
Science of the Total Environment 772 (2021) 145108

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Land use, geology and soil properties control nutrient concentrations in
headwater streams
Faruk Djodjic a,⁎, Magdalena Bieroza b, Lars Bergström b

a Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences, P.O. Box 7050, SE 75007 Uppsala, Sweden
b Department of Soil and Environment, Swedish University of Agricultural Sciences, P.O. Box 7014, SE 75007 Uppsala, Sweden
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Land use, soil properties and catchment
geology were drivers of nutrient loss.

• Proportion of arable land mainly drove
nutrient losses in 235 headwater catch-
ments.

• Forest and wetlands in catchments re-
duced nutrient losses.

• Arable soil properties influenced losses
of different nutrient fractions.

• Catchment geology affected soil proper-
ties and thus nutrient losses.
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Nutrient losses from headwater catchments (<50 km2) cause eutrophication problems downstream. Catchment
properties are strongly reflected in the levels of nutrient concentrations in headwater streams. Based on mea-
surements of total and dissolved nitrogen (TN, DN) and phosphorus (TP, DP) in 235 small headwater streams,
we showed that proportion of arable land in a catchment had the strongest positive effect on nutrient concentra-
tions, with coefficient of determination (R2) of 0.54, 0.64, 0.45, and 0.51 for TN, DN, TP, and DP, respectively. In
contrast, increased proportion of forest andwetland led to lower nutrient concentrations in streams. The geolog-
ical composition of catchments had a major influence on the soil properties. In turn, certain soil properties, such
as clay content and content of aluminum (Al), an important binding agent of P, influenced losses of particulate P
(PP) and DP, respectively. Consequently, by using soil properties as a link between geology and water quality,
areas potentially sensitive to nutrient losses were identified by classifying bedrock categories into three geolog-
ical groups. Approximately 25% of Swedish arable land was identified as potentially sensitive. Sensitive catch-
ments were found in regions with sedimentary bedrock and showed higher concentrations of dissolved
nutrient fractions even when the proportion of agricultural land was small, indicating higher background
concentrations.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nitrogen (N) and phosphorus (P) cycles have been identified as im-
portant Earth system processes and exceeding their boundaries could
r B.V. This is an open access article
generate unacceptable environmental changes (Rockstrom et al.,
2009). Eutrophication, accelerated by human activities resulting in an
increase in N and P losses to water recipients, is the leading cause of im-
pairment of many freshwater and coastal ecosystems world-wide
(Chislock et al., 2013). These human activities include intensification
of agriculture and continuous urbanization (Foley et al., 2005). There
are many factors influencing the nutrient concentrations and fluxes in
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Fig. 1.Map of the southern half of Sweden, showing study catchments and crop yield dis-
trict borders. The background map shows Köppen-Geiger climate zones (Cfb, warm tem-
perate, fully humid,warmsummer; Dfb, snow, fully humid,warmsummer; andDfc, snow,
fully humid, cool summer) produced using the downscaling algorithms described by
Rubel et al. (2017).
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aquatic ecosystems. The upstream changes in land use and land cover
distribution in general and the proportion of agricultural land in partic-
ular, are generally assumed to govern the changes in downstreamnutri-
ent concentrations (Mitchell et al., 2009;Wilson, 2015; Ide et al., 2019).
However, the research studies so far related nutrient concentrations
and loads mostly to the quantities (distribution of land use categories
including agricultural land) and rarely to the quality of agricultural
land (Beaulac and Reckhow, 1982; Tong and Chen, 2002; Tu and Xia,
2008; Soranno et al., 2015). For example, the soil texture of agricultural
land influences nutrient losses. Kyllmar et al. (2014) found that N
leaching was greater from small catchments dominated by sandy soils,
whereas the opposite was true for P, for which higher losses were re-
corded in catchments dominated by clay soils. Sandström et al. (2020)
showed that the clay content and proportion of agricultural land were
significantly and positively correlated with transport of suspended sed-
iment (SS), which in turn led to higher losses of particulate P (PP), but
such relationshipwasnot found for dissolved P (DP). Soil nutrient status
may also influence nutrient losses, as shown in laboratory studies and at
field plot level (Heckrath et al., 1995; Hooda et al., 2000; Djodjic and
Mattsson, 2013). Another soil property that is important for P losses is
P sorption capacity (PSC), often measured as the content of iron (Fe)
and aluminum (Al) in the soil (Börling et al., 2004). Soil properties are
closely connected with the parent geology at the site. For instance,
Dillon and Kirchner (1975) found significant differences in export of
total P from igneous catchments with forest and pasture compared
with sedimentary catchments with similar land uses. Additionally,
large agricultural N and P surpluses are often recorded in areas with
high livestock density (Svanbäck et al., 2019), leading to increased river-
ine nutrient fluxes. In contrast, forest andwetlands are reported to have
a positive effect on water quality, indicated by lower nutrient concen-
trations in streams draining catchments with higher proportion of for-
est and wetlands (Beaulac and Reckhow, 1982; Xiong and Hoyer,
2019). However, intensified harvesting in combinationwith other forest
management practices could have large ecological consequences for
both terrestrial and aquatic ecosystems (Laudon et al., 2011). Logging
in combination with following soil preparation may lead to increased
nutrient availability and leaching to receiving waters (Kreutzweiser
et al., 2008; Pohjanmies et al., 2017). Further, the long-range transport
and acid atmospheric deposition of nitrogen oxides and ammonia
(and their reaction products) may act as fertilizers and cause eutrophi-
cation in many terrestrial, freshwater and marine ecosystems (Rodhe
et al., 1995; Bergström and Jansson, 2006). However, recent evaluation
of long-term changes (1990–2015) in the atmospheric deposition and
runoff water chemistry shows predominantly decreasing trends in
NO3 concentrations in both deposition and runoff (Vuorenmaa et al.,
2018).

According to Bol et al. (2018), research efforts should be focused on
headwater catchments (<50 km2), as they have a key influence on the
initial chemistry of large river catchments, where many management
interventions are most effectively implemented. Large variation in nu-
trient concentrations and fluxes between headwater catchments has
been observed, illustrating higher resilience and lower vulnerability of
some catchments (Bol et al., 2018). Although previous studies have re-
vealed some of the relationships between land use, geology, and nutri-
ent concentrations and fluxes, comprehensive studies involving large
numbers of headwater catchments and different nutrient fractions are
needed to disentangle the governing factors behind nutrient transport
from terrestrial to aquatic systems.

In this study, we compiled a database on 235 headwater catchments
smaller than 50 km2 across the southern half of Sweden, to explore the
effects of land use distribution, animal density, geology, and soil proper-
ties on long-term measured concentrations of total P (TP), DP, total N
(TN), and the sum of oxidized N (DN). We also examined correlations
between geological data and selected soil properties influencing water
quality. The main objectives were to: (i) identify the most influential
factors governing concentrations of dissolved fractions and total
2

concentrations of N and P; and to (ii) identify areas in the Swedish land-
scape that might be less resilient and more sensitive to nutrient losses.

2. Material and methods

2.1. Selection of headwater catchments and their characteristics

In total, 235 small catchments were selected (Fig. 1). The main
criteria for selection of sites were catchment size (less than 50 km2)
and a minimum number (12) of recorded water sample analyses with
results for DP, TP, DN, and TN for the period 2000–2019. The composi-
tion of the streamwater reflects the discharge regimes and the water's
pathways through the catchment in various ways (Grip and Rodhe,
2019). Although the minimum number of water samples for inclusion
in this data set was set to 12, most of the included streams had higher
number of water samples covering different flow regimes, please see
the Results section and Fig. 2.

The study was also limited to the southern half of Sweden (below
62°10′N), for which data on soil properties of arable land are available
(see Section 2.2). The three main sources of water quality data were
the database at the Department of Aquatic Sciences and Assessment,
SLU (n = 196), the water quality monitoring program on agricultural
fields and catchments at the Department of Soil and Environment, SLU



Fig. 2. Distribution of number of water samples per study catchment and of catchments
based on their area.
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(n= 33) and the water recipient control program at Borgholm munic-
ipality (n = 6) on the Swedish island of Öland. Catchment delineation
was performed based on the 10-m Digital Elevation Model (DEM) and
hydrography network data upstream each station for water quality
measurements. The majority (216) of stations was non-nested but 19
of the catchments did have an upstream nested measurement station.
For each headwater catchment, land use distribution was calculated
based on a 10-m grid from national land cover data (Swedish
Environmental Protection Agency, 2019). The distribution of geological
features was based on the bedrock map of Sweden produced by the
Geological Survey of Sweden (SGU, 2016). Based on the digital soil
map of Swedish arable topsoils (Söderström and Piikki, 2016), median
clay content was calculated for each catchment. Climate differences be-
tween selected catchments were considered by accounting for the im-
pact of temperature and precipitation. Mean annual precipitation and
temperature for each catchment were calculated from monthly data,
based on a 4 km × 4 km precipitation and temperature grid provided
by the SwedishMeteorological and Hydrological Institute for the period
1961–1990.

2.2. Soil properties of arable land

Data on soil properties were taken from a comprehensive inventory
of topsoil characteristics of Swedish arable land (Djodjic, 2015; Paulsson
et al., 2015). This soil monitoring program was performed in 2013 by
the Swedish Board of Agriculture, in order to create a better map of
Swedish arable soils. It included 12,554 topsoil samples distributed all
over southern Sweden, enabling site identification for specific agricul-
tural measures. The following soil analyses were performed: particle
size distribution was determined according to ISO 11277 (ISO 11277,
2009); soil pH was determined on dry soil samplesmixed with distilled
water at a ratio (w/v) of 1:5; and soil organicmatter content (SOM)was
determined by weight loss on ignition. This arbitrary selection of
methods was chosen to keep costs at a minimum, considering that
many thousands of soil samples were analyzed. A subset of samples
was also analyzed by dry combustion with a Leco Tru-Mac analyzer
(LECO, St. Joseph, MI) for comparison and to correct for clay content in
loss of ignition values. Following extraction with ammonium acetate
lactate (AL) according to Egnér et al. (1960), concentrations of phospho-
rus (P-AL), potassium (K-AL), magnesium (Mg-AL), calcium (Ca-AL),
iron (Fe-AL), and aluminum (Al-AL) were analyzed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES),. Phosphorus
sorption capacity (PSC-AL) was calculated as the sum of Al-AL and Fe-
3

AL on a molar basis. Degree of P saturation (DPS) was then calculated
as the ratio between P-AL and PSC-AL (Ulén, 2006). Despite the large
number of soil samples in the survey, the data density with approxi-
mately one sample per 200 ha arable land (Djodjic, 2015) was still too
low to give a sufficient number of samples per small headwater catch-
ment. Therefore, the average values obtained for different soil proper-
ties were calculated for larger crop yield districts (Fig. 1). Yield
statistics were introduced in Sweden in 1961, and by 1989 there were
106 crop yield survey districts (SCB, 2016). In this study, 88 yield survey
districts with available soil inventory data were selected. Kirchmann
et al. (2020) used data on soil properties for yield districts to study
correlations with standard crop yields (SCB, 2016) derived from a re-
gression model providing yield trends for each crop over 15 years
(2000–2015). Due to the lack of specific data on soil properties for
each small headwater catchment, the average values of soil properties
for each yield districtwere assumed to be representative for all headwa-
ter catchments within a given yield district.

2.3. Water quality data

The Department of Aquatic Sciences and Assessment (SLU) is a data
host for a number of environmental water quality monitoring programs
(Fölster et al., 2014). In this study, all water courses with catchment area
smaller than 50 km2 were identified and extracted from the database.
The data originated from 13 different subprograms within the Freshwa-
ter program. Thereafter, all objects with at least 12 recorded measure-
ments of nutrient variables (TP, DP, TN, and DN) in the period
2000–2019were chosen for further analyses. Thesewere complemented
with corresponding data on nutrient concentrations from the “Agricul-
tural Monitoring Programme” (Kyllmar et al., 2014), which consists of
21 small catchments dominated by agriculture, together with data
from 12 arable fields from the monitoring program “Observation fields
on arable land” (Djodjic and Bergström, 2005; Linefur et al., 2017). Fi-
nally, data from six small catchments included in the water recipient
control program in Borgholm municipality on the island of Öland were
also added to the dataset.

Water samples were analyzed at a water laboratory certified by the
Swedish Board for Accreditation andConformityAssessment (SWEDAC),
following Swedish StandardMethods. Total Pwas analyzed on unfiltered
samples after digestion in acid persulfate solution, while DP was mea-
sured after filtration with a 0.2-μm pore diameter filter (Scheleicher
and Schüll GmbH, Dassel, Germany). Particulate P (PP) was calculated
as the difference between TP and DP. For analyses of TN, water samples
were treated with hydrochloric acid. The N content was measured
through chemoluminescence after catalytic oxidation into nitrogen
oxides.

2.4. Statistical analyses

All variables were tested for normality and, if non-normal distribu-
tion was shown, they were log10-transformed prior to further analyses.
For each catchment, median values of nutrient concentrations (DP, TP,
PP, DN, TN) were calculated. Principal component analysis (PCA) (JMP
13.0.0, SAS Institute, Cary, NC) was performed to identify possible clus-
tering. To reduce the total number of variables, the bedrock categories
were based on their origin grouped into sedimentary, igneous, and
metamorphic, and the distribution of these bedrock categories for
each catchment was included in the PCA. Thereafter, linear regression
fit was calculated between water nutrient concentrations and catch-
ment characteristics. The R2-values of the linear fit and corresponding
p-values were calculated to study the percentage of dependent vari-
ables, i.e., nutrient concentrations, explained by independent variables,
i.e., catchment characteristics. Thereafter,multiple linear regressionwas
performed to explore the degree to which different combinations of
variables explained the variance in the water quality variables studied.



Table 1
Coefficient of determination (R2) of linear fit between water quality pa-
rameters (columns) and different catchment properties (rows).

DP PP TP DN TN

Area 0.04** 0.01* 0.03** 0.02* 0

Precipita�on 0.23*** 0.17*** 0.23*** 0.08*** 0.17***

Temperature 0.25*** 0.17*** 0.25*** 0.39*** 0.21***

pH 0.29*** 0.06*** 0.18*** 0.38*** 0.33***

Organic ma�er 0.16*** 0.08*** 0.12*** 0.11*** 0.11***

P-AL 0.18*** 0.08*** 0.14*** 0.45*** 0.31***
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Only statistically significant variables (p < 0.05) were included in the
multiple linear regressions for each water quality parameter.

To explore the correlations between parent geology and soil proper-
ties, each soil sample from the soil survey data was spatially connected
to the bedrock map of Sweden and the corresponding geological cate-
gory was identified. Based on soil properties, bedrock categories were
clustered into three geological groups with comparable values of soil
properties. Analysis of variance (ANOVA) was performed to test for sta-
tistically significant differences between the groups and Tukey-Kramer
Honestly Significant Difference (HSD) test to performmultiple compar-
isons of group means. Thereafter, the distribution of the new geological
groups within each of the study catchments was calculated in Arc GIS.
Based on this, all catchments were divided into two groups, sensitive
and non-sensitive. To study possible differences in water nutrient con-
centrations between catchments with sensitive and non-sensitive geo-
logical groups, two different statistical analyses were performed. First,
ANOVA was performed to study the differences in means. Second,
since proportion of agricultural land had a strong impact on nutrient
concentrations, interaction effects of geological group on the intercepts
and slopes of the linear regressions for proportion of arable land and
water nutrient fractions were also analyzed.

3. Results

The population of 235 catchments was not normally distributed
with regard to catchment size or number of existingwater sample anal-
yses per catchment (Fig. 2). Themean catchment sizewas 14.9 km2 and
the median size 10.4 km2, indicating a skewed distribution towards
smaller catchments.

The mean number of available water analyses per catchment was
134, whereas the median was 91, once again indicating large numbers
of catchments with fewer available water analyses. However, the corre-
lation between catchment size and number of samples per catchment
was slightly negative but rather weak (R2 = 0.016, p < 0.05).

The PCA results (Fig. 3) showed that all water quality parameters
were positively correlated with the proportion of arable land in the
Fig. 3. Principal component analysis (PCA) plot of correlations between water quality
parameters (blue), bedrock distribution (green), land use distribution (yellow) and soil
properties (brown), as well as temperature, precipitation, catchment area, and animal
density (livestock units per hectare arable land (LSU/ha)).
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catchment and, to a smaller degree, the proportion of open land. All
water quality parameters were negatively correlated with the propor-
tions of other land use categories (forest, wetland and water). As for
the soil properties, different P fractions were negatively correlated
with both PSC and Al-AL. Interestingly, soil pH, Ca-AL, and even content
of P-AL in soil and DPS had a more strongly positive correlation to TN
and DN than to P fractions inwater samples. The correlationswith geol-
ogywere generallyweak or non-significant, with only the total percent-
age of sedimentary rock in the catchment being placed close to the
cluster of water quality parameters. However, the proportion of sedi-
mentary bedrock in the catchment was correlatedwith a number of im-
portant soil properties, with a positive correlation with P-AL, DPS, and
pH and a negative correlation with Al-AL and PSC.

The results of the bivariate linear regression analysis are presented
in Table 1. These results were in linewith the results of the PCA. Propor-
tion of arable land was the strongest explanatory variable for all water
quality parameters, but many other catchment properties were highly
significantly correlated with water chemistry.

Calculation ofmultiple regression equations revealed other variables
that could be combinedwith proportion of arable land to further explain
K-AL 0.25*** 0.28*** 0.28*** 0.14*** 0.17***

Mg-AL 0.13*** 0.13*** 0.15*** 0.02* 0.04**

Ca-AL 0.34*** 0.12*** 0.26*** 0.32*** 0.29***

Al-AL 0.33*** 0.11*** 0.24*** 0.21*** 0.21***

Fe-AL 0.001 0.07*** 0.02* 0 0

DPS-AL 0.31*** 0.09*** 0.22*** 0.46*** 0.39***

PSC-AL 0.24*** 0.04** 0.15*** 0.17*** 0.15***

Livestock density 0.09*** 0.07*** 0.08*** 0.16* 0

Wetland 0.33*** 0.14*** 0.24*** 0.42*** 0.30***

Open 0.18*** 0.15*** 0.20*** 0.14*** 0.04**

Water 0.16*** 0.07*** 0.12*** 0.15*** 0.16***

Forest 0.28*** 0.14*** 0.21*** 0.44*** 0.46***

Arable 0.51*** 0.32*** 0.45*** 0.64*** 0.54***

Clay content 0.12*** 0.24*** 0.19*** 0 0.03*

Sedimentary 0.03* 0 0 0.12** 0.05

Metamorphic 0.01 0 0 0 0

Igneous 0 0 0 0.01 0

Level of significance: *p < 0.05; **p < 0.01 and ***p < 0.001. Grey back-
ground indicates negative correlation. DP = dissolved phosphorus,
PP= particulate P, TP= total P, DN= dissolved nitrogen, TN= total N.



Table 3
Number (n) of soil samples and mean values of soil parameters in geological groups 1, 2,
and 3. Values within rows followed by different letters (A-C) are significantly different
(p < 0.05) according to Tukey-Kramer HSD test.

Geological group

1 2 3

n 3449 557 8590
pH 7.0 A 6.2 B 6.2 B
Organic material 0.61 B 0.63 B 0.68 A
Clay content 1.12 C 1.47 A 1.25 B
P-AL 1.94 A 1.67 C 1.71 B
K-AL 2.02 B 2.17 A 2.03 B
Mg-AL 2.00 C 2.24 A 2.09 B
Ca-AL 3.49 A 3.25 B 3.17 C
Al-AL 2.29 C 2.51 B 2.56 A
Fe-AL 2.50 B 2.65 A 2.64 A
DPS-AL 1.31 A 0.85 B 0.86 B
PSC-AL 1.13 C 1.33 B 1.36 A
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the variance in concentrations of different nutrient fractions between
catchments. The highest coefficient of determination (R2) was recorded
for DN (0.77) with four explanatory variables (Table 2). The lowest R2

value was recorded for PP (0.41), based on only two statistically signif-
icant explanatory variables, proportion of arable land and clay content.
Two different multiple regression equations were obtained for DP
(Table 2). In thefirst of these, as for all other variables, only variables de-
scribing catchment properties were included, resulting in R2 = 0.59. In
the second equation, PP concentrationwas included as an additional ex-
planatory variable for DP, increasing the R2 value to 0.76 (Table 2).

Evaluation of soil properties per bedrock category revealed somedif-
ferences in important soil properties between different geological for-
mations (Table S1). In general, most, but not all, sedimentary bedrock
categories showed higher pH and P-AL values, and lower Al-AL values.
These areas were classified in geological group 1. However, some of
the sedimentary bedrock categories (e.g., wacke, quartz arenite, arenite,
kaolin) with very low or very high clay content differed from this pat-
tern, and were therefore classified in geological group 2 (Table 3). Fi-
nally, all other bedrock categories (igneous and metamorphic) were
classified in geological group 3. The results of ANOVA per geological
group showed that group 1 was significantly different from the other
two groups for most of the soil properties assessed (Table 3).

In particular, geological group 1 had significantly higher (p < 0.05)
pH, P-AL, Ca-AL, and DPS-AL, and significantly lower (p < 0.05) Al-AL,
Fe-AL, clay content, and PSC-AL, than groups 2 and 3 (Table 3). Some
of these soil properties, together with proportion of arable land, were
indicated by multiple regression as the most important variables
explaining the variance in water nutrient fractions. Therefore, presence
of geological group 1 was used to categorize a catchment as potentially
sensitive and the area of this geological group was calculated for each
catchment. Of the 235 catchments in the dataset, 176 catchments
were found to be non-sensitive catchments, with no occurrence of geo-
logical group 1. In the remaining 59 catchments, therewas at least some
occurrence of the bedrock categories in geological group 1 (minimum
0.1%, mean 44.9%, maximum 99.1%).

TheANOVA results showed that themean values of allwater nutrient
fractions (TP, DP, PP, TN, DN) in catchmentswith some occurrence of the
sensitive geological group 1 were significantly higher (p < 0.001) than
themean values in non-sensitive catchments. In addition, tests of the in-
teraction effects for two groups of catchments showed that both the in-
tercept and the slope of the regression line between proportion of arable
land andwater nutrient fractionswere significantly different (p<0.001)
for DN, DP, and TP (Fig. 4). The interaction effect was not significantly
different for TN (Fig. 4) and PP (data not shown). It is worth noting
that the intercept of DP, TP, and DN was higher for the sensitive catch-
ments, whereas the slope of regression was lower (Fig. 4).

Based on these results, all areas of Sweden with arable land on bed-
rock categories included in the sensitive group (geological group 1;
Table S1) were mapped (Fig. 5). According to this mapping, around
688,300 ha, or approximately 25% of Swedish arable land, are situated
on sensitive geological bedrock with a risk of higher nutrient losses, es-
pecially losses of DP and DN.
Table 2
Multiple regression equations and coefficient of determination (R2) for different water
qualityparameters.DP=dissolvedphosphorus, PP=particulate P, TP=totalP,DN=dis-
solved nitrogen, TN = total N.

Equation R2

DP = 2.734 + 0.39*Arable%-0.764*Al-AL 0.59
DP = 1.98 + 0.20*Arable-0.70*Al-AL + 0.58*PP 0.76
PP = 0.52 + 0.27*Arable+0.46*Clay 0.41
TP = 0.79 + 0.31*Arable+0.71*K-AL-0.37*Al-AL 0.55
DN = 0.73 + 0.45*Arable-0.22*Forest-0.14*Wetland+1.06*P-AL 0.77
TN = 2.87 + 0.26*Arable-0.26*Forest+0.38*DPS-AL 0.61
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4. Discussion

The proportion of arable land in the catchmentwas the single stron-
gest factor influencing thenutrient concentrations inwater in 235head-
water catchments in the southern half of Sweden. This is in line with
previous findings elsewhere (Beaulac and Reckhow, 1982; Foley et al.,
2005; Bol et al., 2018). The correlation with proportion of agricultural
land was stronger for the soluble forms of nutrients (DP and DN) than
for the total concentrations (TP and TN). Based on long-term measure-
ments of water quality in Sweden (Kyllmar et al., 2014), DN is the dom-
inant form of N in water in small catchments dominated by agriculture
(on average 77%), but DP constitutes on average only 35% of TP.

Beside the proportion of arable land, DP concentrations were
strongly and negatively correlated with soil content of Al and propor-
tion of wetland area in the catchment. Both Al and Fe content in soil
are often indicated as important factors for P sorption (Schoumans
and Groenedijk, 2000; Börling, 2003; Ulén, 2006), but in this study
only the correlation with Al content was significant. Eriksson et al.
(2013) showed that phosphate sorbed on iron (Fe) (hydr)oxides was
a dominant P species in clay fractions in unfertilized soil, but that after
long-term fertilization, P accumulated mainly as P adsorbed to Al
(hydr)oxides. The Al-AL content in the geologically sensitive group of
sedimentary bedrock was significantly lower than in the other two
groups (Table 3). Phosphorus content in soil measured as P-AL was
more strongly correlated to DP (R2 = 0.18, Table 1) than PP (R2 =
0.08), but the correlation was still weak. Previous studies have also
found it difficult to disaggregate the influence of soil P content on P
export found at the plot and field scale to a larger, catchment scale
(Haygarth et al., 2012; Sandström et al., 2020). Interestingly, including
the concentration of PP as an independent variable in the multiple re-
gression equation to describe concentration of DP, together with pro-
portion of arable land and Al-AL, significantly increased the coefficient
of determination, from R2 = 0.59 to R2 = 0.76 (Table 2). Conceptually,
this could be interpreted as two sources of DP: one connected to mobi-
lization of soil particles and PP, and following release of DP from soil
particles in the water phase; and the second governed by soil sorption
capacity (PSC, Al-AL) determining the release of DP from the bulk soil,
independently of PP mobilization.

The concentration of PP and the proportion of arable landweremost
strongly correlated with clay content and K-AL (Table 1). However, the
clay content and K-AL are also strongly correlated (R2 = 0.56, p =
0.001). Positive correlations between clay content and losses of P have
been reported previously by Kyllmar et al. (2014) and Sandström et al.
(2020), as mobilization of soil particles as carriers of PP is dependent
on soil clay content (Withers et al., 2007). Beaulac and Reckhow
(1982) concluded that clay soils characterized by high nutrient adsorp-
tion capacity, high erodibility, and low infiltration capacity may be sen-
sitive to nutrient export via runoff.



Fig. 4. Linear regression between proportion of arable land (%) in a catchment and dissolved phosphorus (DP), total P (TP), dissolved nitrogen (DN), and total N (TN) for catchments with
geologically sensitive and non-sensitive bedrock categories. For sensitive catchments, circle size is proportional to the percentage of geologically sensitive area in the catchment.
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It is interesting that the multiple regression equations for both DN
and TN (Table 2) unexpectedly included some soil properties which
are usually used to describe soil P status, namely soil P content, P-AL,
and DPS. It is difficult to find a direct link between these properties
and N losses, and an indirect link is more likely. Areas with high soil P
status, and thereby high DPS, are also areas with intensive agricultural
production and high crop yields (Kirchmann et al., 2020), and presum-
ably receive high N fertilizer/manure applications, leading to high N
losses. The assumption made in this study that the soil properties for a
given larger yield district are representative for a smaller headwater
catchment introduces uncertainties in interpretation of the results.
However, although the main criterion for delineation of crop yield dis-
tricts in Sweden is similarity in yields, other properties such as climate,
soil type, topography, and cultivation type are also taken into consider-
ation (Statistics Sweden, 2020).

Mapping of sensitive areas for nutrient losses based on the geologi-
cal map of Sweden and the correlations to certain soil properties re-
vealed that catchments with more arable land on sedimentary rock
have significantly higher nutrient losses, especially as dissolved frac-
tions. Dillon and Kirchner (1975) found significantly higher P export
from sedimentary catchments compared with the corresponding igne-
ous mixed catchments for both predominantly forested catchments
and mixed (forest and pasture) catchments. Low P concentrations
were found in silica-rich, iron-poor igneous rocks such as granite and
rhyolite (Porder and Ramachandran, 2013),which are frequently occur-
ring parentmaterial of the soil samples included in our study (Table S1).
Additionally, the soils in the sedimentary rock catchments were found
to be characterized by high pH and Ca-AL, and low clay content and
Al-AL. As seen in Fig. 4, these catchments tended to have higher nutrient
concentrations at lower percentages of arable land, whereas these dif-
ferences disappeared at approximately 80% arable land in the catch-
ment. There are two main implications of these results. First, there is a
need to acknowledge these sensitive areas and raise awareness about
the increased risks of high nutrient losses from arable land in these
6

catchments. Second, the EU Water Framework Directive requires envi-
ronmental goals to deviate only slightly from background or reference
conditions (Bol et al., 2018). From the intercept values of the regression
equations in Fig. 4, where there is no arable land in the catchments, it is
clear that sensitive areashad significantly higher nutrient concentrations
in water than non-sensitive areas, even under reference conditions. Ap-
plying these intercept valueswith no arable land as the baseline or refer-
ence condition, and imposing the lower intercept values from non-
sensitive areas on sensitive catchments as a reference value, might lead
to unattainable environmental goals.

5. Conclusions

Based on long-termaverage nutrient concentrations in streamwater
in a population of 235 headwater catchments in southern Sweden and
the corresponding catchment characteristics, we found that:

• Proportion of agricultural land in the catchment had the strongest in-
fluence on all investigated nutrient forms in streamwater in headwa-
ter catchments. Increasing proportion of arable land was associated
with increased nutrient concentrations in water.

• Increasing share of forest and water/wetlands in the catchment had
the opposite effect, resulting in lower nutrient concentrations in
stream water in headwater catchments.

• Geology had a strong impact on soil properties, which in turn influ-
enced water quality. Similar patterns in a range of soil properties
governing nutrient concentrations in headwaters are linked to catch-
ment geology and can be used to trace sensitive areas.

• Mapping of sensitive areas is necessary to better protect water quality
and to assign representative reference values for the EUWater Frame-
work Directive.

The next step in disentangling the relationships between catch-
ment properties and nutrient losses is to study in detail similarities



Fig. 5.Map of the southern half of Sweden showing geologically sensitive areas for nutri-
ent losses.
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and differences in nutrient pools and behavior in sensitive and non-
sensitive areas. The knowledge obtained could help tailor abatement
strategies and set reasonable goals that take into consideration dif-
ferences in sensitivity to nutrient losses.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145108.

CRediT authorship contribution statement

Faruk Djodjic: Conceptualization, formal analysis, writing original
draft, review and editing, funding acquisition and project administration.

Magdalena Bieroza:writing - review and editing.
Lars Bergström: writing - review and editing.

Declaration of competing interest

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

Acknowledgements

Research fundingwas provided by the Swedish Research Council for
Sustainable Development (FORMAS, Ref. No. 2019-00696). Open access
funding was provided by the Swedish University of Agricultural
Sciences. Collection of monitoring data from water quality monitoring
programs hosted at SLU was funded by the Swedish Environmental
7

Protection Agency. Special thanks to Kristin Bertilius and Bertil
Lundgren at theMunicipality of Borgholm for providing the monitoring
data for Borgholm municipality.

References

Beaulac, M.N., Reckhow, K.H., 1982. An examination of land use - nutrient export relation-
ships. JAWRA Journal of the American Water Resources Association 18, 1013–1024.
https://doi.org/10.1111/j.1752-1688.1982.tb00109.x.

Bergström, A.-K., Jansson, M., 2006. Atmospheric nitrogen deposition has caused nitrogen
enrichment and eutrophication of lakes in the northern hemisphere. Glob. Chang.
Biol. 12, 635–643. https://doi.org/10.1111/j.1365-2486.2006.01129.x.

Bol, R., Gruau, G., Mellander, P.-E., Dupas, R., Bechmann, M., Skarbøvik, E., Bieroza, M.,
Djodjic, F., et al., 2018. Challenges of reducing phosphorus based water eutrophica-
tion in the agricultural landscapes of Northwest Europe. Front. Mar. Sci. 5. https://
doi.org/10.3389/fmars.2018.00276.

Börling, K., 2003. Phosphorus Sorption, Accumulation and Leaching - Effects of Long-term
Inorganic Fertilization of Cultivated Soils. PhD. Uppsala SLU, Agraria, p. 428.

Börling, K., Otabbong, E., Barberis, E., 2004. Soil variables for predicting potential phos-
phorus release in Swedish non-calcareous soils. J. Environ. Qual. 33, 99–106.

Chislock, M.F., Doster, E., Zitomer, R.A., Wilson, A.E., 2013. Eutrophication: causes, conse-
quences, and controls in aquatic ecosystems. Nature Education Knowledge 4 (4), 10.

Dillon, P.J., Kirchner,W.B., 1975. The effects of geology and land use on the export of phos-
phorus from watersheds. Water Res. 9, 135–148. https://doi.org/10.1016/0043-1354
(75)90002-0.

Djodjic, F., 2015. Soil Distribution and Nutrient Status in Swedish Arable Land - Sumary of
Results From the Swedih Board of Agriculture National Soil Survey. vol. 2015. SLU,
Department of Aquatic Sciences and Assessment, p. 11 Report.

Djodjic, F., Bergström, L., 2005. Phosphorus losses from arable fields in Sweden - effects of
field-specific factors and long-term trends. Environ. Monit. Assess. 102, 103–117.

Djodjic, F., Mattsson, L., 2013. Changes in plant-available and easily soluble phosphorus
within 1 year after P amendment. Soil Use Manag. 29, 45–54. https://doi.org/
10.1111/j.1475-2743.2012.00436.x.

Egnér, H., Riehm, H., Domingo, W.R., 1960. Untersuchungen über die chmische
Bodenanalyse als Grundlage für die Beurteilung des Nährstoffzustandes der Boden.
II. Cheimische Extraktionsmethoden zur Phosphor- und Kaliumbestimmung.
Kungliga Lantbrukshögskolans Annaler 26, 199–215.

Eriksson, A.K., Ulén, B., Berzina, L., Iital, A., Janssons, V., Sileika, A.S., Toomsoo, A., 2013.
Phosphorus in agricultural soils around the Baltic Sea – comparison of laboratory
methods as indices for phosphorus leaching to waters. Soil Use Manag. 29, 5–14.
https://doi.org/10.1111/j.1475-2743.2012.00402.x.

Foley, J.A., DeFries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, F.S., Coe,
M.T., et al., 2005. Global consequences of land use. Science 309, 570. https://doi.org/
10.1126/science.1111772.

Fölster, J., Johnson, R.K., Futter, M.N., Wilander, A., 2014. The Swedish monitoring of sur-
face waters: 50 years of adaptive monitoring. AMBIO 43, 3–18. https://doi.org/
10.1007/s13280-014-0558-z.

Grip, H., Rodhe, A., 2019. Water’s Journey From Rain to Stream. Department of Earth Sci-
ences, Uppsala University, Villavägen, p. 16 SE-752 36 Uppsala, Sweden ISBN 978-
91-639-0457-8.

Haygarth, P.M., Page, T.J.C., Beven, K.J., Freer, J., Joynes, A., Butler, P., Wood, G.A., Owens,
P.N., 2012. Scaling up the phosphorus signal from soil hillslopes to headwater catch-
ments. Freshw. Biol. (5), 7: 7–25 https://doi.org/10.1111/j.1365-2427.2012.02748.x.

Heckrath, G., Brookes, P.C., Poulton, P.R., Goulding, K.W.T., 1995. Phosphorus leaching
from soils containing different phosphorus concentrations in the Broadbalk experi-
ment. J. Environ. Qual. 24, 904–910.

Hooda, P.S., Rendell, A.R., Edwards, A.C., Withers, P.J.A., Aitken, M.N., Truesdale, V.W.,
2000. Relating soil phosphorus indices to potential release to water. J. Environ.
Qual. 29, 1166–1171.

Ide, J.I., Takeda, I., Somura, H., Mori, Y., Sakuno, Y., Yone, Y., Takahashi, E., 2019. Impacts of
hydrological changes on nutrient transport from diffuse sources in a rural river basin,
Western Japan. Journal of Geophysical Research: Biogeosciences 124, 2565–2581.
https://doi.org/10.1029/2018jg004513.

ISO 11277, 2009. Soil Quality - Determination of Particle Size Distribution in Mineral Soil
Material. Method by Sieving and Sedimentation.

Kirchmann, H., Börjesson, G., Bolinder, M.A., Kätterer, T., Djodjic, F., 2020. Soil properties
currently limiting crop yields in Swedish agriculture – an analysis of 90 yield survey
districts and 10 long-term field experiments. Eur. J. Agron. 120, 126132. https://doi.
org/10.1016/j.eja.2020.126132.

Kreutzweiser, D.P.K.P., Hazlett, P.W.H.W., Gunn, J.M.G.M., 2008. Logging impacts on the
biogeochemistry of boreal forest soils and nutrient export to aquatic systems: a re-
view. Environ. Rev. 16, 157–179. https://doi.org/10.1139/a08-006.

Kyllmar, K., Forsberg, L.S., Andersson, S., Mårtensson, K., 2014. Small agricultural monitor-
ing catchments in Sweden representing environmental impact. Agric. Ecosyst. Envi-
ron. 198, 25–35. https://doi.org/10.1016/j.agee.2014.05.016.

Laudon, H., Sponseller, R.A., Lucas, R.W., Futter, M.N., Egnell, G., Bishop, K., Ågren, A., Ring,
E., et al., 2011. Consequences of more intensive forestry for the sustainable manage-
ment of forest soils and waters. Forests 2, 243–260.

Linefur, H., Forsberg, L. Stjernman, Johansson, G., Blomberg, M., 2017. Nutrient Losses
From Arable Land 2015/2016 - Annual Report for Environmental Monitoring Pro-
gramme Observation Fields on Arable Land (in Swedish). Department of Soil and En-
vironment, Swedish University of Agricultural Sciences.

Mitchell, A., Reghenzani, J., Faithful, J., Furnas, M., Brodie, J., 2009. Relationships between
land use and nutrient concentrations in streams draining a wet-tropics catchment in

https://doi.org/10.1016/j.scitotenv.2021.145108
https://doi.org/10.1016/j.scitotenv.2021.145108
https://doi.org/10.1111/j.1752-1688.1982.tb00109.x
https://doi.org/10.1111/j.1365-2486.2006.01129.x
https://doi.org/10.3389/fmars.2018.00276
https://doi.org/10.3389/fmars.2018.00276
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0020
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0020
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0025
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0025
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0030
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0030
https://doi.org/10.1016/0043-1354(75)90002-0
https://doi.org/10.1016/0043-1354(75)90002-0
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0040
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0040
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0040
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0045
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0045
https://doi.org/10.1111/j.1475-2743.2012.00436.x
https://doi.org/10.1111/j.1475-2743.2012.00436.x
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0055
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0055
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0055
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0055
https://doi.org/10.1111/j.1475-2743.2012.00402.x
https://doi.org/10.1126/science.1111772
https://doi.org/10.1126/science.1111772
https://doi.org/10.1007/s13280-014-0558-z
https://doi.org/10.1007/s13280-014-0558-z
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0075
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0075
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0075
https://doi.org/10.1111/j.1365-2427.2012.02748.x
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0085
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0090
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0090
https://doi.org/10.1029/2018jg004513
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0100
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0100
https://doi.org/10.1016/j.eja.2020.126132
https://doi.org/10.1016/j.eja.2020.126132
https://doi.org/10.1139/a08-006
https://doi.org/10.1016/j.agee.2014.05.016
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0120
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0120
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0125
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0125
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0125
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0125


F. Djodjic, M. Bieroza and L. Bergström Science of the Total Environment 772 (2021) 145108
northern Australia. Mar. Freshw. Res. 60, 1097–1108. https://doi.org/10.1071/
MF08330.

Paulsson, R., Djodjic, F., Carlsson Ross, C., Hjerpe, K., 2015. National Soil Survey - Proper-
ties of Topsoil of Arable Land. (In Swedish). vol. 2015. Swedish Board of Agriculture
Report, p. 19.

Pohjanmies, T., Triviño, M., Le Tortorec, E., Mazziotta, A., Snäll, T., Mönkkönen, M., 2017.
Impacts of forestry on boreal forests: an ecosystem services perspective. Ambio 46,
743–755. https://doi.org/10.1007/s13280-017-0919-5.

Porder, S., Ramachandran, S., 2013. The phosphorus concentration of common rocks—a
potential driver of ecosystem P status. Plant Soil 367, 41–55. https://doi.org/
10.1007/s11104-012-1490-2.

Rockstrom, J., Steffen, W., Noone, K., Persson, A., Chapin, F.S., Lambin, E.F., Lenton, T.M.,
Scheffer, M., et al., 2009. A safe operating space for humanity. Nature 461, 472–475.
https://doi.org/10.1038/461472a.

Rodhe, H., Grennfelt, P., Wisniewski, J., Ågren, C., Bengtsson, G., Johansson, K., Kauppi, P.,
Kucera, V., et al., 1995. Acid reign ’95? - conference summary statement. Water Air
Soil Pollut. 85, 1–14. https://doi.org/10.1007/BF00483684.

Rubel, F., Brugger, K., Haslinger, K., Auer, I., 2017. The climate of the European Alps: shift
of very high resolution Köppen-Geiger climate zones 180P 2100. Meteorol. Z. 26,
115–125.

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

SCB, 2016. Normskördar för skördeområden, län Och Riket 2016 (Standard Yields for
Yield Survey Districts, Counties and the Whole Country in 2016). Statistiska
Meddelanden JO 15 SM. p. 1601.

Schoumans, O.F., Groenedijk, P., 2000. Modelling soil phosphorus levels and phosphorus
leaching from agricultural land in the Netherlands. J. Environ. Qual. 29, 111–116.

SGU, 2016. Product: Bedrock 1:50 000–1:250 000. Geological Survey of Sweden. Product
Description.

Söderström, M., Piikki, K., 2016. Digital Soil Map - Detailed Mapping of Soil Texture in the
Topsoil of the Arable Land. Technical Report 37Swedish University of Agricultural Sci-
ences, Skara, Sweden (In Swedish).
8

Soranno, P.A., Cheruvelil, K.S., Wagner, T., Webster, K.E., Bremigan, M.T., 2015. Effects of
land use on lake nutrients: the importance of scale, hydrologic connectivity, and re-
gion. PLoS One 10, e0135454. https://doi.org/10.1371/journal.pone.0135454.

Statistics Sweden, 2020. Agricultural Statistics 2020 (in Swedish With English Summary).
Statistics Sweden, Agriculture and Energy Statistics Unit, SE-701 89 Örebro, Sweden.

Svanbäck, A., McCrackin, M.L., Swaney, D.P., Linefur, H., Gustafsson, B.G., Howarth, R.W.,
Humborg, C., 2019. Reducing agricultural nutrient surpluses in a large catchment –
links to livestock density. Sci. Total Environ. 648, 1549–1559. https://doi.org/
10.1016/j.scitotenv.2018.08.194.

Swedish Environmental Protection Agency, 2019. National Land Cover Data 2018. Product
Description 2.1.

Tong, S.T., Chen, W., 2002. Modeling the relationship between land use and surface water
quality. J. Environ. Manag. 66, 377–393. https://doi.org/10.1006/jema.2002.0593.

Tu, J., Xia, Z.-G., 2008. Examining spatially varying relationships between land use and
water quality using geographically weighted regression I: model design and evalua-
tion. Sci. Total Environ. 407, 358–378. https://doi.org/10.1016/j.scitotenv.2008.09.031.

Ulén, B., 2006. A simplified risk assessment for losses of dissolved reactive phosphorus
through drainage pipes from agricultural soils. Acta Agric. Scand. Sect. B Soil Plant
Sci. 56, 307–314.

Vuorenmaa, J., Augustaitis, A., Beudert, B., Bochenek,W., Clarke, N., deWit, H.A., Dirnböck, T.,
Frey, J., et al., 2018. Long-term changes (1990–2015) in the atmospheric deposition and
runoff water chemistry of sulphate, inorganic nitrogen and acidity for forested catch-
ments in Europe in relation to changes in emissions andhydrometeorological conditions.
Sci. Total Environ. 625, 1129–1145. https://doi.org/10.1016/j.scitotenv.2017.12.245.

Wilson, C.O., 2015. Land use/land cover water quality nexus: quantifying anthropogenic
influences on surface water quality. Environ. Monit. Assess. 187, 424. https://doi.
org/10.1007/s10661-015-4666-4.

Withers, P.J.A., Hodgkinson, R.A., Barberis, E., Presta, M., Hartikainen, H., Quinton, J., Miller,
N., Sisak, I., et al., 2007. An environmental soil test to estimate the intrinsic risk of sed-
iment and phosphorus mobilization from European soils. Soil Use Manag. 23, 57–70.

Xiong, C., Hoyer, M.V., 2019. Influence of land use and rainfall variability on nutrient con-
centrations in Florida Lakes. Lake and Reservoir Management 35, 25–37. https://doi.
org/10.1080/10402381.2018.1511659.

https://doi.org/10.1071/MF08330
https://doi.org/10.1071/MF08330
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0135
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0135
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0135
https://doi.org/10.1007/s13280-017-0919-5
https://doi.org/10.1007/s11104-012-1490-2
https://doi.org/10.1007/s11104-012-1490-2
https://doi.org/10.1038/461472a
https://doi.org/10.1007/BF00483684
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0160
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0160
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0160
https://doi.org/10.1016/j.scitotenv.2019.134616
https://doi.org/10.1016/j.scitotenv.2019.134616
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0170
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0175
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0180
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0180
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0185
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0185
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0185
https://doi.org/10.1371/journal.pone.0135454
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0195
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0195
https://doi.org/10.1016/j.scitotenv.2018.08.194
https://doi.org/10.1016/j.scitotenv.2018.08.194
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0205
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0205
https://doi.org/10.1006/jema.2002.0593
https://doi.org/10.1016/j.scitotenv.2008.09.031
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0220
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0220
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0220
https://doi.org/10.1016/j.scitotenv.2017.12.245
https://doi.org/10.1007/s10661-015-4666-4
https://doi.org/10.1007/s10661-015-4666-4
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0235
http://refhub.elsevier.com/S0048-9697(21)00174-1/rf0235
https://doi.org/10.1080/10402381.2018.1511659
https://doi.org/10.1080/10402381.2018.1511659

	Land use, geology and soil properties control nutrient concentrations in headwater streams
	1. Introduction
	2. Material and methods
	2.1. Selection of headwater catchments and their characteristics
	2.2. Soil properties of arable land
	2.3. Water quality data
	2.4. Statistical analyses

	3. Results
	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




