag times estimated in the study were generally found to be comparable to
groundwater ages measured by chlorofluorocarbons (CFCs). Kim et al. [33] concludes that the lag
time may be a useful indicator to reveal the hydrogeological links between the agricultural pressure
and water quality state, which is fundamental for a successful implementation of drinking water
protection plans.
To sum up, this Special Issue clearly fills in a gap in the knowledge about the many linkages
between land use and water quality. Special thanks are due to all the authors for accepting the call and
to the publishers for their professional assistance at all stages.
Author Contributions: All authors have read and agreed to the published version of the manuscript.
Funding: This study was part of the Nordic Centre of Excellence BIOWATER project and funded by Nordforsk
(project number 82263).
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