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ARTICLE INFO ABSTRACT

Handling Editor: Jason Michael Evans Globally, significant societal resources are devoted to mitigating negative effects of eutrophication from exces-
sive phosphorus (P) and nitrogen (N) loading. Potential effectiveness of mitigation measures and possible con-
founding factors are often assessed using studies conducted in headwater catchments. However, success is often
evaluated based on trends in river mouth water chemistry. It is not clear how transferrable insights from
headwater catchments are to larger rivers. Here, relationships between P and suspended solids (SS) identified in
small agricultural headwater catchments were applied to 30 larger, mixed land use catchments draining into
Malaren, a Swedish great lake. Relationships identified in headwater streams between SS concentration,
catchment agricultural land percentage and arable land clay content were corroborated for the larger catchments
(R? = 0.59, p-value<0.001. The same was true for connections between SS and particulate P (R? = 0.74, p-
value<0.001). This study highlights the importance of agricultural land, clay content and SS for P transport, on
both smaller headwater as well as larger catchment scales, supporting the use of headwater findings on larger,
management relevant scales. Consequently, these relationships should be used to target mitigation measures to
reduce SS and P losses. To explore the effectiveness of mitigation measures on water quality, we assessed long-
term (20 year) trends in tributary water quality and compared these trends to the amount of mitigation measures
implemented in the catchment. Overall improving trends were detected using regional Mann Kendall tests, but
few decreasing trends in nutrient concentrations were found for individual sites using Generalized Additive
Models (GAM). The lack of significant trends and identifiable connections to amount of mitigation measures
implemented could be due to several reasons, e.g. insufficient time for recently implemented measures to have an
effect, ongoing release of legacy P as well as low areal coverage and poor spatial placement of implemented
measures. In addition, trend detection requires large amounts of data and the results should be carefully
interpreted and communicated.
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1. Introduction

Eutrophication associated with exceedance of the planetary bound-
aries for biogeochemical flows of both phosphorus (P) and nitrogen (N)
is an urgent global problem (Steffen et al., 2015). To avoid further ac-
celeration of eutrophication, anthropogenic P and N exports need to be
controlled (Steffen et al., 2015). Consequences of eutrophication
including, e.g., toxic algal blooms, oxygen deficits and dead bottom
waters (Smith and Schindler, 2009) have negative impacts on surface
water quality. Good surface water quality is important for recreational
values, drinking water quality and the health of aquatic ecosystems.
Erosion and transport of soil particles can also contribute to impaired

water quality by e.g. causing decreased light penetration (Bilotta and
Brazier, 2008) and carrying other pollutants including pesticides
(Boardman and Poesen, 2006), heavy metals (Kronvang et al., 2003) and
P (Haygarth et al., 2006). Thus, actors from local to global scales need to
work towards improving surface water quality. Significant resources
have been and are devoted to implementing mitigation measures to
achieve national and international water quality goals. However, local
monitoring of mitigation measure efficiency is limited and improve-
ments in water quality associated with mitigation efforts can be difficult
to quantify.

Processes, trends and mitigation measure effectiveness are often
studied on small headwater catchments and findings are later up-scaled
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to larger management-relevant scales (Kronvang et al., 2009; Sharpley
etal., 2009; Kyllmar et al., 2014) but often without testing applicability.
Headwaters are usually considered as the first influence on the surface
water system (Bol et al., 2018) and typically show higher variability in
nutrient concentrations than larger catchments (Dupas et al., 2023).
Using more easily studied systems as proxies for other, more complex
systems can be a way forward for management, but findings from
headwater catchment studies must be tested in larger, multifaceted
systems.

Previous studies have explored relationships between water quality
and catchment characteristics. For example, Sandstrom et al. (2020)
established a linear relationship between suspended solids (SS) losses
and the product of clay content and the proportion of agricultural land
based on monitoring data from 11 small (5.7-33.1 km?) agricultural
headwater catchments. They also showed a power-law relationship be-
tween particulate P (PP) and SS (Sandstrom et al., 2020). Similarly,
Djodjic et al. (2021) showed a strong connection between the proportion
of agricultural land in the catchment and P and N concentrations as well
as decreased P and N concentrations with increasing forest and wetland
coverage in 235 small (area< 50 km?) headwater catchments. If specific
land use and soil type characteristics can be associated with an elevated
risk for P and N transport, these areas can be targeted for monitoring and
mitigation measures.

Mitigation measures to limit nutrient export from Swedish agricul-
tural land include mandatory (e.g., manure and fertilizer management,
Swedish Board of Agriculture, 2019) and voluntary actions (e.g.,
agro-environmental schemes for wetlands, structural liming, two-stage
ditches, buffer zones, etc., Bergstrom et al., 2015). Systematic moni-
toring and reporting on voluntary measures before, during and after
implementation is rare, leading to limited management-relevant infor-
mation on measure efficiency or effects on receiving waters nutrient
concentrations. Quantification of measure effectiveness is typically
made at a local scale (e.g., Weisner et al., 2016; Geranmayeh et al.,
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2018; Stutter et al., 2012). These assessments must then be up-scaled to
the relevant management unit (e.g., headwater or larger catchment).
However, a recent study by Tomcszyk et al. (2023) found no evidence
for significant effects of state-level policy implementation on decadal
trends in nutrient concentrations.

Firstly, we explore whether headwater water quality relationships
are applicable to larger rivers and if proportion of agricultural land, soil
clay content and SS are driving factors for P transport on a larger
catchment scale. Second, we evaluated long-term monitoring data
collected from tributary rivers draining the catchment of Malaren, a
Central Swedish great lake where diffuse losses from agriculture now
account for 64% of the total P load to the lake (Malarens vatten-
vardsforbund, 2021). Temporal trends in relevant water quality pa-
rameters over the past 20-25 years, three decades after the substantial
positive effects of the large point source reductions were achieved
(Persson, 2001), were assessed using the same monitoring data. Third,
all existing reports on mitigation measures implemented on arable land
in the Malaren catchment were collected to explore possible relation-
ships with water quality. The combination of these three approaches
gives unique insights into transferability between scales and water
chemistry trends in the area.

2. Methods
2.1. Catchment properties

All catchments are located in the Norrstrém basin (22,600 km?,
59°30'N, 17°12'E), with 14 main tributaries discharging into Malaren, a
lake with great economic and recreational value (Sonesten et al., 2013).
Tributary catchments have varying land use and soil type distributions,
from forests with nutrient poor soils and peatland in the northwest to
intensive agriculture on nutrient rich clay soils in the northeast
(Table S1, Fig. 1). This study includes all main tributaries, along with 16
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identify sampling locations. White boxes represents streams with only one sampling location. Same shade of grey indicates sampling locations in the same river with
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additional stations, i.e., all sites in the Norrstrom basin included in the
Swedish National Monitoring Programme (30 sites, Fig. 1; Tables S1 and
S2) representing both smaller streams, and larger river mouths dis-
charging directly into Malaren (Folster et al., 2014). Water chemistry
has been monitored in Malaren tributary mouths since 1965 (Persson,
2001).

In the 1970s wastewater treatment was improved and point source
emissions were considerably reduced, resulting in significant decreasing
total P (TP) trends in most larger streams discharging into Malaren
(Sonesten et al., 2013). Mitigation measures to reduce P and N transport
from agricultural land are widely used in the catchment. However,
eutrophication is an ongoing problem in Malaren, partly due to
incoming nutrient-rich water from agricultural areas, with many lakes
and streams in the catchment failing to reach good ecological status
based on current water chemistry (WISS, 2022).

2.1.1. Water chemistry, discharge and catchment data

Water quality parameters with monthly (or every other month)
measurements between 1997 and 2020 were used. These included SS,
TP, total N (TN), nitrate/nitrite (NO2/NO3-N hereafter called NO3-N),
ammonium (NH4-N) and total organic carbon (TOC) (Miljodata-MVM,
2022). Water samples were analysed at the Swedish University of
Agricultural Sciences (SLU) ISO/IEC 17025 accredited geochemistry
laboratory.

Modelled flow from Swedish Meteorological and Hydrological
Institute (SMHI) was used for load calculations since discharge was not
monitored at all stations (SMHI, 2022a). Modelled flows were available
from 2004, dictating the use of 2004-2020 for analysis of loads and flow
weighted (fw) concentrations (see chapter 2.2). Measurements from
1997 to 2020 were used for analysis of raw concentrations. See Sup-
plementary Fig. S1 for flow chart of methodology.

2.2. Data handling

Water quality observations below the reporting limit were set to half
the reporting limit. Flow weighted (fw) mean values (2004-2020) were
calculated following Linefur et al. (2019), where each raw sampled
concentration was used to represent daily concentrations backwards to
the previous sampling occasion, but for a maximum of two months.
When there was more than two months between sampling, values were
treated as missing and excluded from subsequent analyses. Estimated
raw daily concentrations were multiplied with modelled daily flows to
get daily loads (mg day~'). Monthly fw concentrations (mg L) were
derived from monthly loads and flows and an overall mean fw concen-
tration was calculated.

2.3. Statistical and trend analysis

Overall mean fw concentrations were used to evaluate applicability
of headwater scale water quality relationships (Sandstrom et al., 2020)
to larger, mixed land use catchments. A Principal Components Analysis
(PCA) was performed to visualize relationships between water quality
parameters and catchment characteristics. Multiple regressions for TP
and SS (forward selection) were performed where parameters identified
from the PCA were evaluated. Due to differences in analytic methods
between Sandstrom et al. (2020) and this study, no further in-
vestigations of PP were possible. A factor of variation (FV) between
different tributaries was calculated for all parameters as the ratio be-
tween the maximum total fw mean and minimum total fw mean value.

Trends were analysed in raw concentrations (1997-2020), monthly
fw concentrations and monthly loads (2004-2020). We used R scripts
from von Bromssen et al. (2021) to run general additive models (GAM)
to detect overall increasing or decreasing trends as well as identifying
periods with increasing or decreasing trends. A Regional Mann-Kendall
(RMK; Helsel and Frans, 2006) test was performed using the R package
rkt (Marchetto, 2021) to see if any cross-site trends could be detected.
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RMK tests weighted by land cover were also performed. Trends in TP, SS,
TN, NH4-N and NOs-N were weighted by amount of agricultural land. A
similar analysis was performed where trends in TOC were weighted by
share of forest cover and wetlands. Weights were assigned in the
following manner. Individual Mann-Kendall tests for all stations were
performed using the same R package, followed by weighting was done
on the Kendall’s score (S) statistics and the variance (¢) from the indi-
vidual tests.

1 &
SWR = = ZWLSL (]-)
w L=1

1 m
Owr =1 |= Z wLoL 2)
VWi

Where Sy is the weighted regional S, L is the site number, m the total
number of sites, w is the fraction of land use, and w is the mean land use
(either agricultural land or forest and wetland). A p-value <0.05 was
determined as statistically significant for all statistical and trend ana-
lyses. All statistical analyses were performed using R 4.0.3 (R Core
Team, 2020).

2.4. Summary of mitigation measures to reduce diffuse losses from
agriculture

All available data on mitigation measures implemented to reduce
agricultural diffuse nutrient losses in the Norrstrom basin were down-
loaded on June 22, 2022 from Water Information System Sweden (WISS,
2022). Only existing and fully implemented measures valid for the water
cycle 2017-2021 were retained for further analysis. For constructed
wetlands, the SMHI wetland database (SMHI, 2022b) was used as it is
more complete than WISS for the study region. Each measure was
assigned to a catchment based on reported geographic coordinates. Six
main mitigation measures appeared in the search results: buffer zones,
adjusted buffer zones, structural liming, spring tillage, catch crops and
constructed wetlands. Measure validity was assessed based on infor-
mation from WISS for starting implementation year and measure life
span. Structural liming has a life span of 15 years, constructed wetlands
30 years and all other measures 5 years. Areas of all mitigation measures
were summed for each tributary with consideration of existing upstream
catchments. These areas were then related to total arable land area
within the catchment and expressed as a percentage. Spatial analyses
were performed using ArcGIS Desktop 10.8.

Both buffer zones and adjusted buffer zones have permanent vege-
tation, often grass, between the field and the stream that is meant to trap
particles and nutrients (primarily P) in overland flow, and thereby
decrease losses to receiving waters (Uusi-Kamppa et al., 2000). Adjusted
buffer zones may also be placed within a field, e.g., around a surface
runoff inlet well. Structural liming is used mainly on clay soils to sta-
bilise soil structure and decrease erosion risk, thereby limiting particle
and P loss (Ulén et al., 2012). Constructed wetlands can decrease losses
of both N and P (Kynkaanniemi, 2014). Spring tillage primarily de-
creases N mineralisation and losses but also protects soil from erosion
and thereby decreases particle and P losses (WISS, 2022). Catch crops
are planted to avoid bare soils after harvesting, to reduce erosion and to
take up remaining N, thereby reducing N losses (Aronsson et al., 2016).

Statistics on manure and mineral fertilizer use were obtained from
Statistics Sweden (SCB, 2021; production area 4, “Svealands
slattbygder™). Winter wheat (Triticum aestivum) yields for four counties
covering the Norrstrom basin were downloaded from Sweden Statistics
database (SCB, 2022).
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3. Results & discussion

3.1. Water quality relations and catchment characteristics —
transferability from headwaters to larger catchments

Malaren tributary catchments cover a range of physico-chemical
conditions, hydrological regimes, land use and soil types (Table S1).
Concentrations for water quality parameters are highly variable
(Table S2). Differences in nutrient levels between sites dominated by
forest versus arable land were apparent, e.g., fw TP concentrations in
forest dominated catchments (>65%) (Arbogaén, all Kolbacksan sta-
tions, Kolstadn, Hedstrommen, Valstadn and Svartdn) were low, while
catchments with higher percentages of arable land (Enkopingsén,
Hjalstadn and Sagan) had higher fw TP concentrations (Tables S1 and
S2). Catchments with a larger percentage of water have lower nutrient
and SS concentrations, which is consistent with other studies (Saunders
and Kalff, 2001; Land et al., 2016; Alexander et al., 2008).

The PCA showed that percentage of water (mainly lakes and wider
parts of streams) within the catchment and upstream catchment area
were negatively correlated with both SS and P losses (Fig. S2). Similar to
Sandstrom et al. (2020), there were linear relationships between both TP
and SS and TP and soil clay content (Fig. S3).

Despite the varying land uses across tributary catchments, SS and soil
clay content are still the best predictors of TP (eq. (3)) (p < 0.001, R? =
0.80, N = 30):

TP= —0.01 4 0.04+SS5+0.0009+MedianClayContent (3.

Catchment percentage water area is also a significant predictor of SS
(eg. (4)) (p < 0.001, R? = 0.76, N = 30):

S§S= 3.5 — 0.42«Waterarea+0.13xMedianClayContent+0.22xArableland
4)

Previously identified relations (Sandstrom et al., 2020) were also
corroborated for these larger mixed land use catchments (Figs. S4 and
S5). This demonstrates transferability of findings based on studies of
smaller headwater catchments to larger, more complex ones, but also
points out the importance of arable land and clay content for SS and P
concentrations across spatial scales. The R2-values are slightly lower
than those reported by Sandstrom et al. (2020) (0.59 and 0.75 (Figs. S4
and S5) vs. 0.75 and 0.95 previously), but the equations are very similar.
Tributary catchments are within the lower range of SS and P losses and
are larger with a more mixed land use in comparison to those studied by
Sandstrom et al. (2020). Thus it is reasonable that other factors also
influence PP and SS concentrations, and regression models have a lower
amount of explained variance.

The PCA indicated that larger upstream catchment areas were
correlated with lower SS and PP fw concentrations (Fig. S2). This finding
corroborates Milliman and Syvitski (1992) who studied 280 rivers dis-
charging to the ocean across the world and highlighted the inverse
relationship between drainage basin area and areal SS yield. Low relief
landscapes in larger catchments tend to promote sediment deposition
and storage, resulting in lower SS yields and concentrations (Woodward
and Foster, 1997). Using 36 Swedish stations, Brandt (1990) concluded
that concentrations of suspended material in small catchments were
more than twice the mean value of those for nearby larger basins where
suspended material could settle in lakes and reservoirs, on floodplains
and in river channels. Catchments studied by Sandstrom et al. (2020)
were all smaller, dominated by arable land and without lakes. Since
lakes retain SS and slow down material transport, they should have in-
fluence on SS exports in rivers and streams. However, the influence of
clay content and percent agricultural land seen in smaller headwater
catchments is still apparent at the larger catchment scale. Previous
studies have not been able to demonstrate this transferability across
spatial scales. Bol et al. (2018) suggested that patterns visible at a larger
catchment scale are not visible at a headwater scale. Dupas et al. (2023)
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suggest that this is due to larger variability between catchments. Hay-
garth et al. (2012) tested upscaling of P signals from plot scale to
headwater scale. They found difficulties detecting the same signals at a
headwater scale, that they observed on a plot scale. Taken together,
these findings highlight the importance of (1) studying relationships
between catchment properties and water quality across a range of
spatial scales and (2) the importance of agricultural land, clay content
and SS for P transport.

Some N species also correlate with P (Fig. S2). TOC is not related to
other water quality variables, but is positively correlated to amount of
forest and wetlands (Fig. 2). High TOC levels are common in more
forested catchments. The site with the greatest forest (Hjalstadn) also
had the highest total mean TOC concentration (Tables S1 and S2).
However, all Kolbécksén sites have a large proportion of forest cover,
but some of the lowest mean fw TOC concentrations.

3.2. Water quality trends

Soil clay content and percentage of agricultural land are generally
stable over time. Thus, mitigation measures placed on agricultural land
are one way to focus efforts for decreasing nutrient losses to surface
waters, and water quality trend analyses can be used to detect potential
effects and changes. No significant trends in modelled water discharge
over the studied period (2004-2020) were detected (data not shown).
GAM modelling of raw concentrations (Fig. 2) identified a larger number
of significant trends than for fw concentrations and loads (Fig. S6). TOC
had the largest number of detected trends for both raw (17/30) and fw
concentrations (7/30, Fig. S6) of all analysed parameters, with most
trends occurring approximately simultaneously (Fig. 2). Individual MK
trend tests also identified the largest amount of trends in TOC, but the
same amount for NH4-N (20/30 sites) (Table S3).

3.2.1. Phosphorus and suspended solids

There were six significant decreasing GAM trends for raw TP con-
centrations, with two lasting for the entire studied period (Kolbacksan
Vastanfors and Tandladn). MK trend tests identified 11 significant trends
for raw TP concentrations, three increasing and eight decreasing
(Table S3). For SS raw concentrations, three significant decreasing GAM
trends that lasted the entire study period were found (Fyrisan Flottsund,
Kolbécksan Stromsholm and Oxundaén; Fig. 3 and Fig. S6). Valstadn
showed an overall increasing raw SS concentration trend. Both GAM and
MK trend tests identified significant trends at 12/30 sites for raw SS
concentrations (Table S3, Fig. 2). Significant decreasing RMK trends for
raw TP concentrations and raw SS concentrations were detected, both
with the unweighted RMK and when the analysis was weighted for
percentage agricultural land (Table S4).

The small number of significant decreasing TP trends could depend
on several factors. Internal loading where P is released the streambed
could sustain TP concentrations even when external inputs are reduced
(Sonesten et al., 2013; Withers and Jarvie, 2008). Most decreasing
trends in TP were found in forest dominated catchments (Kolbacksan
Stromsholm, Kolbacksén Vastanfors and Kolbacksén Virsbo). Decreases
were also seen at Sdvjadn Kuggebro and Tandladn; both these catch-
ments have considerable amounts of arable land (>20%). Dupas et al.
(2018) concluded that multidecadal P trends are influenced by
decreasing point source emissions. In Malaren, the largest point source
reductions occurred three decades ago, before the start of the present
study. Furthermore, the studied time period might be too short to detect
changes using GAM analyses, since large amounts of data are needed to
detect changes (Wellen et al., 2020). In the RMK analyses all data in the
larger Norrstrom basin were used simultaneously, increasing the data
amount compared to GAM analyses of individual sites. A 20% reduction
of TP load and fw mean concentrations requires decades of data to be
detected (Wellen et al., 2020). Wellen et al. (2020) use a “before and
after” change approach, while in this study there is no clear time of
implementation as measures are consistently being implemented,
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Fig. 2. Trends in raw water quality (from grab samples) for total phosphorus (TP), suspended solids (SS), total nitrogen (TN), ammonium-N (NH4-N), nitrate-N
(NO3-N) and total organic carbon (TOC). Blue indicates a period with a significant decreasing trend, yellow no significant trend and red a significant increasing
trend. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

resulting in a constant change. The difference in results between GAM
and RMK highlights the need for large data sets and long term moni-
toring to actually detect trends. There are several additional possible
explanations for the lack of strong significant downwards trends. In
many cases there are simply not enough mitigation measures imple-
mented or correctly placed to make an actual difference in nutrient loads
(Djodjic et al., 2020). The decreasing trends in several tributaries
recorded at the end of 1960s and early 1970s (Persson, 2001) were all
due to improved wastewater treatment. For instance, TP loads from
Eskilstunadn, Fyrisdn, Marstadn and Oxundaén to Malaren decreased by
44, 68, 94 and 76%, respectively before (1966-1970) and after
(1981-1985) introduction of waste water treatment (Persson et al.,
1990). Such tremendous reductions in P inputs within a short period of
time and usually very close to the measurement station resulted in a
rapid response of riverine concentrations with clear decreasing trends.
Since then, most P inputs to these tributaries are likely from diffuse
sources (Malarens vattenvardsforbund, 2021). There are a number of
possible reasons why effects of measures on water quality were not
detected. In many cases, there is a lack of accurate information on exact
location of the implemented measures. Compared to point sources, re-
ductions from diffuse sources are usually considerably lower, less
certain, more variable and prolonged in time, and by definition occur-
ring very often far away from the measurement point, i.e. before the
natural retention in the system occurred (Alexander et al., 2000).
Similar results have been seen on a larger European scale. For example,
(Haase et al., 2023) studied biodiversity recovery trends in rivers, which
should be strongly connected to water quality. Recovery of freshwater
biodiversity came to a halt after 2010, suggesting that current mitigation
measures are not resulting in the desired effect.

In general, lower nutrient concentrations were observed in the more
forested dominated catchments (e.g. Kolbacksan), especially for P
(Table S1). One plausible explanation reported from several Swedish
forested lakes with minimal anthropogenic impact is an ongoing

oligotrophication (Huser et al., 2018; Camiolo, 2022), where P con-
centrations in already nutrient poor systems keep decreasing.

3.2.2. Nitrogen

Few GAM trends were detected for TN and NO3-N. However, con-
stant decreasing raw NH4-N concentration trends were noted for five
stations using GAM analyses (Arbogadn, Kolbicksin Angelsberg,
Maérstadn, Oxundadn and Svartadn Forsby) and 18 stations using MK
tests. There were also decreasing GAM trends for NH4-N loads at five
stations, and at seven stations for fw concentrations (Fig. S6). However,
different tributaries had significant trends for raw concentrations, fw
concentrations and loads. Fyrisan Flottsund, Hjilstadn, Orsunda&n and
Sagén showed constant decreasing trends for fw concentrations and
loads but not for raw NH4-N concentrations, despite no detected trends
for water flow. Both N fertilizer use and yields have increased during
recent years (Fig. S7) and spring tillage (Fig. 3) is used in several
catchments to decrease N losses. These counter-acting factors in com-
bination with increasing yields in recent years may balance the
increased fertilization, resulting in no or decreasing trends. RMK tests
for raw TN, NH4-N and NOs-N all resulted in significant decreasing
trends whether or not trends were weighted by proportion of agricul-
tural land (Table S4).

When fw concentrations and loads were used, fewer GAM trends
were detected (Fig. S6), perhaps due to the shorter time period used for
analysis (2004-2020) (Wellen et al., 2020). NH4-N showed many
decreasing trends for raw concentrations, fw concentrations and loads.
Tributaries with significant GAM trends for several parameters included
Fyrisan Jumkilsan, Kolbacksén Stromsholm and Kolbéacksén Virsbo. At
Eskilstuna vattenverk only one trend (raw NO3-N concentrations) was
detected during the studied time.

3.2.3. Total organic carbon (TOC)
Increasing TOC GAM raw concentrations occurred at several stations
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catchments and their main purpose. The red numbers correspond to catchment number in a). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

(Fig. 2). In all Fyrisén tributaries except Vattholma, all Kolbdcksan
tributaries and five more locations (Arbogadn, Enkopingsén,
Hedstrommen, Oxundadn, Sdvjadn Kuggebro) temporarily increasing
trends for raw TOC concentrations occurred around 2006-2009 (Fig. 2).
Overall increasing trends occurred at Fyrisan Jumkilsin and Orsundadn.
A similar pattern in TOC trends was seen by Eklof et al. (2021) who
studied temporal changes of TOC and coloured dissolved organic matter
(CDOM) in 164 watercourses across Sweden, where a similar partial
increase around 2007 was seen in several stations. They concluded that
there has been a brownification with increasing TOC, which seem to
have ceased. This could be what we are detecting here as well as their
findings correspond with observations from individual stations (Fig. S8).

For all Kolbacksan sites, the increasing TOC raw concentration trend
was followed by a decreasing trend (Fig. 2), with a peak around 2010
followed by a decrease, that seems to be continuing (e.g. Fig. S8a). A
spatial pattern in TOC trends (Figs. 1 and 2) is visible, with more trends
in the western part of the Malaren basin. The RMK tests indicated sig-
nificant increasing trends for both the unweighted and areal weighted
analyses (Table S4).

3.3. Mitigation measures

The lack of strong decreasing trends in nutrient concentrations is
most likely due to several factors including low sampling frequency,
limitation of the statistical tools, a need for larger data sets, limited
implementation of measures and poor targeting of existing measures.

Mitigation measures were implemented in almost all study catch-
ments (Fig. 3). Structural liming and spring tillage are the most common
measures followed by buffer zones (Fig. 3). However, the percentage of
arable land subject to mitigation measures is generally low in all
catchments, with the highest amount in Kolstadn (25% of arable land)
and no mitigation measures implemented in the forest dominated Fyr-
isdn Jumkilsdn, Kolbdcksan Ludvika, Kolbacksén Vastanfors and
Savjaan Ingvasta catchments (Fig. 3). This is not surprising due to the
low amount of arable land in these catchments. Some mitigation mea-
sures (e.g. structural liming and spring tillage) can overlap and cover the
same area. In total, 239 wetlands were found in Norrstrom. However, 70
of these were situated in the vicinity of Malaren itself and therefore not
assigned to any tributary. Eskilstunadn has the highest number of
implemented constructed wetlands, while Taljean has the highest
wetland density (Fig. 3).

The Téljean tributary was therefore studied more in detail to esti-
mate potential nutrient reductions associated with implemented mea-
sures. Following Djodjic et al. (2020), we calculated potential nutrient
reductions associated with all 36 constructed wetlands in the Taljedn
tributary catchment. Long-term annual average nutrient loads trans-
ported by Téljeén are 748 t N and 14 t P. The total modelled N and P
reduction for all wetlands in this catchment amounted to 3.8 t N and 0.7
t P, accounting only for 0.5 and 5 % of total annual load for N and P,
respectively (Table S5). The low effect was mainly due to the inappro-
priate wetland placement. Wetlands were placed in areas with low
shares of arable land, thus nutrient loads and retention were both low
(Djodjic et al., 2022). Such low reductions might be difficult to identify
by trend analysis (Table S5). Optimizing placement within the catch-
ment for most efficient removal of nutrients would decrease the needed
area of the constructed wetland and increase P retention (Djodjic et al.,
2020). Similarly placing buffer strips around erosion prone areas would
increase their efficiency (Djodjic and Villa, 2015; Djodjic et al., 2018;
Piniewski et al., 2021). Furthermore nutrient removal efficiency of
wetlands and some other measures is highly dependent on loading rate
(Land et al., 2016), meaning that the effect of implemented measures at
the river outlet might be masked by natural variations in flow and

nutrient concentrations. In other words, the high removal efficiency in
wetlands during years with high nutrient loadings might not be detected
as a significant change in river concentrations due to a higher loading
from all other sources. This highlights the importance of continuous
high frequency monitoring, to see if implemented mitigation measures
will have an effect later on.

Despite national and international commitments to reduce eutro-
phication and funding programs for mitigation measures, there are few
detectable decreasing nutrient trends in the Malaren tributaries. This is
either due to low implementation levels or the limitations of trend an-
alyses. A lack of coordinated reporting of mitigation measure imple-
mentation makes it even more difficult to evaluate effectiveness
(Swedish Institute for Marine Environment, 2022). Even catchments
with high reported intensity of measure implementation, e.g., Kolstadn,
Sagan, Enkopingsdn and Oxundaén (>15%) had no detectable nutrient
trends using GAM analyses (Fig. 2 and S5). Some mitigation measures, e.
g., buffer zones (Hoffmann et al., 2009) and structural liming (Blom-
quist, 2021) can reduce erosion and surface runoff, and constructed
wetlands slow water flows allowing SS and PP to settle. Since a large
proportion of P loads in these catchments are from agriculture (Malarens
vattenvardsforbund, 2021), mitigation measures implemented on arable
land should have the most detectable effects. In addition, the strong
signal of amount agricultural land affecting SS and P concentrations in
these streams and rivers suggest that this is where we need to focus
management efforts to decrease loads, since reducing the amount of
agricultural land in most cases is not a viable solution. Hence, signifi-
cantly decreasing SS and TP trends were expected in catchments with a
large number of implemented measures. On the other hand, the spatial
extent of implemented mitigation measures is generally low (<5% of
arable land) (Fig. 3).

Legacy stores of e.g. P in lakes and streams (e.g. Lannergard et al.,
2020, (Sandstrom et al., 2021)) could also affect the situation where a
reduced external input will not result in immediate decreasing concen-
trations in the stream with considerable time lags before the effects can
be detected (Meals et al., 2010; Sharpley et al., 2013), the same is true
for recently implemented measures (Van Meter and Basu, 2017). Van
Meter et al. (2018) concluded that even if agricultural N use became
100% efficient, it would take decades to meet target N loads due to
legacy N within the Mississippi River basin. Fertilizer application stra-
tegies should consider the amount of nutrients accumulated in the soil.
Goyette et al. (2018) calculated historical P accumulation in 23 Cana-
dian watersheds, and could define a threshold, where after a certain
mass of P (2.1 t P km~2) accumulated in the soil, losses to nearby wa-
tercourses increased linearly. Current P accumulation in Swedish agri-
cultural soils is an average of 65 t km~2 (Andersson et al., 1998).
Applying this value to the proportion of arable land in the Malaren
tributaries results in 25/30 catchments exceeding the critical threshold
(Table S6). The forested Kolbacksdn catchments do not exceed this
threshold or are just on the limit (2.1 t km 2 for Kolbicksin
Stromsholm). Enkopingsan and Téljedn have the largest amounts of
accumulated P (27.1 tkm 2 and 29.3 t km 2 respectively). In these sites
barely any P trends were detected except for a partial decreasing trend in
TP raw concentrations at the start of the time period in Téljeén.
Recently, the Swedish government identified 20 pilot study catchments
across the country Catchment managers were appointed in each catch-
ment with a mandate to promote and facilitate the implementation of
cost-efficient mitigation measures to reduce eutrophication (Swedish
Agency for Marine and Water Management, 2021). This could be a way
forward to increase implementation of mitigation measures.

Increasing variability in rain intensity and more freeze/thaw cycles
in a changing climate might lead to an increased variability in amount
and timing in nutrient losses. Increases in precipitation and higher
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winter temperatures have already been noted in the studied area
(Sonesten et al., 2013). On the one hand, effectiveness of currently
implemented mitigation measures could be reduced by increases in
precipitation and runoff. On the other hand, increased precipitation and
runoff could instead prevent any increase in concentrations (Crossman
et al., 2013; Raike et al., 2020). Catchments with higher percentages of
recently implemented measures (Kolstadn, Oxundaan, Réckstadn,
Sagan) should be carefully monitored in coming years to follow up on
measure effectiveness. Given the variability in climate and including the
uncertainty in sampling methodology and lab analyses, there is a need
for better evaluation of measure effectiveness and trend detection.

There is an ongoing transgression of the planetary boundaries,
including biogeochemical flows of P and N (Steffen et al., 2015), and the
lack of trends seen in these parameters in the tributaries to Malaren does
not suggest a step in the right direction. To decrease these flows and
improve the status of Malaren tributaries, Lake Malaren and ultimately
the Baltic Sea, the final recipient, there is a need to increase the efforts
for decreased P and N losses. Using the findings from Malaren, a great
lake, implying that higher implementation rate of mitigation measures is
possible and necessary, indicates that similar conditions might be valid
for the Baltic Sea.

4. Conclusions

Water quality in agricultural catchments and elsewhere will be under
increasing pressure in the near future, due to climate change, land use
changes and the limited implementation of mitigation measures.

Our specific findings are as follows:

o The relationship between share of arable land, soil clay content and
SS and P concentrations observed at the headwater scale is appli-
cable in larger, mixed land use catchments. This relationship should
be recognised when targeting mitigation measures, to achieve higher
cost-efficiency.

Few significant water chemistry trends were identified using GAM.
However, RMK tests identified significant regional trends of all pa-
rameters. This emphasizes the importance of long-term, regional
monitoring programs to document trends in water quality under a
changing climate.

No connection between implemented mitigation measures on arable
land and water quality trends could be seen, even though arable land
is the main source of nutrients in the majority of the catchments. This
may be due to insufficient implementation of mitigation measures or
intrinsic limitations in the monitoring programme, emphasizing the
need for further research to address effects of mitigation measures in
different scales, ranging from fields and headwaters to river basins.
Careful evaluation and communication of results is imperative as the
lack of significant trends might discourage from further mitigation.
Absence of evidence is not evidence of absence.

This study shows that the work done so far is not enough to improve
the water quality in the studied catchments. More work needs to be done
to explore the reasons behind this, e.g. follow up on implemented
mitigation measures to determine if a change could be expected. As
proven in this study, the effect of arable land and clay content on SS in
small streams is strong enough to also show in larger rivers, indicating a
possibility for further up-scaling, to use findings from great lakes on
enclosed seas, e.g. the Baltic Sea. Future studies should explore this
possibility further to develop policy actions to avoid crossing planetary
boundaries.

CRediT author statement
Sara Sandstrom: Conceptualization, Formal analysis, Investigation,

Methodology, Software, Validation, Visualizations, Writing: original
draft and review & editing. Emma E. Lannergard: Conceptualization,

Journal of Environmental Management 349 (2024) 119500

Formal analysis, Data curation, Methodology, Visualizations, Writing:
review & editing. Martyn N. Futter: Conceptualization, Methodology,
Formal analysis, Writing: review & editing. Faruk Djodjic: Conceptu-
alization, Methodology, Data curation, Visualizations, Formal analysis,
Writing: review & editing.

Declaration of competing interest

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

Data availability

The data is open environmental monitoring data, and has been
referenced in the methods section with a link in the reference list.

Acknowledgements

All authors want to thank and recognise Gunnar Persson who
inspired this study. SS was funded by FORMAS (Grant 2017-00017). EL
was supported by the H2020 OPTAIN project (Agreement No. 862756).
MF was supported by the WetKit Hydro-ES project financed by Swedish
Environmental Protection Agency (Grant No. 802-0083-19). We also
want to thank Claudia von Bromssen for valuable help regarding the
GAM script.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2023.119500.

References

Alexander, R.B., Smith, R.A., Schwarz, G.E., 2000. Effect of stream channel size on the
delivery of nitrogen to the Gulf of Mexico. Nature 403, 758-761.

Alexander, R.B., Smith, R.A., Schwarz, G.E., Boyer, E.W., Nolan, J.V., Brakebill, J.W.,
2008. Differences in phosphorus and nitrogen delivery to the Gulf of Mexico from
the Mississippi river basin. Environ. Sci. Technol. 42, 822-830. https://doi.org/
10.1021/es0716103.

Andersson, A., Eriksson, J., Mattsson, L., 1998. Phosphorus Accumulation in Swedish
Agricultural Soils. Swedish Environmental Protection Agency (SEPA). Report 4919.

Aronsson, H., Hansen, E.M., Thomsen, LK., Liu, J., @gaard, A.F., Kdnkéanen, H., Ulén, B.,
2016. The ability of cover crops to reduce nitrogen and phosphorus losses from
arable land in southern Scandinavia and Finland. J. Soil Water Conserv. 71 (1),
41-55. https://doi.org/10.2489/jswc.71.1.41.

Bergstrom, L., Kirchmann, H., Djodjic, F., K, K., Ulén, B., Liu, J., Andersson, H.,
Aronsson, H., et al., 2015. Turnover and losses of phosphorus in Swedish agricultural
soils: long-term changes, leaching trends, and mitigation measures. J. Environ. Qual.
44, 512-523, 2015.

Bilotta, G.S., Brazier, R.E., 2008. Understanding the influence of suspended solids on
water quality and aquatic biota. Water Res. 42, 2849-2861. https://doi.org/
10.1016/j.watres.2008.03.018.

Blomquist, J., 2021. Effects of structure liming on clay soil. Doctoral thesis 2021:86. Acta
Univ. Agric. Sueciae, 1652-6880. ISBN 978-91-7760-849-3. eISBN 978-91-7760-850-
9). Swedish University of Agricultural Sciences. Uppsala, Sweden.

Boardman, J., Poesen, J., 2006. Soil Erosion in Europe. Wiley, Great Britain, Wiltshire,
p. 855.

Bol, R., Gruau, G., Mellander, P.-E., Dupas, R., Bechmann, M., Skarbgvik, E., Bieroza, M.,
Djodjic, F., Glendell, M., Jordan, P., van der Grift, B., Rode, M., Smolders, E.,
Verbeeck, M., Gu, S., Klumpp, E., Pohle, I, Fresne, M., Gascuel-Odoux, C., 2018.
Challenges of reducing phosphorus based water eutrophication in the agricultural
landscapes of northwest Europe. Front. Mar. Sci. 5 https://doi.org/10.3389/
fmars.2018.00276.

Brandt, M., 1990. Generation, transport and deposition of suspended and dissolved
material-examples from Swedish rivers. Geogr. Ann. Phys. Geogr. 72, 273-283.
https://doi.org/10.1080/04353676.1990.11880323.

Camiolo, S., 2022. Long-term Phosphorus Trends in Swedish Rivers and Streams. Master
thesis. SLU, Uppsala.

Crossman, J., Futter, M.N., Oni, S.K., Whitehead, P.G., Jin, L., Butterfield, D., Baulch, H.
M., Dillon, P.J., 2013. Impacts of climate change on hydrology and water quality:
future proofing management strategies in the Lake Simcoe watershed, Canada.

J. Great Lake. Res. 39 (1), 19-32.

Djodjic, F., Villa, A., 2015. Distributed, high-resolution modelling of critical source areas
for erosion and phosphorus losses. Ambio 44, $241-S251. https://doi.org/10.1007/
513280-014-0618-4.


https://doi.org/10.1016/j.jenvman.2023.119500
https://doi.org/10.1016/j.jenvman.2023.119500
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref1
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref1
https://doi.org/10.1021/es0716103
https://doi.org/10.1021/es0716103
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref3
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref3
https://doi.org/10.2489/jswc.71.1.41
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref5
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref5
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref5
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref5
https://doi.org/10.1016/j.watres.2008.03.018
https://doi.org/10.1016/j.watres.2008.03.018
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref7
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref7
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref7
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref8
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref8
https://doi.org/10.3389/fmars.2018.00276
https://doi.org/10.3389/fmars.2018.00276
https://doi.org/10.1080/04353676.1990.11880323
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref11
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref11
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref12
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref12
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref12
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref12
https://doi.org/10.1007/s13280-014-0618-4
https://doi.org/10.1007/s13280-014-0618-4

S. Sandstrom et al.

Djodjic, F., Elmquist, H., Collentine, D., 2018. Targeting critical source areas for
phosphorus losses: evaluation with soil testing, farmers’ assessment and modelling.
Ambio 47, 45-56. https://doi.org/10.1007/513280-017-0935-5.

Djodjic, F., Geranmayeh, P., Markensten, H., 2020. Optimizing placement of constructed
wetlands at landscape scale in order to reduce phosphorus losses. Ambio 49 (11),
1797-1807. https://doi.org/10.1007/513280-020-01349-1.

Djodjic, F., Bieroza, M., Bergstrom, L., 2021. Land use, geology and soil properties
control nutrient concentrations in headwater streams. Sci. Total Environ. 772, 8.
https://doi.org/10.1016/j.scitotenv.2021.145108.

Djodjic, F., Geranmayeh, P., Collentine, D., Markensten, H., Futter, M., 2022. Cost
effectiveness of nutrient retention in constructed wetlands at a landscape level.

J. Environ. Manag. 324, 116325.

Dupas, R., Minaudo, C., Gruau, G., Ruiz, L., Gascuel-Odoux, C., 2018. Multidecadal
trajectory of riverine nitrogen and phosphorus dynamics in rural catchments. Water
Resour. Res. 54, 5327-5340. https://doi.org/10.1029/2018WR022905.

Dupas, R., Casquin, A., Durand, P., Viaud, V., 2023. Landscape spatial configuration
influences phosphorus but not nitrate concentrations in agricultural headwater
catchments. Hydrol. Process. 37, €14816 https://doi.org/10.1002/hyp.14816.

EkI6f, K., Von Bromssen, C., Amvrosiadi, N., Folster, J., Wallin, M.B., Bishop, K., 2021.
Brownification on hold: what traditional analyses miss in extended surface water
records. Water Res. 203, 117544 https://doi.org/10.1016/j.watres.2021.117544.

Folster, J., Johnson, R.K., Futter, M.N., Wilander, A., 2014. The Swedish monitoring of
surface waters: 50 Years of adaptive monitoring. Ambio 43, 3-18. https://doi.org/
10.1007/513280-014-0558-z.

Geranmayeh, P., Johannesson, K.M., Ulén, B., Tonderski, K.S., 2018. Particle deposition,
resuspension and phosphorus accumulation in small constructed wetlands. Ambio
47, 134-145.

Goyette, J.O., Bennett, E., Maranger, R., 2018. Low buffering capacity and slow recovery
of anthropogenic phosphorus pollution in watersheds. Nat. Geosci. 11, 921-925.
https://doi.org/10.1038/541561-018-0238-x.

Haase, P., Bowler, D.E., Baker, N.J., et al., 2023. The recovery of European freshwater
biodiversity has come to a halt. Nature 620, 582-588. https://doi.org/10.1038
/s41586-023-06400-1.

Haygarth, P., Bilotta, G., Bol, R., Brazier, R., Butler, P., Freer, J., et al., 2006. Processes
affecting transfer of sediment and colloids, with associated phosphorus, from
intensively farmed grasslands: an overview of key issues. Hydrol. Process. 20,
4407-4413. https://doi.org/10.1002/hyp.6598.

Haygarth, P.M., Page, T.J.C., Beven, K.J., Freer, J., Joynes, A., Butler, P., Owens, P.N.,
2012. Scaling up the phosphorus signal from soil hillslopes to headwater catchments.
Freshw. Biol. 57, 7-25.

Helsel, D.R., Frans, L.M., 2006. Regional Kendall test for trend. Environ. Sci. Technol. 40
(13), 4066-4073.

Hoffmann, C.C., Kjaergaard, C., Uusi-Kamppa, J., Hansen, H.C.B., Kronvang, B., 2009.
Phosphorus retention in riparian buffers: review of their efficiency. J. Environ. Qual.
38 (5), 1942-1955. https://doi.org/10.2134/jeq2008.0087.

Huser, B.J., Futter, M.N., Wang, R., Folster, J., 2018. Persistent and widespread long-
term phosphorus declines in boreal lakes in Sweden. Sci. Total Environ. 613,
240-249. https://doi.org/10.1016/j.scitotenv.2017.09.067.

Kronvang, B., Laubel, A., Larsen, S.E., Friberg, N., 2003. Pesticides and heavy metals in
Danish streambed sediment. Hydrobiologia 494, 93-101. https://doi.org/10.1023/
a:1025441610434.

Kronvang, B., Rubzk, G.H., Heckrath, G., 2009. International phosphorus workshop:
diffuse phosphorus loss to surface water bodies—risk assessment, mitigation options,
and ecological effects in river basins. J. Environ. Qual. 38 (5), 1924-1929. https://
doi.org/10.2134/jeq2009.0051.

Kyllmar, K., Bechmann, M., Deelstra, J., lital, A., Blicher-Mathiesen, G., Jansons, V.,
Koskiaho, J., Povilaitis, A., 2014. Long-term monitoring of nutrient losses from
agricultural catchments in the Nordic-Baltic region — a discussion of methods,
uncertainties and future needs. Agric. Ecosyst. Environ. 198, 4-12. https://doi.org/
10.1016/j.agee.2014.07.005.

Kynkéanniemi, P., 2014. Small Wetlands Designed for Phosphorus Retention in Swedish
Agricultural Areas. PhD thesis. Swedish University of Agricultural Sciences, Uppsala.
Doctoral thesis No. 2014:70.).

Land, M., Granéli, W., Grimvall, A., Hoffmann, C.C., Mitsch, W.J., Tonderski, K.S.,
Verhoeven, J.T., 2016. How effective are created or restored freshwater wetlands for
nitrogen and phosphorus removal? A systematic review. Environ. Evid. 5, 1-26.
https://doi.org/10.1186/513750-016-0060-0.

Lannergérd, E.E., Agstam-Norlin, O., Huser, B.J., Sandstroém, S., Rakovic, J., Futter, M.N.,
2020. New insights into legacy phosphorus from fractionation of streambed
sediment. J. Geophys. Res.: Biogeosciences 125 (9), €2020JG005763. https://doi.
org/10.1029/2020JG005763.

Linefur, H., Norberg, L., Kyllmar, K., Andersson, S., Blomberg, M., 2019.
Viéxtnaringsforluster I Smé Jordbruksdominerade Avrinningsomrdden 2017,/2018.
Ekohydrologi, Uppsala, 2019.

Marchetto, A., 2021. rkt: Mann-Kendall Test, Seasonal and Regional Kendall Tests_. R
package version 1.6. https://CRAN.R-project.org/package=rkt.

Meals, D.W., Dressing, S.A., Davenport, T.E., 2010. Lag time in water quality response to
best management practices: a review. J. Environ. Qual. 39 (1), 85-96. https://doi.
org/10.2134/jeq2009.0108.

Miljodata, Mvm, 2022. Start. https://miljodata.slu.se/MVM/. (Accessed 23 August
2022).

Milliman, J.D., Syvitski, J.P., 1992. Geomorphic/tectonic control of sediment discharge
to the ocean: the importance of small mountainous rivers. J. Geol. 100, 525-544.
https://doi.org/10.1086,/629606.

Journal of Environmental Management 349 (2024) 119500

Persson, G., 2001. Phosphorus in tributaries to Lake Malaren, Sweden: analytical
fractions, anthropogenic contribution and bioavailability. AMBIO A J. Hum.
Environ. 30, 486-496. https://doi.org/10.1579/0044-7447-30.8.486.

Persson, G., Olsson, H., Willén, E., 1990. Mélaren’s Water Quality during 20 Years - 1.
Nutrients: Input, Lake Concentrations and Phytoplankton. Swedish Environmental
Protection Agency Report 3759, Uppsala, Sweden (In Swedish).

Piniewski, M., Tattari, S., Koskiaho, J., Olsson, O., Djodjic, F., Gietczewski, M.,
Marcinkowski, P., Ksiezniak, M., Okruszko, T., 2021. How effective are river basin
management plans in reaching the nutrient load reduction targets? Ambio 50,
706-722. https://doi.org/10.1007/513280-020-01393-x.

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Raike, A., Taskinen, A., Knuuttila, S., 2020. Nutrient export from Finnish rivers into the
Baltic Sea has not decreased despite water protection measures. Ambio 49, 460-474.
https://doi.org/10.1007/s13280-019-01217-7.

Sandstrom, S., Futter, M.N., Kyllmar, K., Bishop, K., O’Connell, D.W., Djodjic, F., 2020.
Particulate phosphorus and suspended solids losses from small agricultural
catchments: links to stream and catchment characteristics. Sci. Total Environ. 711,
134616 https://doi.org/10.1016/j.scitotenv.2019.134616.

Sandstroém, S., Futter, M.N., O’Connell, D.W., Lannergérd, E.E., Rakovic, J., Kyllmar, K.,
Djodjic, F., 2021. Variability in fluvial suspended and streambed sediment
phosphorus fractions among small agricultural streams. J. Environ. Qual. 50 (3),
612-626.

Saunders, D., Kalff, J., 2001. Nitrogen retention in wetlands, lakes and rivers.
Hydrobiologia 443, 205-212. https://doi.org/10.1023/A:1017506914063.

SCB, 2021. Kvave- och fosforbalanser for jordbruksmark 2019. MI 40 SM 2101. (In
Swedish).

SCB, 2022. Statistics Sweden. Statistical database. Agriculture, forestry and fishery,
Production of cereals, dried pulses and oilseeds, Yield per hectar and total
production in regions/country for different crops. Yearly data 2000 - 2021. Accessed
June 2022. Retrieved from https://www.statistikdatabasen.scb.se/pxweb/en/ssd
/START_JO_JO0601/SkordarL2/.

Sharpley, A.N., Kleinman, P.J.A., Jordan, P., Bergstrom, L., Allen, A.L., 2009. Evaluating
the success of phosphorus management from field to watershed. J. Environ. Qual. 38
(5), 1981-1988. hitps://doi.org/10.2134/jeq2008.0056.

Sharpley, A., Jarvie, H.P., Buda, A., May, L., Spears, B., Kleinman, P., 2013. Phosphorus
legacy: overcoming the effects of past management practices to mitigate future water
quality impairment. J. Environ. Qual. 42 (5), 1308-1326. https://doi.org/10.2134/
jeq2013.03.0098.

Smith, Val H., Schindler, David W., 2009. Eutrophication science: where do we go from
here? Trends Ecol. Evol. 24 (4), 201-207.

Sonesten, L., Wallman, K., Axenrot, T., Beier, U., Drakare, S., Ecke, F., Goedkoop, W.,
Grandin, U., Kohler, S., Segersten, J., 2013. Malaren Tillstdndsutvecklingen 1965-
2011 [Internet]. Uppsala: Sveriges lantbruksuniversitet, Institutionen for vatten och
milj6, Sveriges lantbruksuniversitet. http://urn.kb.se/resolve?urn=urn:nbn:se:slu:
epsilon-e-2142. (Accessed 17 June 2022).

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, 1., Bennett, E.M.,
Biggs, R., Carpenter, S.R., De Vries, W., De Wit, C.A., 2015. Planetary boundaries:
guiding human development on a changing planet. Science 347, 1259855. https://
doi.org/10.1126/science.1259855.

Stutter, M.I., Chardon, W.J., Kronvang, B., 2012. Riparian buffer strips as a
multifunctional management tool in agricultural landscapes: introduction.

J. Environ. Qual. 41 (2), 297-303.

Swedish Agency for Marine and Water Management, 2021. Redovisning Av
Regeringsuppdrag Pilotomraden Mot Overgodning. Retrieved from. https://www.ha
vochvatten.se/download/18.1b25360d17e614471a025ad2/1642516497685/missi
v-redovisning-regeringsuppdrag-pilotomraden-overgodning.pdf.

Swedish Board of Agriculture, 2019. Actions against Plant Nutrient Losses from
Agriculture. Swedish Board of Agriculture. OVR125GB,. Jonkoping.

Swedish Hydrological and Meteorological Institute, 2022b. Anlagda vatmarker. https://
vattenwebb.smhi.se/wetlands/. (Accessed 2 July 2022).

Swedish Hydrological and Meteorological Institute, SMHI, 2022a. Meteorol.
Nederbordsméngd. https://www.smhi.se/data/meteorologi/ladda-ner-mete
orologiska-observationer/#param=precipitation24HourSum,stations=all. (Accessed
2 July 2022).

Swedish Institute for Marine Environment, 2022. Reflektioner Och Forslag Fran Motet
Om Uppféljning Av Effekter Av Atgérder, 4 Maj 2022. Goteborg.

Tomeszyk, N., Naslund, L., Cummins, C., Bell, E.V., Bumpers, P., Rosemond, A.D., 2023.
Nonpoint source pollution measures in the Clean Water Act have no detectable
impact on decadal trends in nutrient concentrations in U.S. inland waters. Ambio 52,
1475-1487. https://doi.org/10.1007/513280-023-01869-6.

Ulén, B., Alex, G., Kreuger, J., Svanbéck, A., Etana, A., 2012. Particulate-facilitated
leaching of glyphosate and phosphorus from a marine clay soil via tile drains. Acta
Agric. Scand. Sect. B Soil Plant Sci 62, 241-251. https://doi.org/10.1080/
09064710.2012.697572.

Uusi-Kamppd, J., Braskerud, B., Jansson, H., Syversen, N., Uusitalo, R., 2000. Buffer
zones and constructed wetlands as filters for agricultural phosphorus. J. Environ.
Qual. 29, 151-158. https://doi.org/10.2134/jeq2000.00472425002900010019x.

van Meter, K.J., Basu, N.B., 2017. Time lags in watershed-scale nutrient transport: an
exploration of dominant controls. Environ. Res. Lett. 12 (8), 084017 https://doi.org/
10.1088/1748-9326/aa7bf4.

Van Meter, K.J., Van Cappellen, P., Basu, N.B., 2018. Legacy nitrogen may prevent
achievement of water quality goals in the Gulf of Mexico. Science 360, 427-430.
https://doi.org/10.1126/science.aar4462.


https://doi.org/10.1007/s13280-017-0935-5
https://doi.org/10.1007/s13280-020-01349-1
https://doi.org/10.1016/j.scitotenv.2021.145108
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref17
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref17
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref17
https://doi.org/10.1029/2018WR022905
https://doi.org/10.1002/hyp.14816
https://doi.org/10.1016/j.watres.2021.117544
https://doi.org/10.1007/s13280-014-0558-z
https://doi.org/10.1007/s13280-014-0558-z
http://refhub.elsevier.com/S0301-4797(23)02288-0/opt4hOOJVUMHr
http://refhub.elsevier.com/S0301-4797(23)02288-0/opt4hOOJVUMHr
http://refhub.elsevier.com/S0301-4797(23)02288-0/opt4hOOJVUMHr
https://doi.org/10.1038/s41561-018-0238-x
https://doi.org/10.1038/s41586-023-06400-1
https://doi.org/10.1038/s41586-023-06400-1
https://doi.org/10.1002/hyp.6598
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref24
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref24
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref24
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref25
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref25
https://doi.org/10.2134/jeq2008.0087
https://doi.org/10.1016/j.scitotenv.2017.09.067
https://doi.org/10.1023/a:1025441610434
https://doi.org/10.1023/a:1025441610434
https://doi.org/10.2134/jeq2009.0051
https://doi.org/10.2134/jeq2009.0051
https://doi.org/10.1016/j.agee.2014.07.005
https://doi.org/10.1016/j.agee.2014.07.005
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref31
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref31
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref31
https://doi.org/10.1186/s13750-016-0060-0
https://doi.org/10.1029/2020JG005763
https://doi.org/10.1029/2020JG005763
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref34
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref34
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref34
https://CRAN.R-project.org/package=rkt
https://doi.org/10.2134/jeq2009.0108
https://doi.org/10.2134/jeq2009.0108
https://miljodata.slu.se/MVM/
https://doi.org/10.1086/629606
https://doi.org/10.1579/0044-7447-30.8.486
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref40
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref40
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref40
https://doi.org/10.1007/s13280-020-01393-x
https://www.R-project.org/
https://doi.org/10.1007/s13280-019-01217-7
https://doi.org/10.1016/j.scitotenv.2019.134616
http://refhub.elsevier.com/S0301-4797(23)02288-0/optwBq0XpxaIO
http://refhub.elsevier.com/S0301-4797(23)02288-0/optwBq0XpxaIO
http://refhub.elsevier.com/S0301-4797(23)02288-0/optwBq0XpxaIO
http://refhub.elsevier.com/S0301-4797(23)02288-0/optwBq0XpxaIO
https://doi.org/10.1023/A:1017506914063
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref46
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref46
https://www.statistikdatabasen.scb.se/pxweb/en/ssd/START__JO__JO0601/SkordarL2/
https://www.statistikdatabasen.scb.se/pxweb/en/ssd/START__JO__JO0601/SkordarL2/
https://doi.org/10.2134/jeq2008.0056
https://doi.org/10.2134/jeq2013.03.0098
https://doi.org/10.2134/jeq2013.03.0098
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref50
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref50
http://urn.kb.se/resolve?urn=urn:nbn:se:slu:epsilon-e-2142
http://urn.kb.se/resolve?urn=urn:nbn:se:slu:epsilon-e-2142
https://doi.org/10.1126/science.1259855
https://doi.org/10.1126/science.1259855
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref54
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref54
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref54
https://www.havochvatten.se/download/18.1b25360d17e614471a025ad2/1642516497685/missiv-redovisning-regeringsuppdrag-pilotomraden-overgodning.pdf
https://www.havochvatten.se/download/18.1b25360d17e614471a025ad2/1642516497685/missiv-redovisning-regeringsuppdrag-pilotomraden-overgodning.pdf
https://www.havochvatten.se/download/18.1b25360d17e614471a025ad2/1642516497685/missiv-redovisning-regeringsuppdrag-pilotomraden-overgodning.pdf
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref56
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref56
https://vattenwebb.smhi.se/wetlands/
https://vattenwebb.smhi.se/wetlands/
https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=precipitation24HourSum,stations=all
https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=precipitation24HourSum,stations=all
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref60
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref60
https://doi.org/10.1007/s13280-023-01869-6
https://doi.org/10.1080/09064710.2012.697572
https://doi.org/10.1080/09064710.2012.697572
https://doi.org/10.2134/jeq2000.00472425002900010019x
https://doi.org/10.1088/1748-9326/aa7bf4
https://doi.org/10.1088/1748-9326/aa7bf4
https://doi.org/10.1126/science.aar4462

S. Sandstrom et al.

vattenvardsforbund, Malarens, 2021. Overgripande Riskanalys Av Milaren Som
Révattentdkt Och Ekosystem (2021:5) Digital. https://media.malaren.org/2021
/12/Riskanalys-Malaren-2021.pdf (In Swedish).

von Bromssen, C., Betnér, S., Folster, J., EkIof, K., 2021. A toolbox for visualizing trends
in large-scale environmental data. Environ. Model. Software 136, 104949. https://
doi.org/10.1016/j.envsoft.2020.104949.

Weisner, S.E., Johannesson, K., Thiere, G., Svengren, H., Ehde, P.M., Tonderski, K.S.,
2016. National large-scale wetland creation in agricultural areas—potential versus
realized effects on nutrient transports. Water 8 (11), 544.

10

1 M

Journal of Enviro 349 (2024) 119500

Wellen, C., Van Cappellen, P., Gospodyn, L., Thomas, J.L., Mohamed, M.N., 2020. An
analysis of the sample size requirements for acceptable statistical power in water
quality monitoring for improvement detection. Ecol. Indicat. 118, 106684.

WISS- Water information systems Sweden 2022 [accessed 2022 June 17]. http://viss.
lansstyrelsen.se.

Withers, P., Jarvie, H., 2008. Delivery and cycling of phosphorus in rivers: a review. Sci.
Total Environ. 400, 379-395. https://doi.org/10.1016/j.scitotenv.2008.08.002.

Woodward, J., Foster, 1., 1997. Erosion and Suspended Sediment Transfer in River
Catchments: Environmental Controls, Processes and Problems. Geography,
pp. 353-376.


https://media.malaren.org/2021/12/Riskanalys-Malaren-2021.pdf
https://media.malaren.org/2021/12/Riskanalys-Malaren-2021.pdf
https://doi.org/10.1016/j.envsoft.2020.104949
https://doi.org/10.1016/j.envsoft.2020.104949
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref68
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref68
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref68
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref69
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref69
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref69
http://viss.lansstyrelsen.se
http://viss.lansstyrelsen.se
https://doi.org/10.1016/j.scitotenv.2008.08.002
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref72
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref72
http://refhub.elsevier.com/S0301-4797(23)02288-0/sref72

	Water quality in a large complex catchment: Significant effects of land use and soil type but limited ability to detect trends
	1 Introduction
	2 Methods
	2.1 Catchment properties
	2.1.1 Water chemistry, discharge and catchment data

	2.2 Data handling
	2.3 Statistical and trend analysis
	2.4 Summary of mitigation measures to reduce diffuse losses from agriculture

	3 Results & discussion
	3.1 Water quality relations and catchment characteristics – transferability from headwaters to larger catchments
	3.2 Water quality trends
	3.2.1 Phosphorus and suspended solids
	3.2.2 Nitrogen
	3.2.3 Total organic carbon (TOC)

	3.3 Mitigation measures

	4 Conclusions
	CRediT author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


