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Abstract
Nordic agriculture faces big challenges to reduce phosphorus (P) loss from land

to water for improving surface water quality. While understanding the processes

controlling P loss and seeking for P mitigation measures, Norwegian and Swedish

researchers have substantially benefited from and been inspired by Dr. Andrew

Sharpley’s career-long, high-standard P research. Here, we demonstrate how Sharp-

ley and his research have helped the Nordic researchers to understand the role of cover

crops in cold environmental conditions, best manure P management practices, and

ditch processes. His work on critical source area (CSA) identification and site assess-

ment tool development have also greatly inspired our thinking on the targeting of

mitigation measures and the contextualizing tools for Nordic climate, landscape, and

soils. While reflecting on Sharpley’s legacy, we identify several needs for Norwegian

and Swedish P research and management. These include (1) tackling the challenges

caused by local/regional unevenness in livestock density and related manure manage-

ment and farm P surpluses, (2) identifying CSAs of P loss with high erosion risk and

high P surplus, (3) obtaining more high-resolution mapping of soils with low P sorp-

tion capacity both in the topsoil and subsoil, (4) improving cross-scale understanding

of processes and mitigation measures and proper follow-up of applied mitigation

measures, and (5) increasing collaborations of researchers with farmers and farm-

ers’ advisory groups and watershed groups by developing high-quality educational

courses and extension materials. The needs should be addressed in the context of the

challenges and opportunities created by climate change.

Abbreviations: AL, ammonium acetate-lactate extraction; CSA, critical source area; DPS, degree of phosphorus saturation.
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1 INTERACTIONS DERIVED FROM
COMMON INTERESTS

In both Norway and Sweden, the water quality of many lakes
and other surface waters needs to be improved by reducing
agricultural phosphorus (P) losses (HELCOM, 2018; Solheim
et al., 2022; WISS, 2023). Like elsewhere, both countries have
substantially benefited from and been inspired by Dr. Andrew
Sharpley’s global-wide legacy and impact on agricultural and
environmental P research and management. Sharpley’s impact
dated back to his early work on soil P solubility (Sharpley
et al., 1988) and P transport in runoff (Sharpley, 1980, 1985),
which received close attention by Swedish and Norwegian
researchers in the 1990s (Øgaard, 1996; Otabbong & Pers-
son, 1991). Sharpley’s systematic work on understanding of
soil P forms and dynamics (Sharpley, 1995a; Sharpley et al.,
2004), relating agronomic soil P status to environmental P
losses (Sharpley, 1995b; Sharpley et al., 2013), identifying
critical source areas (CSAs) (Sharpley et al., 2011), designing
of P management strategies (Dodd & Sharpley, 2016; Sharp-
ley et al., 2000), and development and application of P models
and tools (Sharpley, 1990; Sharpley et al., 2003, 2017) has had
a profound impact on our understanding of P processes in soil
and runoff water, and of P mitigation efforts.

In addition to his published works, Sharpley has collab-
orated directly with Norwegian and Swedish researchers in
several ways, including student supervision and staff training,
and provided valuable inputs to many more activities. Due to
his contributions, he was awarded an honorary doctorate at
the Swedish University of Agricultural Sciences in 2011. In
this paper, we aim to highlight a few areas where Sharpley and
his work helped advance Norwegian and Swedish P research
and management, as part of appreciation for his extraordi-
nary work on P. Also, we intend to use the opportunity to
summarize remaining research needs in the Nordic countries.
Specifically, Section 2 highlights how Sharpley’s work helped
address some of the knowledge gaps in Norway and Sweden
(also see Figure 1), Section 3 reflects on approaches and needs
for collaboration and communication with farmers, and Sec-
tion 4 summarizes remaining research needs in Norway and
Sweden.

2 SIGNIFICANT KNOWLEDGE AND
TOOLS CREATED

Sharpley’s work contributed to filling several gaps in Nor-
wegian and Swedish P research and management. His direct
contributions include understanding P behavior in cold envi-
ronmental conditions, assessing best manure P management
practices, developing a Norwegian version of P Index, and
improving the representation of P transport in decision sup-
port tools. Indirectly, he has also considerably influenced

Core Ideas
∙ Challenges in local/regional livestock density

unevenness, manure management, and phosphorus
(P) surplus should be tackled.

∙ Critical source areas of P loss with high erosion
risk and high P surplus should be identified.

∙ High-resolution mapping of soils with low P sorp-
tion capacity both in the topsoil and subsoil is
needed.

∙ Researchers should collaborate with farmers and
farmers’ advisory groups and watershed groups.

∙ Cross-scale understanding of processes and miti-
gation measures and follow-up of applied measures
are needed.

Norwegian and Swedish P research through his impactful
research, publications, and presentations.

2.1 Cover crops in cold environmental
conditions

Due to its high latitude, Nordic agriculture faces challenges
in environmental nutrient management associated with short
growing seasons. After harvest of annual crops, the soil is
often left without vegetation for a long period. As a result,
there is a high risk of erosion and nutrient leaching due to
low plant cover and small uptake of nutrients by plants dur-
ing autumn, winter, and spring. Although the time window is
often quite narrow for crop growth and nutrient uptake after
harvest of main crops, the use of cover crops was successfully
introduced as a measure for reducing nitrogen leaching from
crop rotations with annual crops and for reducing erosion and
the loss of particle-bound P on high-slope fields (Aronsson
et al., 2016). However, the fact that vegetation can become a
source of dissolved P loss from land to water when plant cells
are damaged by frost and release P (Sharpley, 1981) is also
true for cover crops (Liu et al., 2019). These possible contra-
dictory effects on nitrogen and P losses from fields need to
be considered in the development of mitigation strategies on
farms.

With the help of Sharpley and his colleagues (e.g., Peter
Kleinman), Nordic researchers improved the quantification
of cover crop effects on P losses in cold environmental
conditions. Using packed soil boxes for surface runoff quan-
tification and intact soil columns for leaching, Bechmann,
Kleinman, et al. (2005) evaluated the effect of freeze-thaw
on the fate of P from soils with an established annual rye-
grass cover crop as compared to bare soils and manured soils.
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LIU ET AL. 779

F I G U R E 1 A diagram illustrating Sharpley’s contributions to Norwegian and Swedish P research and management, which are explained in
detail in Sections 2 and 3 (photos: NIBIO and SLU).

The study showed that the cover crop reduced particulate P
together with dissolved P in surface runoff before freeze-thaw
due to lesser soil erosion but increased dissolved P concen-
trations in runoff after freeze-thaw owing to the release of
biomass P, as compared to manured or bare soils. There was
no significant difference in total P leaching between columns
with cover-cropped and non-cover-cropped soils. The study
well demonstrated the multi-faceted, sometimes conflicting,
effects of cover crops in cold production regions.

Although nutrient release from vegetation to water had
been observed as early as 1720s (Hales, 1727) and reported
in pioneer studies (Sharpley, 1981), the work of Bechmann,
Kleinman, et al. (2005) re-sparked a Nordic-wide research
interest to further assess cover crops and identify promis-
ing species with less P losses in cold conditions (see review
of Liu et al., 2019). This included a Swedish PhD project
with Sharpley as an assistant supervisor (Liu, 2013), in which
eight different cover crops, including both annual and peren-
nial species, were assessed through combined greenhouse and
field growth experiments and laboratory rainfall simulations.
The studies confirmed the release of P, mainly in the dissolved
form, from all cover crops after freeze-thaw cycles (Liu et al.,
2013). The tested cover crops differed in biomass production
and P uptake, distribution of P between above-ground parts
and roots, and resistance to frost over the winter (Liu et al.,
2015), resulting in varying contributions to P leaching (Liu
et al., 2014). Øgaard (2015) found that the minimum tempera-
tures were important for the ranking of different plant species
with respect to the risk of off-season P leaching. The stud-
ies suggest that cover crops use in cold agricultural regions

needs special attention due to their agronomic and ecolog-
ical effects, which are all climate dependent. The selection
of cover crop species based on climate and soil conditions is
thus important for utilizing their potential for improving water
quality.

2.2 Soil and placement considerations for
manure

Manure management poses significant challenges from
the perspective of water quality protection, particularly in
livestock-intensive regions. Northern European studies have
shown that manure applications have both incidental (With-
ers et al., 2003) and long-term effects (Liu et al., 2023) on
P losses from land to water. In both Sweden and Norway,
there is an elevated risk of nutrient losses when manure is
applied on frozen and wet soils during the non-growing sea-
son, due to a large water surplus and inefficient nutrient use
by crops. Therefore, regulations have been implemented since
three decades ago to ban or restrict manure applications in
late fall and winter (Liu et al., 2018), with regional adap-
tions for sensitive areas. Also, regulations were implemented
to cap livestock densities in order to achieve a balance between
manure production on farms and land area for spreading based
on a maximum allowed manure P application rate. How-
ever, there was a lack of knowledge on the effects of manure
placement on P losses from different types of soils.

With Sharpley’s help, Liu et al. (2012) assessed the effects
of manure broadcast versus incorporation on P leaching from
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780 LIU ET AL.

topsoils of a loamy sand and a clay loam and compared the
manure treatments with a chemical fertilizer. The study was
conducted using rainfall simulations on intact soil columns.
Without any P additions, the loamy sand had significantly
higher dissolved P and total P concentrations than the clay
loam, owing to a higher soil test P value of the loamy sand
resulting from long-term manure amendments to this soil.
However, contrasting results were observed for the soils fol-
lowing the P applications. While both dissolved P and total
P concentrations and loads remained unchanged in leachate
from the loamy sand, they substantially increased in the clay
loam, which was explained by the differing flow paths in the
soils.

Phosphorus transport was most likely dominated by matrix
flows in the loamy sand (Djodjic et al., 1999), which allowed
efficient sorption of P into the soil during the leaching pro-
cesses (McDowell et al., 2001a). As a result, the manure and
fertilizer treatments had similarly, relatively small P losses.
However, in the well-structured clay loam, P transport is
known to be dominated by quickflow through large contin-
uous voids (Djodjic et al., 1999), through which some of the
added P most probably bypassed the sorption sites (McDow-
ell et al., 2001a). In a previous study on a heavy clay soil with
fertilizer P, P leaching losses were significantly reduced by
incorporating the fertilizer into the soil (Djodjic, Bergström
et al., 2002). When the manure was incorporated in the clay
loam, it substantially reduced losses of all P forms as com-
pared to the surface application to a level similar to the
surface-application of chemical fertilizer but still much higher
than without a P application and than any treatment to the
loamy sand. These studies (Djodjic et al., 1999; Djodjic,
Bergström et al., 2002; Liu et al., 2012) and many others out-
side the Nordic countries (e.g., Grant et al., 2019; Sharpley
et al., 2001; Sims et al., 1998; van Es et al., 2004) stressed
that soil types should be considered when assessing the risks
of P losses and that manure and fertilizer P should be care-
fully incorporated into the soil in order to improve the contact
between manure and soil and reduce the risk of P losses to
waters.

2.3 Phosphorus processes in sediments of
drainage ditches

Drainage ditches are very commonly used in Norwegian and
Swedish agriculture to carry water from cultivated fields, and
most clay and silty soils have artificial subsurface drainage
systems leading to open ditches or streams. The processes
occurring in the tile drains and open ditches potentially affect
the adsorption and release of P. The role of sediments as
a source and sink of P was studied by Sharpley’s group
(McDowell et al., 2001b). Following this research, Norwegian
researcher Krogstad conducted a more detailed study with

Sharpley’s group in forest and agricultural ditches, both in the
field and the laboratory (Sharpley et al., 2007).

In the study of Sharpley et al. (2007), a fluvarium was
used to test the sorption processes in detail and improve the
understanding of the importance of both chemical and bio-
logical processes in the adsorption and release of P to soil
and ditch sediment. A fluvarium is an artificial drainage sys-
tem consisting of a 10-m open channel in which the slope and
water supply can be varied and in which a few centimeters
thick layer of sediment or soil is placed. Although the agri-
cultural soil had higher P availability than the forest soil, P
adsorption capacity was highest in the agricultural soil due
to increased clay content from selective particle erosion and
higher biological P uptake by microorganisms. Biological P
uptake in manure-influenced sediments was as high as 42% of
total P uptake, which showed that biological processes should
be considered when evaluating the sorption capacity of ditch
sediments on agricultural lands.

Although the study of Sharpley et al. (2007) was conducted
in Maryland, the results were relevant for the Nordic coun-
tries, which faced similar challenges. The study suggested that
information on how sediments respond was important for best
management practices to reduce eutrophication. Best manage-
ment practices may include increasing the residence time of
water in ditches to promote biological P uptake, periodically
removing particulates to maintain flow capacity for adequate
drainage and establishing vegetated buffer zones along ditches
to prevent P-rich particulates from entering the ditch.

2.4 Identification of critical source areas

Studies have shown that the majority (∼80%) of diffuse P
losses originate from a small proportion of catchment areas
(∼20%), a situation known as the 80:20 rule (Sharpley et al.,
2009). This led to widespread efforts to identify CSAs as a
basis for targeting management strategies and conservation
practices that more effectively mitigate P transfers from agri-
cultural landscapes to surface waters (Sharpley et al., 2011).
Building upon the concept of CSAs, P indices and other
site assessment tools were developed around the world in
the last 30 decades for assessing the risks of P losses and
thereby better targeting of mitigation measures (Kleinman
et al., 2017).

2.4.1 Phosphorus index

The P index, originally developed in the United States, ranks
source and transport factors controlling P loss at field and
catchment scale, taking into account field and soil charac-
teristics (e.g., slope, erosion risk, soil P status, and flow
distance to receiving stream or ditch), varying responses of
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P runoff to different manure and fertilizer application meth-
ods, and influences of soil cover (Lemunyon & Gilbert, 1993;
Sharpley et al., 2003). When it is used in combination with
nutrient management planning, it helps farmers to tailor their
P management decisions using a site-specific approach so
that farm-level P losses are reduced while complying with
relevant mandatory and volunteering environmental policies
(Sharpley et al., 2017).

Driven by a strong interest of the Norwegian water man-
agers for P recommendations to farmers, the Pennsylvania P
Index (Sharpley et al., 2003) was introduced and adapted to
Norwegian conditions with the help of Sharpley (Bechmann,
Krogstad et al., 2005). Similar to the Pennsylvania P Index,
the Norwegian P Index is calculated based on weights for indi-
vidual source factors (soil test P, fertilizer and manure P rate,
fertilizer and manure application method, manure P availabil-
ity, plant residue P, and P removal) and transport factors (soil
erosion, flooding frequency, surface runoff class, contribut-
ing distance, modified connectivity, subsurface drainage, and
soil type). Notably, the Norwegian P Index is based on ero-
sion risks derived from maps of soil type, field slope, and
climate variables, for which agricultural fields are classified
into four classes with different levels of erosion risks. More-
over, P application rate is modified by crop P removal, and the
tool includes P release from plant residues due to frost, flood-
ing frequency, risk of leaching, and annual precipitation. In
a test using data from six Norwegian catchments, the calcu-
lated P Index values correlated well with the average annual P
losses from the agricultural areas within the catchments. The
P Index is implemented in “Skifteplan,” the most widely used
fertilizer planning tool in Norwegian agriculture (Skifteplan,
2022). This means that farmers can have a P Index calculated
for all fields on the farm to achieve optimal, environmentally
friendly crop production.

In Sweden, a conditional P Index was also developed
(Djodjic & Bergström, 2005; Ulén et al., 2011), where con-
ditional rules were introduced to deal with the interplay of
multiple factors. The significance of the subsoil P sorption
capacity is considered high if slow matrix flow is the domi-
nant transport pathway, but negligible if interaction between
subsoil and percolating water is reduced due to quickflow
through large continuous voids. A corresponding difference
between a clay and a sandy soil was observed by Djodjic
et al. (1999). The distribution of water percolating through
soil profile into matrix flow and quickflow through contin-
uous voids in the P Index is based on soil structure and
soil saturated conductivity. However, this index did not gain
broader use due to lack of available input data (Buczko &
Kuchenbuch, 2007) and due to the belief that existing regu-
lation of animal density and Swedish flat-rate P application
(the maximum P application rate of 22 kg ha−1 year−1) was
already enough to avoid high P surpluses (Foged, 2011).
Lack of relevant and reliable input data necessary for the

trustworthy identification of CSAs remains an important
issue.

2.4.2 Other P assessment tools and
approaches in Norway and Sweden

In parallel to the Norwegian P Index, a model tool called
Agricat was developed in Norway for calculating soil and P
losses from agricultural areas at the catchment scale (Kværnø
et al., 2014). Agricat is greatly different from the P Index in
that Agricat estimates annual P losses, whereas the P Index is
an indicator of the risk of P loss. Agricat has a strong focus
on estimating particle-bound P loss based on soil loss that
is based on Norwegian erosion risk maps. In brief, erosion
risk maps (https://kilden.nibio.no/) are used to present annual
soil loss in surface runoff and subsurface drainage for “stan-
dard” autumn plowing (Kværnø et al., 2020). The soil loss
is then estimated for actual fields based on tillage and crop
factors and by withholding in a grass-coved buffer zone for
surface runoff. The soil loss is finally multiplied by total P
in the soil and a factor for accounting for the enrichment of
soil P in the sediment, that is, enrichment factor developed by
Sharpley (1980), to obtain the loss of particle-bound P. The
soil total P is derived from soil P-AL values from farmers (P-
AL is the standard soil P test method in Norway and Sweden,
using ammonium acetate-lactate extraction (AL) developed
by Egnér et al. [1960]), based on equations that differ among
soil types (Kværnø et al., 2014). The final P loss is modified
by any sedimentation pond located in the small stream.

In Sweden, a decision support system was developed as
a tool for identification of CSAs at watershed scale, includ-
ing the Maryland P Index as a first assessment step (Djodjic,
Montas et al., 2002). Recently, higher focus has been put on
high-resolution mapping of CSAs in Sweden due to increased
availability of light detection and ranging data and better reso-
lution of soil texture maps. For instance, CSAs for erosion and
overland flow were identified through high-resolution erosion
modeling (Djodjic & Markensten, 2019), whereas CSAs for
losses of dissolved P were identified through national screen-
ing based on water quality monitoring data for 235 small
catchments (<50 km2), geology, and soil properties retrieved
in the national soil survey (Djodjic et al., 2021, 2023).

Other approaches have also been developed for identify-
ing CSAs in Sweden. Ulén (2006) suggested the degree of
phosphorus saturation (DPS)-AL, based on molar ratio of P
and the sum of iron (Fe) and aluminum (Al) extracted with
AL (Egnér et al., 1960), as a simple and inexpensive Swedish
risk assessment for losses of dissolved P. Within an agricul-
tural catchment, DPS-AL of the soil profile was found to be
correlated to water-extracted P (McDowell & Sharpley, 2001;
Sharpley, 1982) and other source factors (Sharpley, 1995c) at
field and farm scale (Ulén et al., 2011). The critical P source
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782 LIU ET AL.

areas represented up to 10% of all arable land in this catch-
ment, which had a hummocky topography. Another approach
in Sweden inspired by Sharpley was the development of a
questionnaire to be used by agricultural advisors in discussion
with farmers for identifying risk sources for P losses on the
farm and possible corresponding mitigation measures (Kyll-
mar et al., 2013). The questionnaire conceptualized actual
knowledge on P losses in the crop to stream continuum into
an easy-to-use evaluation guide.

3 COLLABORATION AND
COMMUNICATION WITH FARMERS

We strongly support one of the core ideas promoted by Sharp-
ley over the decades that researchers should ensure production
and conservation tactics consider farming realities (Sharpley
et al., 2015). Indeed, processes controlling P losses from land
to water are often site-, soil-, and climate-specific, and thus so
is the effectiveness of mitigation measures. Therefore, there
are dual needs for P research and management in Norway and
Sweden: (1) large quantities of soil P testing and field exper-
iments, and (2) close collaborations between researchers and
farmers and those who work closely with farmers, such as soil
and nutrient advisory organizations and watershed groups.

In Sweden, a governmental advisory program was intro-
duced in 2000, where farmers are offered free advisory
support and education for improved nutrient management.
This program also involves further education for staff engaged
in advisory service for farmers, and it thereby constitutes
an important link between research and practice. In 2018,
the Swedish Authority for Water and Marine Management
started the project LEVA (local engagement for water) based
on a government mandate, where local catchment officers in
20 pilot areas in Sweden develop and support local actions
and measurements against eutrophication. Catchment officers
are the link between the farmers/landowners, the authorities
(municipality or county), and different funding and consulting
agencies (Swedish Agency for Marine & Water Management,
2021). The role of research in this context was to offer edu-
cation to catchment managers and decision support through
online platforms to make relevant modeling results easily
available, as well as to offer farmers, catchment officers, and
all other stakeholders a learning environment (https://arcg.is/
1HC001) and an interactive tool to estimate the role of miti-
gation measures on nutrient losses (https://waterguide.online/
nutrient-loss).

In Norway, the effects of mitigation measures are assessed
by researchers (e.g., by using Agricat) through projects from
regional authorities. These projects require access to farm
information collected by the government. Some projects
require cooperation with farmers to understand their actual
farming practices and motivation and barriers for implement-
ing measures.

Addressing both aforementioned needs will help to improve
our understanding of soil and P transport processes and aid
in designing most effective mitigation measures. One of the
challenges in linking on-farm management to regional P mit-
igation models is the ownership of soil testing results and
on-farm trials by the farmers and their advisors. There is
no direct benefit to the individual farmer from sharing this
information, but for the common well-being of protecting soil
resources and water quality, this data would be of great benefit
to the society. A mechanism should be developed to stimulate
farmers’ interests in research related to P and water quality,
through for example, more educational courses and farm visits
with improved risk maps.

Extension materials are very important as a media for
researchers and nutrient management advisors to disseminate
key research findings and recommendations to farmers and
as a bridge to enhance the trust and collaborations between
researchers and farmers. Due to its non-profit nature (strictly
speaking, economically non-profit, but indeed ecologically
profitable), the work of environmental P management is
unfortunately not a top interest to most farmers. Phosphorus
losses are very small in relation to P applied with fertilizers
but still have significant ecological effects. Thus, it is even
more important to deliver high-quality extension materials to
farmers, which are adapted for them.

In the early 2000s, Sharpley brought our attention to
the United States’ “Innovative Solutions to Minimize P
Losses from Agriculture” SERA-17 program (https://sera17.
wordpress.ncsu.edu/). Over the years, we have learned from
and exchanged information with many members of SERA-17
(Macrae et al., 2024) and adapted some of the relevant knowl-
edge to the Nordic agriculture and benefit Nordic farmers.
The information provided in the SERA-17 extension letters
was, to a large extent, used as a basis for an inventory of
Swedish research needs related to P losses from agriculture
(Bergström et al., 2007). Subsequently, a large research pro-
gram was started in 2008 by the Swedish Farmers’ Foundation
for Agricultural Research with the aim to develop and eval-
uate P mitigation measures directly applicable on farms. It
involved 24 projects, and the outcome of the program was
not only a broadened knowledge about measures for reduced
P losses but also increased awareness and a constructive dis-
cussion climate between academia and the agricultural sector
(Geranmayeh & Aronsson, 2015).

4 REMAINING RESEARCH NEEDS IN
NORWAY AND SWEDEN

Over the last four decades, both Norway and Sweden have
made remarkable efforts in agricultural and environmental P
research and management, for example, as summarized for
Sweden by Bergström et al. (2015). However, big challenges
remain for minimizing agricultural P losses. A decade ago,
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Sharpley et al. (2015) made a comprehensive summary of
future research needs and directions for the global community
of environmental P management, based on the 7th Interna-
tional Phosphorus Workshop held in Uppsala, Sweden, in
2013. Many of the research needs are still relevant to Nordic
conditions and have been contextualized to Norway and Swe-
den by the authors in the present paper. Such needs include
the following:

1. Tackling the challenges associated with regional/local
unevenness in livestock density and related manure man-
agement and farm P surpluses: In both Sweden and
Norway, spatially disconnected intensive arable and live-
stock production systems exacerbate the broken P cycle.
In Sweden, livestock production and thereby farm P sur-
pluses are located in the southern part of the country,
whereas there is a P deficit in the central parts of the coun-
try (Akram et al., 2019). In Norway, very high livestock
densities are found in the southwestern part of the coun-
try, leading to high manure pressure from slurry and very
high soil P contents. In addition, high soil P contents also
exist in the cereal-growing areas and regions with pota-
toes and vegetables, where only commercial fertilizers are
used. Locally, high livestock density or uneven distribution
of manure on single farms also contribute to increased soil
P status over time and thereby increased risk of P loss. The
regional and local differences in P balances, soil P status,
and consequent risks of P loss should be better addressed
through improved management.

2. Addressing the problems caused by deteriorated soil struc-
ture and poorly maintained drainage systems: A poor soil
structure and lack of artificial subsurface drainage enhance
fast flows by surface runoff and the risk of soil erosion. In
Sweden and Norway, clay soils and silty soils are espe-
cially prone to rapid P erosion losses. Although the soils
may be P deficient and have moderate erosion rates, runoff
P concentrations may be high due to the enrichment of
soil P on suspended particles (Sandström et al., 2020;
Ulén et al., 2012; Villa et al., 2015). Moreover, areas with
poorly maintained artificial sub-drainage systems are most
likely CSAs. Damaged tile drains, in combination with soil
cracks, enhance the quick transport of soil material from
the soil surface into the drainage system and out to the
stream. The drains can also be clogged, which prevents
water to reach the stream and results in saturated soils and
ponding surface water.

3. Producing more high-resolution maps of soils with low
sorption capacity both in the topsoil and subsoil (Djod-
jic et al., 2021, 2023): When soils have similar flow paths,
P loss greatly depends on the sorption-desorption charac-
teristics of the soils. Greater P leaching losses have been
found in soils with smaller P sorption capacities in the sub-
soils (Andersson et al., 2015). However, high-resolution

soil maps documenting P sorption capacity are lacking in
both Norway and Sweden.

4. Better identification of CSAs: In Norway, although soil
loss is quantified for most cultivated land areas based on
erosion risk maps (Kværnø et al., 2020), there has been a
generally insufficient documentation of the P contents of
eroded soil particles at generation, enrichment of soil P on
suspended particles during transport, and the fate of P in
streams, including P retention and bank erosion. In both
Norway and Sweden, moreover, understanding is lack-
ing regarding the distinction between natural background
P loss and management-derived P loss. Improved under-
standing of these, together with those aspects discussed in
points (1)–(3), should be integrated to the ongoing efforts
in identifying CSAs.

5. Improving our cross-scale understanding of efficacy of
conservation measures for reducing P losses from agricul-
tural land to promote cost-effective mitigation programs
in the future: Many conservation measures are effective
at laboratory, plot, and field scales. At the catchment
scale, however, the efforts to mitigate the P losses are
complicated and even counteracted by climate change
with increasingly extreme weather episodes. This has
contributed to the lack of significant downward trends
in agricultural catchment monitoring programs (Kyllmar
et al., 2023; Sandström, 2022).

6. A proper follow-up of applied mitigation measures and
a proper interpretation of the results: As the number of
implemented countermeasures and amount of money spent
on abatement programs increase, so does also the number
of questions regarding the success of implemented mea-
sures in terms of improved water quality (Djodjic et al.,
2022). However, a proper follow-up of applied mitiga-
tion measures is generally lacking in both Norway and
Sweden. At a large scale, one should expect a lag time
for the response of water quality improvement to imple-
mented countermeasures. The recovery period for soil P
generated by reduced P application was demonstrated to
be three to four decades in a catchment in the south of
Sweden (Ulén et al., 2015). Wastewater contributed to 10%
of the catchment total P leaching in the receiving, partly
culverted stream. Wastewater and other point sources of
pollution prolonged the lag time for mitigating the loading
of dissolved reactive P.

In our perspective, Dr. Sharpley’s legacies on agricultural
and environmental P research and management will continue
to inspire Nordic P researchers and managers for a long time.
Notably, one of his key legacies to the P community is rais-
ing the awareness of better targeting mitigation measures for
reducing P losses (Dodd & Sharpley., 2016; Sharpley, 1995c;
Sharpley et al., 2003, 2015). In Norway and Sweden, the
challenges for reducing agricultural P losses are diverse and
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complex due to the climate, landscape, and soils, as well as
the need of subsidies for the relatively small-scale agricultural
production. For these reasons, it is even more important for the
countries to develop and implement locally meaningful, cost-
effective mitigation measures. In the era of climate change
with more and greater extreme weather episodes, such as
drought, heavy rains, floods, and in some areas, winters with
more frequent freezing–thawing of soil and vegetation, better
targeting of mitigation measures is especially important. This
means identifying appropriate measures and implementing
them at the right places and right timing, based on scientific
understanding of the drivers and processes controlling the P
loss.
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