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Abstract 9 

Like many other bodies of water, the Baltic Sea is facing a severe eutrophication problem, the 10 

excessive nutrient load currently originating primarily from agriculture. Gypsum treatment 11 

has shown promising results in reducing phosphorus and suspended sediment loads, 12 

especially in fine-textured soils, but its efficacy has not been investigated on catchment scale 13 

to any wide extent. This study examines the functionality of the gypsum treatment in an 14 

agriculture-dominated boreal catchment in the Archipelago Sea basin. The relation between 15 

turbidity and hydro-climatological factors was analysed during different years and seasons 16 

and the effect of stream erosion during different flow stages was investigated by applying 2D 17 

hydraulic modeling. A special focus was given to deviating winter conditions and freeze-18 

thaw cycles. 19 

The results highlight the dependency of stream water turbidity on the discharge and the 20 

potential negative impact of the climate change-altered winter conditions of the hemiboreal 21 

climate zone on gypsum treatment effectiveness. The turbidity increased even more during 22 
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high winter discharges, compared to other seasons suggesting that the more frequent freeze-23 

thaw cycles and precipitation coming as rain during the unvegetated period increase erosion 24 

challenging the gypsum efficacy. Modelling results revealed that the increased erosional 25 

power during very high discharges caused settled material resuspension or stream bed or 26 

bank erosion leading to a cumulative increase in turbidity at downstream, an issue needing 27 

further research.  Demonstrating the real and long-term effects of nutrient reduction measures 28 

requires catchment scale investigations over years, considering climatological factors. Based 29 

on this study, local and short-term investigations can potentially lead to over-simplified 30 

interpretations.   31 

Keywords: gypsum treatment, agriculture, phosphorous, Baltic Sea, eutrophication, erosion 32 

1. Introduction 33 

The state of our water resources, including the water quality and aquatic ecosystems, and the 34 

unpredictable impacts of climate change on the hydrological cycle, has become a severe 35 

global concern and many national and international initiatives to ensure cooperation and joint 36 

responsibility and to create a framework for water protection have been established. For 37 

example, the EU Water Framework Directive (WFD) and the EU Marine Strategy 38 

Framework Directive (MSFD, Marine Directive) are guidelines aiming to ensure systematic 39 

criteria and methodological standards in water protection across Europe.   40 

One of the main global problems related to coastal waters is agriculture-originated 41 

eutrophication, which has been aggravating for decades due to the demands of the growing 42 

population (Tilman et al., 2001; Paerl and Paul, 2012), and is exacerbating due to climate 43 

change effects, especially on the boreal areas (Paerl and Paul, 2012; Wang et al., 2020; 44 

Pavlidou et al., 2024).  Economical and effective procedures to control eutrophication have 45 
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been sleeked and studied for decades (e.g. Higgins et al., 1976; Verduin 1969; Vitousek et al., 46 

2009). However, there is still an identified need to understand the sources of nutrient loads 47 

and possible solutions for their mitigation as well as in catchment scale investigation of the 48 

functionality of the measures (Vigouroux & Destouni, 2022).  49 

Gypsum (CaSO4 ∙2H2O), used for centuries in soil improvement, has been increasingly used 50 

as a measure to fight against eutrophication, especially in agriculture-dominated catchments 51 

(Zhu and Alva, 1994; Uusitalo et al., 2012; Kost et al., 2018; King et al., 2016). Unlike 52 

agricultural lime, gypsum readily dissolves in soil forming divalent calcium and sulfate ions, 53 

enhancing soil solution ionic strength (Appelo and Postma 2005). This process promotes 54 

microaggregation of the smallest soil particles potentially strengthened by calcium bridges, 55 

thereby reducing erosion and erosion-related particulate phosphorus load especially in fine-56 

textured soils (Shainberg et al., 1989; Uusitalo et al., 2012; Ollikainen et al., 2020). As the 57 

functionality of gypsum is directly linked to preventing soil erosion, the efficacy of the 58 

gypsum amendment can be approached by investigating the variations of stream water 59 

turbidity and suspended sediment load, which are expected to increase with warmer and 60 

wetter winters (Ekholm et al., 2024; Salmela et al 2022) 61 

On top of the operating principle of gypsum, not much is known about its effectiveness in 62 

phosphorus reduction in catchment scale or its dependency of prevailing environmental 63 

factors. Given the increased ionic strength of not only soil solution but also runoff, it is 64 

possible that the particles also aggregate in the stream and settle on the river bed during low 65 

flow velocities resuspend during high flows reducing the long-term effect of the gypsum 66 

amendment, and the performance of gypsum in the areas with varying flow velocities 67 

(Ekholm et al., 2024).  However, as the contribution of fluvial erosion at the stream bed and 68 

banks to the material fluxes relative to diffuse loadings during extreme events are poorly 69 

understood, it is difficult to assess the functionality of gypsum. Pietiläinen and Ekholm, 70 



4 
 

(1992) found 90% of suspended sediments transported by an agricultural stream in SW 71 

Finland to originate from surface soil rather than stream bank. On the other hand, Gellis & 72 

Noe (2013) stated that stream bank erosion can contribute with similar magnitude as 73 

agricultural land to the annual fine-grained suspended sediment load. More research is 74 

needed to elucidate the potential for resuspension of gypsum-treated material from the 75 

streambed during high flows.  76 

In addition, no study thus far has investigated gypsum treatment efficacy and its dependency 77 

on seasonal environmental and climatological factors in a catchment scale. This study takes 78 

an important step toward catchment scale investigation of gypsum as a nutrient reduction 79 

measure and its dependency on seasonal variations, erosion forces, and flow conditions by 80 

exploiting the potential of long-term spatial monitoring data combined with computational 81 

modelling. The study is based on a pilot executed in the catchment of Archipelago Sea, 82 

southwest Finland, where two agricultural sub-catchments were amended with gypsum as 83 

part of the Water Protection Program by the Finnish Ministry if Environment with an aim to 84 

reduce phosphorus loads to the Baltic Sea and monitored continuously for 5 years (Ministry 85 

of Environment, 2024; ELY, 2024). During an extreme winter flood in 2020, the gypsum 86 

amendment provided conflicting results as the response of the other treated areas to the 87 

gypsum amendment decreased notably (Ekholm et al., 2024). Our hypothesis is that the 88 

gypsum could have been settled on the stream bed during low to medium-sized floods, but 89 

resuspended at high floods, encountered in winter 2020.  90 

We utilize comprehensive monitoring records of water quality and quantity, weather, land 91 

cover and topographic data, and two-dimensional hydraulic modeling of erosional power to 92 

seek reasons for the variability in the turbidity level in the two treated areas. We link the 93 
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measured turbidity level with discharge, seasonal environmental variation, and erosion power 94 

during different flow stages.  95 

 96 

2. Case study at Savijoki: a small agricultural catchment 97 

The study site is located in the catchment of the Archipelago Sea, a Northern sub-basin of the 98 

Baltic Sea, which suffers from severe eutrophication mainly caused by agricultural activities 99 

within its intensively cultivated catchment in Southwestern Finland (Räike et al., 2020; 100 

Rankinen et al., 2016). The area falls within the hemiboreal climate zone, characterized by 101 

distinct seasons, with climate change exacerbating eutrophication and oxygen loss (Arheimer 102 

et al., 2012; Huttunen et al., 2021). Winters are projected to experience the strongest warming 103 

and precipitation increases, potentially amplifying sediment yields from watersheds, 104 

especially outside the vegetation period when soil is more susceptible to erosion (Salmela et 105 

al., 2022).  Recognizing the accelerating impact of climate change on eutrophication, 106 

reducing nutrient loads from the catchment is crucial.  107 

A gypsum treatment pilot was executed in the valley of the River Savijoki, in Southwest 108 

Finland during 2016–2020 (Fig. 1a). The 28 km long river is a tributary of the River Aurajoki 109 

discharging into the Archipelago Sea. The Savijoki has eroded itself into a several-meters-110 

deep valley that meanders across an old agricultural landscape where active cultivation 111 

dominates the land use still today. The average slope of the fields ranges from 0.8% to 2.4%. 112 

The ecological state of Savijoki is defined as poor, which is the second lowest category in a 113 

5-level classification (SYKE, 2022). 114 

During the study period (2016-2020) the mean temperature at the closest meteorological site 115 

(Turku Airport) was 6.4 °C, while the mean long-term temperature was 5.5 °C (years 1971–116 
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2020). Normally, the wintertime air temperatures remain under zero, the coldest month being 117 

February (FMI, 2022). In the inland areas of Southwest Finland, the thermal growing season 118 

typically begins in the last week of April. Therefore, during the winter period (Jan. 1st to 119 

May 15th), some fields are without protective vegetation cover and intensively tilled in the 120 

study area.  121 

 122 

Fig .1. The study area. a) The agricultural Parmaharju catchment is part of River Savijoki, 123 

which is a tributary of River Aurajoki, ultimately discharging into the Baltic Sea. b) The pilot 124 

site consists of three sub-catchments: the control area, and the upper and lower gypsum 125 

areas. Locations of monitoring sites (Stations 1, 2, and 3) and the calibration point are 126 

marked in the figure. The control site had no gypsum treatment. Gypsum was spread over 127 
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upper and lower gypsum areas in autumn 2016 to reduce agricultural nutrient losses, 128 

particularly phosphorus.   129 

The mean long-term precipitation in the area is 655 mm which is almost the same as during 130 

the study period (642 mm), with 19% of precipitation coming as snow. The winter period is 131 

characterized by low precipitation levels, compared to other seasons. Discharge and turbidity 132 

peaks occur usually during autumn due to rain and during spring due to snow melt. During 133 

early winter (Jan-March) discharges and turbidity levels are typically below the annual 134 

average as soil frost and snow cover prevent soil erosion. Early winter high discharges are 135 

still? rare, as the temperatures remain under zero. 136 

The pilot reach is 21 km long and has a catchment area of 81.3 km² (Fig 1b). The discharge at 137 

the upstream of the reach (Station 1 in Fig. 1) varies normally between 0.1 and 2.5 m3/s, the 138 

mean turbidity being 116 FNU (Skarbøvik et al., 2023). In the study setting, the catchment 139 

was further divided into three sub-catchments the control site, the upper gypsum area, and the 140 

lower gypsum area (Fig. 1b). During the study period, turbidity was measured in three 141 

Stations to examine the gypsum treatment efficacy (Stations 1-3). It must be noted that the 142 

control area affects the water quality also at Station 2 and Station 3 is affected by the whole 143 

watershed consisting of the control area, and upper and lower gypsum areas. The land use of 144 

the drainage areas discharging via Stations 2 and 3 are comparable to each other’s, while the 145 

control area (i.e. Station 1) has slightly smaller proportion of agricultural fields and more 146 

forests (Table 1). The monitoring started in February 2016 and gypsum treatment was 147 

executed in autumn 2016. Thus, the winter and summer 2016 represent gypsum free 148 

conditions. Out of the agricultural fields in the control site and upper gypsum area (total field 149 

area 1465 ha) 28 % were treated (Table 1), while out of the fields of the entire drainage area 150 

(total field area 3481 ha), 42 % were treated.    151 



8 
 

Table 1. Characteristics of the drainage areas. Station 1 is located at the outlet of the control 152 

area. Station 2 collects water from the control area and upper gypsum area while Station 3 153 

covers the entire drainage basin. The soil types were derived from the Finnish Soil Database. 154 

Natural Resources Institute Finland and Geological Survey of Finland (Lilja et al., 2009).  155 

Land use data from the year 2012 was retrieved from the Coordination of Information on the 156 

Environment (CORINE) with 20 m resolution. 157 

 Station 1 Station 2 Station 3 

Drainage area (ha) 1500 3260 8120 

Agricultural fields (m2) 585 1465 3481 

Fields treated with gypsum (%) 0 28 43 

Land use %      

Agricultural fields  39 45 43 

Forest  56 48 51 

Urban  4 6 5 

Other  1 0 1 

Soil type %     

Fine-grained soil (of which clay)  44 49 49 

Rock  37 32 33 

Glacial till  14 13 12 

Sand  4 6 5 

Peat  1 0 1 

The turbidity and runoff of the areas were monitored before and after the gypsum 158 

amendment. Based on the same monitoring data, Ekholm et al. (2024) showed that, before the 159 

gypsum spreading, the suspended solids and particulate P losses from the gypsum areas were 160 

approximately 30% larger than from the control area. A source apportionment on riverine 161 

turbidity suggested that, after the gypsum treatment, the particulate P losses from upper and 162 

lower gypsum areas were on average 72% and 19 % lower than from the control area, 163 

respectively. Based on the results of Ekholm et al. (2024), the early winter period of 2020 164 

was unusual with particularly high discharge especially in February (Fig. 2). The period was 165 
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also characterized by warm temperatures and high loss of particulate P, the lower gypsum 166 

area having an even higher P loss compared to the upper area. The question thus is what 167 

caused the big difference in the responses of the two gypsum areas.   168 

169 

Fig. 2. Temperature and average daily discharge at Station 1 during 2016–2021, after the 170 

gypsum spreading. The winter seasons are highlighted with dashed lines. Winter 2020 differs 171 

from other winters with higher discharges and temperatures. 172 

3. Data and methods 173 

3.1. Data collection 174 

3.1.1 Flow magnitude  175 

Hourly runoff was measured at the outlet of the control area by a calibrated V-notch weir, 176 

and water-level measurements (Station 1, Fig. 1). The hydrological station was managed by 177 

the Southwest Finland Centre for Economic Growth, Transport and the Environment 178 

(Ekholm et al., 2024). In addition, water surface elevation was measured hourly at two other 179 

monitoring stations located at the outlet of the upper gypsum area (Station 2) and the lower 180 

gypsum area (Station 3) (Fig. 1). Water surface elevations were measured with VRS-GNSS at 181 
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the calibration point. In addition, drone flights were executed in winter 2023, to monitor a 182 

flood extent, which was used in model validation. 183 

3.1.2. Water quality monitoring  184 

In situ hourly water quality monitoring was carried out during 2016 – 2020 in the three 185 

monitoring sites (Fig. 1). YSI EXO2 sonde equipped with a central wiper brush was used to 186 

measure water temperature and turbidity in each site. The high frequency in situ monitored 187 

turbidity can be used to indicate the level of particulate P (Kämäri et al., 2020) or suspended 188 

solids concentration (Skarbøvik et al., 2023) in case a good correlation exists between the 189 

variables. The Savijoki catchment fields are clay-dominated and the coefficient of 190 

determination (R2=0.87) between turbidity and suspended solids is high (Skarbøvik et al. 191 

2023). Over 80% of the P transported by the River Savijoki is attached to the soil particles. 192 

The sensors were cleaned regularly and calibrated in a laboratory every six months. 193 

Reference water samples were collected three to five times monthly during wet periods and 194 

once a month during low flow periods. Low flows appear typically during the summer season 195 

and in cold winters. Turbidity was analysed from the water samples in an accredited 196 

laboratory and used to verify the monitoring data.   197 

Analysis of covariance and Pearson’s correlation was used to test the differences in the 198 

relationship between turbidity levels and discharge at the sites. Statistical analyses and tests 199 

were performed using proc glm of the Statistical Analysis System (SAS) software package, 200 

version 8.2.5 SAS Institute Inc., Cary, NC, USA. 201 

 202 

 203 
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3.1.3 Open source environmental data 204 

Daily hydro-climatological data (precipitation, ground frost, and temperature) during 2016–205 

2020 was derived from the WSFS of the Finnish Environment Institute (Huttunen et al., 206 

2016; Vehviläinen and Huttunen, 2001). The WFSF combines observations and forecasts to 207 

simulate the water cycle in Finnish and bordering catchment areas. The model is used for 208 

simulating and forecasting hydrological variables, for example, the water levels and 209 

discharges for lakes and rivers, groundwater levels, and snow water equivalent. The daily 210 

data represents mean values over the entire Savijoki catchment (130 km2). Ground frost 211 

estimates are computed separately for open, forest, and peat areas. Open-area soil frost 212 

estimates were used to best describe the frost situation in fields.  213 

 214 

3.2. Computational modelling 215 

3.2.1. Defining the model boundaries 216 

Two-dimensional hydraulic models were built to simulate the inundation area and 217 

distribution of the erosional forces during three flow stages: mean discharge (MQ), mean 218 

high discharge (MHQ), and high discharge (HQ). The aim of the modeling was to figure out 219 

how the flow stage affects the flood extent and erosional forces in both areas and if there are 220 

major differences between the areas. We investigated the connectivity of the river system and 221 

the potential of the aggregated material to resuspend from the stream storage during high 222 

flows. The upper and lower gypsum areas were modelled separately.  223 

For the upstream boundary of the upper gypsum area, MQ, MHQ, and HQ discharges at 224 

Station 1 (Fig 1) were defined based on the continuous discharge data of the monitoring 225 
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period 2016–2023 (Table 2). As the tributaries add to the flow magnitude along the upper 226 

gypsum area, discharge was measured also at the main tributaries during various flow stages 227 

and the input from the tributaries was considered in the model. Next, the MQ, MHQ, and HQ 228 

values were defined for the upstream boundary of the lower gypsum area (i.e. Station 2): as 229 

there was only water level monitoring at Station 2, discharge was measured in situ during five 230 

different events and the discharge rating curve was formed using a regression curve between 231 

the in situ discharge measurements and continuous WSE monitoring data. The MQ, MHQ, 232 

and HQ at Station 2 were then calculated from the resultant discharge rating data. Next, 233 

experienced? flow events which represent MQ, MHQ, and HQ at Station 1 were identified 234 

and the water levels at Station 2 during those events were extracted and used as downstream 235 

boundary conditions for the upper gypsum area. Similarly, the MQ, MHQ, and HQ events 236 

were identified from the discharge rating curve at Station 2 and the corresponding water level 237 

value at Station 3 was used as the downstream boundary of the lower gypsum area.  238 

The model geometries were built using a Digital Elevation Model (DEM) with a 2 m cell 239 

size, produced by the National Land Survey of Finland supplemented, with bathymetric 240 

measurements on the field during the summer of 2022. The bathymetric data was collected 241 

with a Sontek River Surveyor S5, which is an Acoustic Doppler Current Profiler (ADCP) 242 

equipped with sonar. Trimble VRS-GNSS (Virtual reference station Global Navigation 243 

Satellite System) was used for data collection on very shallow or rocky areas.  244 

Table 2. The discharge (Q) of the three flow stages MQ, MHQ and HQ in the upper and 245 

lower gypsum areas. 246 

 Upper area [m3/s] Lower area [m3/s] 

MQ 0.16 1.2  

MHQ 2.33 7.02 

HQ 4 20.5 
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 247 

3.2.2. Building the model 248 

The 2D flow simulations were conducted using HEC-RAS 2D (version 6.3.1), which is an 249 

open, physically-based hydraulic modeling software (Hydrologic Engineering Center, 2023). 250 

The research area was divided into two modelling domains, namely, the upper and lower 251 

gypsum areas. An altering mesh was used, with cell sizes varying between 1 m at the stream 252 

to 3m on the catchment area. The horizontal length of the modelled river reaches in the upper 253 

and lower gypsum areas were 10.7 km and 3.4 km with 5.5 m and 4.7 m elevation 254 

differences, respectively. Thus, the upper area has a smaller average slope (0.0514 %) 255 

compared to the lower one (0.1382 %). 256 

A vector format land use layer covering the modelling domain with higher detail than 257 

CORINE was created based on aerial photographs and field observations. The land use layer 258 

was used to define spatially varying Manning’s bed roughness coefficients for the reach. 259 

Initial Manning’s values were estimated following a guide constructed by H. Barnes (Barnes, 260 

1967). Standard Shallow Water Equations, simplifications of Navier-Stokes equations, were 261 

utilized and solved using the Eulerian-Lagrangian Method (ELM-SWE). Incompressible 262 

flow, uniform density, and hydrostatic pressure are assumed, and the equations are Reynolds 263 

averaged so that turbulent motion is approximated using eddy viscosity. They apply to 264 

environments where vertical velocity is small, and pressure is hydrostatic. 265 

It must be noted that the stream and the flow magnitude are small compared to the catchment 266 

area and length of the modelling reach. In addition, the model was built partly based on 267 

estimated discharge values. That’s why the modelling results must be treated as indicative. 268 

3.2.3 Calibrating, validating, and running the model  269 
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Separate in situ field measurements of discharge and water level along the stream were 270 

performed for model calibration and validation (See Fig. 1). The model calibration was done 271 

for the upper gypsum area by adjusting Manning’s roughness values according to the land 272 

use. Data based on flow conditions with discharge of 0.5 m3/s at Station 1 on April 11th, 273 

2023 (Table 3). These conditions represent the hydraulic behavior of the reach after a usual 274 

rain event (compared to MQ=0.16m3/s). The modelling time step was set to 3 seconds, and a 275 

period of 14 hours was modeled for the upper gypsum area. The Manning’s roughness values 276 

were adjusted in the calibration process to achieve the measured water surface elevation at 277 

the calibration point (point 3). As the modelling reach was long, and had high vertical 278 

change, a difference up to 0.1 m was accepted in the calibration. When the modelled WSEs 279 

were considered corresponding to the measured ones, the calibration was finished.  The final 280 

Manning’s roughness values are presented in table 4. After adjusting the roughness values for 281 

the upper area model, the same values were used for the lower gypsum area based on its land 282 

use. The lower area was not calibrated separately, as the river is difficult to access along the 283 

lower reach: there are no roads, paths, or other means of access and the land is privately 284 

owned. The lack of calibration data adds to the insecurities of the modelling results. 285 

 286 

 287 

Table 3. Calibration and validation values of the upper and lower gypsum areas and the 288 

corresponding modelled values. The lower gypsum area model was validated with an aerial 289 

photograph of the inundated area. 290 

 Upstream BC Measured WSE (m)  Modelled WSE (m)  

Downstream 

BC 
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Upper gypsum 

area Q (Station 1) Calibration point Calibration point WL (Station 2) 

Calibr (4/2023)  0.5  36.62  36.72  30.8  

Valid (1/2023)  1.8  37.27  37.20  31.29  

     

Lower gypsum 

area Q (Station 2)   WL (Station 3) 

Valid (1/2023)  6.48 

  

Model validated with flood extend from aerial 

image  19.04 

For model validation, we used in situ field measurements taken on January 17, 2023, when 291 

the discharge at Station 1 was 1.8 m3/s, somewhat below the MHQ of 2.33 m3/s. The model 292 

validation was done for both upper and lower gypsum areas, separately. At the upper area, the 293 

modelled WSE at point 3 was compared to the measured one (Table 3). The lower gypsum 294 

area was validated by comparing the modelled flood extent to the actual flood extent, 295 

extracted from a drone-based orthoimage taken during the event.  296 

Table 4. The final Manning’s roughness values (n) were used in computational modelling of 297 

the upper and lower gypsum areas. 298 

Description  n 

slightly vegetated/ open 

stream/agricultural field  

0.03  

vegetated stream  0.035  

rocky or forrested stream  0.06 

 299 

After the model validation, the three flow situations, i.e MQ, MHQ and HQ were simulated 300 

for both gypsum areas (Table 2). Steady state models of 14 hours were modelled with 3 301 

seconds time step for both gypsum areas. From the modelling results, the flow depth, 302 

velocity, and inundated area were extracted and analysed.  303 
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4. Results: 304 

4.1. Seasonal turbidity variation 305 

During the entire measurement period, the turbidity levels in the area were highest during 306 

autumn periods (~100 FNU) which is typical for the boreal environments, while the 307 

wintertime (1st Jan - 15th May) and summer time mean turbidities stayed around 70 and 40 308 

FNU, respectively (Fig 3). However, the average turbidity of winter 2020 (>130 FNU) was 309 

even higher than the average autumn level, with February 2020 being exceptional (Table 5).  310 

The turbidity correlated strongly with discharge and precipitation coming as rain during 311 

autumn and winter periods, but not that much during the summer. The correlation between 312 

turbidity and discharge was strongest during autumn, while the correlation between turbidity 313 

and rain was strongest during winter. As the wintertime high discharges may originate from 314 

snow melt or rain, it is possible that the snow melt induced high flows do not affect turbidity 315 

to same extent than rain. Before gypsum application, the mean winter turbidity in Stations 2 316 

and 3 was larger than in Station 1 (Table 1), which was expected due lower percentage to 317 

agricultural fields in the control area. After gypsum application the turbidity in the Stations 2 318 

and 3 decreased to a similar level compared to Station 1, and the correlation between 319 

turbidity and discharge weakened. This indicates that gypsum had reduced the wintertime soil 320 

erosion the fields. However, in winter 2020, the treated areas (Stations 2 and 3) had much 321 

higher turbidities compared to Station 1 and the turbidity of the lower gypsum area (Station 322 

3) were notably higher compared to the upper gypsum area (Station 2) (Table 5). Then, the 323 

turbidity also correlated strongly with discharge, like before the gypsum treatment. 324 

Table 5. The average turbidities during different seasons in each measurement station during 325 

2016-2021 and the Pearson correlation of turbidity with discharge and precipitation sum 326 



17 
 

from past 10 days. The pre-gypsum turbidity (winter 2016) and winter 2020 with extremely 327 

high turbidities are calculated separately.  328 

Mean FNU    

Winter (pre-gypsum) 56,34 74,63 70,10 

Winter (with gypsum) 60,62 64,89 64,12 

Winter 2020 132,53 156,29 166,56 

Feb 2020 191 246 305 

Summer (with gypsum) 36,30 35,24 38,58 

Autumn (with gypsum) 100,95 106,70 104,81 

r (FNU vs Q)    

Winter (pre-gypsum) 0,63 0,88 0,87 

Winter (with gypsum) 0,63 0,63 0,67 

Winter 2020 0,86 0,90 0,92 

Summer (with gypsum) 0,58 0,56 0,50 

Autumn (with gypsum) 0,77 0,81 0,82 

r (FNU vs. rain)    

Winter (pre-gypsum) 0,37 0,25 0,31 

Winter (with gypsum) 0,46 0,50 0,51 

Winter 2020 0,50 0,58 0,64 

Summer (with gypsum) 0,37 0,47 0,48 

Autumn (with gypsum) 0,57 0,60 0,60 

 329 

 330 

Fig. 3. Variation of precipitation and turbidity in the study areas during wintertime. The 331 

pillars represent the cumulative precipitation of rain and snowfall in the Savijoki catchment 332 
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area during the winter seasons (1st Jan - 15th May). Mean arithmetic turbidity during winter 333 

periods (monitoring started Feb 2nd 2016) in the control area, and the lower and upper 334 

gypsum areas are presented by dots. 335 

4.2. Effect of varying winter conditions on turbidity 336 

To get a deeper insight to the reasons causing the winter 2020 turbidity peak, the dependency 337 

of turbidity on varying winter conditions (air temperature, soil frost, and discharge) was 338 

analysed by comparing winters 2016-2022 to winter 2020. During the winter period (with 339 

temperatures increasing towards April and May), the highest turbidities were linked to 340 

temperatures between 0 and 5 degrees, although temperatures ranging from -20 to +20 °C are 341 

common (Fig 4a). The more the temperature fell below zero, the lower the turbidity. The 342 

winter of 2020 lacked cold temperatures, while temperatures between 0 and 5 were over-343 

presented. Also in 2020, the highest turbidity peaks occurred simultaneously with 344 

temperatures around 5 degrees. 345 

Figure 4b describes the maximum depth of the soil frost and its relation to turbidity. It must 346 

be noted that the surface soil may not be frozen while there still exists frost in the deeper soil 347 

layers. The soil frost went hand in hand with temperature: during the winters of 2016–2012, 348 

the frost depth of 10 to 15 cm was common, sometimes reaching 20 cm (Fig 4b). During the 349 

winter of 2020, soil was frozen only temporarily, the maximum frost depth being less than 10 350 

cm (Fig 4b). The soil frost depth (mean 1 cm) during the winter of 2020 was significantly 351 

different compared to the winters of 2016–2022 (mean 9 cm) according to Kruskal-Wallis 352 

test H(1) = 119.19 (p<.0001). This indicates that several freeze-thaw cycles have occurred in 353 

the winter of 2020. Based on Fig 4b, the highest turbidity levels occurred simultaneously with 354 

low or nonexistent soil frost depths in the winter of 2020.  355 
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The winter of 2020 stood out with exceptionally high rain sum and turbidity levels in all of 356 

the three stations (Table 5). Based on the monitoring data, the wintertime turbidity variation 357 

related to particulate P concentrations in February 2020 seemed to be connected to the 358 

precipitation coming as rain. We analysed the differences in turbidity levels between winters 359 

and stations by using discharge as a covariate. The analysis of covariance showed that daily 360 

turbidities increased more with the discharge during the winter of 2020 than in the other 361 

winters in Station 2 (n = 875, p < 0.0001) as well as in Station 3 (n = 875, p<0.0001) (Fig 4c). 362 

In addition, the correlation between turbidity and discharge was clearly stronger during 363 

winter of 2020, compared to winters of 2016–2020. During the winter 2020 the turbidity 364 

increase with discharge was more pronounced (had a steeper slope) in Station 3 than in 365 

Station 2 whereas usually, the stations had a similar relationship between turbidity and 366 

discharge in wintertime.  367 
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 368 

Fig 4.  The relationship between daily mean turbidity (FNU, Formazine Nephelometric 369 

Units) and the hydro-climatological conditions during winter periods: a) air temperature, b) 370 

soil frost depth and c) discharge at the Station 1.  during different winter periods.  371 

 372 
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4.3. Turbidity during high-flow events  373 

The flood event of February 2020 was also compared with other high flow events. During 374 

late autumn 2019 and 2020 daily discharges were comparable to February 2020. The highest 375 

hourly discharge peaks during each of the events were about 4 m3/s (Fig. 5, Table 6) and the 376 

mean temperatures during each of the observed months were between 0 and 5 degrees. 377 

However, the turbidity levels of winter 2020 were notably higher compared to the ones 378 

measured during the late autumn high discharges. Furthermore, in February 2020, Station 3 379 

showed  higher turbidity peaks compared to Station 2 (Fig 5b). The analysis of covariance 380 

confirmed that the hourly measured turbidity of the Station 3 was significantly more 381 

increasing with the discharge (n = 1392, p<.0001) compared to the Station 2 during February 382 

2020 (Fig 5b).  Especially the last of the three consecutive high peaks showed a large 383 

difference in turbidities between stations 2 and 3. At that time the turbidity increase from 384 

Station 2 to Station 3 correlated significantly with discharge (Table 6).  During the high 385 

autumn flows, by contrast, the turbidity of upper and lower gypsum areas was congruent (Fig 386 

5 a & c) and no such correlations were present.    387 

 388 
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 389 

Fig 5. Relationship of discharge and turbidity at points 1,5, and 8 during three high flow 390 

events. Time series describe the hourly variation in turbidity in the three riverine monitoring 391 

stations during three separate high-flow events. Figs a and c represent autumn periods high 392 

flows and b represents February 2020. The discharge values are daily averages of Station 1 393 

and do not show the highest hourly peaks. The monthly mean temperature and peak 394 

discharge are marked in the figures.   395 
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February 2020 deviated from the two other flood events at least with a higher rain sum and 396 

number of preceding FT-cycles (Table 6). Another notable difference between those three 397 

high-flow events was the season, and the fact that the vegetation might still prevent erosion 398 

on the riverbanks during late autumn. The comparison of the three flow events suggests that 399 

the high turbidity peak in February 2020 was a consequence of a combination of several 400 

factors, including a prolonged wet period without vegetation, high discharge, high 401 

temperatures, low soil frost, and several FT-cycles. However, those do not explain the reason 402 

for the extreme increase of turbidity with increased discharge at Station 3. Therefore, in the 403 

following chapter, we explore the potential role of erosion power and in-stream erosion 404 

processes that may have contributed to this difference in turbidity levels between stations. 405 

 406 

Table 6. Statistics of three high-flow events during the study period. Peak turbidity, number 407 

of FT-cycles, and the correlation between turbidity and discharge were calculated based on 408 

daily averaged values. FT-cycles represents the sum of ground freeze-thaw cycles during the 409 

preceding 20 days prior to the turbidity peak. The last column represents the correlation 410 

between the increase in turbidity between Stations 2 and 3, and discharge (significant 411 

positive correlation on Feb. 2020).  412 

 Peak turbidity (FNU) FT-cycles r (FNU vs. Q) r (diff FNU vs. Q) 

  Stat 2 Stat 3 sum Stat 2 Stat 3 Stat 3- Stat 2 

Dec 2019 560 470 4 0.94 0.96 0.14 

Feb 2020 840 1200 6 0.92 0.9 0.81 

Nov 2020 780 780 0 0.86 0.87 0.33 

 413 

 414 
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4.4. Erosional power during different flow stages 415 

Three flow events MQ, MHQ, and HQ were simulated in 2D to find out how the inundated 416 

areas differed during the flow stages and whether the increased erosion with high flows 417 

would explain the turbidity peaks of winter 2020 and especially the exceptionally high 418 

turbidity of the lower gypsum area. The inundated areas expanded significantly with the 419 

increasing discharge in both areas (Table 7). With the discharge increasing from MHQ to 420 

HQ, the inundated area more than doubled in the lower gypsum area, while in the upper area, 421 

the increase was 65 %.  422 

The flow velocity initiating the motion of clay particles (~1 m/s) was used as a threshold 423 

value to determine potential erosion areas (later “erosional area”) in order to compare how 424 

likely and from what extent the particles could be resuspended by different flow rates 425 

(Hjulström, 1935). Based on the modelling results, the percentage increase in erosional area 426 

(flow velocity > 1 m/s) was much larger in the lower than the upper gypsum area (Table 7). 427 

The most notable increase was related to the discharge increase from medium discharge 428 

(MQ) to medium flood (MHQ), between which the proportion of the erosional area increased 429 

by more than 700% in the lower gypsum area. However, also the increase of erosion from 430 

MHQ to HQ was larger in the lower gypsum area: the erosional areas increased by 106 % and 431 

60% in the lower and upper areas, respectively. The areas with the most significant increase 432 

in erosion between discharges were rather evenly distributed along the river reaches (Figs 6 433 

& 7). However, two erosional zones were identified from both modelling domains (Zones 1-434 

4) to get more insights into the characteristic of those areas. 435 

Table 7. The total inundated area and erosional area (in ha) where velocities exceed the 436 

initiation of motion of clay particles (1 m/s) based on modeling results of different flow 437 

scenarios at the upper and lower gypsum areas. The proportion of the erosional area from 438 
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the total inundated area is in the parentheses. The increase of erosional area (in %) between 439 

the flow scenarios  440 

  Upper gypsum area (ha) Lower gypsum area (ha) 

MQ     

Total inundated area 6.44    2.88  

Erosional area 0.24 (3,7 %) 0.08 (2.8 %) 

    

MHQ   

Total inundated area 11.91  5.16  

Erosional area 0.81 (68%) 0.66 (12.8 %) 

    

HQ   

Total inundated area 19.7  12,13  

Erosional area 1.3 (6.6 %) 1.36 (11.2 %) 

    

Increase of erosional area   

MQ to MHQ 237% 725% 

MQ to HQ 442% 1600% 

MHQ to HQ 60% 106% 
 441 
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 442 

Fig 6. Longitudinal profile of the upper gypsum area with modelled flow depth and erosional 443 

areas during a) MQ b) MHQ and c) HQ. The blue areas describe flow depth while the 444 

erosional areas of clay are marked with red colour. Two erosional zones (Zones 1 and 2) 445 

were identified. In these zones, the channel area where clay is potentially eroded increased 446 

significantly as the flow rate increased. The monitoring Stations 1 and 2, at the upstream and 447 

downstream boundariesare marked in the figure.  448 

 449 
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At the upper gypsum area both Zones 1 and 2 were meandering and the river reach was partly 450 

lacking a vegetated buffer zone (Figs. 8 & 9). However, especially in Zone 1, the inundated 451 

area hardly reached the fields even during the high flow (Fig. 8c). On that reach the erosional 452 

areas increased in the channel thalweg in both curved and straight reaches. By contrast, the 453 

flood waters reached the fields extensively in Zone 2 during high discharge (HQ), even 454 

though the actual erosional areas were quite evenly distributed along the stream, and no 455 

erosional areas were outside of the main channel (Fig.9c).  456 

 457 

 458 

Fig 7. Longitudinal profile of the lower gypsum area with modelled flow depth and erosional 459 

areas during a) HQ b) MHQ and c) MQ. The blue areas describe flow depth while the 460 
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erosional areas of clay are marked with red colour. Two erosional zones (Zones 3 and 4) 461 

were identified. In these zones, the channel area where clay is potentially eroded increased 462 

significantly as the flow rate increased. The water quality monitoring station (Station 3) is 463 

located at the outlet of the lower gypsum area.   464 

 465 

 466 

Fig. 8. Erosional Zone 1. The zone is extracted from the upper gypsum area (see Fig. 6). The 467 

contour interval is 2 m. The erosional areas of clay (flow velocity > 1m/s) are marked with red 468 

and the inundated area with transparent blue.  469 
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 470 

Fig. 9. Erosional Zone 2. The zone is extracted from the upper gypsum area (see Fig. 6). The 471 

contour interval is 2m. The erosional areas of clay (flow velocity > 1m/s) are marked with red 472 

and the inundated area with transparent blue.  473 

 474 

Based on the hydraulic model, only 2,8 % of the inundated area had flow velocities capable 475 

of eroding clay during the mean flow (Table 7). Especially in the selected zones (Zones 3 & 476 

4) in the lower area, the erosion was negligible at the mean discharge (Figs. 10a & 11a). Even 477 

with a medium flood (MHQ) the erosional areas were only a few, especially in Zone 4 (Fig 478 

7). In Zone 3, velocities capable of eroding clay were modelled for almost the entire reach at 479 
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high discharge (Fig. 10c). The flood extended slightly onto the fields even during the MHQ 480 

situation on both Zones 3 and 4. During the HQ event, the water overflowed outside the 481 

channel, spread onto the fields and abandoned channels, and adopted new pathways in Zone 3 482 

(Fig. 10c). The erosional areas with flow velocities > 1 m/s were modeled even over the flood 483 

plains, adding notably the potential of the aggregated matter originated from gypsum 484 

amendment to resuspend. In Zone 4 the flooding over the fields was notable during HQ, but 485 

the erosional areas were mainly located in the main channel (Fig. 11c).   486 

 487 
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 488 

Fig. 10. Erosional Zone 3. The zone is extracted from the lower gypsum area (see Fig. 7). 489 

The contour interval is 2 m. The erosional areas of clay (flow velocity > 1 m/s) are marked 490 

with red and the inundated area with transparent blue.  491 
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 492 

Fig. 11. Erosional Zone 4. The zone is extracted from the lower gypsum area (see fig. 7). The 493 

contour interval is 2 m. The erosional areas of clay (flow velocity > 1 m/s) are marked with 494 

red and the inundated area with transparent blue. 495 

 496 

 497 
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5. Discussion 498 

Demonstrating the effect of measures targeting nutrient loads with watershed-scale 499 

measurements is challenging, as the impact may be obscured e.g. by hydrological variations 500 

and in-stream processes (Puustinen et al., 2007, Withers and Jarvie, 2008). In fact, despite the 501 

increased usage of gypsum in combating eutrophication by preventing phosphorus loads 502 

(King et al., 2016; Kost et al., 2018; Mao et al., 2023), not much is known about the 503 

functionality and efficiency of gypsum treatment as a large-scale measure in different 504 

environmental and climatological conditions. This is partly due to only few catchment-scale 505 

studies on gypsum efficiency (Cox et al., 2005; Varcoe et al., 2010; Ekholm et al., 2024). 506 

Our focus on winter conditions stems from the anticipated rise in warming and precipitation 507 

in the northern Baltic Sea region during this season, potentially intensifying erosion and 508 

phosphorus losses (Huttunen et al., 2015). Our monitoring data revealed a clear correlation 509 

between discharge and turbidity especially during winter and autumn, which was even 510 

emphasized during a warm winter. The turbidity levels during the extremely wet and warm 511 

winter of 2020 were twice as high as in the other winter periods with snow-melt-induced 512 

peak discharges. The precipitation coming as rain, clearly increased the winter time turbidity. 513 

Summer rains did not increase turbidity notably, which is explained by the vegetation cover 514 

preventing erosion and high evapotranspiration inhibiting very high discharges. Even though 515 

the turbidity levels are usually highest during autumns, the winter 2020 showed even higher 516 

turbidities, when comparing the data from February 2020 with other high flow events 517 

occurring outside of the winter period. These observations support many previous works 518 

indicating that the catchment-originated sediment yields may increase in boreal areas with 519 

increasing wet future winters, as the erosion is enhanced by the absence of vegetation making 520 



34 
 

the soil more prone to erosion (Inamdar et al., 2018; Puustinen et al., 2007; Salmela et al., 521 

2022). 522 

Typically in the seasonally frozen environments, the bulk of the erosion and particulate P 523 

loading from agricultural lands is concentrated outside the growing season driven by high 524 

discharges like spring snowmelt, soil P status, and the lack of a protective vegetation layer 525 

(Bennett et al., 2001; Casson et al., 2019; Puustinen et al., 2007). In those areas, the soil frost 526 

may hinder the erosion and therefore instantaneous P loss, while the FT-cycles occurring 527 

during the winter have been stated to have the opposite effect (Sun et al., 2021). FT-cycle 528 

destroys soil structure and enhances P release and its transport along with runoff, soil water 529 

and heat movement (Zhao et al., 2021). A laboratory test by Ferric & Gatto (2005) indicated 530 

that especially the co-effect of soil moisture and FT-cycles may increase soil erosion 531 

dramatically. During the wet February 2020, several FT cycles occurred supporting the 532 

finding of Ferrick and Gatto, (2005): more than 10 topsoil freezes and thaws were 533 

experienced prior to the turbidity peak (Fig. 13 in supplementary material). This distinguishes 534 

February 2020 from two other monitored high-flow events, occurring in the late autumns of 535 

2019 and 2020, with notably lower turbidity. The long FT-cycle period preceding the 536 

turbidity peak in February 2020 has likely contributed to the turbidity increase. Our results 537 

and literature indicate that the FT-cycles and soil frost dynamics should be carefully 538 

considered when interpreting the monitoring results and assessing the effectiveness of 539 

gypsum treatment. If warm and wet winters continue to increase in the hemiboreal climate 540 

zone in the future, the FT-cycles are predicted to become more frequent, subsequently 541 

increasing overall erosion.  Further research is needed to understand how the increasing FT-542 

cycles may impact the effectiveness of gypsum treatment in preventing phosphorus losses. 543 

This requires studies examining the connection between FT cycles, erosion, and its spatial 544 

distribution.  545 
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However, neither the FT-cycle nor the high discharge or seasonality explain the observed 546 

significantly higher concentrations in the lower gypsum area in February 2020, compared to 547 

the upper gypsum area. Stream erosion and the resuspension of settled particles could explain 548 

this difference: the flow velocities eroding clay were modelled along the entire reach during 549 

the high flow, suggesting high connectivity of the system (Wohl, 2017). The high 550 

connectivity enables suspended sediment transport throughout the system potentially adding 551 

to the turbidity towards the catchment outlet, which may explain the emphasized increase in 552 

turbidity at the downstream measurement station during very high flows. In addition, based 553 

on the hydraulic modeling of three different flow stages, both the inundated and clay-erodible 554 

areas in the lower gypsum area expanded proportionally much more during a major flood: 555 

based on the modelling results, the area in which flow velocities eroding clay were exceeded 556 

expanded up to 16-fold during the high-flow situation (HQ) compared to average flow (MQ) 557 

in the lower gypsum area. The corresponding increase in the upper area was 4.4-fold. The 558 

inundated area also expanded proportionally much more in the lower area than in the upper 559 

area with increasing discharge. For example, as the flow increased from average flood 560 

(MHQ) to high flood (HQ), the inundated area more than doubled in the lower gypsum area, 561 

while in the upper area, the increase was only 65%. 562 

Furthermore, in the lower area, flow velocities eroding clay were modelled even on fields and 563 

barren areas during high flow, notably adding to the potential of resuspension from gypsum-564 

originated aggregated matter. These results suggest that during an extremely high flow in 565 

February 2020, more erosion occurred both in the channel and outside the channel in the 566 

lower gypsum area compared to the upper area leading to higher turbidity values. This 567 

assumption is supported by the study of Gellis and Noe (2013), stating that stream bank 568 

erosion can contribute with a similar magnitude as agricultural land to the annual fine-grained 569 

suspended sediment load. It is also generally known that the runoff concentrations of 570 
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particulate phosphorus remain significantly lower in fields with permanent crop cover during 571 

wet and warm winters (Puustinen et al., 2007). This study supports this claim and suggests 572 

that as high winter flows increase, it is crucial to consider  permanent vegetation on fields for 573 

their water-protective effect. 574 

Modeling provided spatially comprehensive information about the monitoring area and 575 

allowed investigating major flood situation in the absence of measurement data. However, it 576 

should be noted that the performance of modelling depends on the available input data and 577 

that modelling is always an estimation. In this study, the boundary conditions of the major 578 

flood were based on estimates derived by extrapolating from other measurements, as not 579 

enough data was available from the flood event. In addition, the model calibration was 580 

performed using the upper gypsum area only, due to data availability.  Therefore, caution 581 

should be used when interpreting modeling results, considering them at best indicative, and 582 

focusing on examining relative differences between the areas and flood events, rather than 583 

absolute values. 584 

6. Conclusions 585 

The results of this catchment scale study suggest that the performance of gypsum could be 586 

dependent on seasonal and climatological variations. Based on the analysis of 5 years 587 

monitoring data of water quality, quantity, and climate variables on a boreal catchment, it 588 

seems that the season, weather, and flow stage all affect the nutrient loads from gypsum-589 

treated agricultural fields.  590 

As the gypsum treatment operating principle is directly linked to preventing erosion, the 591 

combined effect of lack of vegetation and soil frost during winters is causing the most 592 

challenging circumstances for gypsum. Even though the winter time turbidities usually 593 
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remain low, the frequent FT-cycles, high discharges, and precipitation coming as rain may 594 

induce high wintertime turbidities. Precipitation coming as rain increases turbidity even more 595 

during winter time compared to other seasons. The winter conditions challenging the gypsum 596 

efficacy i.e. rain-induced high flows together with loose material of the wetted soil, 597 

intensified by the FT-cycle and the lack of binding vegetation, are going to become more 598 

frequent in the future in the boreal climate area. It is thus crucial to consider wintertime 599 

vegetation on the fields for its water-protective effect, keeping in mind their potential adverse 600 

effect on dissolved P. Summer rains and high discharges do not affect turbidity levels 601 

notably.  602 

It also seems likely that the erosion and resuspension of the material from the stream bed, 603 

intensified with high connectivity of the river system, may have an impact on turbidity and 604 

thus on phosphorus emissions downstream. When comparing the gypsum response 605 

differences experienced in two gypsum amendment areas, our hydraulic modeling results 606 

revealed that major flood situations expanded the inundated area and increased stream 607 

erosion notably more in the area which also experienced much higher turbidity values during 608 

the flood situation in focus. This suggests that particles settled on the riverbed during low 609 

discharges could resuspend during high discharge events, reducing the long-term effect of 610 

gypsum amendment and making the gypsum's performance dependent on discharge 611 

variations and stream morphology.  612 

This unique study setting confirmed that catchment-scale study with a spatially 613 

comprehensive monitoring, considering both water quality and hydro-climatological 614 

phenomena, is needed to be able to reliably study the functionality of different nutrient load 615 

reduction actions, including gypsum amendment. 616 

 617 
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