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Turbidity-discharge hysteresis in a meso-scale catchment:
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use catchment. As existing event identification methods did not work, we developed

a new, objective method based on hydrograph characteristics and identified
76 events for further analysis. Qualitative event analysis identified three recurring
patterns. Events with low mean Q (<2 m®/s) often showed short-term, quasi-
periodic turbidity variation, to a large extent disconnected from Q variation. High
max Q events (215 m>/s) were often associated with spring flood or snowmelt, and
showed a disconnection between turbidity and Q. Intermediate Q events (mean Q:
2-11 m®/s) were the most informative when applying hysteresis indexes, since
changes in turbidity and Q were actually connected. Hysteresis indexes could be cal-
culated on a subset of 60 events, which showed heterogeneous responses: 38% had
a clockwise response, 12% anticlockwise, 12% figure eight (clockwise-anticlockwise),
10% reverse figure eight (anticlockwise-clockwise) and 28% showed a complex
response. Clockwise hysteresis responses were associated with the wetter winter
and spring seasons. Generally, changes in Q and turbidity were small during anti-
clockwise hysteresis events. Precipitation often influenced figure-eight patterns,
while complex patterns often occurred during summer low flows. Analysis of inter-
mediate Q events can improve process understanding of meso-scale catchments and
possibly aid in choosing appropriate management actions for targeting a specific

observed pattern.
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1 | INTRODUCTION

Successful management of surface water quality is dependent on ade-
quate and appropriate monitoring (Folster et al., 2014). High-
frequency (HF) measurements using, for example, in-situ sensors
show great promise to monitor short-term temporal changes in water
quality (e.g., Cassidy & Jordan, 2011; Coynel et al., 2004; Kirchner
et al., 2004). Suspended sediment (and associated pollutants) are
known to display high temporal variation in concentration (Bilotta &
Brazier, 2008), which is why these parameters are especially impor-
tant to monitor with a high frequency. To optimize mitigation and
management action plans in catchments with varying pollutant
sources we need to understand the processes and mechanisms that
affect, for example, mobilization of total suspended solids (TSS) partic-
ulate phosphorus (PP) and other particle bound pollutants
(Haddadchi & Hicks, 2020b; Sherriff et al., 2016).

Turbidity is a water quality parameter that can be easily moni-
tored with in-situ sensors. It is a measure of cloudiness in the water,
and can be used as a proxy for TSS and total phosphorus
(TP) (Grayson et al., 1996; Lannergard et al., 2019; Skarbgvik &
Roseth, 2015). Data from daily/sub-daily HF monitoring can provide
more accurate transport calculations (e.g., annual sediment or phos-
phorus fluxes) since periods of peak concentrations are better charac-
terized, compared to calculations based on lower resolution sampling
(e.g., biweekly/monthly) (Defew et al., 2013; Johnes, 2007; Jones
et al,, 2012; Lannergard et al., 2019). Over the past decade, develop-
ment of more robust sensors with better performance has increased
their use in both research and monitoring (Rode et al., 2016; van Geer
et al., 2016). The high volumes of data collected must be efficiently
analysed and understood if we are to use HF sensors to better sup-
port environmental management.

One strategy to handle the large data volume is to restrict ana-
lyses to especially informative periods. High flow events transport
large amounts of nutrients and sediment compared to the rest of the
year (Kronvang & Bruhn, 1996). These events, which display a mean-
ingful change in the hydrograph can be initiated by precipitation,
often called storm events (Fovet et al., 2018; Jordan et al., 2007;
Kronvang et al., 1999; Perks et al., 2015), or snowmelt (Lana-Renault
et al., 2011; Langlois et al., 2005). Flow changes during the event acti-
vate mobilization processes (e.g., overland flow, erosion from bankside
areas or within the stream) that influence surface water quality.

Concentrations (C) of both dissolved and particulate pollutants
can display different responses to changes in flow (Q), for example,
increase through mobilization, decrease through dilution, or show no
net change (Rose et al., 2018). Evaluating simultaneous changes in C
and Q has contributed to understanding the processes controlling
transport of particulate (e.g., Walling, 1977; Walling & Webb, 1982)
and dissolved substances (e.g., Seibert et al., 2009).

Evaluating differences in the temporal patterns of C and Q during
events (hysteresis patterns) is a widely used approach to understand-
ing more about catchment processes and hydrological pathways
(Bieroza & Heathwaite, 2015; Bowes et al, 2005; Butturini
et al, 2008; Evans & Davies, 1998; Fovet et al., 2018; Glover &

Johnson, 1974; Hashemi et al., 2020; Heathwaite & Bieroza, 2020;
Rose et al, 2018; Walling & Foster, 1975). So-called “hysteresis
loops™ are often used to graphically represent such differences. The
shape of these loops (slope, shape, rotational pattern) varies
depending on the timing and magnitude of peaks in C and Q (Evans &
Davies, 1998). The C-Q mismatch in time can be further analysed and
different hysteresis patterns could, for example, give insight into dom-
(Evans &
Davies, 1998; Rose et al., 2018), contributing source areas or source
limitations (Outram et al., 2014; Williams, 1989). Hysteresis patterns

are easier to see in events with single-peak hydrographs, compared

inant hydrological pathways during flow events

with multi-peak hydrographs where patterns become complex very
quickly.

Many different ways of describing hysteresis loops have been
suggested, but most are variants on idealized fast (clockwise) or slow
(anticlockwise) system responses (Evans & Davies, 1998; Haddadchi &
Hicks, 2020b; Williams, 1989). These simple descriptions may be
insufficiently specific for a satisfactory analysis of hysteretic behav-
iour during events (Butturini et al., 2008). Hysteresis patterns seen in
actual data are often more complex and cannot readily be described
only in terms of clockwise or anticlockwise loops (Haddadchi &
Hicks, 2020b; Williams, 1989).

Therefore, quantitative indexes, based on a dimensionless quanti-
fication of the hysteresis loop, have been used to compare events in
catchments of different sizes, morphology and hydrology (Lloyd
et al, 2016). Lawler et al. (2006) developed an index that can be
applied to hysteresis loops of all shapes based on the ratio of concen-
tration on the rising and falling limb at the mid-point of the hydro-
graph. An improved hysteresis index calculated as the difference
between concentrations on the rising and falling limb estimated for
example, 1%, 5%, 10% or 25% increments of discharge was developed
by Lloyd et al. (2016).

To understand processes and mechanisms operating in the catch-
ment, it is necessary to connect hysteresis results to environmental
conditions. There are, however, numerous underlying causes for tem-
poral and spatial variations in hydrological and biogeochemical pro-
cesses which in turn influence the shape of hysteresis loops, in this
case describing the turbidity-Q relationship.

The character of the driving force (intensity/duration of precipita-
tion, snowfall, snowmelt) causing the hydrological event is important
for the C-Q relationship and is closely connected to different seasons,
for example, frozen soils, snow cover, and antecedent moisture condi-
tions (Eder et al., 2010). Hydrological pathways route the water and
define hydrological connectivity, with wetter conditions leading to
higher connectivity. The concept of hydrological connectivity encom-
passes multiple spatial scales, for example, vertically through the soil
profile, laterally along hillslopes longitudinally along a stream
(Ledesma et al., 2018). Connectivity further influences sources and
availability of material and timing of delivery, which in turn influence
hysteresis patterns (Evans & Davies, 1998). Hydrological connectivity
can be affected by anthropogenic activities such as ditching
(Kuglerova et al., 2017) or subsurface (tile) drainage (Gramlich

et al., 2018). Tile drains generally increase soil infiltration capacity and
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reduce overland flow as infiltrated water is rapidly transported later-
ally through the soil (Belmont et al., 2011); this implies higher base
flows and lower Q peaks (Blann et al., 2009). However, delivery of
material from soil, riparian areas and stream channels is affected by
both the erosive agent and erodibility at the site (Vercruysse
et al., 2017). Vegetation cover, land use and management practises all
influence initial erosion, further transport and later remobilization of
material (Vercruysse et al., 2017).

Hysteresis analysis has been used to understand processes and
mechanisms under varying environmental conditions and land use
(Bowes et al., 2005; Eder et al., 2010; Haddadchi & Hicks, 2020a;
Lana-Renault et al, 2011; Lawler et al., 2006; Rose et al., 2018;
Sherriff et al., 2016), and is potentially a way to convert HF data into
insights supporting better management of surface water quality
(e.g., Wenng et al., 2021). Hysteresis analysis studies conducted over
longer time periods (Knapp et al., 2020) with all seasons represented
are rare, as are studies in larger, meso-scale catchments (> 500 km?,
Haddadchi & Hicks, 2020b). Larger catchments are more relevant for
management purposes since this is the scale for monitoring efforts
and management plans within, for example, the Water Framework
Directive. However, the larger catchment scale could be a challenge
both when applying the method and interpreting the results. A larger
catchment implies that the water chemistry signal at the outlet inte-
grates the range of different travel times needed for material to reach
the monitoring station. With a complex catchment, the signal is also a
mixture of responses from areas with different land use (e.g., forest,
pasture and agriculture), lakes and sources of material for example
river banks and in-stream sources.

The aim of this study was to use long-term HF data to connect
turbidity variations during events to environmental variables and
event characteristics, to better identify appropriate mitigation options
for different seasons and flow conditions. Specifically, we evaluated
the information in HF turbidity-Q hysteresis patterns for events
extracted from a long-term time series (2012-2019) representing all
seasons, in a meso-scale northern mixed land use catchment. Our
hypothesis was that widely used metrics to describe HF turbidity-Q
hysteresis patterns would give meaningful insight into catchment
function and the techniques would be transferrable to other, similar
meso-scale catchments. Based on previous studies our hypotheses
were that hysteresis patterns vary depending on (1) high/low Q,

(2) season and (3) event characteristics, for example, duration.

2 | DATA AND METHODS

2.1 | Site description

The study was conducted in Savjaan, a river draining a mixed land use,
meso-scale catchment (722 km?) in east central Sweden. Forests are
the dominant land cover type (71%); they are more common on the
slightly higher elevation outwash till soils located in the north and east
of the catchment (map in Figure S1). Agriculture and pasture (24%) is
more prevalent on clay soils closer to the catchment outlet. The small
urban area (2%) is part of the city of Uppsala (Swedish Meteorological

and Hydrological Institute, 2019). The few larger lakes (3%) are cen-
trally located. The catchment is very flat, the highest point is 72 masl|
and the lowest 1 masl (National Land Survey, 2021).

The glacial/postglacial clay soils in the area have a clay content
between 40% and 70% (Mdller, 1993). In central Sweden, most agri-
cultural areas located on clay soils are tile drained (Djodjic, 2001). The
most common crops are winter wheat and spring barley (Hansson
et al., 2019). Animal husbandry is quite uncommon in the catchment,
however, grazing in riparian areas is allowed and encouraged (Swedish
Board of Agriculture, 2021).

Average annual precipitation is 639 mm and average annual run-
off 189 mm (1981-2010) (Swedish Meteorological and Hydrological
Institute, 2020). Mean annual temperature is 6°C, with a range of
average daily temperatures between —27 and +26°C (1949-2017).
During winter, streams are often ice covered for one or more months
each year. Winter Q is sustained by groundwater and increasingly
common winter rainfall and snowmelt events (Lannergard
et al., 2020). Q is generally flashier during spring and autumn; summer
Q is generally low (graphical presentation in Figure S2). High-
frequency Q (HFQ) data (15 min) was available from the Swedish
Meteorological and Hydrological Institute, which had monitored stage
height at a flow weir close to the outlet of the catchment (Station ID
2243) until September 2020. Modelled flow velocity (described later)
during 2012-2019 varied between 0.12 and 0.34 m/s which suggests
a travel time in the hydrographic network between 2 and 5 days from
the catchment headwaters to the monitoring station.

An in-situ sensor monitoring stream water chemistry every 10-
15th min is located in S3vjadn close to the catchment outlet (2012-
2016 YSI 6000MS, 2016-2019 YSI EXO2). Sensor maintenance, data
quality control and treatment were described by Lannergard
et al. (2019). Turbidity is generated by sediment, algal cells, colloidal
humic substances, minerals and detrital organic matter (Bilotta &
Brazier, 2008). Despite the fact that a good linear transfer function
has previously been shown between turbidity and TSS and TP in
Savjaan (? = 0.68, r* = 0.64 for the years 2012-2017) (Lannergard
et al., 2019) all analyses reported here are restricted to turbid-

ity and Q.

2.2 | Data analysis

221 | Eventidentification
In previous literature, events have been defined with simple criteria,
for example, when Q was larger than baseflow (Eder et al., 2010;
Hashemi et al., 2020); by a certain increase from baseflow (Lana-
Renault et al., 2011; Lloyd et al., 2016) and a subsequent return to
baseflow (Eder et al., 2010; Lloyd et al., 2016). In Sherriff et al. (2016)
events were defined as consecutive Q increase thresholds. Flow varia-
tion (e.g., an increase/decrease of more than 2 L/s) in combination
with precipitation or previous precipitation (<5 mm in 24 h) was used
in Fovet et al. (2018).

In our case, simpler event definitions were not applicable due to
the complex nature of the hydrograph, for example, multiple Q peaks
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and no return to baseflow (Figure S3). Start times for events were
identified based on daily Q data satisfying the following criteria
(Figure 1):

I. A specific pattern in rising/falling limbs of the hydrograph was
required (observation on the rising limb, two previous observa-
tions on the falling limb, next observation also on the rising limb).

Il. The inter-day increase in Q (xq) was >1.2% (5th percentile of the
distribution of Q increases during the years studied).

lll. Daily mean Q above 0.1 m®/s (x,, 10th percentile of Q data dur-
ing the studied period).

The end of the event was also identified by three conditions:

. An event ended if a new event started and otherwise,

Il. Observed Q was less that the value predicted by a first order
baseflow decay function based on Q at the start of the event
and decreasing with 0.1% per day.

lIl. When (ll) was fulfilled but observed Q continued to decrease

no further

(x3), the event continued until there was

decrease in Q.

The increase/decrease in daily Q as well as the baseflow decay func-
tion were chosen with the goal of identifying as many single peak
events as possible (Figure S3).

For comparison, events were also defined by periods where daily
Q exceeded baseflow (+20%). Baseflow was determined using the
R package hydrostats (Bond, 2019), with alpha set to 0.925, and
reflection to 30 based on Ladson et al. (2013).

2.2.2 | Eventanalysis

Identified events were subject to qualitative and quantitative analysis

of their characteristics. For qualitative analysis, data was plotted and

visually inspected. Events were divided into three categories: (1) low
(mean event Q 0-2 m3/s), (2) intermediate (mean event Q 2-11 m®/s)
and (3) high (max Q 15-45m?%/s). Identification of the threshold
between low and intermediate Q was based on a spectral density
analysis in which a Fourier decomposition of Q was performed for
each event where the intensity of frequencies was visualized in a
periodogram and the results interpolated by smoothing (JMP, 2021).
The breakpoint for high Q events was semi-qualitatively selected.
Events were quantitatively analysed with hysteresis indexes
(HI) (Lloyd et al., 2016) to facilitate comparison despite different char-
acteristics and properties. When possible, previously identified events
were trimmed so that they had approximately the same start and end
Q. The rising/falling section of the hydrograph was identified, Q and
HF turbidity were normalized following Lloyd et al. (2016) (equations
in Table S1). Normalized Q was sectioned into 10% increases/
decreases (Figure 2), and normalized turbidity averaged for observa-
tions that fell within these windows. To calculate Hl, falling limb tur-
bidity (normalized and averaged per 10% Q increase/decrease)
(FLturb_norm) Was subtracted from rising limb turbidity (RLtyrb_nprm) for
each 10% increment (Hlo4-HIl;) (Figure 2). The resultant 10 values
Lloyd
et al. (2016) showed that calculating HI for every 10% increment of Q

were then averaged across the whole event (Hlpean)-

produces a robust result over different hysteresis sizes and shapes.
The magnitude of HI reflects the magnitude of difference between ris-
ing and falling limbs, furthermore values close to zero typically indi-
cate complex hysteresis patterns (Lloyd et al., 2016).

Hysteresis indexg 11 = RLturb_norm — FL Turb_norm (1)

Hysteresis patterns were categorized into five different types
(Figure 3) based on the calculated hysteresis indexes. Clockwise loops
(C) indicate a fast response where readily available turbidity sources in
close proximity to the stream are mobilized with the increasing flow
but are then depleted during hydrograph recession (Haddadchi &
Hicks, 2020b; Lloyd et al., 2016). Anticlockwise (A) loops are caused

A A

~ Start event € . End event
o . .. &
g . Falling/rising s 1. |. Start new event
e Il + x1% 9 Il Il. Baseflow decay function
841 . Q > x; m3/s (a) I . — x5 %

e
t 2 t_1 t t+1 i’ -
Time Time
FIGURE 1 Description of conditions for starting (I-Ill)/ending (I-1ll) an event, the start of an event (left panel) is indicated by the green

diamond shape (t) and (I) needs to follow a specific patterns for observations on the rising/falling limb of the hydrograph, blue circles are
discharge observations two time steps before the start of the event (t_4, t_5) and grey circle one-time step after (t, 1), (Il) x; denotes a percentage
change in discharge between t and t, 4 (e.g., .1.2%), (lll) x> denotes a Q threshold (e.g., >0.1 m2/s). The conditions to end an event (right panel)
includes (I) the start of a new event (green diamond), (Il) a baseflow decay function (indicated as the orange dotted line) and (Ill) x3 a percentage

decrease between to following observations (e.g., >0)
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FIGURE 2 Example of an
event (left) and calculation of HI
index with 10% increments
(right), time indicated by colour

.y

HI 0.3

giny
Normalised Turb

RLrurb,= FLturb e

Time

by a slower response of turbidity in relation to Q increase. This could
indicate that material is transported from more distant sources
(Haddadchi & Hicks, 2020b; Williams, 1989) or that an erosion event
following soil saturation is the sediment source (Williams, 1989). More
complex hysteresis patterns were also identified. Figure-eight patterns
indicate that two or more turbidity sources are active. Figure-eight
patterns with a clockwise loop for low Q, and anticlockwise for high Q
(Clockwise-Anticlockwise-CAC) occur when readily available turbidity
sources are mobilized early in the event until exhaustion of these
sources following material arriving from more distant sources
(Haddadchi & Hicks, 2020b). Figure-eight patterns with an anticlock-
wise pattern for low Q and clockwise for high Q (Anticlockwise-Clock-
wise—ACA) could occur when sources of turbidity are activated late
in the flood recession. Complex patterns (with more than two linked
hysteresis loops) are a result of several turbidity peaks in relation to
the Q increase/decrease.

Hysteresis indexes were then matched with event characteristics
(Table S2) and prevailing environmental conditions. Precipitation and
temperature (10 min resolution) monitored 7 km (central Uppsala)
from the sensor location was coupled to the events. Precipitation was
summed over the event duration as well as for 2, 5 and 10 days
before the event. Antecedent moisture estimated as soil moisture def-
icits (SMD), hydrologically effective rainfall (HER), precipitation falling
as snow, snowmelt and snow depth were all modelled with the rain-
fall/runoff model PERSIST on a daily time step (Futter et al., 2014).
The SMD is an estimate of the difference between soil water holding
capacity and soil water content. An SMD of O is indicative of a satu-
rated soil. Higher SMD values are indicative of a drier catchment
where a greater fraction of incoming precipitation will contribute to
catchment recharge and a smaller fraction to runoff. The HER is an
estimate of the amount of rainfall or snowmelt contributing to runoff,
hence it represents precipitation minus evaporation. Snowfall, snow-
melt and snow depth (expressed as snow water equivalents) were all
estimated in PERSIiST using a degree-day melt model calibrated
against observed Q.

The model was calibrated using a protocol described by Ledesma
et al. (2012). An initial manual calibration was used as a starting point
for a Monte Carlo exploration of parameter space using the method
of Futter et al. (2014). The best performing parameter set from the
Monte Carlo analysis was then subject to a final manual tuning to gen-
erate the model setup used here. Model performance was evaluated

Normalised Q

against the Nash Sutcliffe statistic for untransformed data (NS), log-
transformed data (logNS) and the ratio of variances in the observed
and modelled time series. This last constraint was necessary as cali-
bration only to NS or logNS tends to simulate lower variances in the
modelled output than are seen in the observed data. The calibration
was performed using observed streamflow data from 1 October 2011
to 31 December 2019. The forcing time series of daily temperature
and precipitation were obtained from a monitoring station in central
Uppsala (7 km from the sensor location).

Other descriptors used to characterize events included: season,
storm event duration, time interval between two events; a suite of
parameters describing change in Q (min/max/mean Q, mean Q 24 h
before the event, range in difference Q and % increase of Q); and a
suite of parameters describing change in turbidity (min/max/mean,
range in turbidity difference and % increase of turbidity). The data
set was explored using principal component analysis (PCA) in the
software CANOCO 5 (ter Braak & Smilauer, 2012). Variables
included in the final PCA were identified using a procedure docu-
mented by King and Jackson (1999). Due to the large number of pos-
sible descriptors (60, Table S3) a selection of the most influential
variables to include in the PCA ordination was performed using
method B2 in which variables are rejected backwards from the last
component (King & Jackson, 1999). King and Jackson (1999) state
that the ratio between observations to variables should be at least
3:1 to ensure stability and reliability of any multivariate analysis,
therefore we retained the 20 most influential variables in the
final ordination. The final ordination based on the 20 selected vari-
ables was compared to the original full ordination using a Procrustes

analysis, which indicated only small differences between the two

ordinations.
3 | RESULTS
3.1 | Eventidentification

The event definition procedure both influences and constrains subse-
quent analysis of hysteresis patterns. Our method identified
117 unique events during the study period (2012-2019). The
76 events retained for further analysis had turbidity measurements
for 295% of the event. Event duration varied between 5 and 80 days
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FIGURE 3 The different kinds of hysteresis loops with the left panel describing Q (left y-axis) in relation to turbidity response (right y-axis)
over time (x-axis), middle panel the hysteresis loop with normalized turbidity (y-axis) and normalized Q (x-axis). The right panel describes
hysteresis indexes (HI) from 0.1-1 as well as Hlnean for the different event types

with an average of 17 days and covered a wide flow range (max Q event definition method used here (focusing on Q variation); some
between 0.2 and 45 m®/s, representing 99.6% of the monitored Q turbidity events occurred for example on the falling limb of the hydro-
range). However, not all turbidity events were captured with the graph (Figure 4, Table S4).
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The event definition procedure presented here was compared to
events defined using the R package hydrostats (Bond, 2019) which is
commonly used for event definition in similar studies (e.g., Hashemi
et al., 2020). Using hydrostats, 70 events were identified for the study
period and 52 had turbidity data. Since this method was based on a
20% deviation from baseflow, the event duration was in general lon-
ger (Figure S3), ranging between 2 and 125 days with an average of
32 days. With the hydrostats event definition method it was, how-
ever, impossible to analyse hysteresis indexes in many events due to

multiple Q peaks (Figure S3).

3.2 | Qualitative analysis of events

When visually inspecting the identified events, three different
reoccurring patterns were identified (Figure 5). Events with low mean
Q (<2 m®/s) often showed short-term, quasi-periodic variation in tur-
bidity, to a large extent disconnected from Q variation. Spectral den-
sity analysis indicated that all events with a mean event Q of below
2 m3/s show periodic variation with frequencies between 8 h and

3 days (Figure S4). The maximum Q for events with this turbidity

pattern ranged from 0.2 to 2.1 m%/s (n = 34). The majority of these
events occurred during summer (n = 17), with some events in autumn
(n = 8), spring (n = 7) and winter (n = 2). Events lasted on average for
15 days. The mean turbidity during these events was 10 FNU, the
median amplitude of turbidity variation was low (10 FNU), as was
mean HFQ (1 m%/s). The timing of the turbidity peaks could not be
attributed to a specific time of the day and peaks also occurred during
periods with no identified events (no large Q variations).

Four events with high maximum Q (>15 m3/s) occurred during
winter (n = 1) and spring (n = 3) and were between 29 and 54 days
long. All events (n = 4) were connected to the spring flood or large
snowmelt events. Turbidity peaks were disconnected from Q varia-
tion. Mean turbidity during these events was 70 FNU, but ranged
between 8 and 4955 FNU, mean HFQ was 11.5 m®/s but ranged
between 1.6 and 45 m®/s.

Thirty-eight events were in the intermediate range of Q (mean
Q> 2 m®/s, max Q < 15 m%/s). These events often showed an early
turbidity response, followed by a second peak after Q decreased. The
events (n = 38) were equally distributed between spring (n = 14),
autumn (n = 15) and winter (n = 9). Mean turbidity during these
events were 27 FNU, ranging between 2 and 873 FNU, mean HFQ
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was 5 m®/s, ranging between 0.19 and 14 m®/s. Events lasted on
average for 15 days.

In the analysis of successive events, some events appeared to
affect each other where the first event gave a large turbidity response
compared with the following (Figure S5, e.g., ID 38-41, ID 42-46, ID
82-85, ID 103-104). However, this was not the case for all succes-

sive events.

3.3 | Quantitative analysis of events

During the studied years (2012-2019) a subset of 60 events (com-
pared with the original 76) were identified and hysteresis indexes cal-
culated. For these 60 events, it was possible to identify a clear start
with increasing Q, and after the peak a return to approximately the
same Q. Events were equally distributed between seasons (Table 1).

The events showed heterogeneous HI: 23 events showed a clock-
wise response, seven events an anticlockwise response, seven events
a CAC response, six events an ACA response and 17 a complex
response. Hysteresis indexes (Hlnean) ranged between —0.39 and
0.48. Clockwise responses ranged between 0.04 and 0.48, anticlock-
wise responses between —0.13 and —0.39, CAC responses between
0.03 and 0.30, ACA responses between —0.2 and 0.17 and complex
responses between —0.17 and 0.44. CAC events were often changing
sign for Hly (6/7 events) which indicates a loop only for the high Q
(Figure 3).

Most events were connected to rainfall events, especially those
with clockwise (91%), ACA (100%) and complex (94%) hysteresis pat-
terns (Table 1). During 43% of the clockwise events there was snow-
fall, in 61% of the events snowmelt and the mean SMD was indicative
of wetter conditions. Anticlockwise events were not connected to

either snowfall or snowmelt, but in 57% of the events to rainfall.

ACA @

Anticlockwise events showed small changes in both HFQ
(0.3 m®/s) and turbidity (13 FNU). A similar response was also seen
for complex events (HFQ 0.4 m%/s, turbidity 17 FNU). Event duration
was generally longer for clockwise responses compared to anticlock-
wise, CAC, ACA and complex responses, while the interval between
events was shorter for anticlockwise events (16 days).

Many summer events were connected to low Q, and showed a
complex hysteresis pattern (Figure 6). The majority of autumn, spring
and winter events gave a clockwise hysteresis response, while none
of the summer events did. The anticlockwise responses were con-
nected to lower mean Q (0.15-6.5 m3/s), while the clockwise
responses occurred with higher mean Q (1.2-15 m%/s). Many of the
ACA and CAC responses have only a few hysteresis indexes that are
changing from positive to negative or vice versa, while the complex
responses often have many indexes shifting around O.

In the PCA (Figure 7) the first two axes explain 48% of the varia-
tion. According to King and Jackson (1999) parameter selection
method, weather related parameters, seasons and hysteresis patterns
were all important. Clockwise events were associated with winter and
spring season and Q parameters, that is, maximum HFQ, maximum
snowmelt (maxSM). The spring season was related to maximum snow-
melt and HFQ, while the winter season was correlated to mean snow
depth (meanSD), accumulated snowfall (accSF), Q 10 days before the
event (Qd-10), accumulated hydrologically effective rainfall (accHERd-
5) as well as minimum turbidity concentration during the events
(minTurb). Maximum turbidity (maxTurb), event duration, falling limb
duration (duration, durationFL), the amplitude of Q change (ampHFQ),
accumulated precipitation (accPrec) and snowmelt (accSM) were cor-
related. Anticlockwise, ACA and CAC responses are connected to pre-
cipitation on the start day of the event (Precd0) as well as soil
moisture deficit on the start day of the event (SMDdO0). The summer

season was associated with complex hysteresis patterns, mean soil

Shape
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FIGURE 7 Principal component analysis (PCA) of relevant
environmental parameters and shapes of hysteresis loops. The PCA
explains 48% of the total variation in two axis, n = 60

moisture deficit (meanSMD) and mean temperature (meanTemp). Not

all parameters were clearly connected to a hysteresis pattern.

4 | DISCUSSION

The study explores the potential for describing meso-scale catchment
function based on hysteresis patterns extracted from HF turbidity-Q
data. We corroborated our hypothesis that hysteresis patterns would
vary depending on whether Q was low or high. Our analysis showed
that change in turbidity was correlated to Q only between the 50th
and 97.5th percentiles of the Q range. Turbidity variation within
events was not strongly correlated to Q during low (mean Q < 2 m®/s)
and high (max Q > 15 m%/s) flow periods. Turbidity events were also
observed with no driving Q change. The different Q regimes had a
strong effect on the HF turbidity-Q relationships but not the specific
hysteresis patterns.

4.1 | The presence of a turbidity-Q relation

By analysing hysteresis patterns and using the hysteresis indexes of
Lloyd et al. (2016) we could make some observations about catch-
ment processes that partly corroborated our hypothesis that hystere-
sis patterns vary seasonally as clockwise hysteresis responses were
connected to the wetter winter and spring seasons. The fast response
of mobilized material in the stream associated with precipitation,
snowfall or snowmelt was observed in around a third of the identified

events (23/60). These events are probably source limited and the

material could be mobilized from the stream channel, adjacent riparian
areas (Sherriff et al., 2016), during snowmelt (Malutta et al., 2020) or
2005). Antecedent moisture

conditions have previously been shown to be important for fast

through tile drains (Bowes et al,

mobilization and clockwise hysteresis events (Bowes et al., 2005), as
pre-wetted material can have faster erosion rates (Lawler et al., 2006).
Clockwise events were associated with a lower mean SMD suggestive
of wetter antecedent conditions compared to the other groups
(Table 1), as well as appearing as a negative correlation in the PCA
(Figure 7). Rose et al. (2018) observed mainly clockwise patterns in a
stream where the transport consisted of mainly fines. Turbidity in
Savjaan has previously been hypothesized to be affected by colloidal
material since a large proportion of the soil in the area close to the
sensor consists of clay (Lannergard et al., 2019). Clockwise events are
often associated with sources close to the monitoring station
(Haddadchi & Hicks, 2020b; Lloyd et al., 2016), which means that the
size of Savjaan catchment might not be a factor that influences this
response.

Generally, the change in Q and turbidity was small for the anti-
clockwise hysteresis patterns observed in seven events, these events
were not connected to snowfall or snowmelt but the PCA showed a
correlation to precipitation on the start day of the event (Figure 7).
Anticlockwise responses have been connected to travel time from dis-
tant sources or erosion events (Williams, 1989). In Savjaan these
events seem to be transport rather than source limited, based on the
small differences in both Q and turbidity. Since the catchment is large
and the travel time from the furthest part of the catchment was esti-
mated at between 2 and 5 days, this could affect anticlockwise, ACA
and CAC hysteresis shapes (transport of e.g., plankton or sediment).

Tananaev (2015) showed that frozen soil would give a negative
hysteresis index effect (HI below 0) due to the need to develop an
active soil layer before mobilization of material could occur. In this
study anticlockwise events were not correlated to any of the winter
season, snowfall or snowmelt, so this was not generally consistent in
Savjaan catchment. Perks et al. (2015) observed anticlockwise events
for suspended sediment at low magnitude events, which they inter-
preted as delivery via artificial sub-surface pathways, for example, pip-
ing erosion. Normally, transport via tile drains is connected to a fast
response (Bowes et al., 2005; Sherriff et al., 2016) but studies have
also attributed contribution from tile drains to what we interpret as
figure-eight patterns (ACA, CAC, Eder et al., 2010). This indicates that
there could be a fast response combined with a temporal delay since
the water is passing through the soil.

A figure-eight shape with a clockwise loop for low Q and anti-
clockwise for high Q (CAC), could occur when readily available
sources are exhausted with subsequent mobilization of material from
more distant sources (Haddadchi & Hicks, 2020b). This could also
depend on overlapping input from sources (Tananaev, 2015) or that
hydrological connectivity increase during the event (Rose et al., 2018).
The opposite pattern with an anticlockwise loop during low Q and
clockwise high Q (ACA) could occur when proximal sources are acti-
vated late during the event (e.g., erosion, bank collapse) (Haddadchi &
Hicks, 2020b). Due to the increased complexity of a meso-scale
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catchment, these responses were expected to be frequent. Seven
events were interpreted as CAC events and six as ACA events. In
many (10/13) of the studied CAC and ACA events, one or several of
the turbidity peaks was associated with precipitation (Figure Sé). All
ACA events were connected to precipitation during the event. ACA
and CAC events indicate supply limitation from two or more sources
of material mobilized and contributing to turbidity with different
travel times for example, from different parts of the catchment. It
could also be connected to hydrological connectivity, where different
areas are connected to the stream depending on, for example, wet-
ness of the soil. However, it is clear that many different processes
result in the same hysteresis category (e.g., A, ACA, CAC) which
makes it a simplification to assign one process per hysteresis pattern.
The theoretical categorisation is not able to separate the processes of
the system fully, thus results must be interpreted with caution. To fur-
ther explore the different patterns and sources of material production
and delivery, several turbidity sensors and water-level loggers could
be deployed in the catchment (e.g., in forested areas, downstream the
lakes, in critical source areas for erosion).

Complex hysteresis patterns were identified for 17/60 studied
events, these often occurred during summer and low Q. In the PCA,
the summer season was correlated to mean SMD and mean precipita-
tion during events, indicative of generally drier conditions and precipi-
tation driven events. However, in this study low Q events were in
most cases associated with short time variation (see coming section)
where turbidity and Q were uncoupled. Complex hysteresis patterns
have previously been connected to heterogeneous spatial and tempo-
ral distribution of rainfall events (Haddadchi & Hicks, 2020b).

When analysing successive events, turbidity sources were in
some cases depleted, indicating source limitation. Source limitation
where the previous event controls material availability in the subse-
quent event have previously been shown (Bowes et al., 2005;
Haddadchi & Hicks, 2020b; Jordan et al., 2005). Bowes et al. (2005)
observed a change in sign of the hysteresis index where early events
in the succession gave a clockwise response and later ones an anti-
clockwise response. This could, however, not be confirmed in this
study possibly due to the larger scale of the catchment where several
sources could contribute to transport over time.

Our third hypothesis was that event characteristics (e.g., duration)
would affect hysteresis patterns. The most important variables
included in the PCA analysis were maximum Q (MaxHFQ), duration of
the falling limb (DurationFL) and minimum turbidity (MinTurb). Many
explanatory variables were excluded from the plot, for example, mini-
mum and mean HFQ. A full list of explanatory variables that did and
did not fulfil the selection criteria are presented in Table S5. In previ-
ous studies variable rainfall intensities, antecedent soil water content,
total runoff amounts (Eder et al., 2010), flood event total runoff, flood
duration (Haddadchi & Hicks, 2020b) have been identified as most rel-
evant for the hysteresis direction. In this study precipitation on the
first day of the event as well as accumulated precipitation during the
event were relevant, along with mean SMD during the event, different

Q characteristics and event duration.

4.2 | Absence of a turbidity-Q relation

421 | Shortterm variation

Short time turbidity variation was observed for all low Q events, with
a period ranging between 8 h and 3 days (example in Figure S4). Hys-
teresis index analysis are sensitive to diel cycles (Heathwaite &
Bieroza, 2020), and the assumption of a connection between turbidity
and Q is not fulfilled for these events. The events showed a general
low turbidity (average 10 FNU) and amplitude of turbidity variation
(10 FNU), as well as a low mean Q (<1 m3/s). The timing of the turbid-
ity peaks could not be attributed to a specific time of the day and
peaks also occurred during periods with no identified flow events
(no large Q variations). It is hard to find a common explanation for the
short term turbidity variation in Savjaan. Short term variations in tur-
bidity have previously been explained as a result of biological factors
including bioturbation (Loperfido et al., 2010), invertebrate activity
(grazing/drift), fish feeding, or primary production (Gillain, 2005).
However, in these cases the cycles have been connected to the time
of the day, which could not be shown in this study. The low Q events
also occurs during all seasons, which makes it unlikely that the origin
of the variation is biological.

The variation could also be caused by anthropogenic influence,
for example from running an irrigation pump but also here it would be
unlikely that water would be needed for irrigation outside the growing
season between November and March (5 events). Since the variation
exists also when there are no events, they are also not necessarily
connected to processes derived from Q variation. Further studies are
needed to explore this variation, especially since high concentrations,
for example, TP during summer low flow could have a large impact in
the river causing excessive plant/algal growth and oxygen deficiency
(Jarvie et al., 2005). It is however important to note that for many of
the events both the mean turbidity and amplitude of turbidity varia-
tion are low (10 FNU, 10 FNU). To explore these variations further
could give a deepened ecological understanding as well as under-
standing of active processes that are influencing the turbidity in the
stream.

422 | Spring flood and snowmelt

Events above the 97.5th percentile of the Q range also showed a
disconnection between turbidity and Q hysteresis. These events
were connected to the yearly spring flood or snowmelt. In these
cases, hydrological connectivity is likely very high and multiple
processes (e.g., snowmelt from different parts of the catchment,
erosion and gradual melting of frozen soil) that increase turbidity
in the stream occur simultaneously. It is therefore hard to inter-
pret the turbidity in relation to Q. These events are nevertheless
critical for managers, since they could potentially transport sub-
stantial loads (of, e.g.,, TSS and TP) to surface waters and the
Baltic Sea.
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423 | Turbidity events

When turbidity events were observed without any variation in Q, they
often occurred on the falling limb of the hydrograph (5/7 events)
(Table S4). In 5/7 events the turbidity peaks were connected to pre-
cipitation the same day or within the three previous days without a
response in the hydrograph, and in 5/7 cases soil moisture deficit was
increasing. In a study by Jordan et al. (2005), non-storm P transfers
were considered important, and the hypothesis was that they came
from rural point sources and consisted mostly of particulate P. In this
study, we can conclude that there are significant turbidity events
occurring at certain times, and it raises the question if we could use
high-resolution turbidity monitoring to define events, instead of or in
combination with Q variation. Concentration events could then show
importance of processes regarding stream ecology, while events
defined by Q are more important for transport of material. To con-
tinue analysing the turbidity-TP and TSS relationship in the intermedi-
ate Q range could give further insight into important processes
operating in the catchment.

4.3 | Management implications

As the catchment area increases, more physical processes, heteroge-
neous environmental conditions and site specific characteristics (land
use, soil type) (Gao & Josefson, 2012) are integrated into the stream
water quality signal we are trying to interpret. Despite the size of
Sivjaan catchment (722 km?), the study showed that insights about
what processes might be delivering material downstream could help
to point out especially important mitigation measures. The fast clock-
wise pattern indicating a local source of turbidity, for example, stream
bed, bankside erosion or fast flushing through tile drains. This
observed pattern shows the importance of working with near-stream
measures (compared with e.g., field measures). Our results highlight
the importance of (1) riparian vegetation preferably during large parts
of the year (during winter and snowmelt these areas have no ground
cover in Sédvjaan) to decrease mobilization of particles in the near
stream area, (2) use of buffer strips/set-aside areas (Verstraeten
et al.,, 2006), (3) drain discharge on vegetated areas, and (4) cover
crops (Aryal et al., 2018).

Overland flow as a potential contributor of turbidity can be lim-
ited by, for example, structure liming (Aronsson et al., 2019) and effi-
cient tile drainage (Golmohammadi et al., 2017). Structure liming of
clay soils, is a measure that improves soil stability, porosity and aggre-
gate strength, thus reducing losses of particulate P (Ulén &
Etana, 2014). By improving the soil structure, drainage losses of parti-
cles is minimized. Wenng et al. (2021) have shown that little vegeta-
tion cover and high intensity of soil tillage led to high hysteresis
indexes, indicating large amounts of transported material.

The transport limited anticlockwise events are less management
relevant due to the low magnitude of Q and turbidity change. More
insights could be developed regarding the ACA and CAC events (with

two or more sources to increase in turbidity) if we would increase our

spatial coverage and monitor several sites in the catchment or analyse
a longer time period giving a larger number of sampled events. When
precipitation causes a direct turbidity response in the stream vegeta-
tion in the riparian areas and buffer strips could counteract this mobi-
lization of material. Regarding complex events and turbidity increases
without Q variation we need to learn more about the underlying cau-
ses to formulate appropriate mitigation measures, this can be done by
“adaptive” monitoring where grab samples are taken more frequently
during these events/non-events.

Still, many different processes can give the same response (Bol
et al., 2018; Lloyd et al., 2016), especially in larger catchments which
makes it difficult to formulate specific catchment management plans
based on the results presented here. From a management perspective
it would be beneficial to identify which period that are important for
transport of material, which periods that are important for the ecolog-
ical status in the stream as well as which periods that are not so
important. Analysis of hysteresis patterns for more than one parame-
ter may also be a tool to deepen the understanding of prevailing pro-
cesses in the catchment.

Many studies use HF turbidity as a proxy for suspended sediment
and/or TP in studies analysis hysteresis relationships between turbid-
ity and Q (Sherriff et al., 2016; Wymore, 2019; Ziegler et al., 2014).
However, this assumes a linear relationship between the parameters,
independent of rising/falling limb of the hydrograph (shown to be of
importance by Stutter et al., 2017), seasonal changes in particle com-
position (Gippel, 1995) as well as particle size distribution possibly
varying during an event (Pfannkuche & Schmidt, 2003; Walling &
Moorehead, 1987). In the Sivjadn catchment, a good linear transfer
function has been shown between turbidity and TP and TSS
(* = 0.64, r» = 0.68 for the years 2012-2017) (Lannergard
et al., 2019). However, high levels of reactive P (PO4-P), colloids and
influence of organic matter remains factors that might influence the
relationship between turbidity versus TP and TSS and turbidity.
Therefore, turbidity was not used as a proxy in this study since a
deeper understanding is needed regarding the suitability of the rela-
tionships over different circumstances, especially when the aim of this
study was to evaluate the suitability to identify processes transporting
material in the catchment.

5 | CONCLUSIONS

Efficient and informative data analysis of HF data are needed for the
use of in-situ sensors in, for example, in national monitoring
programmes. To gain insight into catchment function the HF
turbidity-Q relationship was analysed, with data from a long term time
series (2012-2019) representing all seasons, in a meso-scale northern
mixed land use catchment.

Firstly, the study showed that the event definition method is the
basis for assessing hysteresis patterns. Therefore, it is necessary to
report how events are defined in studies using these indexes.

Second, a turbidity-Q relation was not apparent at all flows, but
intermediate Q events (50th to 97.5th percentile of the Q range)
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showed a connection between turbidity and Q within the events. Tur-
bidity variation within events was not strongly correlated to Q during
low (mean Q <2 m®/s) and high (max Q 2 15 m3/s) flow periods.
Hence, the different Q regimes had a strong effect on the HF
turbidity-Q relationships but not the specific hysteresis patterns; this
falsifies the first part of the hypothesis.

Third, clockwise hysteresis patterns were often associated with
precipitation, snowfall, snowmelt and wetter soils. The fast mobiliza-
tion of material during these events could be counteracted by working
with near-stream measures (e.g., riparian vegetation and buffer strips).
Anticlockwise, ACA and CAC events could not be attributed to spe-
cific processes in the catchment, possibly due to the meso-scale of
the catchment. Events also showed complex hysteresis patterns, often
connected to the summer season and low Q displaying short time var-
iation. Hence, the hysteresis shapes connected to seasons and event
characteristics was confirmed, for example, clockwise and complex
shapes but not all.

Turbidity events that were not associated with Q variation were
observed, often on the falling limb of the hydrograph and connected
to precipitation events that did not generate runoff. This indicates
that we also have processes in the catchment causing mobilization of
material that are not connected to Q variation, for example, precipita-
tion on already wet riparian areas. By defining events based on actual
increases in turbidity concentration and pairing the events with addi-
tional parameters as Q, precipitation, wetness indexes and other envi-
ronmental conditions a deeper understanding of HF data could
possibly be achieved.

Finally, analysis of HF turbidity-Q gave meaningful insight into
catchment function, but these insights were not solely dependent on
the analysis of hysteresis patterns. The use of qualitative and quanti-
tative analysis methods investigating C-Q dynamics contributed to
insights into turbidity generating processes over different flow ranges
and seasons as a platform for some management relevant insights,
such as limiting riparian connectivity to target the fast mobilization of

material generated by an event.
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