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Increased nutrient and soil losses from agricultural areas into water bodies constitute a global problem. Phos-
phorus is one of the main nutrients causing eutrophication in surface waters. In arable land, phosphorus losses
are closely linked to sediment losses. Therefore, a better understanding of the sediment-runoff processes in
agricultural areas is a key to reduce the eutrophication impacts and to implement mitigation measures. The
objectives of this study were to identify dominant sediment runoff processes in cultivated grain-dominated
catchments in a cold climate. We assessed continuous high-resolution turbidity data, temporal and spatial
catchment properties and agricultural management data to describe and get a better understanding of the cause-
relationship of sediment transfer in two small agricultural dominated catchments in southern Norway. The
concentration-discharge pattern, index of connectivity and agricultural activities were considered with the wider
aim to establish a link between field and catchment scale. The results showed that the dominant concentration-
discharge pattern was a clockwise concentration-discharge (c-q) hysteresis in both catchments indicating that
areas close to or in the stream gave the highest contribution to turbidity. The main driver for turbidity was
discharge, though soil water storage capacity, rain intensity and former discharge events also played a role.
Intensity of soil tillage and index of connectivity (likelihood of water and particles to be transported to the
stream) impacted the c-q hysteresis index. Little vegetation cover and high intensity of soil tillage led to a high
hysteresis index, which indicates a quick increase in turbidity following increased discharge. Other links between
agricultural management and in stream data were difficult to interpret. The findings of this study provide in-
formation about discharge, field operations and vegetational status as drivers for turbidity and about the spatial
distribution of sediment sources in two agricultural catchments in a cold climate. The understanding of sediment
runoff processes is important, when implementing management actions to combat agricultural emissions to
water most efficiently.

1. Introduction Scandinavia, naturally show a relative high total phosphorus content

that is increased by fertilization (Krogstad and @gaard, 2008). The aim

Elevated nutrient and particle concentrations in water bodies as a
result of transport from agricultural sites constitute a global problem,
leading to deterioration in their ecological status (Bechmann et al.,
2008; Giri and Qiu, 2016; Ulén et al., 2007). Phosphorus is one of the
main nutrients that cause eutrophication in surface waters and reduces
the functioning of a healthy aquatic ecosystem (Alvarez et al., 2017;
Schoumans et al., 2014). Areas with marine clay soil, as found in

of the European Water Framework Directive (EU, 2000) and other in-
ternational agreements is to avoid high nutrient loads and control the
impact of agriculture and other land use influences on water bodies.
Here, the monitoring of small scale catchments can play a key role,
because their water quality impacts larger lake and river systems (Bol
et al., 2018; Brendel et al., 2019). Typically, the loss of P from agricul-
tural fields is closely associated with particle loss (Ballantine et al.,
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2009b), which is one reason why it is necessary to monitor suspended
sediments (SS) and particle-bound P. Insight into the causes, quantities,
and dynamics that characterize phosphorus and suspended sediment
fluxes from agriculture is important if effective and efficient measures
are to be devised. Sediment monitoring has traditionally been under-
taken by grab sampling, continuous sampling with large time lags, and
composite sampling on a volume-proportional (flow-weighted) basis.
Time-proportional (incl. grab) sampling with low resolution may over
time lead to inaccurate estimates of maximum and average concentra-
tions, and it will also fail to detect variation in concentrations. (Leigh
et al., 2019; Skarbgvik and Roseth, 2015; Stutter et al., 2017). Provided
that the number of subsamples is sufficient, flow-proportional composite
sampling will yield more accurate estimates of averages, but the varia-
tion will be concealed (Cassidy et al., 2018; Leigh et al., 2019; Villa
et al., 2019).

Sensor techniques can show continuous concentrations and therefore
provide detailed insight into transport dynamics and the highly variable
concentration patterns of particles in streams (Lannergard et al., 2019;
Skarbgvik and Roseth, 2015). In particular, continuous high-frequency
measuring of turbidity is a useful tool and a surrogate that can be
used to detect changes in SS and particle-associated P (Gippel, 1995;
Kamari et al., 2020; Marttila et al., 2013). More frequent data collection
may reduce errors in load calculations, as it can capture concentrations
during all peak events (Skarbgvik et al., 2012; Valkama and Ruth, 2017).
Many different studies have used high-frequency data as a source for
process understanding and for estimating nutrients and SS (for example
Bieroza and Heathwaite, 2015; Dupas et al., 2015; Fovet et al., 2018;
Kéamari et al.,, 2020; Lannergard et al., 2019; Minella et al., 2008).
However, processes have been studied less in sloping landscapes in high
latitude climates like Norway (Liu et al., 2019). Cold climate regions are
defined by an average air temperature above 10 °C in their warmest
month and under 0 °C in their coldest months (Peel et al., 2007). These
temperatures, especially in winter, often make it difficult to use sensors
the whole year round, and an option for heating is therefore useful
(Valkama and Ruth, 2017).

One possible tool for analyzing particle export and discharge is the
concentration-discharge (c-q) hysteresis that occurs whenever there is a
difference in the relative timing of particle export and discharge during a
runoff event (Evans and Davies, 1998). A c-q-approach is important in
small catchments (<10 km?) because small headwater streams are more
sensitive to SS and P from local sources than are large catchments.
Headwater catchments can provide detailed insight into c-q processes
(Bol et al., 2018; Lefrancois et al., 2007). Characteristics such as land
use, topography, and annual precipitation patterns (e.g. dry summer,
wet autumn) create challenging conditions for mitigating erosion pro-
cesses. It is particularly challenging to identify, describe and understand
the non-point P sources, and sediment and P dynamics at the catchment
scale because of spatial heterogeneity and temporal variability (Bol
et al., 2018; Haygarth et al., 2012). In addition, the seasonal changes in
agricultural management (field operations) and their dependence on
precipitation and temperature must be taken into account when dealing
with soil and nutrient losses from agricultural catchments (Bieroza and
Heathwaite, 2015; @ygarden, 2000). 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; Kamari et al., 2020). In this context,
high-frequency water quantity and quality data analysis, combined with
spatial analysis of land use at catchment and field scale, is a powerful
tool for understanding dominant transport processes in the terrestrial
phase, and for producing better information for management purposes
(Barneveld et al., 2019; Keesstra et al., 2019).

We aim to investigate sediment runoff processes in small agricultural
catchments in southern Norway that differ in terms of their topography
and soil. We analyze high-resolution sensor data on turbidity, combined
with spatial and temporal catchment properties and agricultural man-
agement factors. The objectives of this research are:
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1. To identify the relative importance of near-stream, in-stream and
field sources of sediments and particle-bound P.

2. To quantify the (relative) importance of climatic and agronomic
drivers that play a role in sediment and particle-bound P loss at
catchment scale with respect to seasonality.

3. To establish a causative correlation between agricultural manage-
ment and turbidity responses in the stream.

The overall aim of this study is to contribute to a better under-
standing of dominant sediment runoff processes in agricultural head-
water catchments with respect to timing and quantity in cold climates.

2. Method and materials
2.1. Study sites

Our case study areas were two small agricultural catchments located
in the southeast of Norway (Fig. 1). The Skuterud and Mgrdre catch-
ments are part of the Norwegian Agricultural Environmental Monitoring
Programme (JOVA) and have been monitored for water quality since the
early 1990’s. Both catchments are dominated by cereal production, and
the soils are tile drained.

Skuterud has a total area of 450 ha and an elevation between 91 and
146 m above sea level. with an average slope gradient of 5.9% (Barne-
veld et al., 2019) (Table 1). Sixty-two percent of the area is agricultural,
of which 80% is under cereal production. The growing season is about
202 days (Wenng et al., 2020). The soils originate from marine deposits,
and the main soil textures of the arable land are silty clay, loam, and silty
loam (24% sand, 48% silt, 27% clay) (Kvarng and Oygarden, 2006).
Skuterud has warm summers (mean temperature 15.6 °C), and winters
(mean temperature —2.6 °C) with unreliable snowfall. The annual pre-
cipitation is 824 mm and the annual mean temperature is 6.6 °C
(Table 1, Wenng et al., 2020).

Mgrdre has a total area of 680 ha with an elevation between 130 and
230 m above sea level. (Table 1). Here, 65% of the area is used for
agricultural production, of which cereals comprise about 80%. The
growing season is about 194 days (Wenng et al., 2020). Mgrdre is
characterized by ravines, whereas the thalwegs of secondary ravines
were artificially levelled in the 1960’s to create more suitable land for
agricultural production (Barneveld et al., 2019). The average slope in
Mgrdre is 14.5%. The main soil textures of the arable land are silt, silty
clay, and loam (16% sand, 58% silt, 26% clay) (Kveerng and Oygarden,
2006). Mgrdre is characterized by a continental climate with warm
summers (mean temperature 14.7 °C) and cold winters (mean temper-
ature —4.5°C). It has higher snow reliability because it is located
upcountry and further north (50 km from Skuterud) (Fig. 1). The annual
precipitation is 709 mm and the annual mean temperature is 6.1 °C
(Wenng et al., 2020).

2.2. Monitoring data

High-resolution turbidity sensors were installed in the outlets of the
two catchments. Turbidity was measured every 15 min by the multi-
parameter sensor MPS-D8 (SEBA Hydrometrie). The detection limit of
the sensor was 3210 Nephelometric Turbidity Units (NTUs). For Sku-
terud, there were two observation periods: the first comprising the years
2015 and 2016, and the second from mid-August 2018 until the end of
2019. In Mgrdre, turbidity was measured from mid-August 2018 until
the end of 2019. For the monitoring period 2018-2019, the sensors were
equipped with a heat wire (Skuterud) and a heat lamp (Mgrdre) to
prevent the water from freezing, thereby ensuring winter operation.
Water level and discharge were monitored continuously using a pressure
transducer combined with a Campbell data logger and v-notch dam at
the outlet of the catchments. Precipitation was recorded at hourly in-
tervals at local weather stations located in or close to the catchments. In
addition, event-based hourly water samples were taken using an ISCO
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Fig. 1. Locations of the study catchments Mgrdre (upper) and Skuterud (bottom) in southeast Norway. The main monitoring station is at the same location as

the outlet.

Table 1

Overview of the catchment properties: total area in hectares, land use, main crops, soil texture, elevation, slope, annual mean temperature and precipitation.
Catchment  Total area Agricultural land use Main Soil texture Elevation range [m.a.s. Slope Ann. mean T Ann. P

[ha] [%] crops L] [%] [°C] [mm]
Skuterud 450 62 cereals Silty clay, loam, silty 91-146 5.9 6.6 824
loam

Mgrdre 680 65 cereals Silt, silty clay, loam 130-230 14.5 6.1 709

portable sampler (Teledyne) to construct calibration curves between
turbidity and SS, and between turbidity and total phosphorus (TP). The
sampler was usually set up before a rain or snow melting period began,
and 24 water samples (500 ml) were taken at hourly intervals for each
event. These water samples were analyzed for TP concentration, SS
concentration, electrical conductivity (EC), and turbidity in the labo-
ratory. Total phosphorus concentration was determined by oxidative
digestion with potassium peroxydisulfate, which is a colorimetric
method (Norwegian Standard ISO 11905-1:1997). Suspended sediment
concentration was analyzed by filtrating the sample using a glass fiber
filter with a pore size of 1.2 pm (Whatman GF-C) and weighing it after
one hour of drying at 105 °C. Although this method is standard, it
slightly underestimates the SS concentrations, because clay particles are
by definition <2 pm and some of the fine particles will pass through the
filter pores until they clog. Turbidity measured in NTU was analyzed
using the turbidimeter model 2100AN from Hach. Nine events with 221
single water samples were sampled and analyzed for Skuterud, while

seven events with 195 single water samples were sampled and analyzed
for Mgrdre. The high-frequency turbidity data were aggregated from 15-
min values to hourly values to correspond to hourly water discharge
values.

The JOVA monitoring program also collects land management data.
Farmers provide information about crop type, sowing and harvesting
dates, the type and date of tillage, yield, fertilizer application date and
amount of applied fertilizer (mineral and organic), the type and number
of animals, and amount and date of applied pesticides (Bechmann, 2014;
Wenng et al., 2020). In our analysis, we linked stream processes to
agricultural management data, focusing especially on i) fertilization
application and ii) the date and timing of field operations such as sow-
ing, plowing, harrowing, and harvesting.

For information on soil water characteristics, the water storage ca-
pacity of the soil was downloaded from the Norwegian data platform
(SeNorge.no, 2020) http://www.senorge.no/, an open portal run by the
Norwegian Water Resources and Energy Directorate (NVE), the
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Norwegian Meteorological Institute (MET), and the Norwegian Mapping b=
Authority. They provide daily data on snow, water, weather, and climate 2 é
dating back to 1957. These hydrological variables are calculated using g A
the Gridded Water Balance model (GWB) (Beldring et al., 2003). = E g
2.3. Total phosphorus and suspended sediment concentrations and fluxes g .

= g

A linear relationship between turbidity (hourly sensor data) and TP é i
and SS, respectively, was established from the hourly event-based water g E
samples (Egs. 1-4). The goodness and significance of the fit were eval- 9 E Sl e o
uated within a linear regression and the coefficient of determination Sg|lsm|s|E &2
(R?). Next, hourly TP and SS concentrations (mg 'Y and fluxes (mg hah) § o
for the whole monitoring period 2015-2019 were calculated for each § £ 5
catchment based on Egs. (1-4). g5 8 £

The SS and TP concentrations of Skuterud and Mgrdre were calcu- g Zls _18lg ¢
lated based on: g E|SZl=E|s s

Q
Skuterud: SS concentration = 0.45*TURB + (—5-1) (€8} g“ § ;; E §
TP concentration = 0.0009*TURB + 0.09 2 ‘E’ g
4 S| E|&|z ¢®
Mgrdre: SS concentration = 0.39*TURB + (- 2-82) 3) E,; E‘ E - -
= g =
TP concentration = 0.0005*TURB + 2-81 @ 2818815l g
SR
£S|5%
Eg(s5lig =
2.4. Hysteresis index for turbidity and water discharge é }%
3k

We used a concentration (turbidity) discharge (c-q) hysteresis anal- E 2 IS

ysis to analyze processes and sediment sources in the study catchments. § g g _

Before conducting the hysteresis index analysis, the high-frequency data g E B o

were checked for outliers and possible measurements errors. All ‘g f g E 1S o
turbidity values above the sensor detection limit (3210 NTU) were g g === <
deleted, since we assumed that, when these high values occurred in % 8 x|l o
more than one time step in a row, the sensor was most probably blocked % & =5 0"
by particles or organic matter. Missing values were due to technical £ § - .
problems with the sensor. In total, 4% of the data points were excluded % ot E g § §
from the analysis. S :‘%

The start of an event was defined as the onset of precipitation, while ; g §lg 3
the end was defined when precipitation stopped and the discharge was g E 5 =l <
close or similar to that at the start of the event. For each precipitation 2g|E g “
event, c-q data were plotted and classified into (i) clockwise (cw), (ii) c g E, Slsg
anticlockwise (ac), (iii) eight-shaped (es), or (iv) no hysteresis when an 2 = E
unclear pattern was observed. A clockwise c-q pattern occurs when the g .g E § a3 2
peak concentration comes before the peak discharge, whereas, in an £ 8
anticlockwise c-q pattern, the peak concentration comes after the peak E go e %
discharge (Williams, 1989). A total of 142 events were identified for = i =|e
Skuterud and 95 events for Mgrdre (Table 2). For each hysteresis event, % g g o
the hysteresis index (HI) created by Lawler et al. (2006) was calculated —§ § - £33
to classify the events in terms of magnitude and direction and to make S & m;
them comparable to each other. Subsequently, the Qniq (at 50% of the TElS g E =z
flow range, Lawler et al., 2006), turbidity for Qmpiq at the rising limb = %

(TURBgy), and turbidity for Qg at the falling limb (TURBg;) were 22| o
calculated. The HI was determined for the clockwise c-q pattern, where < & g 5 E
TURBgy, > TURBg. g b2 g o

£33 o 3
HI = (TURBR/TURBg) — 1 (5) ‘g :i % g ¢
for the anticlockwise c-q pattern, where TURBgy, < TURBgy. g % E E E g E

2|2 5EQE
HI = (-~ 1/(TURBg/TURBR)) + 1 6) S E

S .2

HI thereby represents both the magnitude of the event and its hys- % g
teretic behavior (a positive sign stands for clockwise and a negative sign 885
for anticlockwise) (Lawler et al., 2006). In addition to the HI, we g 'E 2 % § e
calculated the rise in the discharge and turbidity within the first hour of ! g
the event and the increase in the discharge and turbidity at the steepest % % E 2 §
point of the rising limb to get an indication of how quickly the systems E0 E ?
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reacted.
2.5. Crop factor and hydrological connectivity index

A crop factor (C, dimensionless) was calculated for the years 2015,
2016, 2018, and 2019 for each agricultural unit in the catchment
(Barneveld et al., 2019). The crop factor represents the protection of
vegetation against particle loss. 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 (following Barneveld et al.,
2019). It gives an indication of the impact of agricultural activities and
crop growth on particulate sediment transport through surface and
subsurface pathways. Daily C factors were calculated for each field. Each
field operation was assigned initial and final C values. The C values are
then allowed to develop over time, depending on their operation. If the
operation is sowing or planting, C values decrease with assumed vege-
tative growth and according to the daily temperature. All other opera-
tions are followed by a gradual decrease in the C value over time.
Changes in field operations and vegetation cover during an agricultural
year will also impact the hydrological and sediment connectivity of
water and particles to the stream. We calculated a connectivity index
based on the procedure in Borselli et al. (2008). The Borselli index of
connectivity (IC, dimensionless) expresses the spatially distributed
probability that water and sediments will be transported from a location
to a predefined sink. The index has an upstream and a downstream
component. The upstream component consists of the contributing area
and its average value for slope steepness and a weighting factor that
describes the soil surface’s ability to convey matter. The downstream
component is the length of the path to the sink, divided by steepness and
the weighting factor. In this study, the C factor values were used as the
weighting factor for the index of connectivity. This combination of IC
and C is expected to represent the seasonal effect of agronomic activity
on the catchment’s connectivity. We also calculated a version including
the tile drains, but it did not produce any different results for the IC at
catchment scale.

Skuterud 2018-2019
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2.6. Statistical analysis

Two datasets, the event dataset (the event-based hourly water grab
sampling data) and the hourly sensor dataset formed from previously
described data, served as the basis for the statistical analysis. The event
dataset consisted of information about the events’ mean event turbidity
(TURBpean), maximum and minimum event turbidity (TURBpa,
TURB,in), sum of precipitation, rain intensity, HI, and TP and SS con-
centration and fluxes, the mean event discharge (Qmean), maximum and
minimum event discharge (Qmax, Qmin), €vent length in hours, crop
factor (C), and connectivity index (IC), water storage capacity of the soil
(wsc), and the hourly increase in discharge and turbidity at the begin-
ning and at the steepest point of the rising limb during the specific
events. The hourly dataset (Fig. 2) contained the total hourly turbidity
data and the corresponding calculated TP and SS concentrations and
fluxes for the whole monitoring period (2015-2019). Analyses of vari-
ance (Kruskal-Wallis) and post-hoc tests (Wilcoxon-Mann-Whitney)
were carried out to compare the characteristics (runoff and water
quality) of the two catchments and to determine the seasonal differ-
ences. When comparing the two catchments, the monitoring data from
Skuterud for 2015 and 2016 were excluded to ensure the same time-
frame for both sites. When analyzing the catchment data individually,
the years 2015 and 2016 were included for Skuterud. First, a Spearman
correlation was used to link the single process parameters to each other.
Second, multivariate regressions were compiled to consider the inter-
correlation between the explanatory variables. The dependent variables
were Qmean, Qmaxs TURBmean, and TURBax. Explanatory variables were
event Qmean and Qmax (for turbidity), total precipitation per event, rain
intensity per event, water storage capacity, crop factor, and index of
connectivity. Seasons used in this study were defined as winter
(December-February), spring (March-May), summer (June-August),
and autumn (September-November). A 95% confidence interval and 5%
significance level were set throughout the statistical analysis, which was
carried out in R version 3.5.2.

Skuterud 2015

5 . n
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Fig. 2. Time series (hourly data measured by the sensor) of turbidity (TURB), discharge (Q, marked in dashed blue) and precipitation (P) for the periods 2015, 2016,
2018-2019 for the Skuterud catchment and 2018-2019 for the Mgrdre catchment. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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3. Results

3.1. Phosphorus and suspended sediment concentrations related to
turbidity

The results of the linear regressions between turbidity and TP and SS,
respectively, showed that turbidity is a good proxy for concentrations of
both TP and SS in the two studied catchments. In total, five data points of
221 turned out to be outliers for the Skuterud catchment and were
excluded (Fig. 3). Here, a large discrepancy between laboratory values
and what was measured in the field led to the assumption that there
were errors in the measurements for these five data points in either the
laboratory or the field. In Mgrdre, one outlier was detected and excluded
for the same reason as in Skuterud.

For Skuterud, a good fit was found between SS concentration and
turbidity, with a significant R? of 0.75, and a significant positive cor-
relation between TP and turbidity (R% = 0.63) (Fig. 3a, b). For Mgrdre
(Fig. 3), the linear regression showed a significant relationship between
concentration of SS and turbidity, and TP and turbidity (Fig. 3¢, d R? is
0.85 and 0.65, respectively).
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3.2. Seasonal differences

Runoff was highest during autumn 2019 for both catchments, in
Skuterud, 44%, and in Mgrdre, 41% of the annual runoff. Spring and
winter runoff also play an important role in the yearly runoff. In Sku-
terud, 30% of the runoff occurred during the winter and 18% in the
spring. In Mgrdre in 2019, runoff during spring and winter constituted
28% and 25% of annual runoff. Summer plays a minor role due to less
rainfall. These patterns were found throughout the monitoring period
(Fig. 4). The datasets resulted in significant seasonal differences
(p =0.0) in discharge, with autumn being the dominant season in
Skuterud and spring the dominant season in Mgrdre (Fig. 4).

In Skuterud in 2019, the SS loads were highest in autumn and winter,
with 53% and 32% of the total annual load, respectively. Turbidity
showed a similar pattern. Spring and summer 2019 accounted for 7%
and 8% of the annual SS load. The distribution is the same for the whole
dataset (Fig. 4). In Mgrdre, 43% of the annual SS load in 2019 occurred
in the autumn and 26% in winter and spring. Turbidity followed a
similar pattern (Fig. 4). Both autumn and winter play a major role in
particle loss in Skuterud and Mgrdre (Fig. 4). Spring seems to be slightly
more dominant in Mgrdre than in Skuterud when both discharge and
turbidity are considered.

All seasons in both catchments were dominated by a clockwise HI
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(turbidity-water discharge pattern and its magnitude). The magnitude
was higher in spring and autumn than in summer (Fig. 4), which means
that both discharge and turbidity are higher in autumn and spring than
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in summer. For Mgrdre, the tendency towards a corresponding seasonal
difference in HI between spring and summer (p = 0.061), with the
highest magnitude in summer (Fig. 4), might be due to a shorter
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Fig. 5. Normalized average monthly area-weighted index of connectivity over the whole JOVA monitoring period (1990-2019) for Skuterud a) and Mgrdre b).



H. Wenng et al.

monitoring period and therefore few data for spring.

Other variables, such as the water storage capacity of the soil and the
connectivity index, also showed seasonal variations (Figs. 4, 5). Water
storage capacity (Fig. 4) showed a clear seasonal pattern, with the
lowest storage capacity in winter (wet conditions, frozen soil) and
highest in summer (dry conditions). Annual average, area-weighted
connectivity calculated for the whole JOVA monitoring period
(1990-2019) also showed a seasonal pattern (Fig. 5). The index of
connectivity is highest during May and during autumn, followed by
winter, due to a low crop factor when fields are only covered with sparse
vegetation and when a lot of field operations are taking place, such as
ploughing, seedbed preparation, and sowing. The highest crop factor,
and hence lowest connectivity, was in summer. During May, autumn and
winter, the soil surface conditions are more conducive to particle
transport, and the probability of water or particles being transported to
the channel is higher in these seasons than in summer conditions. Here,
the index of connectivity was lowest when fully developed vegetation
cover was found on the fields (Fig. 5).

3.3. Runoff and turbidity

As noted above, the c-q patterns of the events were dominated by
clockwise hysteresis (positive HI), despite the differences in topography
and soil characteristics (Table 2), meaning that turbidity in general
peaked before the discharge peak. Significant differences between the
two catchments could be seen for the mean turbidity values and for
maximum turbidity during the events (p = 0.0), with higher values for
Mgrdre than for Skuterud (Table 2). The analysis of hourly turbidity for
the whole period showed a similar picture, with higher turbidity for
Mgrdre than for Skuterud (Fig. 2). Neither mean nor maximum event
discharge (Table 2), nor the average hourly discharge, varied between
the catchments. The calculated HI for each event did not differ signifi-
cantly between the two catchments, although Mgrdre had a higher
average HI value, meaning that the events had a larger magnitude.

There was a significant positive relationship between discharge and
turbidity in both catchments, which is not only valid for the single
events (Table 3), but also for the hourly sensor data (Skuterud R%2=0.76,
Mgrdre R? = 0.75, data not shown). Thus, turbidity increases with
increasing discharge, as do TP and SS concentrations and fluxes.

Skuterud was found to have a significantly higher median crop factor
than Mgrdre (Table 2). This is due to more autumn tillage in Skuterud
than in Mgrdre. A comparison of the connectivity index resulted in
significantly higher connectivity in Skuterud than in Mgrdre, which fits
with the result that, in Mgrdre, the events lasted longer and the
discharge peak took longer to appear after the event began (Table 2).

The relative importance resulting from the multivariate regression
showed that, in both catchments, precipitation and water storage ca-
pacity largely explained the variation in event Qmean (Table 4). Soil
water storage capacity plays a major role for Qpean in both catchments,
because it determines the baseflow. Connectivity played a minor role in
both catchments. The maximum event Qp,,x showed a similar pattern as

Table 3

Significant correlations (in bolt) between event parameters mean and maximum
discharge (Qmeans Qmax [m3s']), mean turbidity (TURByean [NTU]), rain in-
tensity [mm hr'l], water storage capacity [mm], crop factor [-] and connectivity
index [-].

Skuterud Mgrdre

Qmean TURBmean HI Qmean TURBmean HI
Qmean 0.66 0.54 0.53 0.21
Qmax 0.81 0.64 0.69 0.33
Rain intensity 0.28 0.4 0.14  0.26 0.63 0.21
Water storage -0.71 -0.44 -0.25 -0.7 -0.18 0.13

capacity

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
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the event Qpean in Skuterud and in Mgrdre (Table 4). The Quax was the
main explanatory variable for mean event TURByean and maximum
event TURB,ax in both catchments (Table 5). Hence, Quqax has the en-
ergy to transport the particles.

3.4. Rain intensity, water storage capacity of the soil, crop factor, and
connectivity

Rain intensity showed a significant positive correlation with mean
event turbidity for Skuterud (R? =0.40) and Mgrdre (R®> = 0.63)
(Table 3). The result of the multivariate regression showed that rain
intensity explains 21% of the mean event TURBpean in Skuterud and
36% in Mgrdre (Table 5). Furthermore, the water storage capacity of the
soil correlated with mean event Qpean and mean event TURBean. The
storage capacity showed a significant negative correlation with
discharge in both catchments, which means that higher storage capacity
can result in less discharge (Table 3). The same explanatory power was
shown in the multivariate regression (Table 4). The event TURBpean had
a significant negative correlation with water storage capacity in Sku-
terud; hence, the less available storage capacity, the more surface runoff
and more particle transport (Table 3). In Mgrdre, the correlation was
also negative, but not significant (Table 3). The multivariate regression
showed that the water storage capacity of the soil explained 4-13% of
the variation in mean and maximum event turbidity for Skuterud and
Mgrdre (Table 5).

The crop factor (combined field activity and crop cover) correlated
significantly positively with the HI in Skuterud (R? = 0.33) and Mgrdre
(R2 = 0.28) (Table 3). This means that little vegetation cover combined
with soil tillage lead to a higher HI. Moreover, the connectivity index
correlated significantly positively with the HI index for Skuterud (R?
= 0.4) and Mgrdre (R2 = 0.28) (Table 3). The additional information on
distance from field to stream and the upstream area contribution did not
add to the explanation of HI in Mgrdre.

Any further direct linkage between the crop factor and index of
connectivity with other parameters such as discharge and TURBean Was
limited (Table 3). Although the connectivity index correlated signifi-
cantly positively with mean event Qpean (R? = 0.2) in Skuterud, such a
pattern was not seen in Mgrdre, probably due to a smaller dataset. No
significant correlation was found between Qpax and crop factor and
index of connectivity in either catchment.

The results of the multivariate regression showed that connectivity
only contributed a little to explaining the variation in Qmean, Qmax
(Table 4), TURBpean, and TURB ¢ (Table 5) in Skuterud and Mgrdre.
The crop factor did not improve the multivariate regression. Further-
more, there was no correlation between the connectivity index and the
timing of the turbidity peak, nor between the connectivity index and the
steepness of the increase in discharge and turbidity at the beginning of
an event and the steepest point of the rising limb of hysteresis (data not
shown).

3.5. Pre-event conditions

Previous runoff events determine the moisture content of the soil and
the availability of particles from both surrounding fields and channel to
be eroded and transported. We calculated a ratio between the Qpax of
the previous event and the next event (Qmaxj/Qmax) and correlated it
with maximum turbidity of the latter event (Fig. 6). It turned out that
high ratios (pre-event runoff peak > event peak) were linked to rather
small turbidity values at the event peak (Fig. 6). This indicates that large
pre-events flush most of the easily available stored particles, and that
less sediment will be available in following events. Small ratios (pre-
event peak < event peak) are linked to high turbidity values (Fig. 6).
Hence, small pre-events leave more material that can be transported in
the next event.



H. Wenng et al.

Table 4
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Multivariate regression for event mean (Qmean [m®s'1) and maximum (Qmay [m®s1) discharge, showing the total explanation of the model and the partial explanation
of sum of precipitation [mm], water storage capacity [mm] and connectivity index [-]. *Significant effect

Skuterud Mgrdre
Total Qmean Total Qmax Total Qmean Total Qmax
46% 48% 46% 56%
p=0.0 p=0.0 p=0.0 p=0.0
Explanatory variables
Sum precipitation 41%* 66%* 23%* 53%*
Water storage capacity 57%* 32%* 65%* 41%*
Connectivity index 2% 1% 11% 6%

Table 5

Multivariate regression for mean (TURBean) and maximum (TURB,,x) event turbidity. Numbers show how much of the variation is explained with all variables and

how much each variable explains (*significant effect).

Skuterud Mgrdre
Total TURByean Total TURBpax Total TURBpean Total TURBax
66% p = 0.0 30% p = 0.0 64% p = 0.0 51% p = 0.0
Explanatory variables
Qmax 65%* 79%* 59%* 71%*
Rain intensity 21% (p = 0.09) 13% 36%* 16%
Water storage capacity 13%* 4% 4% 12%*
Connectivity index 1% 5% 1% 2%
Skuterud Mgrdre
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Fig. 6. Relationship of ratio between Qmax.j of the previous event and the next event Qnax (Qmax-j/Qmax) and maximum event turbidity (TURBp,,) for Skuterud

and Mgrdre.
4. Discussion
4.1. Concentration — discharge pattern

The dominant c-q pattern in both catchments was clockwise (Fig. 7).
This fast transport of SS and TP is typical of small-scale catchments
(Heidel, 1956). Other studies have also found that a clockwise c-q
pattern for SS and TP dominates in agricultural headwater catchments
(Keesstra et al., 2019; Outram et al., 2016; Rose et al., 2018). Further-
more, catchments dominated by clay soils, characterized by a prefer-
ential flow through macropores and tile drains and by overland flow,
lead to a fast response of SS and TP (Bieroza et al., 2019; Ulen et al.,
2018). Both catchments are tile-drained, which may explain the domi-
nance of the clockwise c-q pattern. On average, Mgrdre had higher mean
turbidity values in the events and over the whole monitoring period
(hourly sensor dataset) (Fig. 2), which can be explained by higher
erodibility due to steeper channel slopes and hilly topography. Ac-
cording to Barneveld et al. (2019), gully erosion contributes to 66% of
the total soil loss in Mgrdre and to only half as much in Skuterud.
Moreover, channel bed dynamics, stream bank erosion, and remobili-
zation of particles may also be impacts that are important in Mgrdre,

where the main channel is wider (5-10 m) and has longer slopes than in
Skuterud (<5 m channel width). In addition, meandering is more active
in Mgrdre than in Skuterud (Barneveld et al., 2019).

In our study sites, the good fit between turbidity, SS, and TP shows
that turbidity can be used as a substitute for SS and TP. This is consistent
with previous observations, including Norwegian, Swedish, and Finnish
agricultural catchments (Kamari et al., 2020; Sandstrom et al., 2020;
Skarbgvik and Roseth, 2015; Villa et al., 2019). Phosphorus is mainly
bound to soil particles (Walling et al., 1997) and it is especially posi-
tively correlated with small particles such as clay, which have a larger
relative surface area (Ballantine et al., 2009b; Kleinman et al., 2011;
Sandstrom et al., 2020). Skuterud and Mgrdre both have soils with a
high clay and silt content, which influences the SS and TP concentrations
in the stream.

The relationship between TP concentration and turbidity shows a
larger slope in Skuterud than in Mgrdre, which means that, with the
same level of turbidity, Skuterud has higher TP concentrations than
Mgrdre (Fig. 3). This is consistent with the results from the annual TP
loss analysis, which show higher TP concentrations in Skuterud than in
Mgrdre. This was also found by Bechmann et al. (2008). Furthermore,
the TP-turbidity relationships show that, even when turbidity is zero,
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Fig. 7. Conceptual model for the seasonal dominant processes and main responses based on the analyzed data and showing examples for a concentration-discharge

hysteresis patterns.

there is still P transport that is not particle-bound. Withers et al. (2012)
showed that the contribution from scattered dwellings in Mgrdre was
51 kg P yr'}, whereas in Skuterud it was only 7.4 kg P yr'!. This must be
taken into account if the P concentration in the suspended sediments is
to be estimated. Especially in the case of low turbidity, the TP will
overestimate the content of P in soil particles. However, the value of
high-frequency turbidity data is that they contribute to understanding
runoff processes of SS and TP, and turbidity is a reliable proxy for SS and
TP during high runoff events.

4.2. Future perspective: climate change

Our results show that discharge is the main driver of turbidity (ex-
plains more than 50% of the variation), and hence also of SS and TP, in
our sites (Table 5). We observed that rain intensity influenced the
average event turbidity values (Tables 3, 5). This is important because
the number of intense local rain events in the Nordic countries is ex-
pected to increase (Hanssen-Bauer et al., 2015), which entails a risk of
higher turbidity values in agricultural streams.

For Norway, the change in the total annual discharge is predicted to
be small, whereas seasonal changes are expected to be high (Hanssen--
Bauer et al., 2015). Moreover, it is assumed that winter discharge will
increase, that winters will be warmer, and that water runoff will
decrease in summer. Skuterud and Mgrdre showed an increase in the
mean annual temperature, while Skuterud also showed an increase in
annual discharge during the period 1994-2017 (Wenng et al., 2020).
These changes might contribute to higher sediment concentrations and
sediment fluxes in the future (Fig. 7), especially in seasons when the soil
is not covered by plants and therefore more exposed to erosion (Ulén
et al.,, 2010). Autumn ploughing will leave the soil bare during this
period of higher erosion risk. This is also important for extreme events,
because the maximum turbidity values are highly correlated with
maximum discharge. The winter of 2019 contributed to rather high
turbidity values (Skuterud 27% and Mgrdre 35% of annual turbidity)
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due to mild conditions with relatively more rain than snow compared to
the long-term average. At lower temperatures, decreasing soil hydraulic
conductivity weakens the ability of soil to transport water and leads to
increased surface runoff and particle loss (Gao and Shao, 2015; Wu
etal., 2018). Spring and autumn have been known as seasons for soil loss
in the Nordic countries (Deelstra, 2015), due to snow melt periods
combined with rain early in the year and wet periods after harvesting in
autumn. The winter season also plays an important role in particle and
nutrient runoff in the Nordic countries, alternating between freezing and
thawing and, consequently, snowmelt (Jygarden, 2000). There is still a
high risk of soil loss in the spring season in Mgrdre (Figs. 2, 4), where the
average snowfall is higher than in Skuterud due to differences in climate
regions. However, even today, winters can contribute to severe erosion
and sediment transport events if there is no permanent snow cover
(@ygarden, 2003; Skgien et al., 2012). The data showed that, in winter
and spring, the water storage capacity of the soil was very low (Fig. 4),
due to frozen or wet conditions. This means that the capacity of the soil
to take up water is very limited in these seasons. Hence, stubble, cover
crops, and no autumn tillage play an even more important role in pro-
tecting freshwater systems in agricultural areas during the relatively
long non-growing season in the north (Liu et al., 2019; Skgien et al.,
2012). High levels of turbidity can also occur during rainstorms in
summer (Skuterud; Fig. 4), even though the fields have a fully developed
vegetation cover. A Canadian study also found peaks in discharge linked
to high TP concentrations during summer (Casson et al., 2019). How-
ever, although turbidity and concentrations of SS may be high during
summer, discharge is low, and therefore the total loss of particles is low
compared to other seasons (Fig. 7). A higher frequency of extreme
precipitation during summer is predicted 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). Factors
controlling turbidity differ with the seasons (Fig. 7), as reflected in, for
example, the seasonality of temperature, water storage capacity of the
soil, the annual average connectivity, and the crop factor (Figs. 4, 5).
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Lefrancois et al. (2007) found seasonal variation in SS due to the evo-
lution of sediment supply and deposited and stored sediment during a
hydrological year. Although we have no direct measurements from our
study sites, we could expect similar behavior with stored sediments
(Ballantine et al., 2009b). This is consistent with the suggestion by
Casson et al. (2019) that drivers of P dynamics also vary by season, as do
patterns of nutrient loss (Liu et al., 2019).

4.3. Linking field activities and the index of connectivity to turbidity
response

In this study, the crop factor could be directly linked to the HI, and,
hence, to a combination of discharge and turbidity. Both the vegetation
and agricultural management (tilled, not tilled etc.) have an impact on
water runoff and particle (and therefore TP) loss. A well-developed
vegetation cover affects the runoff through interception, better infil-
tration, and soil protection (Blankenberg and Skarbgvik, 2020; Stutter
et al., 2019), whereas soil cultivation can lead to loose material being
available for erosion (Bechmann et al., 2008; Ulén et al., 2007). A cor-
relation was also seen between the index of connectivity and the HI
Bracken et al. (2013) also showed that connectivity plays an important
role in runoff processes. However, we found that the connectivity index
only had limited explanatory power for the mean event discharge and
turbidity. The difficulties in linking the connectivity index to discharge
and turbidity could be due to catchment size. The catchments are small,
and the distances from field to (higher order) stream are relatively short
compared to distances in larger catchments, which may explain why the
distance from field to stream is of less consequence in small catchments.

On field scale, the effects of field operations and vegetation cover can
clearly be seen (Skgien et al., 2012). At catchment scale, there is a
heterogeneity of field operations. Not all farmers perform the same
operations at the same time on their fields. Hence, a signal from
single-field operation is difficult to detect directly in the channel. Other
internal catchment variabilities may also play a role, such as micro-
topography and heterogeneity in vegetation development (Luo et al.,
2018). Direct detection of the impact of field operation is often also a
matter of timing in combination with precipitation. Water and particles
are not always transported to the stream or outlet during one and the
same event (Ballantine et al., 2009a, 2009b). They may be temporarily
stored in fields, buffer zones, or upper stream channel systems before
finally being transported to the stream outlet. Nevertheless, some
studies show that, for example, autumn tillage influences particle loss
and water quality (Farkas et al., 2013; Rankinen et al., 2015).

Moreover, Haygarth et al. (2012) suggest that, if the impact on a
stream can hardly be seen, this might be due to the sampling frequency.
Even with high-frequency data, however, not all single sources, pro-
cesses, and pathways can be documented due to the complexity on the
catchment scale and the influence of variation in time and space on
runoff generation. It is indeed difficult to observe management practices
in stream data, since nutrient transfer in agricultural catchments is not
just caused by a single process (management), but by several processes
which are not always active. Nevertheless, small headwater catchments
provide the conditions required to observe this link (e.g., Kyllmar et al.,
2006 and as shown here with the crop factor, the connectivity index and
HI). Water quality concerns about sediments and P apply on the catch-
ment scale rather than on farm or individual field scale (Sharpley et al.,
2009). Small catchments can enable us to discover these links and to
better explain and understand dominant processes during different
seasons with different management options, and make it possible to take
a more integrative approach to cover the complexity of processes (Bol
et al.,, 2018). They are a key influence on the environmental state and
nutrient levels of larger lakes and catchments, and are therefore of great
importance, especially when they are well monitored (Bol et al., 2018).
These issues are also important for farmers and land managers, when it
comes to the question of which mitigation measures to choose and
where to locate them in the catchment.
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5. Conclusion

Studying high-resolution data from two agricultural catchments has
led to the following conclusions:

1. The clockwise c-q pattern was dominant in both catchments
(although they differ in topography and soil type), which suggests
particles eroded from banks and channels and particles that are
quickly transported from fields. The catchment (Mgrdre) with the
highest turbidity also had the highest HI. This indicates that the
sediment sources were closer to the stream in this catchment and of
importance to the particle loss.

2. We found that the main driver of turbidity was discharge and vari-
ation in it. However, in the field, it was noted that soil water storage
capacity influenced discharge and turbidity, while increased rain
intensity led to higher in-stream turbidity values. Furthermore,
turbidity was shown to depend on previous discharge events, with
lower turbidity than normal occurring after a high pre-event peak,
probably because the amount of readily available soil and sediment
material had been depleted.

Autumn and spring were the dominant seasons for discharge, due
to autumn rainfall, snowmelt and rainfall periods in spring. Spring,
autumn, and winter were important to turbidity, in spring and
autumn due to high field activities, such as ploughing, in combina-
tion with rainfall. High turbidity during winter was due to non-
permanent snow cover and rain.

3. Agricultural management (crop factor) and the index of connectivity
influenced the c-q hysteresis index. A high crop factor (little vege-
tation cover and high soil tillage) and a high index of connectivity
resulted in a large hysteresis index, indicating large event-triggered
sediment transport. No other direct connections were detected be-
tween agricultural management and response in the streams.

Linking drivers directly to a response in the stream is challenging due
to the nature of the catchments. Catchment heterogeneity and
complexity buffers the effect of a direct response. Moreover, hydrolog-
ical drivers have a dominating influence on discharge and turbidity,
masking the effects of other factors in the catchment. High-resolution
turbidity data are valuable for describing and understanding processes
at catchment scale, but are also somewhat limited. The findings in this
study provides information about drivers of turbidity, and therefore of
soil, sediment, and phosphorus losses from agricultural catchments.
They also offers insights that can help with the selection of the most
appropriate mitigation measures in different seasons. This insight into
processes should also be applicable in other cold-climate regions with
comparable conditions. Moreover, our study demonstrates a method for
analyzing high-frequency datasets that could be followed up by studies
in regions with different soil, climate, and hydrological conditions,
hence improving the planning of site-specific and seasonally adapted
environmental mitigation measures.
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