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Abstract: Urgent water and food security challenges, particularly in continental and boreal regions,
need to be addressed by initiatives such as the Horizon 2020-funded project WATer retention and
nutrient recycling in soils and streams for improved AGRIcultural production (WATERAGRI). A
new methodological framework for the sustainable management of various solutions resilient to
climate change has been developed. The results indicate that the effect of the climate scenario is
significantly different for peatlands and constructed wetlands. The findings also highlight that
remote-sensing-based yield prediction models developed from vegetation indices have the potential
to provide quantitative and timely information on crops for large regions or even at the local farm
scale. Verification of remotely sensed data is one of the prerequisites for the proper utilization and
understanding of data. Research shows that current serious game applications fall short due to
challenges such as not clarifying the decision problem, the lack of use of decision quality indicators
and limited use of gaming. Overall, WATERAGRI solutions improve water and food security by
adapting agriculture to climate change, recycling nutrients and providing educational tools to the
farming community. Farmers in small agricultural catchments benefit directly from WATERAGRI,
but over the long-term, the general public does as well.

Keywords: agricultural water resources management; catchment hydrology; farm constructed
wetland; field hydraulics; nature-based solutions; remote sensing pipeline; serious game; tracer
methods; water and food nexus security; water scarcity; water quality control

1. Rationale, Structure and Objectives of the Communication

The rationale behind this communication was to collect scientific information concern-
ing current WATERAGRI [1] outputs from all 23 partner organizations (see Section 3.2),
evaluate its merit and discuss key findings in the wider context of water and food security
challenges. The WATERAGRI concept aims to introduce a new framework for the use of
small water retention approaches for managing the excess and shortage of water as well as
improving the recovery of nutrients from agricultural catchments located in continental,
Pannonian and boreal biogeographical regions by applying a multi-actor approach.

This paper communicates preliminary original research on potential impacts on water
and food security in Europe. The published contributions of WATERAGRI that are of direct
relevance to water retention and nutrient management in the context of agricultural water
management are highlighted. Only the key published findings of WATERAGRI under
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this theme with a high impact potential are highlighted in Sections 4–8. These sections
are preceded by sections on objectives (Section 1), challenges (Section 2) and potential
solutions (Section 3). Sections 2 and 3 comprise motivating background information and
the WATERAGRI consortiums’ opinions on potential solutions to the outlined challenges,
respectively. The communication ends with conclusions and recommendations (Section 9).

The scientific aim of this focused communication is to assess WATERAGRI water
retention and nutrient management technologies and strategies supporting agricultural
water management. The corresponding key objectives are to (a) assess nature-based
solutions and wetland systems; (b) propose wetland system management strategies to
mitigate climate change; (c) identify simplified models for wetland system design and
performance prediction; (d) evaluate tracer methods linked to different key management
practices; (e) demonstrate yield forecasting methods using remote sensing; and (f) develop
serious games for decision support for end-users and other stakeholders.

2. Introduction to Challenges in Agricultural Water Management and Nutrient Recycling

A great upcoming societal challenge is to preserve water resources in view of the
population increase and climate change [2]. In the European context, the Baltic Sea, the
Danube and the Black Sea stand out as representing the end-recipients of agricultural
wastewater and related eutrophication problems, as well as the loss of important ecosys-
tems. Thus, integrated water management is linked to agricultural food production and
water quantity and quality. Sustainable water resources management can support not
only sustainable agricultural food production but also local ecosystems, in line with the
bio-economy concept.

As most traditional agricultural areas in the Mediterranean regions of Europe become
more unsustainable to farm due to their high water demands, there is a risk that fertile
areas, particularly in continental climatic regions of Europe, will follow their fate in the
next decades due to climate change. Therefore, Europe is likely to face a serious water and
food security crisis in about 10 to 20 years. International projects such as WATERAGRI [1]
address these challenges with technical and methodological innovations that have not
reached the market yet and that require further development during field demonstrations.

During the 18th and 19th centuries, European wetlands acting as water and nutrient
buffers to receiving waters were drained to a great extent. These areas were subsequently
used for agricultural purposes. The result that can be seen today is large-scale water
pollution and the loss of important wetland ecosystems. Reintroducing wetlands to the
agricultural landscape means better retention of both water and nutrients, as previously
reviewed by the author [3]. The local impact of climate change and variations in local micro-
climate can, at the same time, be mitigated and introduce a sufficient supply of fresh or
recycled water for sustainable crop production [4]. A number of underutilized techniques
of water management, such as natural water retention and nutrient recovery, could be
reintroduced to agricultural management for the benefit of farmers, local communities and
the environment, according to a previous review by the author [5].

There is a need to introduce and test a new methodological framework for the use of
small water retention approaches such as integrated constructed wetlands [3] for managing
the excess and shortage of water and nutrient recovery from agricultural catchments. The
link between agricultural land management and soil–sediment–water management for
increased nutrient uptake, water quality improvement, water retention and groundwa-
ter replenishment will have to be assessed for different geographical regions, soils and
climatic and particularly seasonal variations. The focus should be on affordable and easy-
to-implement reviewed farm solutions, such as farm constructed wetlands [5]. Locally
available eco-friendly materials for water storage such as clay and gravel should be used
as a liner and substrate, respectively. All studies should also include an economic and
sustainability analysis of the proposed measures and the maintenance of the infrastructure.

The analysis of sustainable techniques such as wetlands [5] for water management
needs to consider the need for adaptation to climate change [6] and its impact on ecosystem
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services [7]. There is an obligation to evaluate long-term benefits for the farm and the local
ecosystem from the implementation of small natural water retention measures.

Considerable nutrient loads are released to natural waterbodies due to inefficient
fertilizer usage and insufficiently treated wastewater. There is a great economic and
environmental potential to collect nutrients and reuse them in agricultural activities, for
example, as fertilizer [4,8]. This will help to close the nutrient loop by promoting circular
nutrient management. There is a need to investigate the probability of nutrient recovery for
the use of growing crops and identify and test possible technologies for extracting nutrients
from wetland sediments. There is a research gap in the development of innovative drainage
systems to capture the nutrients from runoff and waste streams. These systems can also
be applied for river restoration and any kind of water runoff. The captured nutrients can
further be used directly with crops with high nutrient uptake and subsequently converted
to biomass via composting.

To address these challenges in agricultural water management and nutrient recycling,
WATERAGRI [1] has developed and tested the WATERAGRI concept (Figure 1) for the
use of small water retention approaches focusing on integrated constructed wetlands [3,5]
and innovative capture technologies for managing the excess and shortage of water and
nutrient recovery from agricultural catchments.
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3. Solutions and Their Expected Impacts
3.1. Potential Solutions and Their Direct Expected Impacts

Water and food security as well as climate change challenges may be addressed with
various solutions, such as new technologies, methods, procedures, guidelines, models and
educational tools. It is likely that there are many solutions that address these challenges.
However, WATERAGRI focused only on promising innovations, which are summarized in
Table 1. The purpose of the project was to evaluate them and to further develop the most
promising solutions that are not ready to reach the market yet. The innovations in Table 1
are categorized into four groups: Framework and Modeling Tools (Group A), Sustainable
Water Retention Solutions (Group B), Sustainable Water Retention and Nutrient Recovery
Solutions (Group C) and Nutrient Recovery Solutions (Group D).

Table 1. Purpose of selected WATERAGRI solutions within the modeling framework and their
corresponding technology readiness levels (TRLs).

ID Solution Initial TRL Final TRL Description of Purpose

A1 WATERAGRI Modeling Framework 3 6

The framework assesses small water retention
approaches focusing on integrated constructed

wetlands and innovative capture technologies for
managing excess and shortage of water and

nutrient recovery from agricultural catchments.
The links between agricultural land and water
management as well as soil–sediment–water

management for increased nutrient uptake, water
quality improvement, water retention and

groundwater recharge are evaluated.

A2
Integrated Physically based Terrestrial

System Models Combined with
Data Assimilation

3.5 6.5

These models are used by the WATERAGRI
Modeling Framework with the goal of providing

near-real-time simulations of the terrestrial
system, considering recent measurement data
from online in situ and remote sensors. This

allows for a significant increase in the efficiency
of irrigation with optimal and joint use of surface

and subsurface resources.

A3 Decision Support System Optimizing
Irrigation Scheduling and Fertilization 3 6

This framework includes a decision support
system, which optimizes irrigation scheduling

and fertilization on the basis of the near-real-time
updated model simulations.

A4 Irrigation Model 3 6

This model is part of the framework and supports
farmers in the management of their farms by

providing easy-to-use tools such as registration of
crop operations and crop damages as well as

seasonal weather forecasting.

A5
Water–Vapor Sorption Isotherm and

Water Retention Characteristics
(WVSI-WRC) Model

2 5
The framework integrates the novel

physico-chemical WVSI-WRC model for
unsaturated soils.

A6 WebGIS for Zoning Landscape Matrix 3 6

The matrix collects remote sensing data and
assesses the impact of land use patterns for zoned

agricultural lands and wetlands. The matrix
incorporates digital elevation models,

pedological maps, hydrology and
vegetation status.

A7 Serious Game 2 5
This tool increases stakeholder acceptance of the

simulation-assimilation-prediction, capacity
building and real participative approaches.
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Table 1. Cont.

ID Solution Initial TRL Final TRL Description of Purpose

B1 Remote Sensing Pipeline 3 6
The pipeline processes multiple types of

high-resolution satellite data to obtain insights
into numerous spectrally observable parameters.

B2
Irrigation Management and

Agrometeorological
Monitoring Solution

3 5

This innovation supports best management
practices and monitoring of water requirements
with particular reference to water retention and

nutrient recovery.

B3 Precision Irrigation System 3 5

This system is integrated with a decision support
system, which applies knowledge on weather

and climate for the qualitative and quantitative
improvement of agricultural production.

B4 Enhanced Water Retainer Product
and Concept 5 8 The concept combines an existing water retainer

product with other solutions.

B5 Advanced Tracer Methods 3 6

These methods assess water fluxes, residence
times and groundwater recharge rates, which are
parameters that cannot be directly measured in

wetlands or many subsurfaces.

B6 Dewaterability Estimation Test (DET)
Apparatus 3 6

The DET apparatus is used to test how easy it is
to dewater mixtures of solids and liquids such as

agricultural wastewater.

C1 Farm Constructed Wetland 3 7 This is a special type of integrated constructed
wetland for water and nutrient control purposes.

C2 Biochar Adsorbents 3 6 Biochar is used for both water retention and
nutrient adsorption.

D1 Bio-based Nutrient-Collecting
Membrane 3 7 These membranes are applied to recycle nutrients

such as phosphorus.

D2 Novel Drainage System 3 5 This system captures nutrients from farm yards,
field runoff and various farm waste streams.

D3 Microfluidics 3 6 This innovation is efficient in the capture of
various reagents from water.

The technology readiness levels (TRLs) referred to in Table 1 follow these definitions:
TRL 1, basic principles observed; TRL 2, technology concept formulated; TRL 3, experi-
mental proof of concept; TRL 4, technology validated in the laboratory; TRL 5, technology
validated by a farm; TRL 6, technology demonstrated within a farm catchment; TRL 7,
innovation prototype demonstrated in the operational environment; TRL 8, innovation
complete and qualified; and TRL 9, actual innovation proven in the operational environ-
ment and manufactured. While the initial TRLs have been determined according to the
above definitions, the final TRLs are only predictions for 2024/2025.

The paragraphs below further describe some of the key innovations (Table 1) and
their expected impacts. The WATERAGRI Modeling Framework (Table 1; A1) is capable
of simulating water, energy and nutrient cycles in the soil, groundwater, surface water,
vegetation and engineering structures in a coupled manner, thus reflecting the complexity
of agricultural systems. The measurement data from online and in situ sensors include
soil moisture content, groundwater levels, stream discharge, crop state and water levels
in retention reservoirs and drains. In addition, remotely sensed observations such as soil
moisture content and leaf area index are also assimilated.

Near-real-time integrated model predictions informed by in situ and remote online
measurements will allow farmers to take the best decisions to increase the efficiency of
input use. The input efficiency increase generates economic benefits for farmers while
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increasing the sustainable use of water resources. Existing infrastructure can be integrated
into the modeling system to maximize water retention and efficiency [9].

Figure 2 indicates the data gathering and analysis approaches within the WATERAGRI
Modeling Framework. They integrate the key innovations developed (Table 1). Multiple
sensors covering different temporal and spatial scales in the catchments have been de-
veloped. The data collected constitute, for example, hydraulic heads and soil moisture
information as well as discharge and evapotranspiration measurements.
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Figure 2. Data gathering and analysis approaches within the WATERAGRI Modeling Framework
(A1) to support WATERAGRI solutions benefitting stakeholders in agriculture.

Within the cloud, data are stored within the framework, allowing for subsequent
information extraction. Digital surface models of selected catchments have been generated
using airborne laser scanning data and local data densification based on photogrammetric
or laser scanning data collected with an unmanned aerial vehicle for selected sites. Relevant
processes and catchment features have been implemented for selected catchments.

The Irrigation Model (Table 1; A4) integrates remote sensing technology to analyze crop
development and variation over time. The model also integrates sensor data, networks,
monitoring tools, forecast models and decision support functionalities. The Irrigation
Model provides critical input to the integrated and physically based modeling system.
The WVSI-WRC and hydraulic conductivity models provide well-defined groundwater
conditions at varying water saturation degrees in relation to climate and crop farming,
which play a key part in the whole Irrigation Model.

In contrast to conventional models used in unsaturated subsurface hydrology, which
are empirical, the WVSI-WRC model (Table 1; A5) is based on the underlying physics of
pore surface adsorption and capillary condensation. For this reason, the parameters in the
model have physical meaning. This provides the advantage of using the model to optimize
the implementation of the new technologies and the design of water retention products in
terms of their underlying physics. On the other hand, the model can be validated using the
data collected from laboratory tests and field observation.
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The Serious Game (Table 1 (A7) and Section 8) can be used to facilitate decision making
in real situations. This is possible because the interactive gaming environment enables
different stakeholders to simulate and quantify the impact of their decisions on technical,
economic and environmental aspects of the analyzed problem, should they choose to do
so. Subsequently, stakeholders will learn to have a greater appreciation of trade-offs that
exist between different water retention options and agricultural production, increasing
framework acceptance [10].

The Remote Sensing Pipeline (Table 1 (B1), Figure 3 and Section 7) operates in the
short-wave infrared spectrum to measure soil moisture and vegetation water stress, and
it uses a combination of visible near-infrared light and radar observations to measure
vegetation densities and phenological stages (where possible). These measurements are
used to calibrate the WVSI-WRC model (Table 1). This helps farmers to decide upon
and characterize the variation in the model parameters, which will be integrated into
the database of the framework. The soil moisture and vegetation water stress data are
integrated in the cloud (Figure 2) and can be used to inform real-time models for short-term
predictions. The use of dense sub-weekly time series of multispectral imagery satellites
(3–10 m spatial resolution) from both the Copernicus program and private actors makes
the monitoring of crop biophysical parameters feasible.
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gence) to improve fertilizer application.

Remote sensing applications help to assign water and fertilizer demands for dif-
ferent crop and soil types. The pipeline B1 improves decision support by providing
data. The overview quantifies and benchmarks changes. The identification of plant
water leads to spatially optimized water use, supporting efficient water irrigation and
lower costs. Remote sensing data will help to identify effective innovations. The data are
cost-effective and useful in measuring important indicators during dry and wet spells,
improving water management.

The analysis of remote sensing results has its limitations, as reported by WATERAGRI
researchers. The assessment of output may show differences with, for example, different
satellite image resolutions and spectral analysis methods. Moreover, it is sometimes hard
to collect appropriate satellite images because of cloud obstructions.

The Irrigation Management and Agrometeorological Monitoring Solution (Table 1; B2)
is used to help farmers, agronomists and farm advisers to manage irrigation scheduling
and crop stress in real time, ensuring optimal production while reducing water use, energy
consumption and environmental impact. Stress management and irrigation advice services
have the purpose of covering the entire irrigation process, ensuring optimal production
all season long and planning farm operation and management strategies based on current
crop needs and weather conditions.

The Precision Irrigation System (Table 1; B3) is integrated with a decision support
system. The irrigation plan encoded in the decision support system is based on the predic-
tion of the soil water content in the root zone and daily crop water requirements using a
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water balance model, which combines crop, weather and soil databases as well as historical
and forecast weather data. The main functions of the decision support system include
real-time irrigation management, decision-making support, user-customized irrigation
scheduling, simulation of soil water dynamics in the root zone, evaluation of the effect of
certain irrigation schedules on crop yield reduction and database management.

The crop simulation model and the water requirement calculations of the decision sup-
port system work on a daily time step. The modeling approach is based on the continuity
equation, which is applied to the soil layer explored by roots. Crop evapotranspiration losses
are evaluated at the field level with an algorithm that simulates the reference crop evapotran-
spiration, the maximum crop evapotranspiration and the real crop evapotranspiration.

The Precision Irrigation System output, which is updated daily, includes the following
information: crop water status and irrigation requirements, as well as temporal patterns
of soil moisture levels compared to upper (optimal soil moisture status to be reached
with irrigation) and lower (beginning of stress, when irrigation is mandatory) thresholds.
Additional data output provided by the model includes the phenological phase, crop
coefficient and water stress coefficient. Likewise, numerical models simulating the surface
and subsurface resources can be linked to this decision support system. This allows end-
users to analyze how providing irrigation water will affect water storage in surface and
subsurface reservoirs in the short and long term. It also allows studying the effect of
in-stream measures on soil moisture storage. This is a central precondition for improved
water retention.

In general, the water retainer product helps the ground to maintain a steady water
balance by reducing evaporation. Water retainers are often organic soil conditioner liquids
helping plants to take up water and diminish the effects of drought and dehydration.
WATERAGRI has used a water retainer product in different conditions and provided the
research background to product development activities by investigating the effects of the
water retainer on the soil ecosystem using molecular biology methods. Furthermore, the
WVSI-WRC model was used to model and characterize the performance of the biodegrad-
able water retainer product to help improve its design and quality. These actions resulted
in the Enhanced Water Retainer Product and Concept (Table 1; B4).

The organic water retainer B4 reduces evaporation, regulates the water balance and
stops water seepage deeper into the soil. The retainer effectively compensates for dry spells
by increasing the soil’s water storage capacity. Plants should then maintain an acceptable
yield of high quality. Soil is then also more likely not to be water-repellent.

Advanced Tracer Methods (Table 1 (B5) and Section 6) are used to analyze the stable
isotopes of water in the pore water of soils. Advanced water–vapor equilibration techniques
allow measuring the isotopic composition of pore water in high-resolution soil cores.
Corresponding data can be used to quantify water fluxes and improve the calibration of
subsurface models (soil and groundwater), thus reducing their predictive uncertainties.

The DET Apparatus (Table 1; B6) data should allow for better management decisions
regarding the selection of dewatering technology. The test can also be used to evaluate the
water retention capacity of different soils and sludge within the agricultural industry [11].
Moreover, B6 will help in the identification of economically sustainable technologies and
methods for the dry- and wet-spell water management of soil and sludge.

The DET is almost as simple as the capillary suction test, but it is more reliable, faster,
flexible and informative in terms of the visual measurement data collected with modern
image analysis software. The standard deviations associated with repeated measurements
for the same sludge are lower for the DET than for the capillary suction test. In contrast
to the capillary suction time test device, capillary suction in the DET test is linear and not
radial, allowing for a straightforward interpretation of findings [11].

Farm Constructed Wetlands (Table 1 (C1) and Sections 4 and 5) can be used for sus-
tainable water retention and nutrient recycling. The analysis and modeling of soil moisture
retention with drainage level controls, vegetated buffer zones and nutrient retention in
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wetlands [5] for water management considered the need for adaptation to climate change
and its impact on ecosystem services [7] such as flood control.

Wetland design recommendations taking variation into account should improve sea-
sonal water retention. Modeling helps to identify the tools and techniques for successful
waste stream nutrient recovery. The modeling results support the assessment of the eco-
nomic impact and management strategies.

Considerable nutrient loads are released to semi-natural waterbodies such as wetlands
due to inefficient (artificial) fertilizer usage and insufficiently treated agricultural wastewa-
ter. There is considerable economic and environmental potential to capture these nutrients
and reuse them in agriculture [8]. Recovered nutrients from wetlands can be used to grow
crops [4].

Biochar Absorbents (Table 1; C2) have been shown to increase both the soil water
holding capacity and the available water capacity. Moreover, C2 acts as a nutrient adsorbent
from the runoff water. However, the biochar’s efficiency depends on its properties, soil
texture, raw material(s) and pyrolysis conditions. Char activation should improve the
nutrient adsorptive performance.

The WVSI-WRC model can be used to characterize the performance of the biochar’s
efficiency. This should result in a quantified assessment of surface adsorption and soil
water holding capacity improvements. Such assessments can guide the improvement of
current product design and manufacturing processes.

The Bio-based Nutrient-Collecting Membrane (Table 1; D1) is made of nano-cellulose.
With numerous surface-tailoring options, the membrane has the potential for selective
nutrient capture. The production method is green and up-scalable and can thus be produced
for various catchment scales and corresponding configurations. The biological structure
opens the possibility of using the nutrient-rich membrane material after recovery for soil
amendment and/or fertilization.

The Novel Drainage System (Table 1; D2) is based on a low-cost bio-inspired drainage
technology that captures nutrients from runoff and streams. Different layers of material act
like a rhizosphere to absorb and store nutrients in the soil, metabolize them and make them
accessible to crops. The captured nutrients can further be used directly with crops with
high nutrient uptake and subsequently be converted to biomass. Moreover, active drainage
management (e.g., closing drains during drought conditions) improves the efficiency of
irrigation and fertigation.

Microfluidics (Table 1; D3) can be integrated with wastewater treatment systems
(Figure 4) for agricultural activities targeting nutrients within the operational context. This
innovation is energetically efficient and designed to permit reagent recovery on an agricul-
tural farm scale. The device is suitable for circular nutrient management. Furthermore, D3
allows for the flow of large volumes of contaminated water.
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3.2. Expected Long-Term Case Study Impacts

Figure 5 provides an overview of all case study locations. The following paragraphs
summarize the corresponding expected long-term impacts. The first Finnish case study
may lead to the improvement of water regulation for potato farming and comprises the
development of automatic drainage. Drainage water regulation for farming on mineral
soils in the municipality of Tyrnävä, Northern Ostrobothnia, should be enhanced. The
outcome comprises an integrated system for (a) automatic soil and drain water monitoring;
(b) models of the soil water content; and (c) automatic control of drainage structures using
in situ observations, remote sensing and control functions that should be operated by
the farmer via a mobile phone. The monitoring, modeling and observation system is
intended to optimize potato growth and water retention to limit irrigation and the leaching
of nutrients. The system may detect flow in drain pipes to predict drain blockages and
drain cleaning intervals.

The second Finnish site is used for grass production and is located in the municipality
of Ruukki, Northern Ostrobothnia. The expected impact should be on water regulation to
limit subsidence, nutrient leaching, acidity leaching (acid sulfate soils) and greenhouse gas
emissions from organic soils, which are common in the boreal region.

In Sweden, Gårdstånga Nygård (GN; Figure 5) manages 200 ha of organic and 800 ha
of conventional farmland, which is vulnerable to droughts. Conventional cultivation
is undertaken according to FAO’s three principles of conservation agriculture [12]. The
expected impact of applying the framework (A1), in addition to improving the planting
sequence and field management, may comprise improved soil health, reduced leaching of
nutrients and decreased carbon dioxide emissions from the soil. Sustainable water retention
management should also include the construction of dikes, wetlands and reservoirs.

In France, a 4000 ha catchment near Auxerre has challenges with water polluted by
pesticides and nitrates. The arable land relies on drainage pipes pouring into sinkholes. WA-
TERAGRI innovations (Table 1) are designed to help farmers to adjust their crop rotations,
nutrient management, controlled drainage and wetland technology.

The Selhausen agricultural research station in Germany consists of 51 agricultural
fields covering 1 km2 and represents the heterogeneous rural area of the lower Rhine valley.
The innovations should, with the help of field experiments, determine the drought stress
responses of plants to optimize irrigation. The proposed framework (A1) may assist in the
selection and management of crops such as sugar beet, winter wheat, winter barley, maize
and rapeseed. The impact indicator is the expected production gain as a function of the
amount of irrigation water.

In Poland, a farm of 500 ha is located in the lowland part of Lower Silesia and
specializes in cereals. Despite having drainage system operations over the whole area, the
farm struggles with both water shortages and local flooding. Online sensors to monitor soil
moisture, the groundwater table, water outflow from the catchment and weather conditions
should optimize water management. This should be achieved by identifying field locations
with high water demand, assessing drainage conditions and implementing the framework
(A1) for controlled drainage supported by small water retention solutions. Improved field
nutrient doses may maintain high yields of cultivated crops and reduce the contamination
of water within the catchment. The farm should benefit from improved water retention and
quality. The expected impact should be on water management at the farm level to improve
water availability, resulting in high yields of cultivated crops.

The framework (A1) was tested in collaboration with the largest vegetable farming
association in Seeland, Switzerland. If current agricultural practices are continued, soil
resources will be depleted in 50 years. The changing precipitation dynamics make future
production targets vulnerable. The landscape in its current form is the result of a regional
scale water correction and draining project. Through the drainage of the area, the upper soil
layer in the region shrank drastically through mineralization. Furthermore, the growing
population in the area makes it a challenge to develop new agricultural areas. The main
requirement is the conservation of agricultural production.
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Figure 5. WATERAGRI case study demonstration sites and partner overview for all target re-
gions (LUNDS UNIVERSITET, ULUND; EDEN TECH; EDEN; FORSCHUNGSZENTRUM JULICH
GMBH; FZJ; TEKNOLOGIAN TUTKIMUSKESKUS VTT Oy, VTT; DEBRECENI EGYETEM, UNIDEB;
ALCHEMIA-NOVA GMBH, ALCN; AGROGEO AGARFEJLESZTO-FOLDTANI-FOVALLALKOZO
KORLATOLT FELELOSSEGU TATRSASAG, AGROGEO; UNIVERSITAET FUER BODENKUL-
TUR WIEN, BOKU; ALMA MATER STUDIORUM UNIVERSITA DI BOLOGNA, UNIBO; THE
UNIVERSITY OF SALFORD, USAL; COCONSORZIO DI BONIFICA DI SECONDO GRADO
PER IL CANALE EMILIANO ROMAGNOLO CANALE GIANDOTTI, CER; CENTRUM DO-
RADZTWA ROLNICZEGO W BRWINOWIE, CDR; INOSENS DOO NOVI SAD, INOSENS; UNI-
WERSYTET PRZYRODNICZY WE WROCLAWIU, WUELS; BAY ZOLTAN ALKALMAZOTT KU-
TATASI KOZHASZNU NONPROFIT KFT, BZN; VULTUS AB, VULTUS; TECHNISCHE UNIVER-
SITEIT DELFT, TUDELFT; UNIVERSITE DE NEUCHATEL, UNINE; AB GARDSTANGA NYGARD,
GN; OULUN YLIOPISTO, OULU; AGRICOLUS SRL, AGRICOLUS; INSTITUT NATIONAL DE
RECHERCHE POUR L’AGRICULTURE, L’ALIMENTATION ET L’ENVIRONNEMENT, INRA; MAR-
TIN REGELSBERGER, TBR).

WATERAGRI innovations (Table 1) should maintain a high level of food production
in the long term through intelligent water, soil and nutrient management. It may optimize
drainage management through real-time management, which is currently conducted in
an uncoordinated manner by individual farmers. Moreover, the efficiency of costly in-
vestments such as new drainage systems or irrigation systems can be assessed under the
consideration of climate change.

Near Vienna, Austria, is an experimental agricultural field already equipped with
soil water measurement devices, where WATERAGRI in collaboration with a vocational



Water 2022, 14, 1486 12 of 24

training school for farmers investigates water flows on the farm level for the improvement
of irrigation of different crops and for the sustainable use of water resources. WATERAGRI
uses tracer and mathematical modeling approaches to assess water fluxes, water retention
times and groundwater recharge rates.

In Italy, a 12.5 ha experimental farm of the Land Reclamation Consortium is located
near Bologna (northern Italy; continental climate zone), and different crops (winter wheat,
soya, maize, fruits, vegetables, etc.) are grown. Drainage water coming from the farm
is treated by a 0.4 ha surface flow constructed wetland before discharge to surface water
bodies. WATERAGRI innovations (Table 1) should optimize irrigation, water retention,
agricultural drainage water treatment (e.g., pesticide removal) and nutrient recovery.

A Hungarian farm comprises 16 ha of pasture with sprinkler irrigation for cattle
grazing and 50 ha of irrigated arable land in a nitrate-sensitive area (based on European
guidelines). Excess water and purified fermentation sludge should be utilized as an
alternative water source. The framework (A1) may help to evaluate alternative water
source applications in variable-rate sprinkler irrigation technology. Irrigation technology
demonstration guidelines contribute to the reduction in artificial fertilizers to adapt to
climate change and a reduction in available conventional water resources.

The guidelines developed cover conventional and state-of-the-art methods for field
monitoring for irrigation practice. The methods proposed include technology for the
utilization of excess water coming from small water retention measures and treated water
obtained from biogas production, as well as smart technologies for vegetation surveys for
the spatial optimization of irrigation. The innovations are designed to enhance irrigation
sustainability by reducing water discharge to both groundwater and surface water and
should contribute to the reduction in artificial fertilizers to adapt to climate change through
a reduction in available conventional water resources.

4. Nature-Based Solutions including Wetland Systems

WATERAGRI has a strong focus on nature-based solutions [13,14], including physical
ones such as the Farm Constructed Wetland (C1), Biochar Adsorbents (C2) and Bio-based
Nutrient-Collecting Membrane (D1) (Table 1). This section briefly outlines key characteris-
tics of nature-based solutions in preparation for Section 5.

The interest in nature-based solutions is growing since these kinds of systems can
help to mitigate the negative impacts of climate change and water pollution with reduced
operational and maintenance costs. One of these negative effects is certainly agricultural
water pollution and especially the release of nitrogen into water ecosystems. Different
types of nature-based solutions can be used to prevent diffuse nitrogen pollution, and it
is important to understand which processes can take place in these systems and which
influencing factors can affect nitrogen removal [13,14].

Constructed wetlands were found to be the nature-based solution type used for both
diffuse pollution control and point-source contamination removal [3,5]. Although vege-
tation plays an important role, through the special property of macrophytes of pumping
oxygen from the leaves to the roots, plant uptake is not the major nitrogen removal route,
according to WATERAGRI project review findings [15]. The wetland substrate is an im-
portant factor since it can provide a carbon source needed for denitrification, which was
identified as the most important nitrogen removal pathway [16,17]. In this context, the
presence of certain microbial species in constructed wetlands is crucial since they can
influence processes such as nitrification and denitrification [3,5].

The scientific community has proposed different ways to enhance nitrogen abatement
efficiency. For example, the use of hybrid constructed wetlands, which combine surface
and subsurface constructed wetland systems, can promote nitrogen removal by exploiting
the advantages of different wetland types. Moreover, aeration has proved beneficial since it
can control the presence of oxygen inside the system and keep it at the optimum level when
it is required [18]. It is also important to adjust operational parameters (e.g., hydraulic
loading rate and hydraulic retention type) since they control system behavior [5]. Other
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nature-based solution types, such as buffer strips, vegetated channels and water sediment
control basins, were found to have lower applicability due to either their low efficiency or
their inability to manage variable and high water flows, typical of agricultural drainage
water, according to a WATERAGRI review [14,15,19].

Finally, different nitrogen recovery strategies were studied in the past. For example,
biochar substrate or algae biomass previously used in constructed wetlands for water
treatment could be rich in nitrogen content. These materials can be later used to produce
compost or soil amendments and therefore reduce the need for chemical fertilizers [20,21].

5. Wetland System Management
5.1. Management to Mitigate Climate Change

WATERAGRI focuses on wetland management to adapt to climate change and secure
clean and sufficient water resources for the future. The appropriate management of Farm
Constructed Wetlands (C1) could both mitigate and help adapt to climate change [5]. The
use of collected and stored water in wetland systems for subsequent reuse as irrigation
water is an easy adaptation measure during hot summers [4]. However, the optimized
management of these systems to mitigate climate change is the focus of the first two
sub-sections.

Water purification is one of the most essential services provided by wetlands [19].
However, climate change has been identified as a major threat to wetlands. Altered
hydrology and rising temperature can change the biogeochemistry and function of a
wetland to the degree that some important services might be turned into disservices. This
means that they will, for example, no longer provide a water purification service, and
conversely, they may start to decompose and release nutrients to the surface water. This
might lead to serious ecological challenges, e.g., eutrophication and acidification. Moreover,
a higher rate of decomposition than primary production (photosynthesis) may lead to a
shift in their function from being a sink for carbon to a source, according to WATERAGRI
publications [22–25]. It can also endanger the well-being and livelihood of populations that
depend on these systems [26].

Salimi et al. [24] reviewed, on behalf of WATERAGRI, the potential response of natural
wetlands (peatlands) and constructed wetlands to climate change in terms of gas emissions
and nutrient release. In addition, the impact of key climatic factors, such as temperature and
water availability, on wetlands has been assessed. The authors identified methodological
gaps and weaknesses in the literature and then introduced a new framework for conducting
a comprehensive mesocosm experiment to address the existing gaps in the literature to
support future climate change research on wetland ecosystems.

In the future, higher temperatures resulting in drought might shift the role of both
constructed wetlands and peatlands from sinks to sources of carbon. However, higher
temperatures accompanied by more precipitation can promote photosynthesis to a degree
that might exceed respiration and maintain the carbon sink role of the wetland [19]. There
might be a critical water level at which the wetland can preserve most of its services. In
order to find that level, a WATERAGRI study of the key factors of climate change and their
interactions using an appropriate experimental method was necessary [24,25].

Some contradictory results of past experiments may be associated with different
methodologies, designs, time periods, climates and natural variability. Hence, a long-
term simulation of climate change for wetlands according to the proposed framework is
recommended. This framework provides relatively more accurate and realistic simulations,
valid comparative results and comprehensive understanding and supports coordination
between researchers. This can help to find a sustainable management strategy for wetlands
to be resilient to climate change, according to WATERAGRI [24].

Salimi and Scholz [24,25] assessed the effect of climate change on water quality in peat-
land and constructed wetland ecosystems subject to water level management as part of the
WATERAGRI project. For this purpose, the authors simulated the current climate scenario
based on the database from Malmö station (Scania, Sweden) for 2016 and 2017, as well as
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future climate scenarios for the last 30 years of the century based on the representative
concentration pathway (RCP) and different regional climate models for a region wider than
Scania County. For future climate change, the authors simulated low (RCP 2.6), moderate
(RCP 4.5) and extreme (RCP 8.5) climate scenarios. All simulations were conducted within
climate chambers for experimental peatland and constructed wetland mesocosms.

The results demonstrated that the effect of the climate scenario is significantly different
for peatlands and constructed wetlands (interactive effect) for the combined chemical
variables. The warmest climate scenario, RCP 8.5, is linked to a higher water purification
function for constructed wetlands but to a lower water purification function and the
subsequent deterioration of peatland water qualities, even if subjected to water level
management. The explanation for the different responses of constructed wetlands and
peatlands to climate change could be due to the fact that the substrate in the constructed
wetland mesocosms and peatlands was different in terms of the organic matter quality and
quantity [19]. Plants and microbial communities within the constructed wetlands readily
use up all easily available nutrients when the temperature rises. In contrast, concerning the
extreme scenario RCP 8.5, peatlands have shown a tendency to exhibit the reverse process
in WATERAGRI mesocosm experiments [24,25].

Salimi et al. [25] highlight that stress factors such as climate change and drought may
switch the role of temperate peatlands from carbon dioxide sinks to sources, leading to
positive feedback to global climate change. Water level management has been regarded
as an important WATERAGRI climate change mitigation strategy, as it can sustain the
natural net carbon dioxide sink function of a peatland. Little is known about how resilient
peatlands are in the face of future climate change scenarios or how effectively water level
management can sustain the carbon dioxide sink function to mitigate global warming [19].

Salimi et al. [25] assessed the effect of climate change on carbon dioxide exchange in
south Swedish temperate peatlands, which were either unmanaged or subject to water
level regulation. Climate chamber simulations described previously [24] were conducted
as part of WATERAGRI.

Published WATERAGRI results show that all managed and unmanaged systems under
future climate scenarios could serve as carbon dioxide sinks throughout the experimental
period. However, the 2018 extreme drought caused unmanaged mesocosms under RCP
4.5 and RCP 8.5 to switch from a net carbon dioxide sink to a source during summer.
Surprisingly, unmanaged mesocosms under RCP 2.6 benefited from the warmer climate
and served as the best sink among the other unmanaged systems. Water level management
had the greatest effect on the carbon dioxide sink function under RCP 8.5 and RCP 4.5,
which improved their carbon dioxide sink capability by up to six and two times, respectively.
Under the current climate scenario, water level management had a negative effect on the
carbon dioxide sink function, and it had almost no effect under RCP 2.6. Therefore, the
researchers concluded that water level management is necessary for RCP 8.5, beneficial for
RCP 4.5 and unimportant for RCP 2.6 and the current climate [25].

5.2. Application of the Van Genuchten–Mualem Models to Peat Soils

Undisturbed peatlands are effective carbon sinks and provide a variety of ecosystem
services, such as adaptation and mitigation regarding climate change. However, anthro-
pogenic disturbances, especially land drainage, strongly alter peat soil properties and
jeopardize the benefits of peatlands. The effects of disturbances were therefore assessed
and predicted as part of the WATERAGRI project [23–25]. To support accurate modeling,
Menberu et al. [27] determined the physical and hydraulic properties of intact and disturbed
peat samples collected from 59 sites (in total, 3073 samples) in Finland and Norway.

The bulk density, porosity and specific yield values obtained indicated that the top
layer (0–30 cm depth) at agricultural and peat extraction sites was most affected by land use
change. The bulk density in the top layer at agricultural, peat extraction and forestry sites
was 441, 140 and 92% higher, respectively, than that of intact peatlands. Porosity decreased
with increasing bulk density, but not linearly. Agricultural and peat extraction sites had the
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lowest saturated hydraulic conductivity and porosity and the highest bulk density among
the land use options studied by the WATERAGRI team [27].

The van Genuchten–Mualem soil water retention curve and hydraulic conductivity
models proved to be applicable for the peat soils tested, providing values of soil water
retention curve, hydraulic conductivity and van Genuchten–Mualem parameters (α and
n) for peat layers (top, middle and bottom) under different land uses. A decrease in
peat soil water content of ≥10% reduced the unsaturated hydraulic conductivity values
by two orders of magnitude. This unique data set can be used to improve hydrological
modeling in peat-dominated catchments and for fuller integration of peat soils into large-
scale hydrological models [27].

The outcomes of the above study [27] were fed directly into the WATERAGRI Modeling
Framework (A1). They are particularly relevant for boreal climates (Figure 5), where there
is a serious risk of peatland degradation as the climate becomes warmer. On the other hand,
some of these peatlands may be transformed in a sustainable manner into farmland if, for
example, the water level is managed appropriately.

5.3. Assessment of Plants Irrigated with Wastewater Treated by Wetlands

Wetlands can also contribute to irrigation water provision, especially in terms of non-
conventional water resources (e.g., treated wastewater). There is a high potential to reduce
the agricultural water demand by recycling different types of wastewaters in the irrigation
of crops [4,19]. However, there is a need for sufficient pre-treatment to reduce potentially
negative impacts, such as the pollution of crops by, for example, heavy metals. Moreover,
groundwater resources need to be protected.

Almuktar et al. [28] assessed Capsicum annuum L. (chili; an easy-to-grow example plant)
grown in controlled and semi-controlled environments irrigated with greywater treated by
floating wetland systems as part of the WATERAGRI project. The accumulation of trace
elements, including heavy metals, was evaluated in the soil and fruits of chili plants grown
under both laboratory-controlled and semi-controlled greenhouse location conditions.
Chili plant biomass growth in different development stages and fruit productivity were
evaluated and compared with each other for the impact of growth boundary conditions
and water quality effects. Treated synthetic greywaters in different operational design
set-ups of floating treatment wetland systems were recycled for watering chilies in both
locations. The effluents of each individual group of treatment set-up systems were labeled
to feed sets of three replicates of chili plants in both locations.

WATERAGRI results revealed that the treated synthetic greywater complied with
thresholds for irrigation water, except for high concentrations of phosphates, total sus-
pended soils and some harmful trace elements such as cadmium. Chili plants grew in both
locations with different growth patterns in each development stage. First blooming and
high counts of flowers were observed in the laboratory. Higher fruit production was noted
for greenhouse plants: 2266 chili fruits with a total weight of 16.824 kg with an expected
market value of GBP 176.22 compared to 858 chili fruits from the laboratory with a weight
of 3.869 kg and an estimated price of GBP 17.61 [28].

Trace element concentrations were detected in chili fruits with the ranking order of
occurrence as follows: Mg > Ca > Na > Fe > Zn > Al > Mn > Cu > Cd > Cr > Ni > B.
The highest concentrations of accumulated Cd (3.82 mg/kg), Cu (0.56 mg/kg) and Na
(0.56 mg/kg) were recorded in chili fruits from the laboratory. Accumulations of Ca, Cd,
Cu, Mn and Ni with concentrations of 4.73, 1.30, 0.20, 0.21 and 0.24 mg/kg, respectively,
were linked to fruits from the greenhouse. Trace elements in chili plant soils followed the
trend: Mg > Fe > Al > Cr > Mn > Cd > Cu > B. The accumulated concentrations in either
chili fruits or the soil were above the maximum permissible thresholds, indicating the need
for further water quality improvements [28].

The WATERAGRI findings [28] helped to understand practical challenges with the
recycling of wastewater in farming. However, there is uncertainty about farmers not
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actually knowing what they put on their fields in terms of potential pollution loads and
when these loads may become a challenge in the future for certain plants [4,19].

5.4. Simplified Models for Wetland Systems

Constructed treatment wetlands are systems designed to optimize chemical, physical
and biogeochemical processes occurring in wetland ecosystems to treat wastewater [19].
The type of treatment wetland typically used to treat agricultural runoff is the free water
surface wetland because of its strong ability to cope with pulse flows [3]. According to
WATERAGRI research, current design guidelines for these systems are based on empirical
rules of thumb and/or simple first-order decay models, which are based on experimental
data with pilot plants and specific boundary conditions such as climatic conditions or
wastewater composition [5,29].

In addition, free water surface wetlands are designed and used according to the
experiences and needs of each region [5,19]. For example, in boreal biogeographical areas
(Figure 5), wetlands are mostly used for phosphorus retention, while in warmer bioclimatic
regions, with optimal conditions for nitrifying bacteria, they are used to remove nitrogen.
The design is mainly based on hydraulic criteria by improving the hydraulic efficiency or
increasing the hydraulic retention time, i.e., adding obstacles, increasing the aspect ratio
(length to width) or calculating the wetland surface area in relation to the catchment area.

Process-based modeling is also advanced, and there are many studies on wetland
performance. However, these models require advanced modeling skills and specific param-
eters that are impossible to obtain if the wetland is not yet constructed. Therefore, some
researchers encourage the development of simplified models where only a few parameters
are required [5,19]. Current simplified design tools are only available for combined sewer
overflow wetlands, i.e., RSF_Sim [30] and ORAGE [31]. These models have proven to be
robust and reliable for design purposes [32].

As part of WATERAGRI [1], researchers [33] compared the performance of different
simple models using data from a full-scale wetland monitored over the long term located
in the Emilia-Romagna region, Italy. The models simulated the transport and removal
of total nitrogen in two precipitation events with different characteristics. Moreover, the
models were evaluated under steady- and unsteady-state conditions. The best performance
was achieved with a tanks-in-series model coupled with a first-order degradation model
with non-zero background concentration for pollutant degradation. The simulations under
steady-state conditions were able to simulate outflow total nitrogen concentrations even
though the inputs were discontinuous. In contrast, the piston flow with the dispersion
model did not fit the wetland hydraulics in either event due to the nature of wetlands,
which receive water in pulses following rainfall events.

A simplified model can be very useful for rough assessments and can be used for the
upfront design, which would help decision making. The WATERAGRI findings will help
to set performance ranges for certain conditions, which will provide insight into the real
possibilities and limitations of free water surface wetlands. The adaptations have been
incorporated into the WATERAGRI Modeling Framework (A1).

6. Tracer Methods
6.1. Background on Isotopes

Advanced Tracer Methods (B5; Table 1) have been developed as part of WATERA-
GRI [1] to assess more complex water retention challenges. Stable oxygen (O) and hydrogen
(H) isotopes of water (δ18O and δ2H) can be applied as environmental and conservative
tracers and are inherent compounds of the water cycle used to understand hydrologi-
cal processes in agricultural soils. The isotopic composition of precipitation is modified
by fractionation processes, resulting in distinct seasonal and geographical distributions,
generating a global distribution map [34].

Seasonal tracer variations may still be observed in the pore water of soils, with the
attenuation of the signal depending on transport processes (i.e., dispersion and diffusion).
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Thus, the measurement of δ18O and δ2H in pore water allows for tracking water from
different precipitation events in the unsaturated zone, providing integrative information
about the sources, flow and transport of water at large scales and in long time series [35].
Combined with the analysis of soil water content, water fluxes such as mobile soil water or
potential groundwater recharge can be quantified [36,37]. Using a water balance approach,
other fluxes (e.g., evapotranspiration) can be estimated as well, which has been shown in
WATERAGRI studies [38–40].

6.2. Standard Method Development

For analyzing isotopes in pore water, the water–vapor equilibration concept can be
used. This method does not require the extraction of pore water like other methods, such as
cryogenic water extraction. A rock or sediment sample is placed into a sealable, inflatable
and leak-tight bag (usually a plastic Ziploc® bag or laminated Al-bags). The bag is inflated
with dry air and equilibrated for up to three days. Within the closed system, water and
vapor are in equilibrium (the water amount and the isotopic composition), and the isotopic
composition of the vapor is analyzed with laser spectroscopy.

No standard protocols for this type of method currently exist; e.g., different labora-
tories have various equilibration times. It follows that it needs to be tested whether the
equilibration time, soil texture and pore water saturation have effects on isotopic results us-
ing the water–vapor equilibration method. Therefore, stable water isotopes were analyzed
as part of WATERAGRI in soil samples with different textures (sand, silty loam and clay
(kaolinite)) and different soil saturation levels (40–100%) using different equilibration times
(24 to 168 h) [41].

The findings showed that a 24 h equilibration time was sufficient for sandy soils at all
tested saturation levels. For kaolinite, little variance with equilibration time was found. For
silty loam containing organic carbon (2% and 4%), the method indicated that equilibration
could only be obtained with difficulty. Nevertheless, disaggregation of samples generally
improved the isotope analysis [41]. This means that further tests are required to understand
the effect of the presence of organic carbon on water–vapor equilibration. It also means that
the water–vapor equilibration method can be generally applied, and equilibration times
can be adjusted according to the individual soil type and water content of the target farm.

6.3. Application in Agricultural Water Management

Sustainable agriculture should be based on management practices that improve re-
source usage efficiency and minimize harmful impacts on the environment while main-
taining and stabilizing crop production [1]. Both tillage and irrigation can have a great
influence on hydrological processes within agroecosystems. However, it remains difficult
to directly assess the effect of various agricultural practices on water fluxes, which have
been mainly indirectly quantified by complex numerical modeling methods in the past.
Whether isotope approaches also allow for the assessment of the impact of management
practices on water fluxes in agricultural soils still remains to be tested. It would serve as a
simple approach to obtain basic information on hydrological processes in agroecosystems
from single sampling campaigns that can be used even in remote farming areas.

As part of the WATERAGRI project [1], Canet-Marti et al. [42] assessed hydrological
processes and water flux quantification in agricultural fields under different tillage and
irrigation systems using stable water isotopes. In order to support sustainable agricultural
water management practices, the objective of their study was to use a space-for-time
concept and measure oxygen (O) and hydrogen (H) isotopes (δ18O, δ2H) in the pore water
of soil profiles as well as moisture contents for quantifying the soil water balance and
fluxes. Covering all combinations, soil profiles and isotope analysis was performed for
16 sites planted with winter wheat and managed with different tillage (conventional tillage,
reduced tillage, minimal tillage and no-tillage) and irrigation systems (hose reel boom
irrigation with nozzles, sprinkler irrigation, drip irrigation and no irrigation).
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The results indicated that the more intense the tillage, the lower the water content.
Among the irrigation systems, drip irrigation had the highest average water content.
Tracing the minimum in the isotopic composition in the pore water within the depth profiles
showed the deeper percolation of water in the conventional tillage fields, which indicates
higher water flow velocity. Considering both water content and differences in water flow
velocities resulted in water fluxes ranging from 46 to 91 mm per annum. The losses due to
evapotranspiration varied between 80% and 91%. The resulting evapotranspiration within
tillage and irrigation variants decreased in this order: conventional tillage > reduced tillage
> minimal tillage > no-tillage, and sprinkler irrigation > hose reel boom irrigation with
nozzles > drip irrigation > no irrigation.

The new method revealed that the lower water content in conventional tillage fields
is a consequence of deeper water infiltration and higher evapotranspiration. Moreover,
irrigation water contributed mostly to evapotranspiration, and drip irrigation showed
the lowest evapotranspiration losses among irrigation systems. This WATERAGRI study
demonstrated that stable water isotopes can be used as indicators and are a promising
method to quantify water fluxes in agricultural fields with great potential for evaluating
management practices [42].

7. Yield Forecasting Using Remote Sensing

Since global trading prices of agricultural commodities depend largely on their sea-
sonal production levels, the total size of the cropping area and crop yields are important
for export–import companies, agricultural agencies at national and international levels,
government agencies and other crop marketing agencies. Furthermore, due to the increas-
ing global demand for food grains, early and reliable information on crop production is
important from a humanitarian point of view as well as to organize emergency response
and food aid interventions [43].

WATERAGRI is further developing the Remote Sensing Pipeline (B1; Table 1) for the
agricultural industry, because remote sensing has become a widespread technique used
in agriculture and agronomy [44], and the interest in using remotely sensed satellite data
for crop monitoring and crop production forecasting has increased, as it produces uniform
data at the global scale, and modeling results can potentially be utilized in large regions.
Reliable and early yield forecasts are also needed by farmers to implement adaptation
measures (usually technical measures) to reduce the risk of potential yield loss at the farm
level. Providing and developing a monitoring basis can be an important step forward in
improving crop yields. Moreover, remote sensing is capable of providing temporal (and
potentially real-time) and objective data on crop vigor, density, health and productivity,
because remotely sensed data are in close relation to the canopy leaf area index and the
fraction of absorbed photosynthetically active radiation [45].

Green vegetation can be monitored through its spectral reflectance properties [46].
The normalized difference vegetation index (NDVI) is an appropriate solution to monitor
the total wheat dry-matter accumulation, since, in the growing season, the NDVI explains
79% of the wheat dry-biomass variations. Moreover, in minimizing the distribution of the
effects on the relationships between vegetation spectral reflectance and crop yield, some
researchers refer to distance-based vegetation indices, such as the soil-adjusted vegetation
index [47]. This index is applied to correct the NDVI for the influence of soil brightness in
areas where vegetative cover is low.

In the previous decades, the National Oceanic and Atmospheric Administration’s
advanced very high resolution radiometer has been the main data source since the 1980s
for large-scale crop yield forecasting and monitoring. Recently, remote-sensing-based yield
forecasting research has shifted to the National Aeronautics and Space Administration’s
moderate resolution imaging spectroradiometer and other satellites such as Landsat, SPOT
(satellite for the observation of the earth) or Sentinel satellites, which provide data at a
better spatial resolution. However, there are considerable limitations (i.e., information
on crop rotation, small field sizes and the extension of locally calibrated models to other
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areas) of using remotely sensed satellite data in crop yield forecasting [43]. Information on
long-term yield variability is important for tailoring farming practices to the needs of crops.
In particular, remotely sensed vegetation indices such as the NDVI [48,49] and soil-adjusted
vegetation index [50] have been widely utilized for agricultural mapping and monitoring.
Several studies, including WATERAGRI, found that the soil-adjusted vegetation index
achieved higher accuracies than the NDVI, suggesting that the former index reduced some
of the effects of soil background reflectance [51–53].

The developed wheat yield forecasting model provides timely information on the
production of wheat, as well as its status and yield, in a regular and standardized manner
at field and catchment levels. From NDVI and soil-adjusted vegetation index forecasting
models that were developed based on six training years, the yield can be predicted six
weeks earlier before harvesting. These WATERAGRI findings can reduce the impacts of
possible yield losses if delivered to farmers or decision makers in a timely and appropriate
format, and if mitigation measures and preparedness plans are in place [51,54].

Nowadays, irrigation is one of the answers to drought mitigation. Irrigation is usually
based on the measurement of soil water content or meteorological parameters to model or
calculate evapotranspiration. In addition, the use of various proximal sensors is possible to
measure pigment activity related to the photosynthetic activity [55,56], and multispectral
cameras provide images with high spatial and temporal resolution, which are also suitable
for assessing vegetation coverage and typology as well as biomass and vegetation monitor-
ing data. Plant-based methods such as the plant water stress index have great potential for
controlling irrigation, although there may be challenges in setting reference or threshold
values [57]. The impact of irrigation management on the use of plant water is a practical
consideration to improve yield and water productivity for plants. Based on the results, crop
sensors equipped with linear irrigation equipment in the field are suitable for NDVI assess-
ment and monitoring of the area in both irrigated and non-irrigated areas. Furthermore,
pigments can be derived not only based on NDVI images but also based on the area ratio,
and the biomass weight of maize can also be predicted. The use of virtual field sensors
can help farmers to improve irrigation management for increased water savings and better
crop production. According to WATERAGRI output, the verification of remotely sensed
data is one of the prerequisites for the proper utilization and understanding of the data and
their translation into leaf area, biomass amount, then evapotranspiration and eventually
irrigation requirements [51,54].

8. Game for Decision Support and Stakeholder Engagement

Sustainable agricultural water management is a complex problem characterized by
multiple alternatives, conflicting objectives and multiple uncertainties about key drivers
such as climate change, land use change, legislative restrictions, population growth and
increasing urbanization [1]. Serious games are becoming a popular means to support
decision makers who are responsible for the planning and management of water systems.
This is evident in the number of articles about serious games in recent years [58]. However,
the effectiveness of these games in improving decision making and the quality of their
design and evaluation approaches remains unclear.

In support of WATERAGRI, Mittal et al. [58] identified 41 serious games predominantly
covering the urban water cycle and shortlisted 15 games for a detailed review. By using
common rational decision-making and game design phases from the literature, the authors
evaluated and mapped how the shortlisted games contribute to these phases. The findings
show that current serious game applications fall short due to multiple limitations: (a) a lack
of focus on executing the initial phases of decision making (phase 1 for problem structuring,
phase 2 for defining objectives and attributes, and phase 3 for developing alternatives);
(b) the limited use of storytelling and adaptive game elements; (c) the use of low-quality
evaluation designs and explicit indicators to measure game outcomes; and (d) a lack of
attention to the cognitive processes of players playing the game.
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Addressing the above limitations and improving on them is critical to advancing a
purposeful game design supporting agricultural water management. Therefore, WATER-
AGRI has developed a Serious Game (A7) that addresses these challenges and transfers
existing knowledge from urban to rural areas.

A clear understanding of the needs and typical characteristics of target audiences, such
as farmers or the general public, is an essential part of the WATERAGRI dissemination plan,
which will ensure that communication channels are appropriate for the types of messages
being sent. Table 2 gives an overview of the three levels of dissemination strategy impacts
on stakeholder groups. The Serious Game directly supports dissemination for action as
well as understanding and uptake.

Table 2. Overview of the levels of WATERAGRI dissemination strategy impacts on the main stake-
holder groups and their relationship to the Serious Game (A7; Table 1).

Level Target Stakeholder Group Targeted Stakeholder Profiles
(TO WHOM)

Expected Impacts
(WHY)

D
is
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at

io
n

fo
r

A
w

ar
en

es
s

General audience not directly
targeted by the Serious Game

1. Civil society interested in
WATERAGRI [1] and benefitting
from more water and food security

2. People interested in science and new
water management technologies

3. Public initiatives linked to the
farming society

4. Policy makers

• Awareness about WATERAGRI
objectives, results and impacts

• Increased awareness of the need
for environmental protection

• Enhanced water and food security
• Raised awareness about new

technologies and services

D
is

se
m

in
at

io
n

fo
r

U
nd

er
st

an
di

ng
/U

pt
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e

External audience directly
related to the project results

testing the Serious Game

1. Farmers or farm managers (not)
directly involved in the project

2. Agricultural chambers, farmer
associations, schools of farmers,
extension services and water
retention and nutrient recycling
industry

3. Media Researchers
4. Municipalities
5. Local water management

organizations
6. All-level policy makers directly

involved in farm water and soil
fertilization management

• Advancement in understanding of
agricultural water management
and nutrient recycling in soils

• Enhancement and stimulation of
further research and innovation
activities between project partners

• Creation of media interest to
obtain their involvement and
support

• Increased support for the
implementation of the framework

D
is

se
m

in
at

io
n

fo
r

A
ct

io
n

Audience in connection with
the project developing the

Serious Game

1. Farmers and farm managers,
agronomists and farm advisers

2. The WATERAGRI consortium
members (Figure 5)

• Protection of crops
• Improvement of water quality and

nutrient uptake by crops
• Increase in income
• A strong brand image

9. Conclusions and Recommendations

This communication highlights research outputs linked to selected innovations that
have been further developed as part of the Horizon 2020 WATERAGRI project to ad-
dress water and food security challenges by optimizing sustainable agricultural water
management and nutrient recycling strategies.

A review of factors that can influence nitrogen and phosphorus removal in different
types of nature-based solutions was performed. The proposed framework for undertaking
wetland experiments provides relatively more accurate and realistic simulations, valid
comparative results and comprehensive understanding and supports coordination between



Water 2022, 14, 1486 21 of 24

researchers. This can help to find a sustainable management strategy for Farm Constructed
Wetlands to increase resilience to climate change.

Our results using mesocosms in climate chambers demonstrate that the effect of the
climate scenario is significantly different for peatlands and constructed wetlands (interac-
tive effect) for combined chemical variables for a continental climate. The warmest climate
scenario, RCP 8.5, is linked to a higher water purification function for constructed wetlands
but to a lower water purification function and the subsequent deterioration of peatland
water qualities, even if subjected to water level management.

The unmanaged mesocosms under RCP 2.6 benefited from the warmer climate and
served as the best sink compared to other unmanaged systems. Water level management
had the greatest effect on the carbon dioxide sink function under RCP 8.5 and RCP 4.5,
which improved their carbon dioxide sink capability by up to six and two times, respectively.
Water level management is necessary for RCP 8.5, beneficial for RCP 4.5 and unimportant for
RCP 2.6 and the current climate. WATERAGRI encourages the development of simplified
wetland models of systems where only a few parameters are needed or where there are
insufficient data. Furthermore, similar wetland experiments should also be performed
for boreal climate scenarios, and linked environmental impact assessments on natural
resources on the field scale need to be undertaken.

Advanced Tracer Methods (B5) have the potential to compare the influence of different
management practices on hydrological processes. Such practices may include tillage in
agricultural land management, water level management and irrigation.

The Remote Sensing Pipeline (B5) uses remote-sensing-based yield forecasting models
to provide estimations of wheat yield during the growing season well before the Biologische
Bundesanstalt, Bundessortenamt und Chemische Industrie (BBCH) 41 development stage
(i.e., when the flag leaf sheath is extending), which fosters preparedness for the mitigation
of water shortage and for increased food security. The use of virtual field sensors can help
practitioners to improve irrigation management for increased water savings and better
vegetation production. The verification of remotely sensed data is one of the prerequisites
for the proper utilization and understanding of the data and their translation into leaf area,
biomass amount, then evapotranspiration and eventually irrigation requirements. The
limitations of remote sensing technology linked to poor visibility due to, for example, cloud
cover have been highlighted.

Our research shows that current serious game applications fall short due to a lack
of attention to the initial phases of decision making, the limited use of storytelling and
adaptive elements, low-quality evaluation of games without the use of explicit decision
quality indicators and, lastly, a lack of attention to the cognitive processes of players playing
the game. Improving these limitations is critical to advancing a purposeful Serious Game
design for decision support in agricultural water management.

This communication has its limitations, as it predominantly assesses key findings of the
WATERAGRI project and focuses heavily on the continental, boreal and Pannonian climatic
regions of Europe and similar regions elsewhere. Therefore, the authors recommend
assessing the same and other promising solutions to improve water and food security also
for more climate zones. Moreover, further market development actions, including business
modeling of the best innovations, need to be performed after the end of WATERAGRI.
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