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Abstract  

Constructed wetlands are widely promoted as edge‑of‑field measures to reduce nutrient and 
sediment losses from agricultural catchments, yet their event‑scale retention performance remains 
poorly defined. Conventional monitoring approaches, based on grab sampling or flow‑proportional 
sampling, are costly and typically lack the temporal resolution. That is needed to capture the 
short‑lived, high‑concentration pulses that can drive the bulk of annual nutrient transport. 

In this study, high‑frequency (HF) in situ sensors measured turbidity, fluorescent dissolved 
organic matter (fDOM) and nitrate and were deployed at the inlet and outlet of a small phosphorus 
retention wetland in a tile‑drained clay catchment in east‑central Sweden. Fortnightly grab samples 
were collected and used to establish site‑specific turbidity–total phosphorus (TP) and fDOM–
dissolved organic carbon (DOC) regression relationships, enabling continuous concentration and 
load estimates throughout the monitored period. Six events, spanning early winter to spring 
snowmelt, were identified and analysed with respect to hydraulic loading, inlet–outlet 
concentration dynamics, concentration‑discharge hysteresis, and hydraulic and concentration lags. 

Turbidity proved a strong proxy for TP (R² = 0.93, n = 13), while the fDOM–DOC relationship 
was weaker (R² = 0.23, n = 15) and less reliable for load estimation. The wetland acted as a TP 
sink during four of the six events, while two events showed net P export, indicating that retention 
performance varied considerably between events, although the event definition was not 
representative for all actual field conditions. Hydraulic lags (Q-lag) between inlet and outlet peaks 
deviated from the theoretical water residence time (τth) in several events, indicating 
short‑circuiting and variable effective wetland volume. Concentration‑discharge hysteresis 
differed between inlet and outlet and between events, revealing distinct differences in source 
dynamics and internal sediment mobilisation. Nitrate monitoring could not be completed 
quantitatively due to sensor drift. 

These findings demonstrate that HF sensor‑based monitoring can resolve event‑scale processes in 
agricultural wetlands that remain invisible to conventional sampling, and that hydraulic loads (HL) 
and effective volume (Veff) are critical determinants of short‑term TP retention performance. 

Keywords: Constructed wetland, phosphorus retention, high frequency monitoring, in-situ sensors, 
turbidity, event-scale 
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1. Introduction 

Nutrients such as phosphorus (P) and nitrogen (N) are essential for agricultural 
production, but losses from fields to surface waters contribute to eutrophication 
and declining water quality in rivers, lakes and coastal ecosystems such as the 
Baltic Sea (HELCOM, 2023). Elevated nutrient inputs promote algal blooms, 
oxygen depletion and biodiversity loss. This has led to international and European 
policy responses, including the HELCOM Baltic Sea Action Plan and the EU 
Water Framework Directive (HELCOM, 2023; European Commission, 2024). 
 

Constructed wetlands are widely used as edge‑of‑field measures to intercept 
nutrients in agricultural runoff and drainage water before they reach downstream 
waters (Kynkäänniemi, 2014). By reducing flow velocity and increasing hydraulic 
residence time, they create conditions that favour nutrient retention (Mendes, 
2020). For P, the main retention processes are sedimentation and burial in bottom 
sediments of particle‑bound P. However, P stored in sediments can also be 
remobilised or released again under changing conditions. Dissolved reactive P 
may be retained by sorption to Fe/Al/Ca sorbents, while internal loading from 
mineralization, desorption or redox‑driven release (e.g., reduction of Fe oxides) 
can drive re‑mobilisation of sediment P (Mendes, 2020). 
For carbon (C), retention occurs through accumulation of organic matter and 
reduced decomposition under wetland conditions (Mendes, 2020; Land et al., 
2016). 
For nitrogen, the main removal pathway in agricultural wetlands is denitrification, 
while plant and microbial uptake can also contribute, although this storage is often 
temporary unless biomass is removed from the wetland (Mendes, 2020). 

Retention performance for both P and N is highly variable. It depends strongly 
on hydrological conditions as well as on the magnitude and form of nutrient 
loading (Land et al., 2016). Wetlands with relatively high nutrient input can 
therefore function effectively, but only if their hydraulic loading (HL) and flow 
residence time remain within a range that still allows retention. In small wetlands 
with high HL, performance can become more variable and event-driven export 
may occur, particularly when internal sediment stores are mobilised 
(Kynkäänniemi, 2014). 

Short runoff peaks and snowmelt events can deliver large nutrient loads over a 
short time but also reduce residence time and increase turbulence. Under these 
high hydraulic loading conditions, retention of new sediments is weakened and 
resuspension of previously accumulated sediments. and associated phosphorus 
promoted (Braskerud, 2002; Kynkäänniemi, 2014). As a result, wetlands may act 
as nutrient sinks during some periods but shift towards net export during others 
(Kynkäänniemi, 2014; Mendes, 2020). 
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The key question is if the wetland retains or releases nutrients over time. 
Nutrient retention performance is commonly evaluated using inflow–outflow 
mass balances, which require both discharge and concentration data at suitable 
temporal resolution (Kynkäänniemi, 2014, Ulén et al., 2019). Concentration 
describes the amount of nutrient per unit volume of water, whereas load 
represents the total transported mass. Therefore, is load the parameter needed to 
quantify actual nutrient export or retention (Mendes, 2020). In other words, 
concentration is useful for characterising water quality, but load is required to 
determine whether the wetland functions as a sink or source (Mendes, 2020). 

Reliable evaluation of wetland performance requires monitoring that captures 
both, long‑term averages and short-term changes. Water quality monitoring based 
on flow-proportional composite sampling is useful for estimating longer-term 
loads, but it might not capture rapid concentration changes or short-lived peaks 
during individual events (Rode et al., 2016). To follow wetland performance 
during short‑lived hydrological events high-frequency (HF) monitoring is needed.   

High-frequency in-situ sensors are increasingly used in surface-water 
monitoring (Bieroza et al., 2023). They provide continuous measurements of 
turbidity, fluorescent dissolved organic matter (fDOM), chlorophyll, UV 
absorbance, electrical conductivity, dissolved oxygen, and temperature (Bieroza et 
al., 2023). 

Optical measurements such as turbidity, fDOM and UV absorbance can act as 
proxies for key water‑quality parameters, such as total phosphorus (TP) 
(Lannergård, 2016), dissolved organic carbon (DOC) (Hoffmeister, 2020) and 
nitrate (Pellerin et al., 2016), when calibrated against site‑specific grab samples. 
This enables high-frequency monitoring, that can be used to estimate loads and 
retention, to characterise event-scale nutrient dynamics in constructed wetlands 
(Ulén et al., 2019). However, to date, most applications of turbidity, fDOM, and 
UV–nitrate sensors have been undertaken in riverine settings or lakes, with 
limited research in wetland setting (Jarvie et al., 2020; Koskiaho and Puustinen, 
2019). High-resolution monitoring can improve understanding of nutrient 
dynamics in wetlands, including short-term biogeochemical responses and 
carbon-linked processes (Jarvie et al., 2020). However, Jarvie et al. (2020) focus 
on nutrient dynamics inferred from high-resolution chemical and metabolic 
measurements, whereas the aim here is to exploit simple, optical in situ 
measurements as easily deployable proxies for these dynamics, with an emphasis 
on hydraulics rather than wetland metabolism. 
 

Therefore, the present study applied high‑frequency monitoring to a small 
constructed wetland aiming at retaining P from an agricultural area to improve 
understanding of retention performance under event‑driven hydrological 
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conditions. In addition, it evaluated whether HF turbidity, fDOM, and nitrate 
measurements can enhance the interpretation of P, C, and N dynamics.  
 
The study addresses the following questions: 
 
1. To what extent can turbidity, fDOM, and nitrate sensor measurements act as 

proxies for TP, DOC, and nitrate concentrations, based on site-specific 
calibration against laboratory data?  

 
2. Under which hydrological conditions does the wetland show effective TP 

retention, and under which circumstances does retention appear to 
weaken? 

 
3. How do inlet and outlet conditions differ during high‑flow and baseflow 

periods, and what do the differences imply for wetland function? 
 

4. What do event-scale hysteresis and inlet–outlet lags reveal about the internal 
processes that control P retention and export in the wetland? 
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2. Theory 

2.1 Monitoring strategies for water quality 
2.1.1 Inflow-outflow balances 
Nutrient retention is defined as the difference between the mass entering and 
leaving the wetland over a given period, (equation I) (Braskerud, 2002). Nutrient 
loads (L) are calculated from water flow rate (Q) and concentration (conc.) over 
time for discrete time steps using equation II and III. following standard inflow–
outflow mass‑balance approaches (Kadlec and Wallace, 2009). Loads are 
computed at the inlet and outlet, and retention or release is quantified as the 
difference between inflow and outflow loads over the selected time window 
(Kynkäänniemi, 2014; Kadlec and Wallace, 2009). 
 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 [

𝑔𝑔
ℎ

] = 𝐿𝐿𝑖𝑖𝑖𝑖[
𝑔𝑔
ℎ

]− 𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜[
𝑔𝑔
ℎ

] 
 
 
 
 
 
 
 
 
A high concentration does not necessarily imply a high load if discharge is low, 
while a moderate concentration can still generate a large load under high-flow 
conditions (Bieroza et al., 2023). 
 

2.1.2 Event‑scale lags and wetland residence time 

Theoretical residence time (τth) and HL 
A common way to characterise wetland hydraulics is the theoretical residence 
time (τth), defined as in equation IV (Persson et al., 1999). In a simplified reactor 
view, this value represents the average time a parcel of water would spend in the 
system if water were perfectly mixed or flowed as an ideal plug. τth is widely used 
in wetland design and performance assessments, as it connects retention capacity 
to simple hydraulic measures such as volume and inflow (Kadlec and Wallace, 
2009). 

For a time‑varying inflow, the τth can be written as equation IV. However, it 
does not account for internal flow heterogeneity, preferential flow paths, or dead 
zones, however, actual travel times may deviate substantially from this theoretical 

 

𝐿𝐿𝑖𝑖𝑖𝑖[
𝑔𝑔
ℎ

] = 𝑄𝑄𝑖𝑖𝑖𝑖[
𝑚𝑚3

ℎ
] ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖[

𝑔𝑔
𝑚𝑚3] 

Equation I 

Equation II Equation III 𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜[
𝑔𝑔
ℎ

] = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜[
𝑚𝑚3

ℎ
] ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜[

𝑔𝑔
𝑚𝑚3] 

Equation II 
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estimate (Kadlec and Wallace, 2009). Some water parcels may shortcut rapidly 
along high‑velocity flow paths, whereas other parcels are retained much longer in 
slowly exchanging zones, so that the effective volume participating in 
throughflow is smaller than the geometric volume and the true mean residence 
time is shorter than τth. 

The hydraulic load (HL) is defined as the Q at the inlet devided by the wetland 
surface area (equation V) and represents the primary driver of hydraulic 
conditions and nutrient retention performance in constructed wetlands (Kadlec 
and Wallace, 2009). 
 

𝜏𝜏𝑡𝑡ℎ(𝑡𝑡)[ℎ] =  
𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒[𝑚𝑚3]

𝑄𝑄𝑖𝑖𝑖𝑖(𝑡𝑡)[𝑚𝑚
3

ℎ ]
 

 

𝐻𝐻𝐻𝐻[
𝑚𝑚
ℎ

] =
𝑄𝑄𝑖𝑖𝑖𝑖(𝑡𝑡)[𝑚𝑚

3

ℎ ]
𝐴𝐴𝑤𝑤[𝑚𝑚2]

 

 
 

Travel-time estimate (centroid based lag) 
Because water parcels need a finite and variable time to travel through the 
wetland, changes in flow at the inlet are not reflected immediately at the outlet. 
Accounting for these lags is essential when matching inflow events or time slices 
to their corresponding outflow responses in the mass balance, because travel‑time 
differences can mask the true hydrologic and hydraulic behaviour of the wetland 
(Persson et al., 1999). 
 

Centroid‑based lag and travel‑time definitions provide a robust way to describe 
delays in hydrologic response, commonly used as the time interval between the 
flow‑weighted centroid of excess precipitation and the flow‑weighted centroid of 
runoff (Gericke and Smithers, 2013). In the US Department of Agriculture 
Natural Resources Conservation Service (NRCS), this lag concept is related to the 
time of concentration and is used to characterise watershed response times 
(USDA NRCS, 2010). By analogy, the same centroid‑based framework can be 
applied to paired inflow and outflow hydrographs in wetlands. The lag is 
estimated from the difference between the flow‑weighted centroids of inlet and 
outlet discharge (Figure 1)(equation VI, VII, VIII). This provides an event‑scale 
empirical travel‑time measurement consistent with observed hydrograph shapes. 
"This approach is similar to Ulén et al. (2019), who estimated hydraulic lag from 
hydrograph peak timing at the inlet and outlet." 
 

Equation IV 
 

 

Equation V 
 

 



16 
 

𝑡𝑡mean,in[ℎ] =
∑(𝑡𝑡[ℎ] ⋅ 𝑓𝑓(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖[ 𝑔𝑔𝑚𝑚3];𝑄𝑄in[𝑚𝑚

3

ℎ ]))

∑𝑓𝑓(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖[ 𝑔𝑔𝑚𝑚3];𝑄𝑄in[𝑚𝑚
3

ℎ ])
 

 

𝑡𝑡mean,out[ℎ] =
∑(𝑡𝑡[ℎ] × 𝑓𝑓(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜[

𝑔𝑔
𝑚𝑚3];𝑄𝑄out[

𝑚𝑚3

ℎ ]))

∑𝑓𝑓(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜[
𝑔𝑔
𝑚𝑚3];𝑄𝑄out[

𝑚𝑚3

ℎ ])
 

 
Lag[h] = 𝑡𝑡mean,out[ℎ] − 𝑡𝑡mean,in[ℎ] 

 
 

 

Figure 1 - visualization of  the centroid mrthod for lag estimation (Source AI Perplexity) 
 

Equation VI 



17 
 

Differences between hydraulic and concentration lags 
In wetlands and ponds, residence-time distributions and tracer response curves 
can be used to estimate mean detention times and effective volumes, thereby 
linking observed lags to hydraulic efficiency and internal flow patterns (Wahl et 
al., 2010). Concentration responses can be further delayed or prolonged by 
internal processes such as settling, resuspension, sorption, and transformation, so 
that the timing of solute export does not necessarily follow the hydraulic response 
(Bieroza et al., 2023). 
 

Hysteretic concentration–discharge patterns provide an additional way to 
diagnose these processes, because they capture differences in the timing and rate 
of change of concentration and discharge on the rising and falling limbs of events 
(Bieroza et al., 2023). Such hysteresis patterns can help identify the timing and 
direction of solute and particulate mobilisation and delivery, and when combined 
with hydraulic lag (Q‑lag) and concentration lag (conc.‑lag) estimates they 
support a more detailed interpretation of internal wetland storage and processing 
(Bieroza et al., 2023). 

2.2 Optical sensors for water quality  
Optical sensors work by emitting light at specific wavelengths and measuring how 
much of this light is scattered or absorbed in the water. Turbidity sensors mainly 
detect backscattered light from suspended particles, so increasing particle 
concentrations produce stronger scattering signals (Bieroza et al., 2023). UV– and 
FDOM- sensors exploit the optical properties of coloured dissolved organic 
matter (CDOM), using its absorbance and fluorescence as proxies for DOC 
concentrations (Lee et al., 2015). These light responses can be calibrated against 
laboratory analyses, allowing the use of continuous proxy estimates of suspended 
solids, TP, DOC, and nitrate to be derived from the sensor signals (Bieroza et al., 
2023). 

At high turbidity and during high-flow events, turbidity-based proxy 
relationships can become less reliable, so careful calibration and quality control 
are needed (Lannergård et al., 2019). 

Monitoring strategies and sensor configurations should be tailored to the 
specific scientific questions, required temporal resolution, and local hydrological 
and biogeochemical conditions, rather than being chosen solely based on cost or 
convenience (Bieroza et al., 2023).When appropriately designed and 
quality-assured, optical HF sensors provide near-continuous time series that 
reveal event-scale dynamics. These short-lived peaks provide insight, which 
low-frequency grab or composite sampling cannot resolve (Bieroza et al., 2023). 
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2.2.1 Turbidity as a proxy for P 
Turbidity, measured as light scattering by suspended particles, is widely used as a 
proxy for P because suspended sediment often carries a substantial fraction of 
particulate P (PP). Some studies calibrate turbidity directly against TP, while 
others focus on PP (Jones et al., 2011). Turbidity sensors typically rely on one or 
a few fixed optical bands and measure scattered light at one or two angles 
(Bieroza et al., 2023). When particulate forms dominate and sufficient calibration 
data are available, site‑specific regressions between turbidity and TP or PP 
typically provide good fits. Turbidity therefore serves as a useful surrogate for 
event-scale phosphorus dynamics, including concentration changes, high-flow P 
loads, and short-term retention or export (Jones et al., 2011; Villa et al., 2019). 

2.2.2 fDOM as a proxy for DOC 
Fluorescence sensors targeting fDOM enable continuous tracking of DOC 
dynamics and export (Hoffmeister et al., 2020). These sensors use a defined 
excitation–emission pair to detect fluorescence from coloured dissolved organic 
matter, with stronger fDOM signals generally indicating higher DOC (Lee et al., 
2015). Because the fluorescence response depends on local water chemistry, 
particle properties, and sensor design, site‑specific calibration against grab 
samples is required to convert fDOM readings to DOC and to correct for 
interferences such as temperature, turbidity, inner‑filter effects, and instrumental 
drift (Hoffmeister et al., 2020). 

2.2.3 Nitrate sensors 
Optical nitrate sensors exploit the strong UV absorbance of nitrate in the 200–250 
nm band to provide HF nitrate concentrations. UV nitrate sensors range from 
simple single‑ or dual‑wavelength devices to full‑spectrum spectrophotometers 
(Pellerin et al., 2016). In principle, the sensor passes UV light through a defined 
optical path and quantifies how much light is absorbed by nitrate; the resulting 
absorbance is then converted to concentration using calibration relationships 
(Pellerin et al., 2016).  
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3. Method 

The study applied a lumped empirical mass balance framework to evaluate 
retention and export dynamics at the wetland scale with focus on P. Retention was 
calculated as the difference between inflow and outflow load. The approach did 
not explicitly simulate internal physical or biogeochemical processes but infers 
system behaviour from observed flux differences and allows for the use of proxies 
regarding nutrient estimations.  

3.1 Site description 
The Nybble wetland (Figure 2) was chosen for this study because existing flow-
proportional monitoring have shown periods of nutrient release and it represents a 
small, farmed clay‑soil catchment where HF monitoring can resolve event‑scale P 
dynamics. The wetland was constructed in 2010–2011 to reduce P loads to the 
River Kilaån in east‑central Sweden, which discharges into the Baltic Sea 
(Kynkäänniemi, 2014). 
 

The catchment area has a size of 77 ha, with mainly forest (about 55%) and 
tile‑drained arable land (about 39%) on clay‑rich soils (mean clay content 22%) 
(Kynkäänniemi, 2014). The average slope is 4.7%, making the area prone to 
erosion and PP losses (Kynkäänniemi, 2014). Soil P status is moderate (75 mg 
P‑AL kg⁻¹). The absence of livestock, combined with subsurface drainage and 
macropore flow, makes Nybble representative of many intensively cultivated clay 
catchments in southern and central Sweden. Such catchments are known to 
contribute disproportionately to P losses in the region (Kynkäänniemi, 2014). The 
wetland was positioned according to the critical source area concept, intercepting 
tile-drain and surface runoff from a known high-risk drainage ditch, thereby 
maximising incoming P load per unit wetland area (Kynkäänniemi, 2014). 

 
Nybble was explicitly designed as a small P‑wetland optimised for 

particle‑bound P retention, with a 1 m deep inlet sedimentation basin followed by 
a shallow (0.3 - 0.4 m) downstream section (Kynkäänniemi, 2014). The inlet 
sedimentation basin was dredged in 2016 to remove accumulated material and 
maintain depth, while the shallow vegetated area has continued to infill gradually 
with P‑rich sediment (Kynkäänniemi, personal communication, 2026). During this 
study, the shallow zone is covered with dense emergent vegetation and only a few 
centimetres of water level remain over much of the area.  

 
The wetland has a long, narrow planform (length‑to‑width ratio of 11:1) to 

promote hydraulic efficiency. The Nybble wetland is small, with a surface area of 
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0.13% of the catchment. This ratio lies at the lower end of the recommended 0.1 - 
0.5% range for P‑wetlands and implies relatively high HL (Kynkäänniemi, 2014).  
 

 

Figure 2 - Nybble wetland aerial view (58°44'49.07"N  16°41'03.63"E)(source: Google 
Earth) 

3.2 Weather data 
Daily weather data (air temperature, precipitation, and snow depth) were obtained 
from the Swedish Meteorological and Hydrological Institute (SMHI) for the 
period 14 November 2025 to 30 April 2026 (SMHI, 2026). Precipitation and snow 
depth were taken from the climate station Nyköping (no. 86660), located 
approximately 21 km from Nybble (SMHI, 2026). Daily mean air temperature 
was not available at this station and was therefore taken from the nearby station 
Kolmården‑Strömsfors A (no. 86420) (SMHI, 2026). Snow depth from SMHI was 
used as a proxy for on‑site conditions and to identify periods when field access 
and equipment operation were constrained by ice and snow cover (SMHI, 2026). 
 
 
 

3.3 Discharge Data 
Water level was continuously measured at V-notch weirs installed at both the inlet 
and outlet of the Nybble wetland (Kynkäänniemi, 2014). Upstream water level at 
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each weir was recorded with pressure sensors, and established stage–discharge 
relationships for the specific V-notch geometry were used to convert water level 
to flow, following Kynkäänniemi (2014). The flow datasets were provided by the 
University Institute. The water levels at the weirs and sampling time were 
recorded for later discharge calculation and data verification. Side ditches and the 
outlet configuration ensure that essentially all runoff enters via the inlet and 
passes through the wetland (Kynkäänniemi, 2014). Therefore, both the historical 
monitoring by Kynkäänniemi (2014) and the present HF measurements are 
catchment‑representative (Kynkäänniemi, 2014). 

3.4 Water quality 
The HF water quality monitoring was combined with water quality sampling 
during the research period in two-week intervals. These were cross checked and 
used for calibration. 

3.4.1 Grab sampling 
Fortnightly grab samples of water were collected at the V - notch weirs at the inlet 
and outlet of the wetland. At each visit, a single mid-stream sample was taken 
directly from the V - notch. The samples were transported to the geochemistry 
laboratory at the Swedish University of Agricultural Sciences (SLU), accredited 
according to ISO/IEC 17025, where they were analysed. Phosphate, TP, nitrite 
and nitrate, total nitrogen, total organic carbon (TOC), DOC, suspended solids 
(SS) and turbidity were derived following standard methods (SLU Geochemical 
Laboratory, 2024). 

Water sample collection was more difficult during winter because ice 
accumulation restricted access to the water at the weirs. During parts of the winter 
season the samples had to be taken after removing the ice layer. 
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3.4.2 High-frequency measurement with EXO2 
multiparameter sonde 

High-frequency in situ monitoring was carried out using an EXO2 Multiparameter 
Sonde (YSI Inc., USA). Two EXO2 sondes were installed in perforated plastic 
pipes upstream of the V-notch weirs at the wetlands in- and outlet (Figure 3). This 
ensured that (i) measurements were representative of the cross-section, (ii) in situ 
data were directly comparable with laboratory-analysed samples, (iii) hydraulic 
and water-quality data were temporally synchronized, and (iv) flow velocity 
limited stagnation and biofouling effects, while preserving safe and efficient field 
access. 
 

The sensors were first deployed on 14 November 2025. They were then 
removed between 20 November and 2 December due to emerging ice cover and 
redeployed on 2 December, remaining in place until 30 December, when winter 
conditions again required retrieval. Redeployment was not possible during 
mid‑winter, and the final deployment therefore started on 2 March and lasted until 
28 April. Throughout the study period, the site was visited at approximately 
two‑week intervals to visually check flow conditions, and images from an 
installed camera at the outlet weir were used to detect possible thaw or flow 
events between the biweekly visits. During the spring deployment, declining 
water levels required the outlet sensor to be repositioned to maintain 
submergence. At the inlet, the guide tube remained submerged and free of 
sediment blockage throughout the period, so no adjustment was necessary during 
the study. 
 

The instrument recorded the following water quality parameters at 15-minute 
intervals: 

• Water temperature (thermistor) [°C] 
• pH (glass electrode with reference system) [-] 
• Electrical conductivity (four-electrode conductivity cell) [µS/cm] 
• Dissolved oxygen (optical luminescence sensor) [mg/l] 
• Turbidity (optical nephelometric sensor, Formazin Nephelometric Units 

[FNU]) 
• fDOM (fluorescence sensor, Quinine Sulfate Units [QSU]) 
• Nitrate (UV nitrate sensor) [mg/l] 

 
An integrated mechanical wiper periodically cleaned the optical windows to 
minimize sensor fouling and maintain data quality. 
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Figure 3 - Deployment Setup for EXO2 sensor Wetland Outlet (left) and Sensor 
deployment (software and sensor) (right, Source: Emma Lannergård, 2026) 

3.5 Data processing 
3.5.1 Data Quality Assurance / Quality Control (QA/QC) 
HF sensor data were first quality‑controlled using SentemQC, an open‑source 
Python tool for automated QA/QC of HF water quality time series (van’t Veen et 
al., 2025). SentemQC is designed for high-frequency proxy sensor data and 
provides a harmonised and reproducible cleaning procedure across variables and 
events (van't Veen et al., 2025). 

SentemQC anomaly detection 
SentemQC identifies anomalies with moving‑window filters that compare each 
data point with local statistics in neighbouring windows (mean, median, standard 
deviation and rate of change) (van’t Veen et al., 2025). Window sizes and 
thresholds were adopted from van't Veen et al. (2025), whose dataset included 
comparable proxy variables such as turbidity and nitrate. As the fDOM was not 
measured in the reference study, the same window properties as for turbidity were 
used as these 2 proxies correlate strongly. Points that exceeded these thresholds 
were flagged differently according to the windowsize used as potential anomalies. 
That way both isolated spikes and clusters of suspicious values could be detected 
(van’t Veen et al., 2025).  
 

SentemQC is supposted to be used as the first step in a broader QA/QC 
workflow and does not replace subsequent calibration and gap-filling required for 
concentration and load estimation (van’t Veen et al., 2025). All variables were 
analysed in the 15min interval and as hourly average. Then results from this 
analysis were screened manually to remove obvious spikes, sensor stabilisation 
periods from water chemistry, and intervals affected by maintenance or air 
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exposure before further processing (see Appendix, figure 10 and 11). Flagged 
peaks where deemed plausible and were further included in the data processing. 

3.5.2 Sensor units and alignment 
HF fDOM and turbidity data from the EXO2 sondes were exported in 
manufacturer‑calibrated units (QSU for fDOM, FNU for turbidity). Factory 
temperature corrections were retained, and no additional temperature correction 
was applied. 

 
To verify HF sensor reliability and derive continuous concentrations, turbidity 

and fDOM were calibrated against laboratory analyses of grab samples. Grab 
samples were taken as close as possible to the corresponding sensor timestamps to 
ensure good temporal alignment between in situ measurements and laboratory 
analyses. 
These pairs were used for site‑specific regressions that underpin the conversion 
from HF sensor output to concentration time series (e.g. Hoffmeister et al., 2020). 

Turbidity–TP calibration 
Turbidity was measured with the EXO2 optical backscatter sensor (side scatter at 
90 with a near-infrared LED at 860 nm) and recorded in FNU according to the 
manufacturer’s calibration (YSI, 2012). The same turbidity channel was used in 
the stir‑up experiment for fDOM correction and for subsequent P‑proxy 
calculations. 

To relate turbidity to P, turbidity data and TP from grab samples were paired at 
inlet and outlet. A paired t-test was performed to estimate whether the mean 
difference between the two paired turbidity measurements of the in situ 
measurement and the lab measurement in the population is non-zero  
the TP was chosen as the response variable rather than PP because TP is the 
standard metric in water‑quality monitoring and management. Additionally, 
turbidity–TP relationships commonly used to derive continuous TP estimates and 
loads (Lannergård et al., 2019; Villa et al., 2019). PP in this study was obtained as 
the difference between TP and dissolved forms, which makes it more sensitive to 
analytical details such as filtering procedures, whereas TP is measured directly 
and therefore provides a more robust basis for proxy calibration. Samples covered 
a range of flow conditions, with emphasis on high‑flow periods when suspended 
sediment and particle‑bound P are expected to dominate transport (Jones et al., 
2011). Turbidity was used as predictor and TP as response in simple linear 
regressions, following established proxy approaches in agricultural catchments 
and rivers (Lannergård et al., 2019). 

Because the same sensor type and configuration were used at both locations, 
turbidity–P relationships were first inspected separately (Appendix, figure 13 and 
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14) and then combined into a single regression when no systematic differences in 
slope or intercept were evident. This combined calibration was applied to the HF 
turbidity time series to estimate continuous TP concentrations at inlet and outlet. 
They were then combined with discharge data to calculate P loads and P retention 
in the wetland. 

fDOM–DOC calibration 
The fDOM signal was measured with an EXO2 fluorescence sensor (excitation 
365 nm, emission 480 nm), which detects the fluorescence emission of coloured 
dissolved organic matter, and was recorded in QSU (YSI, 2012). The Unit [QSU] 
was used for the turbidity stir‑up test, all turbidity corrections (fDOM_corr) and 
the DOC calibration. 
 

To correct for turbidity interference, a field experiment like Hoffmeister et al. 
(2020) was carried out. Sediment around the sensor was manually stirred to 
generate elevated turbidity, while DOC was assumed constant over the short test 
period (Hoffmeister et al., 2020). During the subsequent decay of turbidity, paired 
turbidity and fDOM values were recorded and used to derive an empirical 
attenuation function. This function was applied to the full fDOM time series to 
obtain fDOM_corr, and the correction was only used within the turbidity range 
covered during the experiment (Hoffmeister et al., 2020). 

At the inlet, coarser sediment produced only moderate turbidity during the 
stir‑up test, so the correction there is less well constrained and may under‑correct 
very high event turbidity. Attempts to correct inner‑filter effects with an 
absorbance‑based method following Hoffmeister et al. (2020) were not successful 
and were not used in the final processing. 

Turbidity‑corrected fDOM from inlet and outlet was paired with DOC conc. 
from grab samples. A single linear regression with fDOM_corr as predictor and 
DOC as response was fitted and used as a site‑specific fDOM–DOC transfer 
function, following DOC proxy approaches (Hoffmeister et al., 2020). This 
function was applied to the corrected fDOM time series to generate continuous 
DOC concentrations and DOC loads at inlet and outlet. 

Nitrate sensor calibration 
Nitrate was measured with the EXO NitraLED UV absorbance sensor (235 nm 
and 275 nm), which uses a dual-wavelength design to measure nitrate absorbance 
while correcting for natural organic matter interference, recorded in mg/l NO₃-N 
(YSI, 2012). 
 

For nitrate, the EXO NitraLED sensor was initially calibrated in the laboratory 
with water samples collected from the site following the manufacturer’s 
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procedures to account for site‑specific influences such as turbidity and natural 
organic matter (YSI, 2012). Although sensor readings appeared internally 
consistent immediately after calibration, redeployment revealed repeated and 
variable offsets relative to lab nitrate. That indicated unstable performance over 
short time scales. These offsets would introduce substantial uncertainty into 
nitrate and loads which is why the NitraLED data were deemed unreliable before 
applying SentemQC and the following analysis. All nitrate estimates and 
subsequent N calculations based on the NitraLED sensor were excluded from the 
process due to the offset (Appendix, figure 12). 

3.5.3 Calculations 
For the load calculations in this thesis, it was explicitly looked at certain events 
instead of the whole survey time. This allowed to check for more detailed 
information such as τth, water packages, hysteresis effects and sediment 
mobilisation threshold.  

Event definition 
To account for the time delay caused by wetland buffering, loads and retention 
were analysed at the event scale. Only distinct flow events were considered, 
because baseflow contributions were inconsistent during the measurement period 
and could not be characterised reliably. 

Operational event criteria 
Events were derived from the inflow and outflow discharge record, because no 
local on-site precipitation data was available. The available rainfall data from the 
nearest weather station did not consistently reproduce the on-site flow increase 
and were therefore unsuitable as a primary event indicator. Additionally, 
Precipitation events alone could not be used as initiation conditions due to snow 
formation, which made the rain amount an unsuitable proxy for this study. An 
event was defined as starting equation (IX) when inflow discharge rose sharply 
compared with the previous timestep, i.e. when flow began to increase from 
assumed baseline levels.  

As no consistent baseline level could be determined an event was assumed to 
end (equation X) when outflow discharge sank to a local minimum after the peak 
before increasing again due to a following event. 
 
 
 
 
 

Equation IX 
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𝑄𝑄𝑡𝑡[
𝑚𝑚3

ℎ
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ℎ
] 
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ℎ
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ℎ
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𝑚𝑚3

ℎ
] < 𝑄𝑄𝑡𝑡+1[𝑚𝑚

3

ℎ
] 

This procedure allowed overlapping events to be separated, accepting that residual 
contributions from preceding or following events may be neglected. 

 
With this definition, an event ends at a local minimum in outflow discharge. 

Where no such minimum was clearly identifiable because discharge declined only 
asymptotically over a long period, the event end was defined manually. One event 
was completely identified manually, because it was initiated by snowmelt and the 
centroid method with a 50% increase in inflow rate as trigger was not applicable. 

Theoretical water residence time 
The effective wetland volume 𝑉𝑉eff was estimated from bathymetry mean water 
levels measurements, recorded at the end of the monitoring period. For each 
hourly HF timestep, hourly 𝜏𝜏th was calculated (equation IV). To obtain a single 
representative 𝜏𝜏th value per event, a discharge-weighted mean was calculated 
using equation VI with t being the instantaneous τth(𝑡𝑡), weighting each hourly 
𝜏𝜏thby the corresponding inflow discharge. This approach ensures that timesteps 
with high discharge — which are hydraulically most relevant — contribute more 
strongly to the event mean than low-flow periods. 

The effective water surface area of the wetland was first delineated and 
measured using high‑resolution aerial imagery in Google Earth. The wetland was 
then subdivided into a deep inlet basin and a downstream shallow area with 
emergent vegetation, following the general design described by Kynkäänniemi 
(2014). In this study, the shallow downstream area was subdivided into four 
zones, representing the 4 in series connected pools of the shallow part of the 
wetland. Those zones were of approximately equal size. This deviation was used 
to capture internal variation in depth and hydraulics. For each zone, mean water 
depth was calculated from five randomly distributed measurements at the 28th of 
April 2026 around 11am. These depths were multiplied by the corresponding 
surface area, and the effective water volume of the shallow area was obtained as 
the sum of these four sub‑volumes. 

Centroid-based Q-lag and conc.-lag 
Because HF discharge was measured at both inlet and outlet, event-scale travel 
times were additionally quantified using centroid-based lags. For each event, 
flow-weighted centroids were calculated as described in equation VI and VII to 
account for hydraulic delay. The lag for each event was then defined as in 

Equation X 
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equation VIII. Analogous centroids were computed for flow-weighted 
concentrations to obtain a conc.-lag for each event (equation VI, VII and VIII). 
They were used to evaluate concentration changes along the flow path related to 
mobilisation processes, such as sediment remobilisation during rising limbs. 
Where TP and DOC conc.-lags did not differ systematically, the same lag was 
applied to both constituents to keep the analysis consistent. These Q- and conc.-
lags were used to align inflow and outflow “water packages”. To achieve this the 
Inflow data were shifted to align with the Outflow data in the mass balance. τth 
served only as a comparative hydraulic indicator (equation XI and XII). 
 
 
 

𝑄𝑄in, shifted(𝑡𝑡)[
m3

h
] = 𝑄𝑄in(𝑡𝑡 − Lag)[

m3

h
] 

 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐in, shifted(𝑡𝑡)[
𝑔𝑔
𝑚𝑚3] = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐in(𝑡𝑡 − Lag)[

𝑔𝑔
𝑚𝑚3] 

 
 

Inflow-outflow event mass balance calculations 
For each event hour, inflowing and outflowing mass (g/h) was estimated for an 
event with equation I. TP concentrations were derived from turbidity using the 
site-specific turbidity–TP regression in Figure 5, and DOC concentrations from 
fDOM using the regression in Figure 7. Hourly retentions (equation. I) were 
summed to calculate the total event load. 

Critical discharge and retention 
To identify thresholds for sediment and TP mobilisation, hourly retention was 
related to the time-shifted inflow discharge using the Q-lag-corrected hydrograph 
on an event scale. A critical discharge for mobilisation was defined as the point 
where retention shifted from net retention to net export. 

Event hysteresis analysis 
For hysteresis analysis, the same event boundaries as in the load and retention 
calculations were used. Within each event, concentration–discharge (C–Q) pairs 
were generated by linking unshifted concentrations with the corresponding 
unshifted discharge at each hourly HF timestep. These C–Q trajectories were used 

Equation XI 

Equation XII 
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to examine event‑scale hysteresis patterns for TP and DOC (Lannergård et al., 
2021). 
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4. Results 

4.1 Evaluation of C and P proxies 
This section evaluated whether the high-frequency sensor signals could be used as 
proxies for TP and DOC, which addressed research question 1. First, the 
turbidity–TP relationship was assessed, followed by the fDOM–DOC calibration. 
 

The turbidity calibration (Figure 4) showed a strong positive linear relationship 
(R² = 0.72, n = 9) between HF turbidity readings and turbidity from grab samples. 
A paired t-test confirmed no statistically significant difference between the two 
measurement series (t = 0.814, p = 0.439, n = 9). Overall, the HF turbidity sensor 
performed reliably across the measured range, though some scatter at intermediate 
concentrations suggests limited precision under those conditions. 

After, the turbidity data from the grab samples were plotted against the TP 
concentration from the grab samples, taken at the same timestep (Figure 5). This 
showed a strong linear relationship (R2=0.93, n=13) between turbidity and TP 
concentrations allowing the fitted equation to be applied to the HF turbidity time 
series to derive continuous TP conc. 

The stir‑up experiment needed for the turbidity correction for the DOC 
measurement revealed a clear negative relationship (R2=0.79, n=72) between 
fDOM sensor measurement and turbidity concentrations in the water (Figure 6). 
This confirmed that increasing turbidity systematically attenuated the 
fluorescence signal and justified the use of a turbidity‑based correction function 
for fDOM before DOC calibration. 

The fDOM–DOC correlation showed a weak positive linear trend (Figure 7), 
with considerable scatter and a lower coefficient of determination (R2=0.23, 
n=15). The use of this as a proxy was applied initially with the thought that the 
data might not be representable for the data analysis. 
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Figure 4 - Correlation between turbidity [FNU] in water samples and measurements with 
turbidity sensor [FNU] (n=9). Observations are indicated by the red dots and regression 
line (red dotted). 
 

 

Figure 5 - Calibration of turbidity (FNU) against TP (n=13). Observations are indicated 
by the red dots and regression line (red dotted). 
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Figure 6 - Relationship between fDOM (QSU) on y-axis and Turbidity (FNU) on x-axis 
(n=72). Observations are indicated by the black trinagle and regression line (black 
dotted). 
 
 
 

 

Figure 7 - fDOM–DOC relationship for DOC estimation (n=15). Observations are 
indicated by the black triangle and regression line (black dotted). 

Through the fit of the regression between the water samples and the HF sensor 
measurements, the equation could be applied to the continuous measurements of 
the HF data, allowing to calculate the concentrations of TP and DOC on an hourly 
basis according to our measurements shown in Figure 8 below. 
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4.2 Discharge and water quality 
In this part of the results the general correlation of turbidity-TP and fDOM-DOC 
was applied to the HF data, to get the continuous high-frequency estimates of TP 
and DOC concentrations at the inlet and outlet. 

4.2.1 Hydrology and event timing 
Snow depth increased from early December to late March, with several melt and 
rainfall episodes superimposed on the snowpack (Figure 8a). The discharge time 
series shows six high-flow periods: four early-winter events during the first 
deployment and two longer spring events following snowmelt and precipitation 
(Figure 8b). For all events, outlet discharge curves were smoother and slightly 
delayed relative to inlet discharge, indicating hydrological buffering of short-term 
peaks within the wetland. 

4.2.2 Turbidity and TP concentrations 
Turbidity values and TP conc. at the inlet exhibited pronounced peaks during the 
early-winter and spring events, reaching values above 600 FNU or 1 mg/L during 
the main spring peak (Figure 8c). Outlet TP conc. generally followed the temporal 
pattern of the inlet but with slightly damped peaks. During lower-flow periods 
between events, TP remained at comparatively low and stable levels at both inlet 
and outlet. 

4.2.3 DOC concentrations 
DOC conc. showed similar event-scale variability to TP (Figure 8d). fDOM 
reacted opposite to turbidity. Maximum fDOM values were in the reach of 230 
QSU, equal to a DOC conc. of approximately 20mg/l. Outlet DOC conc. were 
consistently more different to the Inlet data than for TP. No clear lag between 
inlet and outlet DOC signals is apparent at the daily scale. 
A pronounced drop in DOC in the outlet occurred between 21.3.2026 and 
31.3.2026, it is not possible to infer the reason for this behaviour from other 
sensor observation or weather data. 
  



34 
 

 

 

 

Figure 8 - Flow and concentration curves during sensor deployment a) precipitation 
[mm/d] in blue bars, snow depth [mm] in grey; b) Events in grey boxes, Flow[l/s] for 
inlet (dark blue] and outlet (light blue); c) Total phosphorus concentration [mg/l] for 
inlet (dark violet) and outlet (light violet); d) dissolved organic carbon concentration 
[mg/l] for inlet (black) and outlet (grey) 

4.2.4 Hydrological events 
Application of the event‑definition procedure resulted in six events during the 
study period (Figure 8b). Events 1–3 in early December were identified using the 
50% discharge‑increase criterion and lasted approximately 54 h, 43 h, and 82 h, 
respectively. Event 4 marks the final early‑winter peak in discharge and extended 
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over about 380 h, with an alternative, shorter definition ending after roughly 100 h 
also considered as the outflow still changed asymptotically. Event 5 corresponds 
to the main spring snowmelt period and had a duration of about 530 h, while 
event 6 captures a subsequent April rainfall‑driven peak lasting around 270 h. An 
alternative, shorter definition ending after roughly 92 h was also considered. For 
event 5, the start and end were selected manually because discharge did not 
trigger the defined threshold, whereas event starts 1–4 and 6 were identified 
directly by the 50% criterion applied to the inlet discharge time series. For the 
ongoing analysis the alternative event end for Events 4 and 6 were used. 

4.2.5 Hydraulic lag and theoretical residence time 
Centroid‑based lags between inlet and outlet discharge ranged from 7.6 to 15.9 h 
for events 1–4 and 6, indicating flow translation through the wetland on sub‑daily 
to roughly half‑day timescales (Table 1). Event 5 represented the main snowmelt 
period and was the only one, with a negative centroid lag (−40.6 h). This showed 
that applying these boundaries, the outlet centroid occurred earlier than the inlet 
centroid within the chosen event window and that the selected centroid did not 
cover the water package.  
 

τth, was calculated from a stagnant Veff during the end of the monitoring period 
and event‑averaged inlet discharge. It ranged with similar behaviour but overall 
shorter retention times from 3.4 to 12.9 h. For the Load calculation all lag values 
were rounded to full hourly values to shift to the hourly measurements correctly. 

4.2.6 TP retention  

Overall hydraulic load–retention relationships across events 
Event‑wise analysis of the HL–retention relationships revealed that all six events 
shared a broadly similar pattern. The range over which the sensors operated, 
differed in the magnitude of retention and the HL (Figure 9). Three events - 1, 2, 
and 6 - followed particularly similar patterns: retention started from near‑zero or 
slightly negative values at low HL ( smaller than 0.1 m/h) and then increased 
almost linearly with hydraulic loading, reaching clearly positive values at 
moderate (between 0.1 and 0.15 m/h) to high HL (above 0.15 m/h). No 
pronounced decline at the upper end of the observed HL range was detected. In 
contrast, Event 3, 4, and the snowmelt event (5) showed comparable responses at 
below 0.1 m/h retention levels. These events showed lower maximum HL and 
retention in the HL–retention relationship (Appendix, figures 14-19). 
 

Across all six events, the HL–retention plots (Figure 9) showed a coherent 
pattern: 
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• At low HL (typically about 0.05–0.1 m/h), hourly TP retention was small 
and in several events negative, which suggested that under these low‑flow 
conditions the wetland could exhibit net P release. 

• With increased HL, retention rose systematically in every event. Positive 
TP retention generally became dominant above about 0.1–0.15 m/h, and 
event‑specific maxima ranged from 40 g/h up to more than 300 g/h TP 
retention at the highest HL values. 

• Within the HL range observed, most events did not show a clear decline in 
TP retention at the higher HL, so a consistent decreasing limb was absent. 

 

 
Figure 9 - Event specific phosphorus retention curves. Event 1 (dark blue), Event 2 
(orange), Event 3 (green), Event 4 (yellow), Event 5 (violet), Event 6(bright blue) 
 

4.2.7 Mass dynamics 
TP and DOC concentration lags were small and clearly shorter than the 
corresponding hydraulic lags as shown in table 1. For TP, centroid‑based lags 
were mostly within ±3h; events 1–4 showed outlet peaks between about 0.2 and 
2.7h after the inlet peak, while Event 5 (snowmelt) estimated a similar 
concentration lag and Event 6 a negative lag of -1.5 h. DOC lags were of similar 
magnitude but consistently negative, which indicated slightly earlier DOC 
centroids at the outlet than at the inlet across events showing the limitations of 
this lag approach. 

4.2.8 Retention per event 
Event‑scale retention was evaluated using inlet and outlet load estimates that 
already account for the calculated hydraulic lag between inflow and outflow. 
Across the six analysed events (Table 1), the wetland showed positive TP 
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retention in four cases, with particularly high retained masses during Events 5 and 
6 also due to the longer period of these Events. In contrast, Events 3 and 4 
exhibited net TP export. This behaviour indicated that the wetland temporarily 
functioned as a TP source under the conditions present during the defined events. 
C retention was bigger but stayed proportionally similar except event 5 where 
much more C was retained. 
 

Table 1 – Description of events, hydraulic lag, mass lag and retention.  

 

4.2.9 Hysteresis 
Hysteresis loops for TP concentration versus discharge were plotted for both inlet 
and outlet across all six events (Appendix, figures 21 and 22). At the inlet, events 
1–4 and 6 showed clear clockwise or counterclockwise loops (Table 2). That 
indicated differences in concentration during the rising and falling limbs of the 
hydrograph. Event 5 exhibited a much more scattered and complex pattern 
(Appendix, figures 22), with multiple overlapping concentration–discharge 
trajectories. No simple closed loop was detected, making systematic hysteresis 
characterisation difficult for this snowmelt event. 

At the outlet, hysteresis patterns were generally present but with less 
pronounced loop closure than at the inlet in several events. This shows a more 
delayed response at the outlet and more variability in the conc. - Q relationship. 
Events 1-4, and 6 showed relatively clear clockwise loops showing an increase in 
TP conc. before a maximum Q is met. Event 5 again showed no interpretable 
single loop structure.  

Event 3 and 4 differed from the previous events, with counterclockwise 
hysteresis at the inlet and clockwise hysteresis at the outlet (Table 2). Event 4 
closely resembled event 3, with a similar inlet pattern and a clockwise outlet 
hysteresis that was also very similar in shape.  

 HYDRAULIC LAG MASS LAG EVENT RETENTION  
 Observed 

Residence 
Time 

(Centroid) 

theoretic
al WRT 

TP- 
conc. 

DOC-
conc. 

TP - 
retention 

DOC - 
retention 

HL 
average 

 lag [h] lag [h] lag [h] lag [h] [kg/event] [kg/event] [m/h] 
EVENT 1 12.5 4.1 2.78 -1.35 6.72 16.71 0.12 
EVENT 2 8.6 3.4 1.21 -0.79 6.97 10.46 0.13 
EVENT 3 6.5 8.7 -0.59 -0.09 -0.74 -52.02 0.05 
EVENT 4 10,3 12.9 0.63 -0.72 -0.37 -45.32 0.04 
EVENT 5 -40.6 6.8 0.25 -41.36 15.16 30.63 0.07 
EVENT 6 15.9 4.9 -1.53 -0.96 14.15 78.61 0.09 
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Overall, the results suggest that the outlet response was more consistently 
clockwise, while the inlet showed greater event-to-event variability. 

 
DOC–discharge hysteresis was not analysed because DOC concentrations 

showed minimal event-scale variability and the fDOM–DOC proxy had limited 
predictive power (R² = 0.23), making hysteresis patterns uninformative for the 
objectives of this study. 
 

Table 2 - Hysteresis patterns for each event inlet/outlet. 
 INLET OUTLET 
EVENT 1 clockwise /linear clockwise 
EVENT 2 clockwise /linear clockwise 
EVENT 3 Counterclockwise clockwise 
EVENT 4 Counterclockwise clockwise 
EVENT 5 - - 
EVENT 6 Clockwise clockwise 
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5. Discussion 

5.1 High-frequency proxies for TP, DOC and Nitrate 
Measurements for monitoring TP had a strong relationship between the 
parameters in Nybble. Grab samples showed a strong linear relationship (R² = 
0.93, n = 13) between turbidity and TP. 
Although the sampling size was not large, it was possible to cover turbidty values 
with only 10s of FNU up to 600 FNU during the research period from 14th 
November 2025 until the 28th of April 2026. With this consideration the turbidity 
was a good fit for the TP estimation. This allowed efficient usage of the HF data 
measurements as a robust surrogate for TP in this wetland. The study period 
turbidity measurements (Figure 4) covered a wide range of flow conditions and 
suggests that the HF sensor tracked grab-sample turbidity well (R² = 0.73, n = 9) 
during the deployment period. As the calculations estimations of TP rely on a 
relationship derived from lab data, the difference between the labratory turbidity 
measurements and the HF sensor turbidity measurements can cause a difference in 
estimations of TP.  

This data supported the previous studies, suggesting using optical HF 
measurements for TP load estimates in dynamic systems (Lannergård, 2016). For 
particle‑dominated P transport, turbidity-based monitoring can therefore provide 
the temporal resolution needed to capture short‑lived concentration peaks during 
short high flow events (Bieroza et al., 2023). 

In contrast, the fDOM–DOC proxy showed much weaker predictive 
performance (R² = 0.23), so fDOM alone explained only a limited fraction of 
DOC variability at Nybble. 
DOC varies with hydrological conditions, catchment sources and in‑stream 
biogeochemical processes, and optical DOC measurements require corrections for 
matrix effects such as inner filter effects, as shown by Hoffmeister et al. (2020). 
Although the suggested temperature and turbidity correction was successful, the 
correction for the inner filter effects might improve the performance of the 
fDOM-DOC proxy in future studies. 

For the first deployment period Nitrate was only measured at the outlet due to 
the availability of functioning NitraLED sensors. Comparison of the data was not 
possible during that research period. 
The site-specific nitrate calibration for the sensor was applied prior each 
deployment. Following the deployment, values became negative, indicating clear 
limitations in the reliability of the sensor data. As negative readings are physically 
implausible in this context, the nitrate data were not further analysed. In concept, 
a negative conc. would imply that the detected output signal exceeded the emitted 
input signal of the sensor after correction. Signal drift or unaccounted 
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interferences in the optical path might be issues which could not be further 
investigated due to time limitations. 

5.2 Hydraulic loading and P retention 
High frequency monitoring enabled detailed analysis regarding retention 
behaviour during different flow conditions. 

Although the HL–retention plots differed for each event, similarities could be 
observed. Under HL lesser than 0.1m/h, a negative retention could be observed. 
Additionally, the overall trend of the plots showed a TP retention increase from 
low to our maximum covered HL. 
 

A threshold of approximately 0.1 m/h was identified, above which event‑scale 
TP retention occurred. At HL below 0.1 m/h, in those event boundaries the 
wetland sometimes acted as a TP source, reflecting remobilisation of previously 
accumulated TP. Over the period when optical sensors were deployed, the average 
HL was about 0.038 m/h, which would correspond to an annual HL of roughly 
300–350 m/year if such conditions were sustained throughout the year. However, 
this average mainly reflects monitored high‑flow periods and does not include 
low‑flow summer conditions.  
Inflows exceeding the 0.1 m/h threshold (27.8 l/s for a wetland area of 1000 m²) 
occurred exclusively during covered events rather than representing typical 
year‑round conditions. This threshold (equalling 876 m/year) covered short‑term 
behaviour in a system with substantial internal TP stores and differs 
fundamentally from the annual HL threshold of about 300 - 400 m/year reported 
by Kynkäänniemi (2014). This study from 2014 was based on long‑term inflow–
outflow balances and sediment sampling where no optical sensors where used. 
There the findings showed that the annual P accumulation on sediment plates 
decreased at high HL in small P‑wetlands on agricultural clay soils. 

During the conditions observed, increasing event‑scale HL increased the 
estimated TP retention. Earlier work by Kynkäänniemi (2014) reported that 
annual P accumulation decline at much lower annual HL (300–400 m/year) in 
similar settings. This apparent difference can be explained by the variations in 
time scale, system state and hydrological regimes of those studies. 
The 0.1 m/h threshold identified, described short-term event behaviour in a 
wetland in which internal TP accumulated over time. The threshold reported by 
Kynkäänniemi (2014) reflects long-term annual HL. When this average HL was 
reached, sediment accumulation decreased in small P-wetlands due to frequent 
high-flow conditions. In other words, the present event-based optical-sensor 
analysis showed how the wetland functions during individual high flow events, 
while the earlier studies showed annual scale mass-balance and how repeated high 
loads over entire years affect TP storage. The thresholds from these two 
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approaches have to be seen as complementary perspectives on wetland 
functioning rather than as directly comparable or contradictory values. 

Land et al. (2016) showed in a broad systematic review of 203 wetlands that 
TP removal efficiency decreases from around 60% TP retention with a constant 
HL to around 21 % in wetlands with precipitation-driven compared to controlled 
hydraulic regimes. This shows the impact of changing HL in the system further 
showing the importance of understanding event driven behaviour and the need for 
further research.  

 
This event driven Retention gives further insight for future work needed to 

understand wetland behaviour. With the event analysis and the following 
definition, a threshold could be estimated which could be used to limit conditions 
which favour TP release.  
High hydraulic loading rates and short‑circuiting reduce hydraulic efficiency and 
effective treatment volume in constructed wetlands (Persson et al., 1999), and 
cold‑climate studies show that concentrated flow paths can further limit contact 
between water and wetland media (Smith et al., 2005). 

As Kynkäänniemi (2014) mentions, Nybble is with only 0.13% on the smaller 
end of recommended wetland sizes. Increasing the relative wetland area, 
lengthening flow paths (e.g. meanders or multi‑cell layouts), and using upstream 
detention to attenuate inflow peaks are all measures that can reduce effective HL 
at the wetland inlet and improve hydraulic efficiency (Persson et al., 1999; Kadlec 
and Wallace, 2009). This could help increase the retention function of the 
wetland. 

Further management procedures to ensure the best possible TP retention 
include Periodic removal of accumulated fine sediment (Mendes, 2020) and 
managing vegetation by promoting deposition and stabilizing wetland conditions 
(Braskerud, 2002). 

5.3 Inlet–outlet patterns 
Through high-frequency monitoring both in the inlet and outlet of the wetland it 
was possible to analyse processes connected to concentrations and discharge in 
the wetland during the study period. 

During high‑flow events, inflow TP concentrations showed sharp peaks likely 
linked to runoff from the upstream fields. Outlet peaks were smaller and only 
slightly delayed, indicating retention of particle‑bound P as water passed through 
the wetland with turbidity peak values being reduced up to 20% (Event 1).  
In this context it is also crucial to mention, that events partially influenced the 
following event conditions. If the events instantly followed one another like in 
Event 1 - 4 the Outflow is already increased and might be corresponding 
differently as when no event was immediately before. In between the defined 
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events, Inflow and Outflow TP concentrations were much more similar, and 
several periods showed enrichment at the outlet, which may indicate 
remobilisation of previously deposited phosphorus from wetland sediments under 
low-flow conditions.  

These findings agree with Mendes, (2020) who demonstrated that older 
surface-flow constructed wetlands with high P saturation or low incoming P loads 
can show P release. This is because of the saturation of Fe- and Al-oxide sorption 
sites, the reducing conditions at the sediment–water interface releasing the 
Fe-bound P, and low inflow P concentrations favouring desorption across the 
soil–water interface. 
One option to confirm this assumption would be further lab analysis of the 
sediment and investigations on dissolved oxygen and pH conditions, which where 
out of the scope of this thesis. 

DOC showed only modest event‑scale variability and inlet–outlet differences, 
so DOC contrasts were much less pronounced than for TP. Additionally, it was 
observed that the DOC concentration at the Outlet was for most of the research 
period higher than at the inlet. 

 
Together, these patterns indicate that the wetland functioned mainly as a TP 

and DOC sink during event flows but could act as a temporary internal source 
during extended low‑flow periods when external inputs were small and internal 
processes dominate. 

5.4 Hydraulic and concentration lags 
The use of the centroid method proved effective for simple precipitation event 
analysis, although certain restrictions must be made. For events 1–4 and 6, Q‑lags 
ranged from about 6.5 h to 15.9 h, which implied sub‑daily to roughly half‑day 
travel times for event water through the wetland.  
 

These values ranged between 0.8 and 3 times the amount of the τth. Event 3 and 
4 (Table 1) were the events where the τth had a longer residence time then the 
centroid method, although that result is likely caused by the low flow, as these 
events had the lowest peaks of all events and lowest averaged HL. This might 
affect the τth as it was calculated by a fixed water table, overestimating the 
residence time.  

The data of this model, which added outflow estimates suggest one of two 
things. During the defined events, the use of a fixed Veff during the whole period 
was insufficient for this kind of comparison and water high measurement at 
Nybble should be implemented for further research.  
Alternatively, τth (based on volume and flow) can overestimate how long water 
actually interacts with the wetland. Stagnant or poorly connected storage areas 
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create dead zones and preferential flow paths, causing much of the water being 
bypassed these volumes and having a shorter contact time. Observations during 
low‑flow conditions, stagnant areas were clearly visible, supporting the idea of 
inactive volumes. 

In contrast, event 5 (snowmelt) showed a large negative lag, which suggests 
that the manually defined event window did not isolate a single hydrograph 
“water package” sufficiently. The high negative lag implies that the outflow data 
did not correspond to the inflow data, and the centroid approach does not apply 
for proper event definition in this case. Future work in mixed-regime catchments 
will need more flexible, multi-criteria event definitions or separate treatment of 
snowmelt and rainfall events for better event definition. 

TP concentration lags were small, mostly within ±3 h, and substantially shorter 
than the corresponding Q‑lags and WRT, indicating a faster TP mobilisation than 
expected from throughflow alone. This decoupling suggests that internal 
processes, such as mobilisation of stored sediment and biomass‑bound P, 
contribute to outlet TP dynamics. These findings could agree with studies 
showing that wetlands can intermittently release stored P under specific 
conditions. Jarvie et al. (2020) showed that during low‑flow, high microbial 
activity and redox changes can mobilise legacy P from sediments. The study 
refers to warm summer conditions so further research would be necessary to 
sufficiently analyse the situation for low flow winter and spring conditions. 
Mendes (2020) reported P release from older constructed wetlands when P 
sorption sites are saturated or inflow concentrations are low which would need 
further investigation on water chemistry during these low flow conditions which 
were not in the scope of this study. 
 

5.5 Hysteresis and event timing 
Through analysis of hysteresis patterns, mobilisation processes could be examined 
during the identified events. 
 

At the inlet, events 1, 2, and 6 showed clockwise or near‑linear conc. - Q 
patterns. This could be explained by rapid mobilisation of nearby particulate 
sources on the rising limb and dilution on the falling limb (Lloyd et al., 2016; 
Moatar et al., 2017). Events 3 and 4 showed counterclockwise hysteresis at the 
inlet, indicating that concentration peaks occurred later than discharge peaks and 
suggesting delayed source contributions, potentially via more distal source areas 
(Vaughan et al., 2017). At the outlet, hysteresis was more consistently clockwise 
across events 1–4 and 6, which points to rapid mobilisation of internal P sources 
early in the hydrograph (Ulén et al., 2019). 
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Events 3 and 4 showed a shift from counterclockwise hysteresis at the inlet to 
clockwise hysteresis at the outlet, which may indicate internal remobilisation of 
previously deposited sediment P. 
Notably, events 3 and 4 showed net P export and were also the events with the 
lowest average hydraulic loading (0.11 and 0.07 m/h respectively) and observed 
residence times shorter than the theoretical water residence time, further 
suggesting short-circuiting within the wetland during these low-flow events. For 
further analysis during these small HLs additional dissolved oxygen levels need to 
be monitored and analysed together with the data derived from this study. In 
addition, an uncertainty remains in the Q estimates at the outlet since groundwater 
contributions near the outlet or a poor hydraulic connection between the outlet 
pipe and surrounding sediments could bias Q measurements. 

For Event 5 no pattern could be determined, as several small peaks occurred 
during the defined boundaries showing limitations in the method applied. 
 
The combination of short TP conc. lags and clockwise outlet hysteresis implies 
that internal P‑rich sediment stores respond quickly to rising flows and can 
influence short‑term TP export, even when the wetland is a net sink at the event 
scale. The event boundaries and effects of preceding events on flow and storage 
therefore need to be considered when interpreting event‑scale retention metrics 
and attributing individual events to external versus internal sources. 

 

5.6 Limitations 
The study was a success for implementing the turbidity-TP relationship to high 
frequency data. Retention calculations for simple precipitation events were 
applicable, not including event 5 which would need more advanced analysis for 
the event boundaries. Using this Event scale approach might neglect influence of 
previous events. Several methodological limitations must be considered when 
interpreting these results. 

5.6.1 Study period 
The study period from November 2025 to April 2026 covered late autumn, winter, 
and early spring but did not include summer baseflow or late‑spring and 
early‑summer rainfall events. Seasonal differences in vegetation density, 
temperature‑dependent biogeochemical processes were therefore not fully 
represented, and the findings may not describe year‑round wetland behaviour. 
Even with these limitations, the HF dataset provides a more detailed and 
mechanistic view of event‑scale P dynamics than conventional grab sampling or 
proportional flow monitoring alone and shows how P retention in this small 
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agricultural wetland is governed by non‑linear, hydraulically driven processes that 
include both retention and remobilisation phases. 

5.6.2 Sensors 
SentemQC performed well in flagging obvious anomalies in the high‑frequency 
data; however, because the underlying statistics treated extreme values as outliers, 
peak‑flow conditions were also frequently flagged, even though these were 
precisely the observations of greatest interest so an automated approach in data 
clearing was not applicable. Consequently, careful manual review of the flagged 
data remained essential. 
 
While turbidity provided a robust proxy for TP, extending HF monitoring to DOC 
and nitrogen will require more robust calibration and better correction for 
interference.  

The NitraLED sensor uses a dual-wavelength design intended to improve 
robustness under variable DOC/NOM conditions, but this does not fully eliminate 
interference or long-term drift. Previous work suggests that full‑spectrum UV 
sensors and frequent field calibration can improve nitrate measurements in similar 
environments (Pellerin, 2016). Where such equipment is not available, 
event‑integrated grab‑sample budgets may remain the most reliable option for 
nitrogen measurements. 

The fDOM-DOC relationship gave an insufficient R2 for robust usage as a 
proxy. The temperature and turbidity correction of the fDOM data were not 
enough to create a clear relationship to DOC sufficiently. This might be since it 
was not possible to account for inner filter effects as Hoffmeister (2020) suggests, 
or to the small sample size.  

The weak fDOM–DOC proxy and the unstable nitrate sensor performance also 
highlight the suggestions made by Bieroza et al. (2023), that multi‑parameter HF 
monitoring requires careful calibration, maintenance, and quality control to 
provide reliable data for water monitoring management. 

5.6.3 Event boundaries and theoretical water residence 
time 

For the event analysis of this thesis a centroid method was applied to the flow data 
to estimate a time lag of the water packages passing the wetland. The method was 
effective in determining simple events, where Inflow and Outflow water packages 
could be coupled. The definition of the boundaries was very simple and should be 
improved for future studies with for example additional on site precipitation data. 
The definition was insufficient to estimate all event endings, where 2 had to be 
defined manually. The snowmelt event was also not detected automatically 
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showing that more sophisticated models are needed for analysing events with 
more complex Q pattern. 
 

The hydraulic lag derived from the centroid method provided a good match 
between inflow and outflow water packages for most events, but the concentration 
lag was notably shorter, indicating that concentration peaks propagate through the 
wetland faster than the bulk water mass. As a result, outflow loads were 
calculated using concentrations corresponding to the Q-lag rather than the shorter 
conc.-lag, which may have led to a slight underestimation of outflow loads and a 
corresponding overestimation of retention. The influence of previous events to 
following ones was also not considered and might have influenced Retention 
functions and lag estimates as Outflow data was still partially affected from 
previous Inflow and not in increased due to the water packages. This might have 
made the lags shorter, than they would have been without previous influence. 

Water depth measurements were conducted only once, at the end of the 
monitoring period under low-flow conditions, which introduces two distinct 
sources of uncertainty. First, during the measurement campaign, parts of the 
shallow wetland zone were dry or inactive. Although sampling locations were 
randomised, there is a risk that dry areas were underrepresented, leading to an 
overestimation of the wetland surface area and consequently Veff under low-flow 
conditions. This would cause HL to be underestimated relative to the true active 
wetland area. 
Second, since water depths were measured under low-flow conditions, they are 
not representative of the higher water levels occurring during events. Veff was 
therefore likely underestimated during high-flow periods, resulting in τth values 
being underrepresented.  
Continuous water level measurements throughout the monitoring period would 
have allowed dynamic estimates of Veff and improved the accuracy of both HL 
and τth calculations. 
 

Under low‑flow conditions, flow concentrated into small channels in the 
shallow part of the wetland, creating preferential flow paths and substantially 
increased local HL within the channels, potentially favouring remobilisation of 
stored TP. These low‑flow situations and critical Q causing these situations were 
not captured by the event‑based analyses and therefore remain outside the 
quantitative assessment. 
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6. Conclusion 

This study shows that HF monitoring with optical sensors provides improved 
process understanding of event‑scale P dynamics in a small agricultural 
constructed wetland that cannot be achieved with conventional low‑frequency 
sampling. The turbidity‑based TP proxy performed robustly and allowed 
continuous estimation of TP concentrations. and loads across different flow 
conditions. The hydrological model for travel time and centroid lags reproduced 
observed timing patterns well for simple events to interpret concentration 
responses in relation to hydraulic forcing but underrepresenting the influence 
from previous events. Event 5 (snowmelt) would need further analysis because of 
the flow pattern caused by the snowmelt. 

 
The Nybble wetland acted as an effective short-term TP sink under HL above 

0.1 m/h during the events with increasing retention as HL rose from low to 
moderate values. At HL below 0.1m/h, especially periods before events, retention 
was often close to zero or negative, indicating that internal P sources in surface 
sediments can dominate when flow is small. Further analysis for these conditions 
is needed regarding microbiological processes. Within the hydraulic loading range 
covered by the monitored events, retention generally continued to increase at 
higher HL rather than showing a decline at a certain HL. 

Short TP concentration lags relative to inflow and the predominance of 
clockwise hysteresis at the outlet demonstrate that internal sediment stores 
respond rapidly to changing discharge. The broadly consistent agreement between 
centroid Q‑lags and τth for most events could supports the use of a simple 
hydrological model with an Veff to describe bulk flow through the system where 
Outflow is not measurable. Deviations for individual events highlight the role of 
preferential flow and changing active volume during larger or more complex 
events. They may also reflect the formation of preferential flow paths during 
low‑flow periods that are not fully captured when only discharge is available and 
hydraulic loading must be inferred. These deviations do not, however, undermine 
the overall suitability of the model as a framework for linking hydraulic 
conditions to retention. 

 
These results have several implications for wetland design and management. 

Design measures that increase Veff and hydraulic efficiency can enhance retention 
at low to moderate flows and reduce the risk of remobilisation during low flow 
situations. The strong influence of accumulated, P-rich sediments on event-scale 
exports highlights the need for active sediment management, including periodic 
removal from the inlet basin and, where feasible, selected parts of the shallow 
vegetated zone. The robust performance of turbidity as a TP proxy, in contrast to 
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the weaker DOC and nitrate proxies, suggests that high-frequency monitoring in 
small wetlands should focus on a limited set of well-calibrated, quality-controlled 
sensors rather than on many parameters with high uncertainty. Additional 
dissolved oxygen data which were available from the sensor could give further 
insight into wetland behaviour in between events during low HL. 

More broadly, the study confirmed that small, constructed wetlands in 
intensively farmed, clay-dominated catchments can provide substantial TP 
retention, but that their effectiveness is strongly state-dependent and controlled by 
short-term hydrological variability. HF monitoring combined with a simple 
hydrological model is therefore not just a technical refinement. It is a necessary 
basis for identifying when the wetland functions is a reliable nutrient sink and 
when it behaves as a temporary storage system. This kind of process-level insight 
will become increasingly important for designing resilient wetland systems and 
for supporting adaptive nutrient-management strategies under changing climate 
and changing flow regimes. 
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Popular science summary 

Farming needs nutrients such as phosphorus to produce food. When too much 
phosphorus is washed from fields into streams, rivers, and the Baltic Sea, it can 
cause algal blooms and lack of oxygen in the water. This is bad for fish, plants, 
and people who want clean water. One way to limit these losses is to build small 
wetlands at the edge of fields so that the water has to pass through them before it 
reaches a stream. 
 

The wetland in this study is located at Nybble in east‑central Sweden. It was 
built to trap phosphorus coming from a small clay‑soil catchment with tile drains 
and arable land. The wetland is shallow and narrow, with plants that slow the 
water and help fine particles settle on the bottom. Earlier studies showed that it 
stores large amounts of phosphorus‑rich sediment, but they could not fully explain 
what happens during short, intense runoff events such as rain on wet soil or 
snowmelt. 

 
To study this in more detail, high‑frequency sensors were installed at the inlet 

and outlet of the wetland. These instruments measured water level, temperature, 
oxygen, and two important optical signals: turbidity, which shows how many 
particles are in the water, and fluorescent dissolved organic matter (fDOM), 
which is related to dissolved organic carbon. Measurements were taken every 15 
minutes from late autumn to spring. At the same time, water samples were 
collected every two weeks and analysed in the laboratory for total phosphorus, 
dissolved organic carbon, and other substances. The laboratory data were then 
used for calibration to use the sensor signals so they could be translated into 
continuous concentration and load estimates. 

 
The results show that turbidity is a reliable proxy for total phosphorus in this 

wetland. When turbidity increased, total phosphorus in the water also increased in 
a clear and almost linear way. This made it possible to calculate phosphorus loads 
for every hour and every event, something that would be very costly and 
impractical with laboratory samples alone. In contrast, the relationship between 
fDOM and dissolved organic carbon was much weaker, and a separate nitrate 
sensor did not work well because it drifted over time, so nitrogen dynamics could 
not be analysed. 

 
During most runoff events, the wetland acted as a sink for phosphorus: more 

phosphorus entered than left. Retention was especially strong at moderate flow 
conditions, when water was fast enough to bring particles into the wetland but still 
slow enough for them to settle. However, the study also found periods with little 
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or even negative retention. Under very low flow, when throughflow was small, 
the wetland sometimes released phosphorus that had been stored in surface 
sediments. Short episodes of export were also seen at the start of some events, 
when rising water levels likely stirred up fine material from the bottom. 

 
These findings show that a small, constructed wetland is not simply a constant 

filter that always traps the same share of phosphorus. Instead, its behaviour 
changes with the flow conditions. It usually helps reduce phosphorus losses from 
the catchment, but it can also act as a temporary source when stored sediment is 
mobilised. High‑frequency monitoring is therefore a powerful tool for 
understanding when the wetland works as intended and when it does not. This 
knowledge can support better design and management, for example by guiding 
when and where to remove accumulated sediment so that the wetland continues to 
protect downstream waters in a changing climate. 
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Appendix  

 

Figure 10 - Inflow data analysis, flagged anomalies are indicated by the red dots 
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Figure 11 - Outflow Data Analysis, flagged anomalies are indicated by the red dot 
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Figure 12 - Untreated 15min interval Nitrate readings from NitraLED sensor (above) 
and zoomed in (below). Observations are indicated as dots for inflow (violett) outflow 
(pink) 
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Figure 13 - Inlet Calibration of turbidity (FNU) against TP (n=7) Observations are 
indicated by the red dots and regression line (red dotted). 
 

 

Figure 14 - Outlet Calibration of turbidity water samples against TP from water samples 
(n=6). Observations are indicated by the red dots and regression line (red dotted). 
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Figure 15 - Event 1; Event‑scale phosphorus retention, shown as (top) temporal 
dynamics of retention rate and (bottom) relationship between event‑specific retention 
rate and hydraulic load (HL) measured during the same period considering the time lag. 
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Figure 16 - Event 2; Event‑scale phosphorus retention, shown as (top) temporal 
dynamics of retention rate and (bottom) relationship between event‑specific retention 
rate and hydraulic load (HL) measured during the same period considering the time lag. 
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Figure 17 - Event 3; Event‑scale phosphorus retention, shown as (top) temporal 
dynamics of retention rate and (bottom) relationship between event‑specific retention 
rate and hydraulic load (HL) measured during the same period considering the time lag. 
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Figure 18 - Event 4; Event‑scale phosphorus retention, shown as (top) temporal 
dynamics of retention rate and (bottom) relationship between event‑specific retention 
rate and hydraulic load (HL) measured during the same period considering the time lag. 
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Figure 19 - Event 5; Event‑scale phosphorus retention, shown as (top) temporal 
dynamics of retention rate and (bottom) relationship between event‑specific retention 
rate and hydraulic load (HL) measured during the same period considering the time lag. 
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Figure 20 - Event 6; Event‑scale phosphorus retention, shown as (top) temporal 
dynamics of retention rate and (bottom) relationship between event‑specific retention 
rate and hydraulic load (HL) measured during the same period considering the time lag. 
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Figure 21 - Flow–concentration hysteresis of event‑scale TP concentrations as a function 
of discharge for three runoff events a) blue = Event 1, b) orange = Event 2, c) green = 
Event 3) at the inlet (left) and outlet (right); darker lines indicate the rising limb (start to 
peak flow), lighter lines the falling limb (peak flow to end of event). 
  



66 
 

 

 

Figure 22 - Flow–concentration hysteresis of event‑scale TP concentrations as a function 
of discharge for three runoff events a) yellow = Event 4, b) purple = Event 5, c) grey = 
Event 6 at the inlet (left) and outlet (right); darker lines indicate the rising limb (start to 
peak flow), lighter lines the falling limb (peak flow to end of event). 
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