Norwegian University of Life Sciences
Faculty of Environmental Sciences and
Natural Resource Management

Philosophiae Doctor (PhD)
Thesis 2021:77

Impact of climate and
agricultural management on
hydrology and water quality.
A headwater catchment scale
approach
Effekt av klima og jordbruk på hydrologi
og vannkvalitet. En studie av små
jordbruksdominerte nedbørfelt

Hannah Tabea Wenng

Impact of climate and agricultural management on
hydrology and water quality
A headwater catchment scale approach

Effekt av klima og jordbruk på hydrologi og vannkvalitet
En studie av små jordbruksdominerte nedbørfelt

Philosophiae Doctor (PhD) Thesis
Hannah Tabea Wenng

Norwegian University of Life Sciences
Faculty of Environmental Sciences and Natural Resource Management
Ås (2021)





Thesis number 2021:77
ISSN 18946402
ISBN 9788257518530



ii

PhD Supervisors
Professor Tore Krogstad
Faculty of Environmental Sciences and Natural Resource Management
Norwegian University of Life Sciences
P.O. Box 5003
NO-1432 Ås, Norway
Dr. Marianne Bechmann
Division of Environment and Natural Resources
Soil and Land Use
Norwegian Institute of Bioeconomy Research
P.O. Box 115
NO-1431 Ås, Norway
Dr. Eva Skarbøvik
Division of Environment and Natural Resources
Hydrology and Water Environment
Norwegian Institute of Bioeconomy Research
P.O. Box 115
NO-1431 Ås, Norway
Assistant Professor Hannu Marttila
Department Water Resources and Environmental Engineering
University of Oulu
P.O. Box 4300
FI-90014 University of Oulu, Finland
PhD evaluation committee
Dr. Per-Erik Mellander
Teagasc
Johnstown Castle Environmental Research Centre
IE-Wexford. Y35 Y52, Ireland
Dr. Maria Lucia Kämäri
Finnish Environment Institute (SYKE)
Latokartanonkaari 11,
FI-00790 Helsinki, Finland
Coordinator of the committee
Professor Gunnhild Riise
Faculty of Environmental Science and Natural Resource Management
Norwegian University of Life Science
P.O. Box 5003
NO-1432 Ås, Norway

iii

Für Hanna und Hans

iv

ACKNOWLEDGEMENTS
The first time when I thought to become a researcher, I was seven or eight years old. I wanted
to study marine biology, get hired on a ship and study whales and the ocean. The next time
when I wanted to become a researcher, I was around 20, I wanted to study ice, snow, and
glaciers in the Alps, unfortunately I am a bad skier. And now? I do research in hydrology and
water quality of surface water, at least the element water is a constant in my life. From time to
time during my PhD I thought, I want to become an activist. A PhD is maybe not a drawback
becoming an activist, but a logical step towards the right direction, when I think about all these
inspiring people such as Jane Goodall, Vandana Shiva and Niko Paech who delivered material
to read and listen to in my free time. On the journey towards a PhD, many people accompanied
me, and I want to say thank you:
To my supervisors: Tore Krogstad for always have an open door and answering my questions.
Hannu Marttila for coming with input, since the day we met, even though you were not my
supervisor right from the start. Eva Skarbøvik for being my very supportive group leader and
for having always an open ear for my thoughts. Marianne Bechmann who became a friend,
thanks for the dinners and the lively discussions about environment, society and agriculture
together with Børre.
To my co-authors: Heleen De Wit, Robert Barneveld, and Danny Croghan. Thank you for
fruitful and smooth collaborations!
To my colleagues from the BIOWATER project: thanks for the nice and inspiring cometogethers at our project meetings.
To my colleagues from NIBIO: Special thanks to Geir who helped me with the installation of
the sensors. To Dominika who helped me with fieldwork in Mørdre. To Csilla, Anne, and Sia
for asking “how are you” and nice talks. To Ewa for the IT service and the nice chats. To Maria
for your positive attitude. To Johannes for your stories from Africa and Robert for helping me
in Skuterud, discussing research and cycling, and for your critical mindset which I very much
appreciate.
To my friends from the Andelslandbruk Dysterjordet in Ås. Working on the field and having
soil between my fingers was the perfect distraction from my research work and to get grounded.

v

To my friends and neighbours in Granheimlia. Special thanks to Liv-Unni and Finn-Olav who
helped me from the day, when I moved into their downstairs apartment. To Katrin, Karl and
Lotte for their friendship and patience. Thank you, Lotte for inviting me to your world.
To my friends spread all over Europe and the world (Japan) who keep in touch with me,
although we are 1000s of kilometres apart. Special thanks to Svea who visited me almost every
year in Norway. I am very thankful for our weekly phone calls, film sessions and adventures
in nature. To Eva, my wine and cheese friend. Your energy is incredible! To Charlotte who just
calls me, which is always a nice surprise. To Lukas, Sabine and Silke who send me signs of
life from Germany and Vienna. To Joachim for your mental support, photos from the seaside
and our discussions on research, life, and books. To my pen friends Debbie, Maria, Julia, and
Aya who make sure that my letterbox does not run dry.
To my friends in Norway with whom I spent my time outside of the institute. Special thanks to
Mari, Marya and Joris for walks and talks. To the board game group. To Ane for the training
and talks before Corona. To Ana for swimming in cold water, enjoying Drøbak and your
spontaneity. To Kirstine for hikes, coffees in Oslo and talks about PhD and life. Special thanks
also to Sarah for your honesty and that you are always there when needed! To Irmelin, Johanna
and Ross, thank you for being the way you are!
To my family, who supports me in all my decisions, and who taught me to be curious, open, to
love mountains and nature and that discussions about politics and society is common sense.
Special thanks to the strongest women I have ever met in my life: my mom and my granny who
taught me to see the beauty in the small and ordinary things.

Ås, 20th of August 2021

Hannah Wenng

vi

vii

SUMMARY
Eutrophication and degradation of water quality are global problems and affect many
freshwater and coastal systems. Agricultural areas are major contributors of nutrients and soil
particles in streams and lakes. The objectives of this study were to discuss the impacts on water
quality and quantity of expected land use changes due to a transition to bioeconomy (the green
shift) in Norwegian agricultural catchments; to detect trends in climate and hydrology; and to
describe and understand catchment processes related to runoff, soil and nutrient losses.
The study has been carried out in seven Norwegian small headwater catchments and
has included analyses of long-term data series (26 years) as well as collection of new data, in
particular high-frequency sensor data on turbidity and water samples for a stable water isotope
(18O, 2H) analysis. Moreover, data from a network of Nordic catchments (69 sites in total) have
been included in the study. Analysis for the thesis was done using latest statistical and time
series analytical methods.
Pressures on deterioration of water quality related to bioeconomy activities have been
discussed based on data from 69 Nordic catchments. A green shift in Nordic agriculture might
imply more intensive land use or clearing of new land. Our study showed that agricultural sites
show the highest concentration and fluxes of total nitrogen and phosphorus compared to
forestry-impacted and natural catchments. In addition, pressures from climate change (droughts
and heavy rainfalls) and their combined effects can pose severe threats to water quality in
Nordic regions.
The analysis for seven Norwegian catchments revealed changes in meteorological
inputs and hydrological responses. The annual mean temperature increased significantly during
26 years of observations in six of the seven studied catchments. This increase in temperature
affected evaporation, the hydrological regime, the snow water equivalent, nutrient
concentration, and the length of the growing season.
In four of seven catchments the snow water equivalent decreased significantly during
winter, and only one catchment showed an increase. The change in the snow regime affects the
hydrology of the snow-dominated catchments (main runoff events due to snowmelt periods).
Hydrological patterns varied between the seven catchments depending on whether they were
located at the coast (rain-dominant) or inland (snow-dominant).
In the rain-dominated catchments precipitation and discharge showed a strong
coherence. Snow-dominated catchments showed a weaker coherence, because precipitation as
snow is not immediately available for discharge. Snow precipitation does not translate to
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discharge until snowmelt occurs. Extreme conditions, as in 2010 (relative low average
temperature) and 2018 (drought), seemed to decrease the coherence between runoff and
variables such as precipitation, snow water equivalent, and soil water storage capacity in four
of the catchments. Climatic and hydrological long-term changes could be best detected at the
seasonal scale. Studied variables such as discharge, turbidity, field operations, crop factor,
connectivity index, soil water storage capacity, and snow water equivalent showed a strong
seasonality.
In our study we also considered factors which impact the concentrations and losses of
nutrients and sediments. We found that a prolonged growing season coincided with a decrease
in nitrogen concentrations in cereal dominated catchments. However, this change in growing
season length did not affect the farmers’ sowing time, nor did they harvest earlier, assumedly
because soil moisture is in this case the determining factor for soil workability.
Nutrient and sediment losses were closely linked to hydrological processes in study
catchments. Results from the multivariate regression of two monitored catchments showed that
discharge is one of the main drivers for sediment and particulate phosphorus concentration
(explained 50% of the variation in turbidity). For nitrogen, an increase in discharge gave a
dilution effect.
High frequency turbidity sensor data revealed that the concentration-discharge patterns
of runoff events were characterised by turbidity peaks before discharge peaks. This indicates a
rapid mobilisation of suspended sediments and particulate phosphorus. Channel bed dynamics,
including stream bank erosion and remobilisation of in-stream particles contribute to these
patterns. A high-water discharge in a first storm event in general reduced the sediment transport
in the following event, suggesting depletion of available in-stream/near-stream material.
Detecting responses of agricultural management were challenging using sensor-data.
In general, detecting responses of agricultural land management on stream water quality
and quantity at catchment scale proved to be challenging due to spatial variations in field
management, topography, soil, hydrology, and vegetation. Therefore, it is important to
continue monitoring programs, especially where long-term datasets exist. Responses of
climate, hydrology and land management on water quality were different from catchment to
catchment, which is why it is important to apply land management and mitigation measures
adapted and tailored to the local conditions.
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SAMMENDRAG
Eutrofiering og forringet vannkvalitet er globale problemer som påvirker mange ferskvannsog kystsystemer. Jordbruk er en av de sektorene som bidrar mest med næringsstoffer og
jordpartikler i bekker, elver og innsjøer. Hensikten med denne studien har vært å diskutere
effekter på vannkvalitet og hydrologi som følge av en overgang til bioøkonomi (det grønne
skiftet); å oppdage trender innen klima og hydrologi; og å beskrive og forstå nedbørfeltprosesser knyttet til avrenning, tap av jord og næringsstoffer.
Studien har blitt utført i syv norske nedbørfelt og inkluderte analyser av lange dataserier
(26 år) samt innsamling av nye data, spesielt høyfrekvente sensordata av turbiditet, og
vannprøver for en stabil vannisotopanalyse (18O, 2H). Videre er data fra et nettverk av nordiske
nedbørfelt (totalt 69 felt) inkludert i studien. Dataene ble analysert med forskjellige statistiske
metoder: Mann-Kendall trendanalyse, lineær blandet modell, multivariat regresjon og en såkalt
wavelet coherence analyse.
Utfordringer for vannkvalitet knyttet til innføring av bioøkonomi har blitt diskutert
basert på data fra 69 nordiske nedbørfelt. Et grønt skifte kan innebære mer intensiv arealbruk
eller rydding av nytt land for oppdyrking. Dataene viser at jordbruksbekker allerede i dag har
de høyeste konsentrasjoner og tilførsler av totalnitrogen og fosfor sammenlignet med bekker i
skogbruksområder og naturlige nedbørfelt. I tillegg kommer klimaendringer (tørke og store
nedbørsmengder), og den kombinerte effekten kan være en alvorlig trussel mot vannkvaliteten.
Den årlige gjennomsnittstemperaturen økte betydelig i løpet av 26 års observasjoner i
alle de syv undersøkte nedbørfeltene, bortsett fra ett. Denne temperaturøkningen påvirket
fordampning, det hydrologiske regimet, snøvannets ekvivalent, næringsstoffkonsentrasjon og
lengden på vekstsesongen.
I fire av sju nedbørfelt ble snøvanns-ekvivalenten betydelig redusert om vinteren, og
bare ett nedbørfelt hadde en økning. Denne endringen i snøregimet påvirker hydrologien i snødominerte nedbørfelt, dvs. der avrenningsmønster er sterkt preget av snøsmelting.
Hydrologiske mønstre varierte mellom de syv nedbørfeltene, avhengig av om det var regneller snø-dominert, noe som igjen hang sammen med geografisk plassering (innland eller kyst).
I regn-dominerte nedbørfelt var det en tydelig sammenheng mellom nedbør og
avrenning. Snø-dominerte nedbørfeltfelt viste ikke en sterk sammenheng, fordi nedbør som snø
først gir økt avrenning under snøsmelting. Ekstremår som i 2010 (relativ lav
gjennomsnittstemperatur) og 2018 (tørke) så ut til å redusere sammenhengen mellom avrenning
og variabler som nedbør, snøvanns-ekvivalent og lagringskapasitet i jord i fire av
x

nedbørfeltene. Klimatiske og hydrologiske langsiktige endringer kan best oppdages på
sesongskalaen. Studerte variabler som avrenning, turbiditet, dyrkingspraksis, avlingsfaktor,
konnektivitet, lagringskapasitet for jordvann og snøvannekvivalenter hadde en sterk
sesongavhengighet.
En forlenget vekstsesong samvarierte med reduserte nitrogenkonsentrasjoner i
korndominerte nedbørfelt. En endring i vekstsesongens lengde påvirket ikke bøndenes såtid
eller høstetid, antagelig fordi jordfuktighet i dette tilfellet er den avgjørende faktoren for når
jorda er laglig for bearbeiding.
Næringsstoff- og sedimenttap er nært knyttet til hydrologi. Resultatene fra den
multivariate regresjonen viste at avrenningen er en av hovedårsakene for sediment- og
partikkelbundet fosforkonsentrasjon (forklarte 50% av variasjonen i turbiditet). For nitrogen
ga en økning i avrenning en fortynningseffekt.
Turbiditet-sensordata viste at turbiditet kulminerer før avrenningen. Dette indikerer en
rask mobilisering av suspenderte sedimenter og partikkelbundet fosfor. Dynamikken i bekkene,
som erosjon og remobilisering av partikler, samt størrelsen av tidligere avrenningsepisoder
spilte også en viktig rolle for transport av sediment.
Det er utfordrende å finne sammenhenger mellom jordbruksaktivitet og vannkvalitet og
hydrologi i nedbørfelt på grunn av romlige variasjoner i topografi, jord, hydrologi, driftspraksis
og vegetasjon. Derfor er det viktig å fortsette med overvåkningsprogrammer, spesielt der det
finnes lange dataserier. Responsene på vannkvalitet av klima, hydrologi og jordbruk var
forskjellige fra nedbørfelt til nedbørfelt, og derfor er det viktig at arealforvaltning og tiltak er
tilpasset lokale forhold.
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1. INTRODUCTION
Eutrophication and bad ecological status is a global problem affecting many fresh and coastal
water systems (Withers et al., 2014).
Norway and other Nordic countries are rich in fresh water of good water quality. Open
water like lakes and rivers are important for the Nordic societies because they provide
important ecosystem services, like drinking water. However, good water quality cannot be
taken for granted. Eutrophication and degradation of water quality is also a problem for
Norwegian freshwater sources (Bechmann and Stålnacke, 2019; Ulén et al., 2007).
One of the main sources of nutrients and sediment inputs worldwide is the agricultural
production system. This is also the case in the Nordic countries. Although only 3% of the total
area of Norway is cultivated for agricultural production, the agricultural sector still is a major
contributor of phosphorus and nitrogen found in streams and lakes (Ulén et al., 2007).
Therefore, the European Water Framework Directive (WFD) (EU, 2000) and other
international agreements aim to avoid high nutrient loads by controlling the impact that
agriculture and other land use has on water bodies. Additionally, the goal of achieving good
water quality and good ecological status of water bodies is impacted by climate change and a
possible change in agricultural production due to a shift towards bio-based production (known
as the green shift) (Skarbøvik et al., 2020b).

Bioeconomy in Norway
The shift towards a bioeconomy is seen as a potential solution for more sustainable resource
use that satisfies the increasing demand for energy and food (Hansen and Bjørkhaug, 2017;
Nordic Council of Ministers, 2017; Sheppard et al., 2011). The Norwegian economy is based
on fossil fuel due to a successful exploitation of North-Sea oil. A green shift is needed in
Norway, which would include building an economy based on renewable resources and
decoupled from environmental degradation (Hansen and Bjørkhaug, 2017). This would include
land use changes for the Nordic countries, including intensification of forestry (Eyvindson et
al., 2018) and crop production (Jordan et al., 2007). Studies from other countries show that
such a green shift impacts the agriculture by extracting more biomass and therefore altering
water quality (Jordan et al., 2007; Rosegrant et al., 2013; Welch et al., 2010). Agricultural
intensification could lead to the need for higher nutrient input, intensified soil management,
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such as more winter cereals with more autumn tillage, and loss of nutrients (Jordan et al., 2007;
Trnka et al., 2011).
The field of bioeconomy is still a young research field and the effects and consequences on
water quality for the Nordic countries are rarely assessed and poorly understood (Bugge et al.,
2016; Skarbøvik et al., 2020b). The green shift is not necessarily sustainable on its own terms,
if our “green” actions are not sustainable (Bugge et al., 2016; Ponte, 2009). There is a need to
critically evaluate the sustainability of the bioeconomy and its associated land use changes, and
to discuss the effects of an increasing biomass extraction and intensified agriculture on water
quality in Nordic catchments.

Climate Change in Norway
The Intergovernmental Panel on Climate Change (IPCC) has developed different
Representative Concentration Pathways (RCP) for climate change research. If the RCP 4.5
(intermediate emissions/medium stabilisation scenario) is assumed for Norway, the annual
median temperature is expected to rise by approximately 2.7 °C (calculated for the period
1971–2000 to 2071–2100), with the greatest change in Northern Norway (Hanssen-Bauer et
al., 2015). The temperature will rise in all seasons, with the largest increase projected for the
winter season.
At the same time, climate change challenges the agricultural production with altered
precipitation patterns (Hanssen-Bauer et al., 2015). The RCP 4.5 scenario projects an increase
of the annual median precipitation of 8% (projected for the period 1971-2000-2071-2100). The
biggest relative changes of median seasonal precipitation for Norway are projected for spring
and summer (12% increase) and for autumn (7% increase) (Hanssen-Bauer et al., 2015). The
change in median annual discharge is projected to be relatively small with an increase of 3%
(RCP 4.5, 1971-2000-2071-2100), whereas seasonal changes are bigger due to changes in
precipitation and temperature (Donnelly et al., 2017; Hanssen-Bauer et al., 2015). Water
discharge will increase in all seasons, except of the summer season. For summer, discharge is
projected to decrease by about 23%. The biggest increase in discharge is projected for the
winter months with 26%, due to more precipitation as rain compared to snow (Hanssen-Bauer
et al., 2015). Changes in precipitation patterns occurring in spring and autumn are especially
important for agricultural activities because it affects the workability of the soil. A too high
soil moisture content impacts soil strength and trafficability (Kolberg et al., 2019).
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It is projected that the number of days with heavy rainfall will increase in Norway
(Hanssen-Bauer et al., 2015). Heavy rainfalls and storm events can accelerate leaching of
nutrients and soil particle loss by activating different sources and pathways (Mellander et al.,
2018; Sherriff et al., 2016; Stutter et al., 2008). Earlier studies, like Wilson et al., (2010),
showed a tendency for more severe summer droughts for the period 1945-2005, which can lead
to an accumulation of nutrients due to an increased mineralization (Børgesen and Olesen, 2011;
He et al., 2018; Patil et al., 2010).
With changes in temperature and precipitation patterns, the seasonal hydrological
regime and snow related processes will change (Laudon et al., 2013; Meriö et al., 2019),
because the number of days with snow cover will decrease. The presence of snow is, above all,
the characteristic that distinguishes the Nordic countries from countries further south (Laudon
et al., 2013; Tetzlaff et al., 2015). Snow influences the runoff pathways and affects the
hydrological regime of the catchment. Snow cover and freezing-thawing cycles can also affect
nutrient related processes (Ala-aho et al., 2021; Liu et al., 2019). Precipitation as snow is
usually not immediately active as runoff, only when temperature rises again, and then snowmelt
contributes to runoff in spring (it can also happen during winter time) (Hanssen-Bauer et al.,
2015; Meriö et al., 2019). Frozen soil is another aspect in cold climate hydrology, where
separating water fluxes between subsurface and surface can restrict infiltration of water during
snowmelt and rain periods (Ala-aho et al., 2021). In the future, hydrological processes in winter
will be more dynamic due to changes in land-stream connectivity and they will transform the
traditional runoff patterns into a more unpredictable runoff distribution (Tattari et al., 2017).
Moreover, the RCP 4.5 scenario projects an extension of the thermal growing season in
Norway by one to two months as a result of temperature increase (calculated for the period
from 1971-2000 to 2071-2100) (Hanssen-Bauer et al., 2015). Jeong et al. (2011) already
showed an increase of the vegetative growing season (phenology) for the temperate zone in the
Northern Hemisphere for the period 1982-2008. This is one of the reasons the Nordic countries
are considered potential “winners” of climate change; due to a prolonged growing season the
agricultural production could increase (Wiréhn, 2018). Consequently, this may imply earlier
timing of agricultural management in spring (e.g. seedbed preparation, sowing), the
introduction of new crop varieties adapted to a longer growing season, and higher yields (He
et al., 2018; Wiréhn, 2018).
However, it is still unknown if a prolonged thermal growing season has or will have an
impact on water quality. A prolonged growing season might reduce for example nitrogen
leaching due to a better utilisation of nutrient and a longer period of a vegetation cover
6

(Øygarden et al., 2014; Wiréhn, 2018). Nevertheless, it is not known how agricultural
management may adapt to climate change, including the potential for increased nitrogen
application due to expectations of higher yields. Furthermore, it is uncertain how soil mineral
nitrogen will change due to higher temperatures (He et al., 2018; Mellander et al., 2018). In a
simulated Canadian study, He et al. (2018) found that soil mineral nitrogen was significantly
affected by temperature and that increased temperature enhanced nitrogen mineralization.
In agricultural catchments nutrient and sediment losses are highly linked to hydrological
patterns, showing a strong seasonality in cold climates (Figure 1) (Casson et al., 2019; Liu et
al., 2019). Changes in the seasonal hydrological patterns will also affect the seasonal patterns
of nutrient and sediment losses, and control and mitigation measures functioning (Liu et al.,
2019; Tattari et al., 2017).
Catchment scale studies
Going from field scale to catchment scale and linking what is happening in the catchment to
the responses in the outlet is a great challenge in a holistic system-based framework (Haygarth
et al., 2012). The difference to field scale or experimental plots is that catchment studies cannot
easily be repeated.
Nevertheless, the examination of nutrient and discharge processes is important for small
catchments (< 10 km2), because small headwater streams are more sensitive to suspended
sediments and nutrients from local sources. Headwater catchments can give detailed insight
into nutrient and discharge processes by taking into account multiple factors and pathways
(Figure 1) (Brendel et al., 2019; Lefrançois et al., 2007). Furthermore, headwater catchments
are a key influence on the chemistry of larger river systems and mitigation measures are most
effective at that scale (Bol et al., 2018).
However, characteristics such as land use, topography, and seasonal precipitation
patterns (e.g., dry summer, wet autumn) create challenging conditions for mitigating erosion
and nutrient loss processes. Spatial heterogeneity and temporal variability are other challenges
when it comes to knowing, describing and understanding the non-point nutrient and sediment
sources at catchment scale (Figure 1) (Haygarth et al., 2012). More information is also needed
from different locations, as each catchment is unique in its complexity, land-use pressures,
catchment size and predominant processes (Buck et al., 2004; Haygarth et al., 2012; McMillan,
2019). Collecting observations of mostly time series data is a common strategy, when it comes
to research at catchment scale (Haygarth et al., 2012).
7

Long-term monitoring is a well-known tool in the field of catchments studies and
hydrology (Tetzlaff et al., 2017). Long-term data on water quality and quantity at catchment
scale allow us to see trends and to study the effects of environmental (e.g. climate change) and
land use changes (green shift) (Tetzlaff et al., 2017). These datasets enable a retro-perspective
view on these topics. There is also a need for long-term monitoring data on agricultural
activities to evaluate the long-term impacts of crop production and land management (Reynolds
et al., 2014). Long-term monitoring data is therefore the basis of many studies worldwide
(Bechmann et al., 2014; Halliday et al., 2012; Kyllmar et al., 2014; Stets et al., 2015; Tetzlaff
et al., 2017).
Long-term monitoring often has its limitation in the low sample frequency of weekly
to monthly grab sampling or composite sampling. Continuous sampling on a volume
proportional basis gives an estimate of average concentration during a sampling period with
both high and low flows (Deelstra et al., 2013). The disadvantage of these methods is, however,
that short-term events with high concentrations can be missed and lead to inaccurate estimates
of maximum and average concentrations (Skarbøvik and Roseth, 2015; Stutter et al., 2017).
Furthermore, the high temporal variability of nutrients and suspended sediment concentration
and fluxes might not be covered by these methods (Halliday et al., 2012; Skarbøvik et al.,
2012). Sensor techniques can give continuous concentrations and therefore provide detailed
insight into transport dynamics and the highly variable concentration patterns of particles in
streams (Skarbøvik and Roseth, 2015). More frequent data collection may reduce errors in load
calculations, as it can capture concentrations during all peak events (Skarbøvik et al., 2012;
Valkama and Ruth, 2017). Many different studies have shown the benefits of applying highfrequency data as a source for understanding processes and for estimating nutrients and
suspended sediments (Bieroza et al., 2018; Kämäri et al., 2020; Mellander et al., 2015; Sherriff
et al., 2016).
Nutrient and soil particle loss is highly linked to hydrological processes. This makes it
important to know and understand the hydrological regime of a catchment. Here, newer
analysis methods like wavelet coherence analysis (Torrence and Compo, 1998) can be applied
to analyse the relationship between climate and hydrological variables and their change over
time (Carey et al., 2013). The wavelet analysis helps identify the scale and timing of temporal
patterns in time series as well as periods of coherence of two variables’ time series (Carey et
al., 2013).
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Stable water isotope data can also be useful to describe and understand the hydrological
regime. Isotopes have been used already since the 1960s, initially aimed at hydrograph
separation (Klaus and McDonnell, 2013). Tracers in the form of isotopes are useful tools to
analyse hydrological functions and can give insight into hydrological processes and
mechanisms at catchment scale (Klaus and McDonnell, 2013; Tetzlaff et al., 2015). Here,
Oxygen-18 (18O) and Deuterium (2H) can help to understand the spatial and temporal
variability of dominant flow paths and to detect changes or influences of land use on hydrology
(Klaus and McDonnell, 2013; Tetzlaff et al., 2015).

Research objectives
Evaluating the effects and consequences of climate change and the bioeconomy on hydrology
and water quality in agricultural catchments is essential. It is important to understand the
processes within the catchments linked to pathways of water and nutrients. Especially
challenging is knowing, describing and understanding the non-point nutrient and sediment
sources, and dynamics at catchment scale because of its spatial heterogeneity and temporal
variability (Figure 1) (Haygarth et al., 2012). Nevertheless, small headwater catchments
provide a holistic framework to study land use and climate effects on hydrology and nutrient
loss, because nutrient retention in small streams is less important than in larger river systems
(Bol et al., 2018; Brendel et al., 2019; Weigelhofer et al., 2018). Additionally, soil
characteristics, crop type and cycle and the seasonal shifts of agricultural management (field
operations) must be taken into account when dealing with soil and nutrient loss from
agricultural catchments (Figure 1) (Bechmann et al., 2014; Bieroza and Heathwaite, 2015;
Øygarden, 2000). It is important to study the impact of land use and climate to get an idea of
the effects of future land use and climate on hydrology and water quality. Identifying and
conceptualising drivers and processes linked to nutrient and sediment transport in small
catchments in cold climates is needed. This requires an improved understanding of how the
special agronomic, biogeochemical, and hydrological characteristics of cold climates and the
interactions of these characteristics influence nutrient losses.
An improved understanding of changes in hydrology, nutrient input and runoff
processes at catchment scale in cold climates is of high interest for both land managers and
researchers. Land managers and researchers need this knowledge to develop and apply land
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use strategies for sustainable land management and mitigation measures to minimise the
nutrient and soil particle fluxes into water bodies.
The main objective of the study was therefore to analyse data at headwater catchment scale to
evaluate and discuss the impact of climate and agricultural management on hydrology and
water quality. The study was divided into five sub-objectives:
1. To explore the question of water quality in the context of a potential future
bioeconomy in the Nordic region (Fennoscandia), including assessing the
current state of knowledge and identifying knowledge gaps pertaining to the
suitability of existing monitoring and modelling tools for Nordic region
(Paper I, opinion paper)
2. To determine the temporal and spatial trends of phosphorus and nitrogen
concentrations and fluxes for different land use, climate, and runoff
categories in the Nordic countries (Denmark, Finland, Sweden, Norway)
(Paper II)
3. To explore the effect of climate on agricultural management and nitrogen
loss for small agricultural catchments in Norway (Paper III)
4. To describe and explain the sediment dynamics of two small agricultural
catchments in Norway (Paper IV)
5. To identify and describe the hydrological regime and changes for small
agricultural catchments in Norway (Paper V)
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2. MATERIAL and METHODS
2.1Study areas
Papers II to V were based on monitoring data collected from catchments in Norway and other
Nordic countries.
In Paper II, we conducted a Nordic study in which data records on water chemistry,
discharge and climate were compiled for 69 small catchments located in Denmark (n=12),
Finland (n=18), Norway (n=17) and Sweden (n=22) (Figure 2, map A). Different climate
conditions and land uses were represented. All catchments were included in national
monitoring programs and were implemented to study long-term effects of air quality, land use
and management on water quality.
In Paper III and Paper V (Figure 2, map B), we analysed data for seven small
agricultural catchments in Norway. These catchments were in the Norwegian Agricultural
Monitoring Programme (JOVA), which has been maintained by the Norwegian Institute of
Bioeconomy Research since 1992. We chose these catchments because they give the longest
continuous time series on hydrology and land use. The widespread network made it possible to
represent different Norwegian climate zones, hydrological regimes, soils, topography, and
therefore also different agricultural production systems (Table 1). Monitoring stations were
located at the outlet of each catchments, and all catchments were tile drained. The catchments
represented the main agricultural use of the specific region: extensive grass production in the
north and in the mountains (Naurstad and Volbu); intensive dairy production in western
Norway (Time); a mix of dairy and cereal production in southern central Norway (Kolstad);
cereal production in the south-eastern part of the country (Skuterud and Mørdre); and vegetable
and cereal production in southern Norway (Vasshaglona) (Table 1).
In Paper IV, we used the catchments Mørdre and Skuterud (Figure 2, map C) as case studies
for the collection of high-resolution turbidity data.
Skuterud also served as a case study for a stable water isotope analysis which was not published
in an article but is part of the results presented here.
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Figure 2: Location of the different catchments studied in this work. Map A: Paper II; map B: Papers III and V; map C: Paper IV.
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680

146

450

97

87

166

Mørdre

Naurstad

Skuterud

Time

Vasshaglona

Volbu

43

48

88

62

42

65

68

land use (%)

(ha)

68

Agricultural

Total area

Kolstad

Catchment

Grass

cereals

potatoes,

Vegetables,

Grass

Cereals

Grass

Cereals

Cereals

Main crops

silty loam

Silty sand,

Sand, loam

organic

sand,

Loamy

loam

loam, silty

Silty clay,

Peat soil

clay, loam

Silt, silty

loamy sand

Loam,

texture

Soil

440-863

5-40

35-100

91-146

4-91

130-230

200-318

(m.a.s.l.)

Elevation

Table 1: Catchment and climate characteristics. Monitoring period 1990’s* to 2020

(mm)

(°C)

3.3

8.4

8.4

6.2

5.5

5.2

644

1497

1322

767

1264

724

704

precipitation

temperature

4.4

annual

period mean

period mean
annual

Monitoring

Monitoring

294

1095

804

568

1083

313

371

1994

1998

1996

1994

1994

1992

1991

monitoring*

annual Q
(mm)

Start of the

period mean

Monitoring

Table 2: Overview of datasets and methods applied in the different papers
No. of
Catchments

Type of data

and country

Monitoring

Methods used for

period

statistical analysis.

69 Denmark,
Paper II

Mann-Kendall trend

Finland,

Long-term

Norway,

monitoring data

2000-2018

Sweden

test, Partial least square
regression, Linear
regression
Mann-Kendall trend

Paper

7

Long-term

III

Norway

monitoring data

1990’s-2017

test, Linear mixed
model, Pearson
correlation

High resolution
data; short-term
Paper

2

IV

Norway

grab sampling

2015-2016

data, short- term

2018-2019

monitoring data,

Hysteresis index,
Spearman correlation,
Multivariate regression

Model-based soil
data
Long-term
Paper V

7

monitoring data,

1990’s-2020

Norway

model-based soil,

2019

and snow data

Mann-Kendall trend
test, Wavelet coherence
analysis

2.2Monitoring data
Longterm monitoring programme
Besides the monitoring of water quality and quantity, the JOVA monitoring program also
includes information on agricultural management. Data from this programme was used in
Papers II to V, either in a long-term or short-term perspective and for all or some catchments
(Table 2). Water level and discharge were measured continuously at catchment outlets, using
a pressure transducer combined with a Campbell data logger and a v-notch dam to convert it
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to discharge (flow). The data logger controlled the rate of automatic water-sampling and these
sub-samples were combined as composite samples on a volume proportional (flow-weighted)
basis and collected biweekly (Deelstra et al., 2013).
Annual and monthly flow-weighted concentrations were calculated by summarising
daily loss over the course of a month or a year and dividing by total runoff during the
corresponding period. Daily loss was calculated as daily runoff multiplied by chemical
compounds concentrations in the corresponding fortnightly water sample. Precipitation and air
temperature were recorded at hourly intervals at a local weather station located in or close to
the catchment.
In Paper II, the Norwegian monitoring data was expanded with long-term monitoring
data on water chemistry, discharge and climate from Denmark, Sweden, and Finland. Here, we
used data from 69 catchments for the period 2000-2018, representing three different land types:
forestry (n=30), agriculture (n=30) and natural (unmanaged, n=9). All catchments were
included in national monitoring programmes. Details on the monitoring programmes are
described in Paper II.
In Paper III, daily average air temperature was used to calculate the thermal growing
season. The start of the thermal growing season was defined as the day on which the daily
average temperature had remained higher than 5 °C for seven days. Similarly, the end was
defined as the day when the daily average temperature had been lower than 5 °C for seven days
(Carter, 1998; Hanssen-Bauer et al., 2015).
In Paper V, we used hydrological and climate data to calculate different indices. The
daily discharge data was used to calculate flow indices such as baseflow index, high flows, and
low flows using the River Analysis Package (RAP, version 3.0.8; Marsh et al., 2003). We also
calculated normalized water runoff seasonality by dividing the total seasonal runoff (Qs) with
total annual runoff (Qa). This gives an idea how much the different seasons contribute to the
total annual runoff.
Since the 1990’s, information about farm management has been collected on a yearly
basis for each individual field in the JOVA programme. Farmers have provided information
about crop type, sowing and harvesting dates, type and date of field operations (e.g. ploughing,
sowing, harrowing), yield, amount of applied fertiliser (mineral and manure), type and number
of animals, and amount and date of applied pesticides (Bechmann, 2014). In Paper III,
information on fertiliser input, nitrogen balance (applied nitrogen in fertiliser and manure,
minus nitrogen removed by yield), and sowing and harvesting dates were used to detect
changes in the timing of field operations.
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In Paper IV, we used fertiliser application and data and timing of field operations to
calculate a so-called crop factor. This factor described the status of the field in terms of field
operations and vegetation development. A value of 1 represents no vegetation combined with
autumn tillage, while a value of 0.01 represents fully developed crop vegetation in the fields
(Barneveld et al., 2019).
Seasons used in our studies were defined as winter: December–February; spring:
March–May; summer: June–August; and autumn: September–November.

Figure 3: Impressions of field and laboratory work. A: filter papers with sediments after
filtering the water samples, B: preparation of the phosphorus analysis, C: high-resolution
turbidity sensor, D: ISCO portable sampler, E: rain gauge with tennis table ball to prevent
evaporation, needed for isotope sampling, F: data logger of the turbidity sensor powered
by a car battery; G: on the way to clean the turbidity sensor in Mørdre.
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Highresolution turbidity data
For Paper IV, we collected high-resolution turbidity data for the catchments Mørdre and
Skuterud (Table 2). Two multiparameter sensors MPS-D8 (SEBA Hydrometrie) were installed
in the outlets of the catchments (Figure 3 C). Turbidity was measured every 15 minutes with
an upper detection limit of 3210 Nephelometric Turbidity Units (NTUs). For Skuterud, there
were two observation periods: first comprising the years 2015 and 2016, resulting from an
earlier field campaign, and the second from mid-August 2018 until the end of 2019. In Mørdre,
we measured turbidity from mid-August until the end of 2019. For the monitoring period 20182019, the sensors were equipped with a heat wire (Skuterud) and a heat lamp (Mørdre) to
prevent the water from freezing and thereby ensuring winter operation. In order to maintain the
sensors, we cleaned them every second week to prevent them from severe clogging (Figure 3
G). The sensors were powered using car batteries that had to be changed every second or fourth
month, depending on the air temperature.
The high-frequency turbidity data were aggregated from 15-minute values to hourly
values to correspond to hourly water discharge values which were used in Paper IV. The highfrequency data on turbidity were used to conduct a concentration (turbidity) discharge (c-q)
hysteresis analysis (Lawler et al., 2006; Williams, 1989) for Paper IV. Before calculating the
hysteresis index, the high-frequency data were checked for outliers and possible measurement
errors. All turbidity values above the sensor detection limit (3210 NTU) were deleted, since we
assumed that when these high values occurred in more than one time step in a row, the sensor
was most probably clogged by particles or organic matter. A total of 142 runoff events were
identified for Skuterud and 95 events for Mørdre. The hysteresis index was calculated as
described in Lawler et al. (2006). The hysteresis index classified the events in terms of
magnitude, timing of runoff and sediment peak (which comes first). Further, the hysteresis
index made the runoff events comparable to each other.

Stream water grab samples
From mid-August 2018 until the end of 2019, water samples were automatically taken during
runoff events by an ISCO portable sampler (Teledyne) (Figure 3 D). These water samples were
used to construct calibration curves between turbidity and suspended sediments, and between
turbidity and particulate phosphorus in Paper IV. We usually set up the sampler before the
beginning of a rain or snow melting period. The ISCO took 24 water samples (500 ml) at hourly
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intervals for each event. We analysed these water samples for total phosphorus concentration,
suspended sediment concentration, electrical conductivity, and turbidity in the laboratory
(Figure 3, A, B).
Total phosphorus concentration was determined by oxidative digestion with potassium
peroxydisulfate, which is a colorimetric method (Norwegian Standard ISO 11905-1:1997). The
colorised samples were analysed by a spectrophotometer.
We analysed suspended sediment concentration by filtrating the samples using a glass
fibre filter with a pore size of 1.2 ȝP :KDWPDQ*)-C). We weighted the filters before filtration
as well as after filtration after one hour of drying at 105 °C. Although this method is standard,
it slightly underestimates the suspended sediments concentrations, because clay particles are <
2 ȝP and some of the fine particles will pass through the filter pores until they clog. This has
to be kept in mind when analysing the resulted sediment concentrations
Turbidity measured in NTU was analysed using the turbidimeter model 2100AN from
Hach. Nine events with 221 single water samples were sampled and analysed for Skuterud,
while seven events with 195 single water samples were sampled and analysed for Mørdre.

Stable water isotopes
From the end of 2018 until the end of 2019, we took water grab samples for stable isotope
water analysis in Skuterud. The samples were taken at different locations along the stream.
Further, we installed a rain gauge to collect rainwater (Figure 3 E) and a simple piezometer to
collect soil water in 1 to 1.5m depth. Water samples were also taken during three runoff events
in May, August, and October. These water samples were the basis of the two-component
hydrograph separation. The stream, precipitation and soil water samples were sent for analysis
to the isotope laboratory of the University of Oulu, Finland. Here, they were analysed for the
stable isotopes concentration of Oxygen-18 (18O) and Deuterium (2H). Water isotopes are
expressed in standard notation as parts per mille (‰) relative to a standard (V-standard Mean
2FHDQ :DWHU  DV į182 DQG į2H (Tetzlaff et al., 2015). A total of 173 water samples were
collected and analysed.
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2.3Data analysis and statistics
The data analyses were based on different statistical methods, which are described in detail in
the individual papers. Statistical analyses were performed in R (version 3.5.0, 3.5.2 and 4.0).
A 95 % confidence interval and 5 % significance level were set throughout the statistical
analyses. A 10% level was set as tendency.
In Papers II, III, and V, we applied a Mann-Kendall trend test to check the data for longterm and seasonal trends. The Mann-Kendall trend test is a rank-based, non parametric test and
can account for the non-normality of hydrological data (Yue et al., 2002). The trend analysis
was run in R (version 3.5.0 and 3.5.2), using the R package “TTAinterfaceTrendAnalysis”
(Devreker and Lefebvre, 2020). We used the Theil-Sen estimator to estimate the slope of the
changes in the hydrological and climate data (Sen, 1968; Theil, 1950). It determines for each
sample point the median of the slope of the crossing lines (median between ranks). The TheilSen estimator can be applied when the data contains outliers or when data is missing. It is a
robust non-parametric estimate of the slope. (Bouza-Deaño et al., 2008).
Linear regression, Pearson and Spearman correlation were applied in Papers II, III and
IV. In Paper III, we applied a linear mixed model. The linear mixed model provided a technique
for analysing the water quality data on the basis of non-probabilistic sampling (Giri and Qiu,
2016; Lessels and Bishop, 2013). The model was not used as a prediction tool, but to help
explaining processes.
In Paper II, a Partial Least Squares regression (PLS) was conducted. This type of
analysis is useful when a large set of explanatory variables is given, and variables are collinear.
The goal is to extract the important information and to display patterns of similarity among the
observations (Abdi, 2007).
In Paper IV, an analysis of variance (Kruskal-Wallis) and post-hoc test (WilcoxonMann-Whitney) were conducted to compare the characteristics of the two catchments Skuterud
and Mørdre and to determine seasonal differences in runoff. Further, multivariate regressions
were compiled.
In Paper V, we used wavelet coherences to identify correlations between the flow time
series and predictor variables. The wavelet analysis was done in R version 4.0 with the package
“biwavelet”. This method was applied to identify trends and periods and to explore the coupling
between discharge and the different climate variables such as precipitation, temperature,
evapotranspiration, snow water equivalent and soil water storage capacity. The analysis is
described in detail in the methods section of Paper V.
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3. MAIN RESULTS and DISCUSSION
3.1Bioeconomy and agriculture
The European bioeconomy strategy states that more wood and crop-based biomass is needed
to initiate a shift from a fossil fuel based economy to an economy based on renewable resources
(European Commission, 2011). Pressures related to the green shift consist primarily of more
intensive land use to increase the biomass production (Paper I). What does that imply for the
agricultural areas in the Nordic countries? It implies production intensification on arable land
with fertile soil and favourable climate regions (Stehfest et al., 2010) (Paper I). Further, a green
shift might lead to clearing of new land for agricultural production (Stehfest et al., 2010) and
utilisation of peatlands in form of a paludiculture (wet agriculture) could also be a possibility
in future. These changes add new and more pressures on watercourses and potentially increase
pollutant loading. Intensification, high use of fertiliser and cultivating new land might increase
the leaching. In Paper II, we found that the agricultural sites showed already the highest levels
of nutrient loads, followed by forestry and natural sites.
Another challenge for water is soil erosion and particulate phosphorus, especially in
soils with high proportion of clay soils (Sandström et al., 2020). For farmers in areas with
coarser soils, nitrogen loss can be a severe problem. These existing challenges are impacted by
climate change due to e.g. droughts or increasing numbers of heavy rainfalls. Therefore, we
state in Paper I that the effect of climate on nutrient and sediment runoff is a confounding factor
for the assessment of mitigation measures on water quality and hydrology. Thus, there is a need
for a process-based understanding of catchment-scale processes.
Climate change may be linked to an increase of the future agricultural production
(Olesen et al., 2007). However, climate change has negative effects (e.g. droughts) (Wiréhn,
2018). The Nordic regions are currently undergoing major changes due to global warming. The
regions are becoming warmer and wetter. Especially winters are getting warmer and wetter.
Spring and autumn are getting wetter (Øygarden et al., 2014), including increased frequency
of heavy rains and drought periods (water scarcity) (Mellander et al., 2018; Tsegaw et al.,
2019). Changes like more frequent heavy rain events affect phosphorus, soil particles, and
nitrogen lability and therefore mobilisation and transport processes. Climate change in
combination with changes in land use (e.g. increased use of fertiliser) will impact the hydrology
and the water quality (Rosegrant et al., 2013). As explained in Paper I, the effects of agriculture
on water quality are still not well understood and there is a need for a holistic approach. Long20

term monitoring programmes can be used to sustain and develop new modelling and
monitoring tools, and to combine different methods and expert knowledge to sustain good
water quality and to develop tailored management plans.

3.2The hydrological trends and the link to nutrient and sediment loss
Results from the trend analyses of seven Norwegian catchments showed that hydrological
trends were not easily detectable compared to trends in temperature (Papers III, V) (see section
3.3). The Mann-Kendall trend analysis conducted for precipitation in Paper V resulted in only
one significant trend. Volbu showed a significant increase in annual precipitation (sen-slope
0.02).
Discharge showed more changes. A significant increase in annual mean discharge could
be detected for four of seven catchments (Kolstad, Skuterud, Vasshaglona and Volbu) with
sen-slopes between 0.01-0.002. The increase in the annual discharge could mainly be explained
by an increase in either autumn and/or winter discharge. The seasonality of the discharge
showed that summer contributed the least (9 % to 16 %) to the total annual discharge in all
catchments. In the rain-dominated catchments like Naurstad, Skuterud, Time, and
Vasshaglona, autumn (~30 %) and winter (30 % to 40 %) mainly contributed to the annual
runoff (Papers IV, V). In snow-dominated catchments, such as Kolstad, Mørdre and Volbu,
winter was an inactive hydrological season and spring contributed with 40 to 50 % to the yearly
runoff due to snowmelt episodes (Paper V).
A seasonal pattern was also identified when doing a hydrograph separation based on
stable water isotope data in Skuterud (Figure 4). The runoff in spring (25.05.2019) was
dominated by event water (precipitation), while baseflow only played a minor role. In autumn
(15.10.2019), event water also played a dominant role, but here the baseflow contributed more
to the total runoff. In summer (17.8.2019), we saw a shift from event water to pre-event water.
New precipitation water pushed out the old water stored in the soil, which contributed to the
runoff, whereas the new water was stored in the soil.
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Figure 4: Hydrograph separation for three different runoff events in spring, summer, and
autumn for the catchment Skuterud. Qp: pre-event water (baseflow); Qe: event water
(precipitation) and Qt: runoff at time t. This figure is not shown in any of the papers.

Variables such as soil water storage capacity, hysteresis index and the connectivity index, also
showed a seasonality (Paper IV). Soil water storage capacity was high in summer, when the
soil was dry and could store water, but low in winter and spring, when the soil was saturated.
The hysteresis index was highest in autumn and the connectivity index was highest in spring
due to bare soil and ongoing field operations (e.g. ploughing). It was lowest in summer when
the vegetation was fully developed. We also found seasonal patterns for turbidity and
consequently for suspended sediments (Paper IV). Spring, autumn, and winter were important
seasons for turbidity. In spring and autumn, this was due to high field activities, such as
ploughing, in combination with rainfall (Figure 9). High turbidity during winter was due to
non-permanent snow cover and rain.
Hydrology and nutrient and sediment concentration and fluxes are closely linked to
each other (Casson et al., 2019; Sherriff et al., 2016). Nevertheless, in Paper II it was difficult
to explain changes in concentration and fluxes of nitrogen and phosphorus with trends in
hydrology. In Paper IV, we showed that discharge and turbidity were significantly positively
correlated, and discharge explained more than 50 % of the variation in turbidity (Table 3). We
found a connection between total nitrogen concentration and discharge (Paper III). Here, the
relationship was negative, which accounts for a dilution effect. We also observed that rain
intensity impacted the average runoff event turbidity values (Paper IV) (Table 3). This is
important to see in the context of increasing heavy rain events in the future (Hanssen-Bauer et
al., 2015; Mellander et al., 2018).
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Figure 5: Wavelet coherence between discharge and precipitation for a 24-26 year period (xaxis). Periodicity of the coherence pattern is shown on the y-axis Colours indicate the strength
of the relationship with red (1) to blue (0). Areas within black lines indicating 95 % significance
level. A detailed description of how to read and interpret these figures is given in Paper V.

To improve the understating of hydrological processes, new techniques and a combination of
different methods are needed. In Paper V, we combined a Mann-Kendall trend with a wavelet
coherence analysis. Figure 5 shows the coherence over time between discharge and
precipitation, which is also presented in Paper V. We can clearly see a difference between the
snow and rain dominated catchments such as Naurstad, Vasshaglona and to some extend
Skuterud. These catchments showed a strong coherency (red colour, Figure 5). Whereas the
snow-impacted catchments showed a weak coherency (blue colour) such as Kolstad, Volbu
and to some degree Mørdre. Kolstad and Volbu for example, the most inland sites, showed a
small coherence during spring (0.37, 0.32) and winter (0.29, 0.23) compared to other
catchments (Paper V). A detailed table with all coherences can be found in Paper V. The
appearance of snowfall in the spring and winter months in inland areas led to a decoupling of
discharge and precipitation. Snowfall is not immediately available for runoff generation and is
first active when temperature increases. The difference between snow and rain impacted
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catchment can also be seen in the coherence between runoff and snow water equivalent (Paper
V).
Further, we found that discharge is strongly connected to soil water storage capacity
(Papers IV, V). The water storage capacity of the soil showed a significant negative correlation
with mean event discharge and explained 57 to 65 % of the variability in mean event discharge.
The wavelet coherence analysis in Paper V also showed this strong connection. The relation
between soil water storage capacity and discharge was negative, meaning small storage
capacity resulted in high discharge. Further work with wavelets could contribute to an
improved understanding of changes in hydrology and in the coherence between hydrological
and climate variables over time.

3.3Temperature and the link to nutrient loss and agricultural management
The trend analysis in Papers III and V showed that the annual mean temperature increased
significantly from 1990’s until 2020. In Paper V, six of seven catchments showed a significant
increase in annual mean temperature (sen-slope 0.05 to 0.1), except Vasshaglona. Vasshaglona,
which is the most southern located catchment, has a milder climate compared to the other
catchments (Table 1) and changes are projected to be smaller there (+2.2 °C increase from the
current annual median air temperature) than in other Norwegian regions, like Finnmark (+4.5
°C) (Hanssen-Bauer et al., 2015). The lack of significant trends in Vasshaglona might be
because changes in temperature are not detectable. The seasonal analysis in Paper V showed
that air temperature increased in all seasons, with the largest increase during spring (sen-slope
0.05-0.14) and winter. Compared to all other catchment, the mountainous catchment Volbu
showed the highest increase in temperature.
Although the air temperature increased for almost all catchments, the coherence
between discharge and air temperature was weak as exhibited in the wavelet analysis in Paper
V. The missing link between temperature and discharge in the seven Norwegian catchments
may be explained by the opposite effect of temperature. Temperature affected
evapotranspiration, snowfall to rain transition, and snowmelt (Blöschl et al., 2019), which
affected runoff indirectly and differently. Further, other factors like land use, soil type,
topography, and precipitation patterns might have had a stronger effect on runoff.
The increased temperature affected the thermal growing seasons, as shown in Paper III. The
length of the growing season increased significantly in four of seven catchments, mainly due
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to temperature changes in spring and autumn. Warmer spring temperatures accelerates the
phenological development of plants (Jeong et al., 2011; Menzel et al., 2006) and a change in
thermal growing season may affect the actual agricultural growing season and management
(Børgesen and Olesen, 2011; He et al., 2018; Ruosteenoja et al., 2011). The extension of the
growing season is seen as one potential positive effect of climate change for food production.
A shift to crop varieties better adapted to a longer growing season and a shift in sowing dates
earlier in the year with simultaneous increased CO2 concentration and precipitation could result
in an increase of yield (He et al., 2018; Seehusen et al., 2015). However, even when temperature
increases and the growing season gets longer, light availability will put a constraint on a
positive effect, since light determines plant development and growth in northern countries
(Olesen and Bindi, 2002).
Another positive effect linked to a prolonged growing season is that a longer growing
season can reduce the risk of nutrient leaching due to a better utilisation of nutrients and a
longer period of vegetation cover (Øygarden et al., 2014; Wiréhn, 2018). In Paper III, we found
that a prolonged growing season corresponded to a reduction in nitrogen concentrations. This
effect could only be seen for the catchments, where cereal production dominated, whereas in
the grassland-dominated catchments such effect was not found. The difference in response
might be due to differences in precipitation, fertiliser input, soil type, and permanent vegetation
cover.
Considering the annual mean temperature and summer temperature, we found that these
temperatures were positively related to total nitrogen and phosphorus levels found in the stream
(Paper II). The linear regression showed that in forestry and natural catchments, nitrogen and
phosphorus concentration and summer temperature were significantly correlated, but this
relationship was not found in agricultural sites (Paper II, III). This suggested that management
practice, crop type and soil type/texture acted as stronger controls on nutrient cycling than
temperature (Bechmann et al., 2008).
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Figure: 6: a) Scoring of each single observation (catchments) for the two first
components; b) Loading for the explanatory variables and the dependent variable of
total nitrogen (totN).

3.4Land use and management linked to nutrient loss
In Paper II, we found that the highest concentration and fluxes of total nitrogen and phosphorus
appeared in agricultural catchments, followed by forestry and natural catchments (Figure 7).
The Partial Least Square Regression showed that the nutrient concentration and fluxes are
positively related to percent agricultural land in the catchments (Figure 6b, Figure 7).
Independent of the countries the catchments grouped together according to their category
agriculture, forestry and natural (Figure 6a, Paper II). Only the Danish natural sites showed a
different pattern, which indicated the difference in natural reference conditions by the countries
(Skarbøvik et al., 2020a).
The high nutrient availability in agricultural catchments is primarily driven by longterm surpluses of nitrogen and phosphorus. Whereas natural catchments gain most of their
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nutrients via atmospheric deposition (Vuorenmaa et al., 2017). The nutrient runoff from
catchments under forest management (harvesting, drainage, fertilisation, soil tillage) can be
related to application for input and to mobilisation of soil nutrient resources (Tattari et al.,
2017).
The Mann-Kendall trend analysis did not result in very strong patterns, considering
changes in nutrients and sediment concentration and fluxes (Papers II, III). The regional trend
analysis showed a significant decrease in nitrogen concentration and fluxes across the
agricultural (-15 μg total N l-1 year -1) and natural sites (-0.4 μg NO3-N l-1 year-1), but individual
catchments showed a few long-term trends in concentration and fluxes (Paper II). For Norway,
no significant trend in nitrogen concentration could be found (Paper III). The overall decrease
in nitrogen for the period 2000-2018 (Paper II) are in line with the decreasing trend in nitrogen
balances for the period 2000-2016. This decline was lowest for Norway (only 3%) (Eurostat,
2020). The nitrogen balance is an indicator of how much nitrogen is available in the soils for
leaching (Valkama et al., 2013). When the nitrogen balance is positive, there is a risk of more
nitrogen being leached (Cherry et al., 2008; Valkama et al., 2013). The linear mixed model
showed that nitrogen balance played a significant role for the total nitrogen concentration found
in streams (Paper III), meaning higher nitrogen balance led to higher nitrogen concentrations.
However, this relation was only found for catchments having cereal production as the main
land use.
Considering phosphorus, forestry impacted catchments had a significant decrease in
total phosphorus (-0.1 μg total P l-1 year-1) since 2000 and agricultural sites showed a small
increase in total phosphorus fluxes (+0.4 kg P km-2 year-1). The newest report on the Norwegian
monitoring data from agricultural catchments found that three catchments showed a significant
increase and two showed a tendency to increase total phosphorus flux (Bechmann et al., 2021).
Reasons for an increase in total phosphorus fluxes may differ from catchment to catchment.
The increase can be linked to autumn ploughing (Paper IV), increase in discharge (Paper V) or
erosion processes (Paper IV) (Bechmann et al., 2021; Bechmann and Bøe, 2021).
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Figure 7: Concentration ranges for the grouped sites for median total Nitrogen and
phosphorus, calculated for annual averages for three different land use types during
2000-2018.

We also considered whether the change in temperature, especially in spring and autumn,
impacted the land management, in this case the sowing and harvesting dates. Therefore, longterm changes for sowing and harvesting dates of the cereal dominated catchments (Kolstad,
Mørdre, Skuterud) were analysed. No significant changes over time could be found. We
correlated the start of the growing season and the day when 50 % of the area was sown (Figure
8). Only Skuterud showed a significant correlation (R2 0.63). However, we found that when at
least one farmer had started to sow, there were significant correlations in Mørdre (R2 0.42) and
Skuterud (R2 0.62) (Paper III). A prolonged growing season will not always lead to earlier
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sowing, because other factors like soil moisture also play a role. Soil moisture is one of the
most limiting factor of early plant development in Norway, due to its impact on soil strength,
trafficability and aeration (Kolberg et al., 2019; Riley, 2016).

Figure 8: Pearson correlation between the first day of sowing of spring cereals and the start of
the thermal growing season. R2 for Skuterud 0.63.
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3.5 Sediment transport dynamics
Improved understanding of the dynamics of sediment transport during single events may help
to fit mitigation measures in time and space. The focus in Paper IV was on turbidity and
suspended sediments and the basis of the analysis was high resolution turbidity data. The results
of the linear regression between turbidity and total phosphorus and suspended sediments
showed that turbidity is a good proxy for concentrations of phosphorus and sediments in the
studied catchments (Skuterud and Mørdre). This is consistent with previous observations,
including Norwegian, Swedish and Finnish agricultural catchments (Kämäri et al., 2020;
Sandström et al., 2020; Skarbøvik and Roseth, 2015; Villa et al., 2019). Phosphorus is mainly
soil particle bound (Walling et al., 1997) and is especially positively correlated with small
particles such as clay, which have a larger relative surface area (Ballantine et al., 2009;
Kleinman et al., 2011; Sandström et al., 2020). Both Skuterud and Mørdre have a high clay and
silt content.
The concentration-discharge runoff patterns of the events were dominated by a
clockwise hysteresis (positive hysteresis index) in all seasons in both catchments, meaning
turbidity in general peaked before the discharge peak (Figure 9). The clockwise hysteresis
pattern indicated a fast transport of suspended sediments and particulate phosphorus which is
typical for small-scale catchments (Heidel, 1956). In this context, it is important to mention
that soil texture is an important factor when it comes to hydrology and nutrient and sediment
loss. Depending on the soil texture the response will be different (Sandström et al., 2020).
Catchments dominated by clay soils, such as Skuterud and Mørdre, are characterised by a
preferential flow through macropores and tile drains and by overland flow (which also includes
runoff through manholes) (Bieroza et al., 2019; Ulén et al., 2018). On average, Mørdre had
higher turbidity values during the runoff events, which can be explained by steeper channel
slopes and hilly topography. Moreover, channel bed dynamics, stream bank erosion, and
remobilisation of particles also play an important role for sediment loss.
Previous runoff events determine the soil moisture content and the availability of
particles from both surrounding fields and channel which can be eroded and transported. In our
study, it turned out that high ratios (pre-event runoff peak > event peak) were linked to rather
small turbidity values at the event peak. This indicates that large pre-events flushed most of the
easily available stored particles, and that less sediments were available in following events.
Small ratio (pre-event runoff peak < event peak) was linked to high turbidity values.
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Table 3: Significant correlations (in bolt) between event parameters mean and maximum
discharge (Qmean, Qmax [m3s-1], mean turbidity (TURBmean [NTU]), rain intensity [mm hr-1],
soil water storage capacity [mm], crop factor [-] and connectivity index [-].
Skuterud
Qmean

Mørdre

TURBmean

HI

Qmean

0.66

Qmax

TURBmean

HI

0.54

0.53

0.21

0.81

0.64

0.69

0.33

0.28

0.4

0.14

0.26

0.63

0.21

0.71

0.44

0.25

0.7

-0.18

0.13

Crop factor

0.11

-0.03

0.33

0.24

-0.06

0.28

Connectivity index

0.2

0.001

0.4

-0.28

-0.1

0.28

Rain intensity

Qmean

Water storage
capacity

The hysteresis index was mainly determined by maximum event discharge, crop factor and
connectivity index (Table 3). A high crop factor (combined field operation and crop cover)
lead to a larger hysteresis index, hence little vegetation cover combined with soil tillage
resulted in a higher hysteresis index. Both the vegetation and the agricultural management
(tillage, no tillage etc.) have an impact on water runoff and particle loss. A well-developed
vegetation cover affects the runoff through interception, better infiltration, and soil protection
(Blankenberg and Skarbøvik, 2020; Stutter et al., 2019), whereas soil cultivation can lead to
loose material available for erosion (Bechmann and Bøe, 2021; Ulén et al., 2007).
A high index of connectivity (high likelihood that water and particles are transported to
the stream) also corresponded to a high hysteresis index (Table 3). However, we found that the
connectivity index only had a limited explanatory power for the mean event discharge (2 to 11
%) and turbidity (1 %, Table 4 in Paper IV). The difficulties in linking the index of connectivity
to discharge and turbidity could be due to catchment size. The catchments we worked with are
small (< 700 ha) and distances from field to stream are relatively short compared to distances
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in larger catchments, which may explain why the distance from field to stream was of less
importance.

Figure 9: Conceptual model for the seasonal dominant processes and main responses based on
the analysed data and showing examples for concentration-discharge hysteresis patterns

3.6Future perspective: Agriculture, climate, and land use change
The previous sections showed how climate, hydrology and agricultural management are linked
to water quality. We explored how temperature impacts the hydrology and water quality of
catchment (Papers II, III, V), how hydrology is linked to water quality (Papers IV, V), and
which role land use and management played for nutrient and sediment loss (Papers I, II, IV).
While we have mainly focused on the changes in climate, hydrology and water quality that
have already taken place, our studies also shed light on possible future changes. For the Nordic
countries, the annual changes in climate and hydrology are projected to be less pronounced
than seasonal ones (Hanssen-Bauer et al., 2015). In Paper IV, we showed that the largest
increase in temperature was in spring and winter, whereas discharge mainly increased in
autumn and winter (Papers III, V). Typical seasonal patterns (Figure 9) that we see today, such
as snow melt peak in spring and inactive winter, might not appear in this form in the future.
Warmer temperature in winter, for example, will affect soil frost condition and influence
infiltration capacities and discharge event participation (Ala-aho et al., 2021). Further increase
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in temperature might affect runoff events during spring, which are often characterised by high
water discharge, particularly in snow impacted catchments (Casson et al., 2019).
Changes in spring runoff might have several causes: shift of snow melt peaks earlier in
the year (Pulliainen et al., 2020), less precipitation, higher temperature (Papers III, V), and
consequently more evaporation (Paper V) during this period (Donnelly et al., 2017), as well as
earlier start of the growing season (Paper III). In this context, we also have to consider changes
in high and low flows and extreme events. Increased precipitation during autumn and more
precipitation falling as rain instead of snow in winter, in combination with the increased
number of melting periods and high soil moisture (reduced infiltration capacity) can cause
increased high flow discharge (e.g. Skuterud, Paper V) (Blöschl et al., 2019; Meriö et al., 2019).
These changes might contribute to higher nutrient and sediment concentrations and fluxes in
the future, especially in seasons when the soil is not covered by plants and therefore is more
exposed to erosion (Ulén et al., 2010). This calls for increasing and restoring the landscape
water storage capacity (Wilson et al., 2019), as well as a change in ploughing and fertilising
management, taking into account nutrient legacy, vegetation cover such as catch/cover crops
or straw stubbles, buffer strips, and tile drainage systems (Bechmann, 2014; Casson et al., 2019;
Liu et al., 2019).
This is also important for extreme events, since we found that maximum turbidity
values highly correlated with maximum discharge (Paper IV). A higher frequency of extreme
precipitation during summer is projected in the Nordic countries, which could also increase the
number of discharge and nutrient peaks during the summer season (Hanssen-Bauer et al., 2015;
Wiréhn, 2018). Even in summer, when agricultural fields are fully vegetated, extreme runoff
events can have the same impact on e.g. total phosphorus concentration as a snowmelt event in
spring (Wilson et al., 2019).
The analysis in Paper V indicated that single extreme conditions such as low average
temperature and high average temperature can influence the total hydrological regime. A
change in the coupling between variables can also affect subsequent years. The year 2010 had
a colder average temperature compared to other years and the winter was drier than usual
(Dyrrdal et al., 2013). Our wavelet coherence analysis indicated a decoupling between
discharge and temperature and discharge and soil water storage capacity during 2010 for four
catchments, which could be due to these cold temperatures. In 2018, northern Europe was
affected by an extreme drought and extreme low-flow conditions were recorded (Bakke et al.,
2020; Fennell et al., 2020). The high temperatures meant that there was a strong increase in
mean temperature from 2017 to 2018 in Volbu, which might have affected the decoupled
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coherency between discharge and precipitation, soil water storage capacity, snow water
equivalent, and evaporation. In regions affected by seasonal snow, droughts are also
determined by accumulated snow volume and timing of snowmelt. If high temperatures already
occur during the snowmelt season and they can lead to extreme high runoff during spring in
mountainous catchments (Bakke et al., 2020). Groundwater is important to mention in this
context, because it plays a crucial role in the occurrence, timing and magnitude of a
hydrological drought (Bakke et al., 2020). It is thus important for the drought resilience of a
catchment (Fennell et al., 2020).
To what extent climate change will lead to a change in farmer’s behaviour and
agricultural management is an important point in the discussion about future land use.
Understanding farmers’ perceptions can provide important information to agricultural
policymakers. An empirical study of farmers’ perceptions of climate change and their
vulnerability to climatic changes in Finland and Sweden stated that agricultural policy
(regulations, financial grants, subsidies, negative sanctions) may have a higher impact on
farmers’ behaviour than climate change itself (Juhola et al., 2017). A Canadian study showed
that prices, policy, and land characteristics played a major role for crop choices (Grise and
Kulshreshtha, 2016) and Mittenzwei and Øygarden (2020) illustrated how environmental
politics impacts agriculture in Norway. In the long term, Zimmermann et al. (2017) predicted
that technology and breeding potential will have a higher impact on farm management and
yield than climate change. Agricultural policy and technology development is therefore also
likely to affect bioeconomic production and, in turn, water quality.
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4. CONCLUSIONS and RECOMMENDATIONS
Based on the presented studies, climate, agricultural management, hydrology, and water quality
are closely linked to each other and they will likely change. The presented studies documented
a change in temperature and hydrology and a close relationship between discharge and
sediment loss. Further, we showed that type of land use, agricultural management, and soil
conditions also play an important role in nutrient and sediment loss processes in small
catchments.
Especially, cold climate regions are very sensitive to changes in climate, and therefore
long-term monitoring catchment data play a key role in observing long-term changes in
hydrology, water quality and related processes. It is important to sustain and maintain
monitoring programmes that observe climate, agriculture and hydrology at field and catchment
scales. These data can provide a framework for quantifying and evaluating sources of nutrients
and sediments and can be used to assess catchment responses to climate and land use changes.
Further, monitoring data can help to evaluate the effect of mitigation measures on nutrient
concentrations. In addition to broader long-term monitoring data, continuous high-resolution
monitoring data based on sensor technique are a powerful tool to describe and understand
processes at catchment scale. They can give detailed insights into causes of nutrient and
sediments losses. It is necessary to combine different resolution levels and methodologies to
close the knowledge gaps. This should also be seen in the context of changing temperature and
hydrology.
In the conducted studies, changes in temperature and hydrology (precipitation and
discharge) could be detected best at the seasonal scale, which is also where the largest changes
occurred. Discharge, turbidity, field operations, crop factor, connectivity index, and soil water
storage capacity showed a strong seasonality. It is therefore recommended to analyse climate
and hydrological data not only on annual basis, but seasonally as well.
Working with holistic system-based approaches is challenging, but more research at
headwater catchment scales is needed. These approaches make it possible to link different
pressures for nutrient and sediment loss such as climate, hydrology and agricultural
management. Further, they contribute to an understanding about processes affecting the water
quality at catchment scale.
In our studies, we showed that responses to climate, hydrology and land management
are different from catchment to catchment. Conditions such as the location (e.g. inland or
coastal), precipitation (snow or rain-dominated), catchment size, topography and soil texture
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determine which effect land use and climate pressures have on hydrology and water quality
and which processes are predominant. Therefore, more information is needed from different
locations to enable tailored land management and mitigation measures adapted to the local
conditions.
It will also be important to improve the understanding of how and to what extend
climate change and policy affect farmers’ activities and perceptions, catchment processes and
resulting water quality. If we want to gain good water quality and maintain ecosystem services
related to water in the future, collaborations between researchers, politicians, land manager and
farmers are crucial.
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