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Full list of author information is challenges to which climate change is adding further complications and stress to
available at the end of the article the global food supply system. The strategies to the challenges posed on ecosystem

conservation and climate neutrality would be best achieved by integrating the
most current scientific findings in ‘best practice’ policies and their implementation.
This paper presents the outcomes from the fourth International Catchment Science
Conference in Ireland, a three-day multi-actor conference, and calls for action to
improve soil fertility, reduce GHG emissions, increase carbon sequestration, and
reduce pollution loss to waters. It was concluded that an accountable management
of the agricultural landscape requires a multi-actor, multidisciplinary and multi-
scale approach with collaboration between the scientific community, policy makers
and farmers. Importantly there should be a focus on linking research, technology,
education, information, engagement and innovation. Following needed requirements
were identified: (i) long-term monitoring, high-temporal and high-spatial resolution
data collection, (i) combining temporarily and spatially rich datasets, (iii) long-term
planning horizons to be adopted by key institutional stakeholders, (iv) mitigation
strategies to adapt to changing climate and agricultural practices, and (v) an
adequate advisory support and training for farmers. Some progress has been
achieved to a situation where it is possible to counter or mitigate some of the more
urgent issues in the food systems under consideration in the review.
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1 Introduction

The Food and Agriculture Organization of the United Nations (FAO) estimates that
by 2050 we will need to produce 60% more food to feed a world population of 9.3 bil-
lion [1]. While such a target may be quantitatively feasible, there are large associated
environmental challenges due to intensified agriculture contributing to enhanced soil
degradation, global greenhouse gas (GHG) emissions, increased runoff and loss of agro-
chemicals to freshwaters. Climate change further compounds these processes and their
impact [2]. Addressing these challenges requires a move away from traditional single-
domain research towards a more complete systems science-based approach [3]. In
November 2023 ca. 200 scientists, policy makers, regulators, advisors and farmers gath-
ered over three days for the quadrennial International Catchment Science conference in
Wexford, Republic of Ireland, to disseminate the latest science and discuss the challenges
of achieving both agricultural and environmental goals. Water quality, soil-runoff and
soil health/climate aspects are often reported in relative isolation, but the conference
covered both. This paper therefore reports current knowledge and pathways in practice
that answer the challenge of doing systems science in catchments (Fig. 1). The themes
of the conference were: (i) Soil fertility and carbon management; (ii) Gaseous emissions
and carbon sequestration; (iii) Land to water contaminant loss; (iv) Long-term, in-situ
monitoring and catchment modelling of water quality and greenhouse gases; (v) Climate
induced changes; (vi) Approaches for mitigation strategies, and; (vii) Socio-economy,

Fig. 1 Conceptual diagram of how the themes of this paper are linked together. This illustrates the synergies and
benefits of a whole-system based approach
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knowledge exchange and stakeholder engagement; each synthesised here with regard to
how such multiple objectives may be achieved and assessed.

The concept of healthy soil is based on the ecological attributes of the soil [4] and soil
fertility is one of the key indicators [5]. The FAO defines soil fertility as “the ability of a
soil to sustain plant growth by providing essential plant nutrients and favourable chemi-
cal, physical, and biological characteristics as a habitat for plant growth” [6]. Sustainable
maintenance of soil health aims to enhance long-term crop productivity by ensuring a
balanced nutrient supply and improving the soil’s physical and chemical properties. This
approach not only reduces the loss of applied nutrients but also mitigates the associated
negative impacts on the economy, environment and human health, such as high produc-
tion costs, greenhouse gas emissions, eutrophication, and groundwater pollution [7-9].
Restoration and maintenance of soil health are key to achieving Sustainable Develop-
ment Goals (SDGs 1, 2, 3, 6, 7, 13 and 15) of the United Nations’ (UN) Agenda 2030
[10], while the European Union’s (EU) Soil Strategy for 2030 aims to achieve healthy
soils in Europe by 2050 [9]. Globally, policies targeting sources of pollution in agricul-
ture typically employ a mix of regulatory measures, financial incentives, and educational
initiatives [11]. One of the main aims of managing agricultural sources of pollution is
to enhance the dissemination of good agricultural management practices. Among these,
effective nutrient management emerges as a critical area needed for global improve-
ment. Yet, the uptake of nutrient management practices (NMP) among farmers remains
limited, and even when implemented, adherence to recommended guidelines is often
incomplete [12].

A major challenge for many European countries is the binding GHG emissions reduc-
tion Effort Sharing Regulation (EU 2018/842), adopted by the European Council. This is
a particular challenge in highly agricultural countries. For example, Ireland’s emission
reduction target under the Effort Sharing Regulation is to reduce its GHG emissions by
42% by 2030, where the agricultural sector accounts for 38.4% of national GHG emis-
sions [13]. To meet this emission reduction target, Ireland has been granted flexibili-
ties under the Effort Sharing Regulation which include accounting for GHG removals
from the Land Use, Land-Use Change and Forestry (LULUCEF) sector of up to 26.6 Mt
CO,eq over the period 2021-2030. While this provides Ireland with an opportunity
to meet national emission reduction targets through the LULUCF sector, there per-
sists large uncertainties in the LULUCF emission reporting around net emissions and
sequestration from grasslands (second largest GHG emitter from LULUCF at circa
2.48 Mt CO2eq in 2022). For example, the area of agricultural soils under drained peat
was recently found to be 27-36% lower than previously reported [14]. These findings
resulted in significant amendments to the national GHG inventory on drained peat soils
from circa. 9.6 Mt CO,eq to 3.6-4.7 Mt CO,-equivalent. Therefore, there is an urgent
necessity for long-term measurements from LULUCF for more accurate quantifications
of the C sink potential of managed pastures.

Land-based climate mitigation measures have a cost-effective potential (up to $100/
tCO,,,) ranging from approximately 50% from forests and other ecosystems, 35% from
agriculture, and 15% from demand-side measures [15]. The ongoing loss of ecosystem
carbon (C), its sequestration potential, and related ecosystem services leave an unnec-
essary debt to future generations [2]. The major potential for carbon sequestration is

in cropland soils [16], especially those with large yield gaps and/or large historic soil
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organic carbon losses [17]. In many European regions, agricultural adaptation options,
even when focused on increasing yields, still have the potential to outweigh the nega-
tive direct effects of climate change on soil degradation [18]. The potential of land-based
mitigation measures varies six-fold across the five regions assessed (0.75-4.8 GtCO,,q
yr~ 1), with the top 15 countries accounting for about 60% of the global potential, and
larger countries generally having a higher potential [15].

Agricultural practices do not only have an impact on LULUCF-related GHG emissions
but also pose other environmental challenges such as contaminant loss to water. Balanc-
ing food production and water quality requires fine-scale risk assessments to identify
and target Critical Source Areas (CSAs) of nutrients and pollutants and their delivery
pathways. To date, much research focus has been on understanding the delivery path-
ways and underlying transfer processes of nitrogen (N) [19], phosphorus (P) [20] and
sediments [16, 21]. Progress has also been made on other agricultural pollutants such
as pathogens [22], anti-microbial resistance genes (ARG) [23], pesticides [24, 25] and
pharmaceuticals [26]. Over recent decades, a large body of research has focussed on bet-
ter understanding the effect of Best Management Practices (BMPs) on the reduction of
nutrient and pollutant losses to streams. Reliable identification of the CSAs, especially
for erosion, overland flow and connected losses of P, but recently also of dissolved P, has
been progressing, with notable advances at a national scale in Sweden [27, 28] and in
Ireland [29, 30]. There is increasing recognition of the importance to better understand
how detailed characterisation of CSAs can be used to target BMPs to improve their effi-
ciency across field to catchment scales. An additional challenge will be to adapt national
agri-environmental schemes from aiming at extensive coverage with equal cost compen-
sation of environmental measures for farmers to result or value-based schemes promot-
ing placement of cost-effective BMPs [31]. Detecting the effects of (targeted) small-scale
BMPs on N and P losses at the catchment scale is difficult, due to catchment complex-
ity and legacy effects [32, 33], as well as the continuous changes in land use (urbanisa-
tion, changes in population), weather variability and ongoing climate change [34, 35].
However, large-scale interventions targeting application rates, improvements in farmer
knowledge and changes in application products, e.g. for pesticides, are easier to detect
[25, 36, 37]. It is apparent that BMPs will need to be catchment-specific and target multi-
ple stressors and pollution sources to achieve good ecological status of freshwaters [38].

Long-term hydro-chemical and gaseous emission monitoring in agricultural catch-
ments is needed to assess the impacts of agriculture and climatic drivers on water qual-
ity and GHGs. It may further provide calibration and validation data for “black-box”
numerical and process-based catchment models. The interrogation of long-term moni-
toring data has allowed for the detection of persistent and emerging pollutants, includ-
ing their global and local drivers [39, 40]. Together with river flow data, hydro-chemical
time-series can be used to estimate water constituent mass loads [41] and provide evi-
dence for regulatory and policy purposes [33]. This type of monitoring, frequently based
on monthly to daily grab or flow-proportional sampling of concurrent discharge and
water quality parameters (e.g. temperature, pH, conductivity, turbidity, nutrients and
suspended sediments), is typically carried out within observational catchments. When
using in-situ automated sensors and analysers, the frequency of the sampling can be
increased to sub-daily or even sub-hourly [42, 43], providing valuable information about
monitoring uncertainties [44] and the processes underlying water quality and ecological
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patterns such as: mobilisation and delivery along different flow pathways [45, 46], con-
centration-discharge relationships [47-49], new analytical methods [46, 50], stream
metabolism and nutrient uptake patterns [51]. Calibration and validation of process-
based models also requires long-term time-series of discharge and water quality data,
typically collected at lower than optimal sampling frequencies [52]. These models allow
prediction of concentrations and mass loads for future climate and management sce-
narios but also enable hypotheses testing such as the effect of specific processes [53] and
remediation measures on water quality [54]. As pollutant management decision support
continues to evolve [55], data-driven numerical models exploring rich spatial and tem-
poral datasets continue to be developed and improved, and are used to predict pollution
risks [56-58], improve understanding of dominant stream processes [59, 60], and help
shift farmer behaviour [61].

Climate change is likely to exacerbate land to water contaminant loss, causing further
degradation of water quality in rivers. In combination with increasing water tempera-
tures and extreme hydrological events and more variable flow regimes, this will further
stress freshwater ecosystems [62, 63]. Climate change can cause both long-term subtle
changes, that may change baseline conditions for water quality, and short-term off-
sets that can pose extreme pressures to water quality [36]. The link between changing
weather patterns and water quality can be observed in the extreme hydrological events,
and the continuation of climate change mainly affects societies through water avail-
ability and quality [64]. Extremes in the global hydrological cycle cause changes in the
way critical nutrients N, P, and carbon (C) are transferred between land and rivers [65].
Hydrological extremes (including flooding, drought, wetting-drying) [66] affect how
these nutrients are cycled, and these events are expected to increase in frequency and
intensity in many regions due to climate change [67]. The nutrient transfer continuum
(source, mobilisation, delivery, impact) provides a detailed and focussed approach to
framing and understanding the nature of these processes [68] and in a climate change
framework [69]. However, differences in local land management practices and catch-
ment characteristics also need consideration [70]. Catchments with different intrinsic
physical and chemical settings respond differently to climate change in terms of transfer
processes [51]. Development of catchment integrated climate-chemical indicators was
suggested to consider the hydro-biogeochemical sensitivity of catchment response to cli-
mate variations [71]. Some zones may require more focus. For example, riparian zones
are the highly dynamic interfaces between terrestrial and aquatic ecosystems and can be
considerably affected by climate change effects. They are particularly vulnerable due to
their intermittent hydrological connectivity and highly dynamic water table, associated
with their topographic position [72]. Sustainable agricultural systems must therefore
be integral to any agenda to address climate change and variability, improve renewable
fresh water supply and quality, restore degraded soils and ecosystems and advance food
security [73].

Strengthening nutrient mitigation planning by building on informed spatial frame-
works for source and transport is paramount. Soil nutrient testing to inform soil nutri-
ent availability to crops, adjustment of fertiliser inputs and the assessment of nutrient
loss threats are fundamental to water quality management and an important step to
change the perspective and behaviour of stakeholders towards actions that address pol-
lution. Agricultural soil P testing was found useful to protect water quality and provide
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recommendations for site-specific adjustment (e.g. P fixation) by including environmen-
tal parameters [74] or regional variations in geology [27]. Quaglia et al. [75] developed
priority area mapping for pesticide pollution mitigation in Belgium. Hewett et al. [76].
demonstrated how actions to engineer catchment systems to sustainable levels can be
built on understanding of catchment water cycles and the implementation of proactive
interventions that provide and enhance multiple ecosystem services, questions whether
traditional mitigation interventions are fit for purpose and proposes bespoke measures/
treatment trains. A UK report [77] highlights the basis for moving on from traditional
fixed width grass infiltration buffer zones towards site-specific packages of multi-func-
tional buffers, related to structural elements (termed 3D buffers) from deep roots, sur-
face cover to vegetation canopy. Transferable learning into socio-economic instruments
for agricultural landscapes [78] can come from urban diffuse pollution mitigation in
terms of runoff reduction [79] and rainfall harvesting [80]. As the concept of Nature-
based Solutions (NbS) for pollution management gather pace in Europe and elsewhere
[81], Waylen et al. [82]. sought to evaluate how in practice they differ from traditional
‘restoration’ to better answer current societal needs.

The policy framework under the EU legislation (e.g. Water Framework Directive),
aiming to achieve “good status” for all water bodies by 2027, represents a top-down
approach to water quality improvements and protection. Addressing such complex
environmental issues involves the integration of socio-economic aspects with knowl-
edge exchange and stakeholder engagement to help understand the interplay between
human behaviour, policy frameworks, and environmental outcomes [83]. In examining
the current landscape of socio-economic attitudes towards water quality improvements
stemming from agricultural practices, it is evident that the complex interplay of percep-
tions and policy influences the direction and pace of advancements [84]. Perceptions
and policies are influenced by a multitude of interacting factors, and changes in one can
have ripple effects on the other. Understanding this complexity is essential for policy-
makers, researchers, and stakeholders involved in addressing environmental challenges
like water quality improvements [85]. While there has been a growing recognition of
the significance of agricultural activities in influencing water quality, challenges persist
in translating this awareness into tangible policy actions and behavioural changes. Key
issues include high levels of heterogeneity at farm level and divergent viewpoints among
stakeholders. Furthermore, the potential economic repercussions on farmers and equity
considerations for communities reliant on the wider agricultural industry remain an
issue. “Bottom up” approaches through targeted interventions and community engage-
ment, such as the European Innovative Partnerships (EIPs), will play an important role
in future policy frameworks, stakeholder engagement, conflicting interests, and evolving
perceptions [86]. In assessing the current state of knowledge exchange and stakeholder
engagement, several challenges emerge alongside notable progress. While there has been
increased acknowledgment of the crucial role of collaboration and information dissemi-
nation, significant hurdles persist. Communication gaps between researchers, policy-
makers, farmers, and local communities restrict the efficient sharing of insights and best
practices [87]. Moreover, the diverse interests and priorities of stakeholders often hinder
consensus-building, and any coordinated action is further hindered by a complex policy
environment, with various and frequently divergent policy objectives. Despite initia-
tives aimed at fostering dialogue and partnership, such as the Agricultural Catchments
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Programme (ACP) [88], the Agricultural Sustainability Support and Advisory Program
[89] and the One Planet Choices strategy [83, 90], disparities in engagement levels and
access to resources persist across regions and demographics. Addressing these chal-
lenges requires a concerted effort to bolster communication channels, enhance inclusiv-
ity in the decision-making processes, facilitate adoption of BMP by allowing long-term
rather than short-term institutional planning [90] and tailor strategies to local contexts.
Socio-economic research and knowledge transfer (KT) aspects highlight the need for
“bottom-up” approaches and community engagement to be considered along with “top-
down” legislative approaches outlined in international and national policy frameworks
for water quality protection and improvement [91].

Building on this background, this paper summarises the key outputs and recommen-
dations from the fourth International Catchment Science conference which featured 102
individual presentations (62 oral and 40 poster), two panel discussions and four themed
field visits. The objectives were to voice involved stakeholder opinions and concerns,
benchmark research findings, highlight knowledge gaps, and provide future directions
for the intricate goal of reaching both agricultural and environmental goals under chang-
ing climate. All abstracts are available as Supplementary Information (SI).

2 Knowledge gaps and strategic directions

When providing strategic directions for progress within the intersection of agriculture,
environmental sustainability and climate resilience, we need to identify knowledge gaps
and recognise that there are also other limitations of existing approaches, and gaps in the
implementation of mitigation strategies. For example, progress on sustainable agricul-
ture was found to be hampered by disciplinary silos preventing the integration of scien-
tific approaches. Researchers from different fields need to openly examine and question
their own assumptions and limitations [92]. Greater use of scientific evidence is a key
lever to steer policy toward sustainable goals, yet only a small fraction of such evidence
gains salience, and while salient scientific evidence can spark informed debate, it doesn’t
always point to a clear guidance for policy [93]. Moving toward sustainable agriculture
means aligning social, economic, and environmental policies, and ensuring farmers are
recognized and rewarded for managing agroecosystems and cultural landscapes that
deliver vital ecosystem services [94].

2.1 Soil fertility, nutrient and carbon management

Current research in this theme was focused on: (i) the need for both agronomic and
environmental goals for a healthy soil (structure and fertility); (ii) soil climate mitigation
potential and strategic challenges; (iii) required improvements to on-farm nutrient man-
agement planning; (iv) the critical role of the riparian ecosystem for nutrient manage-
ment; and (v) long-term management of N and P in catchments.

Some studies demonstrated the need for farm scale management plans, sensitive to
temporal variations in weather and crop growth, for better soil health and fertility. For
example, the relevance of soil physicochemical properties on C sequestration, and the
significance of land use legacy and soil memory was demonstrated by Bol (SI). There is
a gap in local and regional frameworks for land use practices. In a study of soils across
four Irish catchments, Zurovec et al. (SI) showed an increase of P, potassium (K) and pH
over a 12-year period, highlighting the need for on-farm nutrient management planning.
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In Scotland, Brook et al., (SI) observed a degradation of soil structure in winter due to
intense rainfall, illustrating the need for farm level management to account for temporal
variations in weather. In Finland, Mékela et al. (SI) explored boreal sandy loam soils to
assess the possibility of reducing the nitrogen load and the volume of drainage water and
its susceptibility to leaching, while still increasing yield. This was achieved by combining
sub-irrigation with controlled drainage, as an improvement on conventional drainage
systems. It was demonstrated by Lynch et al. (SI) how early sowing of catch crops can
increase crop yield, and by Kinsella et al. (SI) that sustainable crop yields can be main-
tained by replacing chemical nitrogen fertilizer with dried poultry manure.

Other studies were focused on monitoring and identifying changes in concentrations
of N, C and P, the quality of organic matter and the stoichiometry of dissolved C/N/P
in riparian ecosystems from observatories in the UK, Sweden and Germany. These pre-
sentations primarily focused on identifying knowledge gaps in sustainable soil manage-
ment and finding the most effective solutions. While little is known about the impact
of soil structure on the availability and release of legacy soil P, Roche et al. (SI) showed
that such knowledge may open possibilities to improve the mining of P reserves. Other
possibilities in increasing N use efficiency in Irish grasslands were explored by account-
ing for key variables from soil, weather, climate and management through a modelling
approach, for which a conceptual framework was provided by Bhowmik et al. (SI). The
development of an assessment frameworks to investigate the potential socio-economic
effects of soil degradation on the Scottish economy was further discussed by Baggaley
et al. (SI). This would serve the multifunctional purpose of flood prevention, pollutant
removal, drinking water availability, improve crop yields and carbon sequestration. An
example of the importance of a multidisciplinary ecosystem approach for a better under-
standing of change processes in complex riparian ecosystems was described by Trojahn
et al. (SI).

The panel session (with a variety of local stakeholders) discussed long-term soil nutri-
ent management in catchments. This discussion reflected particularly on N and P use
over the decades since the Irish ACP started. One panellist highlighted a disproportion-
ate focus on N rather than P likely because of the strategic requirements around the EU
legislation and the EU Nitrates Directive, and related derogation issues. There is no rea-
sonable scientific basis for this, as P is also important for the island of Ireland, and many
of the problems emerging (e.g. with water quality) are manifesting because of long term
P inputs. One key example is Lough Neagh in Northern Ireland, where lake sediments
store large amounts of P. This consequently leads to taking two to four decades to return
the lake to “Good” ecological status, even without additional terrestrial inputs of P from
agriculture and point sources [95]. These issues have been in consideration for decades
(the two first International Phosphorus Workshops were held in Ireland; Wexford in
1995 and in Belfast in 1998) and we need to question whether sufficient progress has
been made.

There is considerable room for improvement in soil fertility, nutrient and carbon man-
agement. Three areas required for improvement are identified: (i) on-farm nutrient man-
agement planning; (ii) knowledge of biogeochemical processes of the riparian zone; and
(iii) knowledge of farmers’ motivation/constraints.

Despite global efforts aimed at fostering responsible use of N and P and sustainable
farming practices to safeguard water quality and mitigate greenhouse gas emissions,
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there is an evident need to refine on-farm nutrient management planning. The riparian
ecosystem is a complex and critical interface between the terrestrial hinterland and the
freshwater ecosystem, acting as gateways for the conveyance and modification of mac-
ronutrients. The complex nature of riparian zones requires the biogeochemical under-
standing across C, N and P processes, which is currently limited. Holistic studies are
required into process connections across C, N, and P cycles and with additional element
cycles mechanistically related to change (e.g., iron). A deeper understanding of farm-
ers’ motivations and constraints holds the key to informing decision-making processes,
offering insights crucial for addressing looming water quality challenges. Additionally,
the role of agricultural advisory services in this context cannot be overstated. Trusted
agricultural advisors and access to social capital will significantly influence and guide
farmers towards embracing sustainable farming practices [96]. By tackling these chal-
lenges head-on and refining spatially explicit nutrient management strategies, stake-
holders can make meaningful contributions toward the overarching goal of sustainable
agricultural production. Such a strategy requires consideration of the different spatial
and temporal scales involved (Fig. 2).

One viewpoint was that we may need to adjust our perspective towards the source of
the nutrient transfer continuum [68], away from delivery modifying mitigation options
[97, 98] and focus on the harder question about longer-term reductions of ‘new’ N and P
into the system, if we are to make meaningful long-term progress [37, 99].

2.2 Gaseous emissions and carbon sequestration

All presentations in this theme came from the island of Ireland, a testament to both the
Irish expertise in this area and the need for data specific to a highly agricultural land
mass with a wet and mild climate. Fealy and McCarthy (SI) described the creation of
an open data platform, which aims to use standardised site descriptions, measurements
and soil parameters across all sites, which users can interrogate for research purposes.
The measurements need to span both different spatial and temporal scales. In Ireland,
Murphy et al. (SI) showed that this is well underway, with the National Agricultural Soil
Carbon Observatory’s 28 eddy covariance towers measuring carbon dioxide fluxes from
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Fig. 2 Conceptual diagram of approach towards spatial and temporal management for sustainable agriculture
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farms across the country (Fig. 3), as well as methane emissions from eight farms on peat
soils and nitrous oxide emissions from two farms. Implementation of low emission prac-
tices on farms are needed to reach European targets. Humphreys et al. (SI) demonstrated
an example of clover-based systems, only fertilised with slurry, which resulted in 16%
lower nitrous oxide emissions compared to conventional grass-based synthetic fertiliser
systems, without impacting on grass production or farm net margins. However, Morton
et al. (SI) demonstrated another example highlighting the importance of weather and soil
moisture conditions, in which low emissions slurry spreading equipment did not always
result in lower ammonia emissions than slurry spread by splash plate, demonstrating the
need for measures to be tailored to location and season. Additionally, Balaine et al. (SI)
found that there was a substantial heterogeneity in the efficacy of GHG measures on
Irish farms, with the largest emitters often seeing the greatest benefits, affecting farmer
perception and uptake of a measure.

It is clear from current monitoring programmes that many countries will find meeting
the European emissions reductions targets challenging. However, given the uncertainty
around inventory values, it is also clear that figures need to be defined on a national
scale for agricultural soils. In Ireland, 28 new benchmark sites are established to aid this.
Given the large range of available GHG mitigation options, and the heterogeneity of
their effects, there also needs to be a refinement of the emission factors of options for
different land use specific contexts. Furthermore, a range of values needs to be presented
for the mitigative effects rather than just averages, to present potential users of those
options with more realistic expectations for their farm.

A whole system approach, integrating the impacts of proposed measures on, not only
gaseous emissions and carbon sequestration, but also water quality, nutrient manage-
ment, economic viability and societal needs is required to avoid pollution swapping
whilst simultaneously producing sufficient food. However, this necessitates research

NASCO Towers

e evm o Poma Do Arrwarrs

Fig. 3 Left: Map of eddy covariance tower locations that make up the National Agricultural Soil Carbon Observa-
tory (NASCO). Tower locations are situated on different land-uses (grassland, cropland and peatland), manage-
ments (intensive and extensive systems) and soil types (mineral and peat). Right: Typical tower set up where (1)
enclosed path CO,/H,0 analyser, (2) 3D sonic anemometer, (3) humidity sensor, (4) rain gauge, (5) net radiometer,
(6) quantum sensor, (7) soil moisture/temperature probes, (8) datalogger enclosures and (9) power - battery box.
The figure exemplifies the extent of monitoring required to establish figures of GHG emission at the national scales
for agricultural soils, here in Ireland
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infrastructure to advance rapidly, with data compatibility and comparability, and open
data platforms being key to enable researchers to amalgamate and interrogate data from
a great variety of sources.

2.3 Land to water contaminant loss

There was a strong relationship found between the proportion of catchment land area
above the agronomic optimum for soil test P, runoff risk and waterbody conditions
[100]. Water quality improved when farm inputs were controlled and nutrient man-
agement planning directed at reducing soil P surpluses. Soil testing, coupled with the
identification of areas with high runoff risk, proved to be a powerful tool to optimise
nutrient management, target measures and reduce nutrient losses at a catchment scale.
Targeting buffer strip design and location to intercept preferential flow pathways was
demonstrated by Stutter et al. (SI) to improve their performance. The same is true for
the location and design/size of constructed wetlands [101, 102]. However, Quinn et al.
(SI) showed that alternative measures, such as in-ditch and in-field sediment traps, have
a greater effect on sediment and total P reductions than adjustments to the buffer strip
design. Conversely, Heerey et al.. (SI) showed that the installation of in-line leaky bar-
riers to attenuate N and P losses from agricultural ditches had a limited effect. Novel
pollutants, such as anti-microbial resistance genes (ARG), present a widespread threat
to public health and Pagaling et al. (SI) stressed the need for a holistic ‘One Health’
approach, that recognises the linkages between human, environment and animal health,
to address this problem. Residues of veterinary medicines in manure may be contrib-
uting to this problem, however our understanding of ‘background’ levels of ARGs in
livestock-dominated catchments is limited and higher temporal and spatial resolution
monitoring is needed to inform mitigation measures.

It is becoming clear that we need to move mitigation efforts further ‘upstream’ in the
source-mobilisation-delivery-impact continuum. This means focussing on ‘farm-gate’
or ‘system-based’ interventions that address agronomic practices at larger scale. Cas-
sidy (SI) stressed that these should prioritise source control through reduction of soil
P surpluses to the agronomic optimum, and also through introduction of cover-crops
to reduce nitrate leaching as proposed by Sheriff et al. (SI) and aim to balance nutrient
surpluses at a watershed scale. Drohan et al. (SI) presented a ‘manure-shed’ approach,
whereby areas that can absorb nutrients (sinks) are linked to livestock areas that produce
nutrients (sources) in a targeted way, has been shown to achieve double-digit nutrient
reductions, whilst maintaining profitability. Drohan et al. (SI) further showed that such
targeted land reorganisation offers new economic opportunities for local fertiliser and
biogas production and promotes circular economy. However, natural constraints related
to physical landscape and climate may limit the extent to which this can be realised, such
as in livestock dominated regions with limited arable potential [103].

To address nutrient surpluses at the required scale, it may be necessary to take a whole
system approach upstream in the food chain, as large nutrient surpluses originate from
the protein-rich diets and P additives used in the food industry [104—106]. Reducing
dietary protein intake by 25% could help to reduce the area of land required for food
production alongside the burden on sewage treatment systems [107].

Future work needs to focus on: (i) clarifying barriers to BMP implementation; (ii) KT
strategies, particularly advisory support to farmers, to improve uptake of BMPs; and (iii)
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evaluation of BMPs for multiple contaminants to avoid pollution swapping. Cost evalu-
ation is critical to offer realistic solutions that consider social, economic and biophysical
aspects, informed by inter-disciplinary and trans-disciplinary science co-created with
stakeholders. Balancing farmer implementation of BMPs and farming strategies will
likely need to be coupled with society-wide P capture and recycling and society-wide
dietary shifts if water quality goals are to be achieved.

2.4 Long-term, in-situ monitoring and catchment modelling of water quality and
greenhouse gases
Both high-frequency and long-term data are required to: provide a process-based under-
standing of pollutants and interactions, provide insights into seasonality, facilitate trend
analysis, explore and calibrate catchment-scale models, improve water quality forecast-
ing, explore proxy monitoring, and demonstrate results of actions. However, Bieroza
(SI) asked; is there a fear of missing out, where the question arises; what length of high-
frequency water quality time series is needed? Several studies demonstrated the use of
long-term data series, which increased in value the longer period the data spanned. For
example, Martensson et al. (SI) showed that in Sweden, modelled data of standard leak-
age rates of N and P from arable land was compared with 25-years of monitored data.
In another example by Petersen et al. (SI), Danish long-term (>30 years) dataset of N
losses found that the environmental impacts from agriculture can be reduced. Fisher
et al. (SI) showed that in Norway, N losses from agriculture were estimated from long-
term (30 years) data sets to evaluate the efficacy of mitigation measures. Water quality
monitoring for 30-years has provided knowledge on hydrological regimes, agricultural
management, sediment and nutrient losses from typical agricultural production areas in
Norway. Ugstad et al. (SI) stressed that long-term monitoring is particularly important
for assessing climate change impacts on nutrient and sediment losses from agriculture.
The importance of available high-frequency and long-term datasets for a range of
catchment-scale model approaches was apparent. Several examples of models and
model approaches for a better process-based understanding of the pollutant dynam-
ics and pathways were presented. For example, in Denmark a large data set supported a
newly developed machine learning TP-model. Kronvang et al. (SI) demonstrated that the
model was a valuable tool both for calculating TP-loadings from ungauged areas to lakes
and coastal waters, and for linking catchment pressures to stream ecological status. The
SimplyP model [108] produced a good representation of hydrological, sediment, and P
fluxes in a hydrological flashy Irish ACP catchment. However, it was stressed by Hawtree
et al. (SI) that catchment-specific attributes and hydrological dynamics are important
to consider. Two approaches for modelling N and P fluxes (the Materials Flow Analysis
(MFA) [103] and the CRAFT model [109]) were used by Adams et al.. (SI) to assess sce-
narios of adopting land use change and mitigation measures in the trans-border Neagh-
Bann catchment in the north of Ireland. The high-resolution data from the ACP (Fig.
4) allowed Negri et al. (SI) to test different model structures and elucidate the impor-
tance of different processes in model representation. That approach facilitated learning
between models and data, when using probabilistic Bayesian Belief Network-based mod-
els (BBNs) of P concentrations and showed that knowledge of catchment processes and
pathways was more important than the data frequency, at least when modelling monthly
concentrations with the BBN approach [110]. The high-frequency data progressed the
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Fig.4 High-frequency water quality and hydrometric monitoring station within the Irish Agricultural Catchments
Programme. This setup monitors concentrations of total reactive phosphorus, total phosphorus, total oxygenated
nitrogen, total organic carbon and suspended sediments (derived from turbidity) together with electrical conduc-
tivity, temperature and river discharge (derived from river stage). All data is collected at a sub-hourly resolution
since 2009. This shows that high-frequency monitoring requires a robust setup for long-term monitoring

BBN field through validation, which is commonly infrequent in these models [111]. A
new method to model the impact of water and nutrient retention measures using SWAT
+ was demonstrated for a German catchment by Strauch et al. (SI). Eichenberger (SI)
also used the SWAT + model to explore the impact of soil map resolution in a Swiss
catchment. Long-term in-situ monitoring water quality data can be used for modelling
of microbial water quality as described by Rusk et al. (SI). In another example by Thomp-
son et al. (SI), it was shown that high-frequency monitoring of fluvial, gaseous and total
C flux from peatland, will support the assessment of seasonality of dissolved and par-
ticulate organic C exports during the different stages of peatland restoration.

Virtanen (SI) showed that high-frequency and long-term data can also support models
that enable water management simulations in the field, without time-consuming, expen-
sive, field monitoring campaigns, or to use modelling as a first step in decision support
to find the most effective ways to mitigate nutrient loads in agricultural catchments [54].
Quinn et al. (SI) used high-frequency data to model Nature-based Solutions, which
can play a major part in improving water quality. Dash et al. (SI) demonstrated another
approach that can assist policy makers in planning a sustainable management frame-
work for maintaining the water quality and quantity in the best possible way is a remote
sensing-based modelling, using readily available satellite imageries for mapping the dis-
tribution of different land use/land cover classes in a given period. Proxy measurements
may be needed to overcome large costs in monitoring of some compounds. There are
however questions about the implications of using e.g. turbidity from in-situ sensors as
a proxy for TSS and TP. With high-frequency data, we can achieve a good description of
temporal variation in the modelled output, but the results are still uncertain due to the
proxy relationships [112].

Priorities for future research are: 1) to disentangle the effects of individual drivers
and processes on water quality (for both hydrology, biogeochemistry and land manage-
ment); ii) improving spatial and temporal representation of water quality patterns and
processes by combining high-spatial and high-frequency data analysis and modelling;
iii) effectively coupling models that are focused on different domains but are inherently
linked (e.g. terrestrial, freshwater and marine models); iv) identifying proxies for diffi-
cult to determine water quality parameters using available measurements and “soft”



Mellander et al. Discover Geoscience (2025) 3:205 Page 14 of 28

qualitative data; v) improve model representation of instream processes and point pol-
lution sources; vi) data-driven and process-based models for apportionment of point vs.
diffuse, primary vs. secondary and current vs. legacy pollution sources; and vii) models
that represent the uncertainty in both knowledge and data.

Some of these challenges are only possible to address by joint efforts from multi-dis-
ciplinary research and stakeholder groups, as evidenced by the conference presentations
and discussions. There is also a challenge of maintaining long-term monitoring infra-
structure and datasets that require sustainable funding sources.

2.5 Climate induced changes to soil and water pressures

Significant anthropogenic warming has been observed globally, with impacts on the
physical and biological systems [113, 114]. Higher temperatures in soils can lead to shifts
in abundance, community structure and activity of micro-organisms [115] and may
harm beneficial micro-organisms [116]. Although enhanced microbial activity can accel-
erate decomposition and nutrient release, it may also increase nutrient and CO, uptake
by microorganisms [117]. Dry conditions may slow down microbial growth, decrease
nutrient needs, and limit CO, release [118]. When drought occurs, soil aggregates can
disintegrate, the surface can crust, and the soil can become more water-repellent, harm-
ing its structure [119]. Wetter conditions and flooding cause soil erosion, nutrient loss,
oxygen depletion and disruption of micro-organisms activity [119].

In the UK, where meteorological observations are also indicating signs of anthropo-
genic climate change, Murphy C et al. (SI) stressed that this would have a major impact
on losses of nutrients to water bodies, with considerable seasonal and regional variabil-
ity. There is, however, a lack of understanding on how climate change will impact on for
example P losses from agricultural landscapes [120]. The transfer processes for P and
the N losses associated with changing weather patterns are predicted to be different for
different catchment typologies [121, 122]. The effect of more seasonality and more fre-
quently occurring weather extremes, such as severe droughts and heavy rainfall events,
was assessed by Meresa and Murphy (SI), by running water quality models using far-
future scenarios (RCP4.5 and RCP8.5). Nitrate loss was modelled by Hermans et al. (SI)
at the catchment scale using SWAT and P loss by Negri et al. (SI) and Adams K et al. (SI)
using a probabilistic model based on a BBN approach. The BBN approach concurs with
other process-based approaches [123] showing that ensemble-driven climate changes
alone may not impact P concentrations significantly. Mellander et al. (SI) used far-future
scenarios to estimate P transfer in hydrologically contrasting catchments, indicating a
stability in P mobilisation but a large increase in P delivery by the end of the century
[122]. More frequent rain events will hydrologically connect P mobilisation areas, and
the concept of Critical Mobilisation Areas (CMAs) was recommended to target future
mitigation strategies [122]. Ezzati et al.. (SI) stressed that the development of climate
resilient mitigation measures, management decisions, and practices require consider-
ation of seasonality and to be tailored to catchment characteristics [121]. On the other
hand, evaluating the impact of changing climate on agricultural water resources and
development of adaptation measures makes it necessary to develop metrics that capture
potential evapotranspiration to monitor and assess future drought risk. While riparian
zones have been recognised as being key “active zones” for nutrient cycling, Haygarth
et al. (SI) stressed that certain riparian locations, may theoretically become hyperactive
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zones under future climate change scenarios. For example, Stutter et al. (SI) presented a
study in which scientists from Scotland, England, Germany and Sweden focussed on a
riparian project to assess whether nutrient loads and fluxes will be significantly altered
by increasing temperatures, shifting water table dynamics and catchment morphology in
riparian zones.

The impacts of changing weather patterns on water quality correlate to changes in dis-
charge volume and are strongly controlled by rainfall and temperature [124—126]. The
risks to water quality arising from changing rainfall patterns and varying annual temper-
ature profiles pose serious direct and indirect challenges for water services infrastruc-
tures through (a) long-term alterations to current climate conditions, and (b) severe
changes to intensity and frequency of extreme hydrological events [127]. The highest
emissions scenario (RCP8.5) developed to force climate change projections foresee an
increased frequency of summer draughts and heavy rainfall events in autumn and winter
for large parts of Western Europe [128]. Meanwhile, the inadequacy of existing policy
measures for climate adaptation and sustainable water resource management would
further stress the provision of water of good environmental status and of high-quality
drinking water, unless the pace and scale of implementing adaptation actions increase
considerably to address the escalating climate risks across Europe [129].

Climate change also strongly affects farming by shifting growing seasons and reduc-
ing crop yields and quality. Rising temperatures are expected to lengthen the growing
season and increase reliance on agrochemicals, while also prompting adjustments in
crop rotation [130]. In addition, drought conditions may shift planting dates and drive
the adoption of drought-tolerant species [131]. Droughts can also lead to shorter graz-
ing periods and alternative feeds [132]. Wetter conditions and flooding can lead to the
introduction of new flood tolerant species [133]. Flooding may change grazing patterns,
restrict access to pastures, and increase the risk of livestock diseases [134].

Mitigation strategies for pollutant loss to water need consideration of both long-term
subtle changes and short-term drastic events [35, 135]. Capturing such changes and
events requires high spatial and temporal resolution monitoring of water quality. Cli-
mate resilient measures should also consider changes in seasonality [121], as a driver of
changes in nutrient concentrations due to changes in hydrological flow pathways and
associated biological processes [136], and site characteristics [125] which influence the
resilience of catchments in the face of increased rainfall intensity [137]. There is a need
to identify source/mobilisation areas and to understand the underlying transfer pro-
cesses behind water quality impacts [122, 138]. There is a further need to identify the
major drivers and controls of pollutant losses [139], analyse the complex link between
drivers and climate-induced changes in the water cycle [140], and develop appropriate
scales, guidelines and tools to efficiently equip water managers and policy makers [98].
Assessing the credibility of different climate model ensembles and development of more
accurate and precise climate change scenarios that are applicable at a smaller scale cor-
responding to different catchment typologies and reflecting technological and socio-
economic changes [141] would increase the efficacy of future projections. This would
ensure socioeconomic benefit of water management [142] by allowing in-time imple-
mentation of mitigation measures and climate adaptation plans to prevent sudden losses
of nutrients in the future.
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2.6 Approaches for mitigation strategies

There was a strong emphasis on understanding and harnessing natural processes in pol-
lution abatement (NbS) [143]. Emphasis was placed on the importance of effective mea-
sure selection for site context (‘right measure’) and placement (‘right place’) to increase
mitigation efficiency, especially promoting treatment trains (e.g. in-field (source) linked
with edge-of-field (pathway interruption)) and packages of measures in the field edge
space [144, 145]. An example being the utilisation of a variety of runoff pathway specific
and multiple benefit measures at field edges instead of default simple grass buffer zones
[146]. Specific mitigation examples included riparian tree planting, effective against
bank erosion and river to coastal P loading in Denmark, and constructed wetlands in
Sweden being promoted (a concept of ‘wet landscapes’) for multiple water, air and biodi-
versity benefits, although it was noted that further guidance was required [147]. Farrow
et al. (SI) demonstrated improvements in river and drinking water quality as the result
of a scheme in which farmers were refunded all costs to alter their pesticide practices.
Technical enhancements included additions of gypsum and subsoiling of grassland to
mitigate soil P losses. Another example by Hallberg et al. (SI) was in-ditch remediation
strategies (e.g. sediment traps and denitrification), noting potential conflicts in N and
P retention. Cost-effectiveness assessment in Ireland brought a new angle to excluding
livestock from sensitive areas, where resource losses (soil, nutrient) and pollution vastly
outweighed fencing costs. Techniques for the retention and reuse of water and nutrients
in small agricultural catchments showed promise and involved biochar and wood chip
(including chipping woody debris from floods).

Decision support tools were shown to have a crucial role in selecting between mit-
igation measures based on farmed landscape factors. Examples were grounded in the
principles of CSAs (superimposing runoff response zones with enriched source areas).
Djojic et al. (SI) provided examples from Sweden and Stutter et al. (SI), from Ireland
which both included user interfaces to access different styles of interactive GIS or ques-
tion-based landscape risk frameworks. These serve multiple purposes of landscape plan-
ning and knowledge exchange on the concepts. However, appropriate guidance/training
is required, and this should promote essential farm walkover assessments. A further
example of a pesticide web tool showed potential for including monitoring data in online
tools to target mitigation [90].

Mitigation strategies require innovative and collaborative adaptive management, as
demonstrated by Adams et al. (SI) in the Scottish Eden catchment, where no one sec-
tor, or individual management option could achieve agricultural and environmental tar-
gets under a changing climate. A wide range of stakeholders are required in the design
and implementation of mitigation strategies to address environmental issues and achieve
wider stakeholder goals. This further requires both good communication between farm-
ers, catchment programs, advisors, policymakers/regulators and research, and innova-
tion (including monitoring, decision support and agronomic technologies) to support
implementation. While farmers are willing to take some risks in mitigation manage-
ment, externally funded demonstration catchments are important [148]. Effective dem-
onstrators were considered as: (i) small to medium catchments, (ii) above one farm size
(not too big and complex) and, (iii) uniting cultural and socio-economic groups. Knowl-
edge should be exchanged internationally on success stories. Good collaborative work-
ing models also need ‘space’ to operate within regulation and funding drawing across
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areas (e.g. water quality, flooding and biodiversity) where outcomes are multifunctional
and complimentary across policies.

Five stages for mitigation strategies were identified: (i) Planning of mitigation: this is
needed to improve the mitigation efficacy. We need to develop methods that identify
critical areas and complimentary series of linked treatments that perform well across
multiple functions and ecosystem services (leveraging potential for multiple sector fund-
ing and private funding); (ii) Understanding the impacts: it is important to build better
stressor-response relationships to disentangle and prioritise stressors and understand
intervention impacts. We also should improve stakeholder understanding of why we are
trying to protect aquatic and terrestrial ecosystems beyond legislative requirement by
translating technical impacts to intrinsic and extrinsic values that people derive from
ecosystems; (iii) Promoting land-soil-water thinking: land, and ownership of land, is
essential for mitigation to protect the water environment [149]. Maintaining farm soil
resources for economic (e.g. cropping) and environmental goals is recognised as per-
suasive towards positive actions amongst land managers. (iv) Accounting for people and
behaviours: co-constructing mitigation strategies will help address social and economic
barriers to mitigation measure uptake. Targets for improved socio-economic instru-
ments towards new farming practices include working with farmers towards effective
regulation and expanding societal contributions to premiums for environmental stew-
ardship (e.g. through supermarkets); and (v) Evaluating and ensuring effectiveness: using
monitoring to inform mitigation effectiveness, decision making and improved main-
tenance of measures, so outcomes persist. Moreover, it is important to communicate
evaluation results to stakeholders, develop impact assessments and future effects predic-
tions, and strengthen support for longer-term monitoring where justified.

Some examples of innovations in practice include: (i) the Duhallow Farming for Blue
Dot Catchments EIP project, which worked closely with participant farmers in the Allow
River catchment to implement interventions such as water bars diverting preferential
flow from hard tracks into sedimentation ponds, as well as hedgerow establishment to
intercept overland flow run-off; (ii) the EIP-AGRI Focus Group [150], recognizing barri-
ers to uptake of mitigation strategies, this EU report examined digital innovations from
researcher-farmer-industry perspectives towards improving decision support tools; (iii)
a digital tool communicating the placement of CSAs to practitioners, for better place-
ment and efficiency of mitigation [151]; (iv) ‘interactive dashboards’ displaying monitor-
ing and interpretation via the EU WaterProtect project [152], which targets mitigation
and informing local and policy stakeholders; and (v) the EU Waters of LIFE Integrated
Project (IP) Framework of Measures for High Status Objective River Water Bodies and
the Annex 1 for Agricultural Activities has an effectiveness score for measures (based on
expert advisory and research material available at the time). The annex has the capac-
ity to filter the measures by soil drainage type, effectiveness score, and “place” on the
nutrient transfer continuum, making the measure very accessible to farmers, advisors,
and researchers. Whilst such advances take this applied science forwards, recent assess-
ments showed limited evidence for successful diffuse pollution mitigation outcomes in
both the US [153] and Europe [154] highlighting the pressing need to bring technical and
social innovation and ‘right measure, right place’ approaches into widespread practice.
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2.7 Farmers’ perspective

A farmer panel discussion gave insight into both the opportunities farmers have to
implement measures to improve water quality and the associated barriers to overcome.
As noted in Sect. 2.1, in Ireland there is room for improvement in soil fertility, nutrient
and carbon management, and on-farm nutrient management. This combines well with
farmers’ opinion, who were positive to continue to improve nutrient balances at field
level, which will benefit both farm economy and environment. Soil fertility tests as a
basis for fertilisation plans and the optimisation of crop and grass growth, together with
the local weather information for better timing of manure application, were measures
mentioned as relevant in current production systems. It is highly useful having access
to information on water quality monitored within their local catchments. One panellist
mentioned the importance of having access to national data on production, financial and
environmental metrics.

In three Sect. (2.3, 2.6 and 2.8) KT was brought up as an important component of
reaching our environmental and agricultural goals. Also, the farmer panel stressed the
importance of the agricultural advisor who not only contributes to knowledge exchange
with each farmer but also facilitates sharing among farmers. A relationship with the
farmer for several years ensures that changes in farm management happen over time.
A hindrance to the farmer-advisor relationship is frequent change in advisors, too many
clients and multiple administrative farm support schemes to follow for each advisor.

Measures related to investments reveal more planning for farmers to implement. For
improved nutrient management, key investments are related to management of manure
such as larger storage capacities, low emission spreading equipment and anaerobic
digestion plants. For the planning and setting up of construction and infrastructure
investments, the administrative and bureaucratic burden can be large and if a farm suc-
cession is due to come, further postponing in changes is common. The farmers again
highlighted that support from advisors are important in decisions making in this area.

2.8 Socio-economy, knowledge exchange, stakeholder engagement and call for actions
Bottom-up solutions, stakeholder engagement and collaboration are increasingly a fea-
ture of initiatives for water quality protection. Kyllmar (SI) described a Swedish initiative
with an ongoing novel collaborative exploration and creation of an active and contin-
uously updated catalogue of the functionality and effect of measures, from a range of
national and international research projects. While the focus is on water and nutrient
retention, the catalogue also includes other ecosystem services, measures from field to
stream and knowledge gaps. Experiences from landowners and users will further be
included, with the aim of contributing to the Swedish national water management sys-
tem. Piil et al. (SI) gave an example from Denmark, where the government has estab-
lished four coastal water boards to inform the River Basin Management Plan (RBMP) for
2027. For the Hjarbaek water board, there was large variation in N-retention of ground-
water and surface waters, with time lags in N responses exceeding 10 years. As presented
by Piil et al. (SI), mitigation actions will be implemented through local engagement of
stakeholders representing all sectors in the catchment and estuary to implement tar-
geted agricultural/estuarine mitigation measures.

In Ireland, Ryan et al.. (SI) described that there has been a marked increase in collabor-

ative and innovative approaches across the policy, research, enterprise and intermediary
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(advisory) actors that make up the innovation system for water quality improvement.
Since the establishment of the Local Authority Waters Programme (LAWPRO) and the
Agricultural Sustainability Support Advisory Programme (ASSAP) in 2018, 190 Priority
Areas for Action (PAA) for water quality improvement have been identified in consulta-
tion with local communities. LAWPRO uses a catchment science approach to identify
locations within PAAs with agricultural point or diffuse sources of N and P losses to
water [155]. Meehan and Murphy (SI) explained how farmers in these locations are then
visited by ASSAP water quality advisers who undertake farm assessments using biophys-
ical research (e.g. drainage risk assessments) to identify specific risks at individual farm
level to recommend targeted mitigation measures. Even though farmer engagement with
ASSAP is voluntary, this one-to-one approach is achieving high levels of implementa-
tion of mitigation measures [156]. While the Irish EPA water quality report (2023) [155]
notes a general decline in water quality, there was a positive impact of the targeting of
measures in PAAs, compared to other areas. Related approach has been used in England
as part of the Demonstration test Catchment Program [157, 158].

The likelihood of uptake of measures by farmers is an important consideration. Exam-
ples of barriers to uptake were the aging farmer population and land ownership chal-
lenges, along with the cost and practicality of implementing supplementary measures.
Having consulted with stakeholders, Igoe (SI) found that the most appropriate mecha-
nism for the provision of funding to farmers to implement water quality measures was
via a Water EIP providing €60 million in funding over 5 years. Another study in Sweden
stressed the importance of understanding legal rights and responsibilities to overcome
barriers to the adoption of measures that benefit the environment and society. Col-
lentine et al. (SI) presented that a high proportion of leased land in EU Member States
(e.g. 40% in Sweden and 50% in Germany) presents a barrier to the implementation of
land management measures that may reduce productivity or land availability (e.g. buffer
zones or wetlands). The importance of farmers’ perceptions of the benefits of specific
measures was further emphasised. Mitigating the adverse impacts of excessive N use,
the important role of innovation (including low emission slurry spreading), the percent-
age of slurry spread between January and April, and the percentage of N in feed con-
centrates were found by McCormack et al. (SI) to be highly significant drivers of N use
efficiency on Irish dairy farms. In an investigation by Mulkerrins et al. (SI) of the con-
sequences of regulatory changes for farmers, showed that some farmers have concerns
that non-compliance by some will lead to stricter rules for all. Knowledge transfer will be
key for achieving greater compliance. There is a need to build awareness of the benefits
of measures to increase their adoption. For example, Mahony et al. (SI) found that there
was a low willingness among farmers to adopt the use of anaerobic digestion for waste
management and renewable energy production, despite its potential benefits. However,
many farmers were positive about using catch crops, for reduction of N leaching on till-
age farms, due to the awareness of positive impact on soil health and structure. Partici-
patory approaches such as farmer discussion groups were suggested by Daly et al. (SI) to
enhance greater adoption of catch crops by tillage farmers.

Socio-economic and psychology behavioural studies show that farmer perceptions of
their capacity to undertake measures and influences from other farmers, advisors and
media are key drivers of the intention to adopt water quality measures. Adoption of mea-
sures can be predicted by specific farm and farmer characteristics [159]. Additionally,



Mellander et al. Discover Geoscience (2025) 3:205 Page 20 of 28

the characteristics of measures (e.g. knowledge requirement, positive farmer norm,
cost) can be used as predictors of adoption. Suggested behavioural interventions include
for example discussion groups, where “trusted” advisers provide knowledge and where
knowledge and experiences are shared, increasing the common knowledge, and helping
to create positive norms around measures. In addition, the use of “champion” farmers
and farm media is suggested by Ryan et al. (SI) to build positive norms around water
quality mitigation on farms.

There are three main pathways to further develop: (i) Explore how to enhance knowl-
edge exchange among local actors but also from local to international level and vice
versa. A common knowledge base increases the possibilities for relevant and cost-effec-
tive mitigation measures to be implemented; (ii) Develop methods to support local col-
laboration within small catchments. Management of shared water resources includes
not only the environment but also administrative, legal and production aspects; and
(iii) Focus on Sustainable Development Goals and climate change adaption and mitiga-
tion, which include regulation of soil conditions, greenhouse gas emissions, biodiversity,
drought and flood control besides nutrient management, water quality and production.
With developments in EU policies (e.g. the EU Directive on Soil Monitoring and Resil-
ience and the EU Nature Restoration Law) water management will require a broad view
on sustainable agricultural production.

In Ireland, the need for a multi-actor water quality advisory campaign was recognized
and in 2024 Teagasc, the Agriculture and Food Development Authority, launched the
“Better Farming for Water” campaign. The aim is to support and speed up the adoption
of action on all farms by supporting “8-Actions for Change”, which will involve better
nutrient, farmyard and land management. A similar approach is established in Sweden
where the agricultural advisory program ‘Focus on Nutrients’ supports farmers to adjust
their field and farm management, for benefits to both farmer and environment. The pro-
gram is financed by the Board of Agriculture and supported by the Federation of Swedish
Farmers. In Northern Ireland, the Soil Nutrient Health Scheme (SNHS) has ambitiously
set a target to test all or most of the 650,000 farmed fields over four years. Training in
improved nutrient management will be provided to farmers who have received a suite
of test results including nutrient status and runoff risk maps for each field, based on
terrain analysis modelling [57]. The incentive for farmers to participate in the SNHS is
eligibility for future government support for nature-sensitive farming upon submission
of a Nutrient Management Plan for their farms. The hope is also that participation will
enable better management of their nutrient resources (slurry and artificial fertilisers),
ultimately improve yields whilst costing each farm the same or less than before. Similar
KT initiatives are also implemented elsewhere to support and accelerate the adoption of
management practices to improve water quality in farmed areas. For example, in New
Zealand Our Land and Water recently published training modules (as well as tools and
resources) for farm advisors to build capability in identifying the most effective mitiga-
tion actions for farm environment plans, communicating effectively, and helping farm
businesses make decisions around land-use diversification.

Action for improvement of water quality requires full-scale and fully instrumented
farms or small catchment scale demonstration sites. We need to set realistic targets and
test mitigation options at the same site until it works. Nutrients can be lowered to a safe
level for any climate. To demonstrate the efficacy of the measures, we need to allow for
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approximately five-years to design, build and create a network of demonstration sites
and another ca. five-years to improve the water quality. Joint foci for action are:

+ Co-design: Anybody can help to make it work. More people generate more ideas.

« Soil health: What is a healthy and productive soil?

» Source: What are the sources of pollutants put on the land?

o Mobilisation: How are pollutants mobilised and how does water move within the
fields?

+ Connectivity and delivery: Where does flow concentrate and enter drains and
channels?

o Pathway mitigation: What are the BMPs and how can we make them work?

+ Knowledge exchange: Multiple partners are required to design, build and evaluate
together. Group learning builds confidence.

3 Conclusions

Within systems science, research from all aspects of systems is brought together with
a goal to identify, explore and build knowledge of the systems complexity. The strate-
gies to the challenges posed on ecosystem conservation and climate neutrality should
be achieved by integrating scientific findings in policies and implementation. The scien-
tific findings are, however, complex. For example, the problems with water quality and
GHG are challenged by the spatial heterogeneity of soil, geology, climate and land use,
and by the temporal heterogeneity of biophysical processes, land management and cli-
mate. Developing an accountable management of the agricultural landscape requires a
multi-actor, multidisciplinary and multi-scale approach with collaboration between the
scientific community, policy makers and farmers. There should be a focus on research,
technology, education, information, engagement and innovation. Some key steps in this

approach include:

» Long-term monitoring and both high-temporal and high-spatial resolution data
collection is required to build a process-based understanding of water quality
and GHG issues, and for modelling approaches. Both are needed to optimise
management practices and develop nature-based solutions and other targeted and
effective mitigation strategies that reduces sources.

+ Combining temporarily and spatially rich datasets on research platforms, enabling
integration of multiple sites, projects, schemes, models and strategies, is required for
clarifying complex processes and for teasing out which measures are beneficial and
where they are beneficial. This also facilitates discovering areas (both spatially and
topically) requiring further research and mitigation measure development.

+ Long-term planning horizons need to be adopted by key institutional stakeholders to
allow investment and adoption of BMPs likely to deliver future catchment resilience.
This further requires long-term funding and support available to those who are being
asked to alter or enhance their current practices.

+ Mitigation strategies need adaptation to changing climate condition, agricultural
practices, and be tailored to catchment characteristics.

+ While several measures (e.g. buffer zones, constructed wetlands) might be beneficial
for multiple environmental targets (e.g. nutrient reduction, increased biodiversity,
reduction of GHG), not all individual measures are beneficial for all targets.
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Placement and design of individual measures need to be governed by the main target
to achieve high cost-efficiency, whereas the broad spectra of environmental benefits
can be achieved by combining individual measures at catchment scale (e.g. wetlands).

+ Adequate advisory support and training for farmers is essential. Data provision,
such as soil testing or CSA mapping provided to farmers through government-
funded schemes, will improve impacts. In the busy farmed space, it is important that
mitigation strategies can be demonstrated to work. This may require more bespoke
soft engineered approaches to complement existing measures.
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