Supplementary Information: 
Phosphorus natural background estimation in the Scheldt river using tidal marsh sediment cores 
Florian Lauryssen 1, Philippe Crombé 2, Tom Maris 3, Elliot Van Maldegem 2, Marijn Van de Broek 4, Stijn Temmerman 3, Erik Smolders 1
1Division of Soil and Water Management, Department of Earth and Environmental Sciences, KU Leuven, Kasteelpark Arenberg 20 bus 2459, 3001 Leuven, Belgium
2Department of Archaeology, Ghent University, Sint-Pietersnieuwstraat 35, 9000, Ghent, Belgium
3University of Antwerp, Ecosystem Management Research Group, Campus Drie Eiken, D.C.120, Universiteitsplein 1, 2610 Wilrijk , Belgium
4Sustainable Agroecosystems group, Department of Environmental Systems Science, Swiss Federal Institute of Technology, ETH Zürich, Zürich, Switzerland
Correspondence to: Florian Lauryssen (florian.lauryssen@kuleuven.be)
Contents Supplementary information
SI.I:	Locations of the tidal marsh cores	
SI.II:	Rescaling MARSED to observations	
SI.III:	Extrapolation of the tidal marsh surface elevation based on mean high water levels	
SI.IV: 	Depth profiles tidal marsh sediments
SI.V:	Sources on the surface water monitoring data
SI.VI: 	Sediment-water models
[bookmark: _Hlk67075214]SI.VII: 	Actual by predicted plots of sediment-water models
SI.VIII: Sorption model isotherm plot
SI.IX: Total Phosphorus time series
References


[bookmark: _Toc61602773][bookmark: _Hlk69316351]SI.I: Locations of the tidal marsh cores
Table S1: GPS coordinates and elevation in m TAW (second general levelling - Belgian reference elevation), taken with RTK GPS in spring 2016 (Poppelmonde, 2017; Van de Broek et al., 2018)

	Soil Coring and code
	Latitude 
	Longitude
	Elevation (m TAW) 

	Old1
	51° 7’ 5.78” 
	4° 16’ 17.75”
	5.6565

	Young1
	51° 7’ 3.12” 
	4° 16’ 5.42”
	5.5860

	Old2
	51° 2' 39.56"
	4° 7' 29.67" 
	5.4422

	Young2
	51° 3’ 35.78” 
	4° 11’ 29.49”
	5.7883



Soil cores Old 1 and Young 1 originate from the tidal marsh named “De Notelaer”. While Old 2 originate from tidal marsh near Grembergen and Young 2 from Mariekerke. 



[bookmark: _Toc61602774][bookmark: _Hlk69316416]SI.II Rescaling MARSED to observations
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Figure S1: Age-depth model for sediment core Old1. Modelled marsh elevation (full black line) as output from the MARSED model (Temmerman et al., 2004b). Modelled fit to observed (dashed line) represents the rescaled modelled curve through the observation points. Observed data points are based on paleoenvironmental dating of sediment cores (1958) (Temmerman et al. 2003) and RTK GPS elevation (2016) (Van de Broek et al. 2018).
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Figure S2: Age-depth model for sediment core Young1: modelled marsh elevation with data (full black line) from the MARSED model (Temmerman et al., 2004b). Modelled fit to observed (dashed line) represents the rescaled modelled curve through the observation points. Observed data points are based on paleoenvironmental dating of sediment cores (1947) (Temmerman et al. 2003) and RTK GPS elevation (2016) (Van de Broek et al. 2018).
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Figure S3: Age-depth model for sediment core Old2: modelled marsh elevation with data (full black line) from the MARSED model (Temmerman et al., 2004b). Modelled fit to observed (dashed line) represents the rescaled modelled curve through the observation points. Observed data points are based on paleoenvironmental dating of sediment cores (1963) (Temmerman et al. 2003) and RTK GPS elevation (2016) (Van de Broek et al. 2018).
[bookmark: _Toc61602775][image: ]
Figure S4: Age-Depth model for sediment core Young2: modelled marsh elevation with data (full black line) from the MARSED model (Temmerman et al., 2004b). Modelled fit to observed (dashed line) represents the rescaled modelled curve through the observation points. Observed data points are based on paleoenvironmental dating of sediment cores (1968) (Temmerman et al. 2003) and RTK GPS elevation (2016) (Van de Broek et al. 2018).
SI.III Extrapolation of the tidal marsh surface elevation based on mean high water levels

Figure S5: Mean high water level through time in m TAW (second general levelling - Belgian reference elevation; grey crosses; +), Observed age-depth points (triangles) and the Age depth model (black line) of the Old1 Tidal marsh. Before 1958 no observed age-depth points were available. A linear regression (LR) on the mean high water level against time (black dashed line) approximates the marsh elevation level for old marshes. (ScheldeMonitor Team and VNSC, 2020)
A time series of the mean high water level (MHWL) was available since 1901 for a tide gauge station close to site Old1. The Old marshes are in equilibrium with the MHWL, a proxy for sea level rise, therefore the MHWL can be used to approximate the marsh surface elevation (Temmerman et al., 2004). Here, a linear regression of the MHWL against time estimates the marsh surface elevation. The linear regression of MHWL at core Old1 starts at the observed age-depth point in 1958 (Figure S5). The linear regression was used to estimate the marsh surface elevation for the years between 1958 and 1800. The slope of the linear regression was 0.0093 cm/yr. 

Figure S6: Mean high water level through time (grey crosses; +), Observed age-depth points (triangles) and the Age depth model (black line) of the Old2 Tidal marsh. Before 1963  we do not have observed age-depth points. The linear regression on the mean high water level ((black dashed line) can be used to estimate the marsh elevation level for old marshes in equilibrium with the MHWL. (ScheldeMonitor Team and VNSC, 2020)

A time series of the mean high water level (MHWL) was available since 1930 for a tide gauge station close to site Old2. For Old2 a linear regression of the mean high water level (MHWL) was made between 1931 and 1963. The interpolation was forced through the first observation of the modelled fit—the linear regression of MHWL at core Old2. The linear regression was used to estimate the Old2 marsh surface elevation for the years between 1963 and 1880. The slope of the linear regression was 0.0106 m/yr.


SI.IV Depth profiles tidal marsh sediments
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Figure S7: Depth profiles of the Degree of P-saturation (%)
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Figure S8 : Depth profiles of oxalate extractable P, Pox (mg/kg) for four different tidal marsh sites sediment cores. 
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Figure S9 : Oxalate extractable Iron (Feox) concentration of sediment profiles for four different tidal marshes.


[bookmark: _Toc61602776]SI.V Sources on the surface water monitoring data:
The historical data table contained 4853 observations of water sample analysis along the Scheldt. Parameters included in the data table are phosphate-P, and total phosphorus all expressed as mmol/L. Each reading is georeferenced with Latitude and Longitude coordinates and a placename of the sampling. The sampling dates range between 1967 and 2019. 
· AZ historical data
· Citation: ECOBE - Uantwerpen; (2007): AZ monitoring water quality of the Scheldt.
· De Pauw historical data
· De Pauw. C ; University Ghent, Belgium; (2007): The environment and plankton of the Western Scheldt estuary.
· IHE historical data
· Instituut voor Hygiëne en Epidemiologie (IHE); (2007): Scheldt water quality data.
· Van Meel Historical 13-hour cycle
· Van Meel, L; KBIN, Belgium (2007): Van Meel: hydrobiology of the Sea-Scheldt near Liefkenshoek
· OMES-monitoring data measured by University of Antwerp since 1995 upto 2019. Parameters included are total phosphorus and orthophosphate (PO4-P). 
· Ecosystem management group - Uantwerpen, Belgium; Waterwegen en Zeekanaal NV; (2016): Monitoring fysical-chemical water quality in the Zeeschelde.
· VMM-monitoring Temse
· VMM point number 162800 – on dike at the brigde to Temse, Bornem
· Time series of monitoring parameters by VMM, including Pt (total P), oPO4 (Orthophosphate, unfiltered) and oPO4f (orthophosphate, filtered) 


SI.VI Sediment-water models
Table S2: Results and performance of the sediment-water models (Eq. 4) relating the DPS in the sediment to the corresponding PO4-P concentration in the Scheldt river between 1967 and 2016. These models are used to predict background PO4-P concentrations based on the DPS of the deepest sediment layers. Different data use scenarios are presented; mean DPS: takes an average of replicate sediment samples, mean PO4: takes average of all surface water samples available between top and bottom year of each sediment sample. N: number of observations, RSE: residual standard error, K: Sorption constant of the sediment-water model, E: Nash Sutcliffe Model Efficiency.
	Model # 
	Calibrated to data 
	n
	RSE
	K (L/mg) [95% CI]
	E
	pbias
	pbias 2007*-2016

	1a
	Old1: mean DPS x mean PO4
	8
	0.44
	1.8 [1.2; 3.7]
	0.24
	1.8
	

	1b
	Old1: mean DPS x individual PO4
	426
	0.32
	2.1 [2.0; 2.3] 
	0.71
	7.9
	62.3

	1c
	Old1: individual DPS x Individual PO4
	873
	0.28
	2.2 [2.1; 2.3] 
	0.65
	8
	

	1d
	Old1: individual DPS x mean PO4
	15
	0.36
	1.7 [1.3, 2.2]
	0.46
	0.8
	

	2a
	Young1: mean DPS x mean PO4
	11
	0.31
	4.4 [3.4; 6.2] 
	0.40
	-18.6
	

	2b
	Young1: mean DPS x individual PO4
	418
	0.23
	4.9 [4.6; 5.2]
	0.85
	-11.9
	-28.2

	2c
	Young1: individual DPS x individual  PO4
	853
	0.23
	5.4 [5.2, 5.7] 
	0.74
	-15.7
	

	2d
	Young1: individual DPS x mean PO4
	21
	0.37
	5.4 [4.3, 7.2] 
	0.47
	-21.4
	-23.7

	3a
	Young1 + Old1: mean DPS x mean PO4
	17
	0.47
	3.8 [2.8; 5.8] 
	-0.10
	-27.5
	

	3b
	Young1 + Old1: mean DPS x individual PO4
	521
	0.36
	4.1 [3.8; 4.4] 
	0.54
	-22.7
	-14.9

	3c
	Young1 + Old1: individual DPS x individual PO4
	1727
	0.29
	4.5 [3.4, 4.7] 
	0.60
	-19.8
	

	3d
	Young1 + Old1: Individual DPS x mean PO4
	38
	0.58
	4.5 [3.6, 6.1]
	0.04
	-31.5
	

	4a
	Old2: individual DPS x mean PO4
	8
	0.24
	2.2  [1.8; 2.8]
	0.78
	3.7
	

	4b
	Old2: individual DPS x individual PO4
	464
	0.24
	2.9 [2.7; 3.1] 
	0.72
	16.1
	

	5a
	Young2: individual DPS x mean PO4
	11
	0.29
	1.0 [0.8; 1.3]
	0.67
	6
	

	5c
	Young2: individual DPS x individual PO4
	339
	0.24
	1.3 [1.2; 1.4] 
	0.72
	13.6
	



The model efficiency (E) was calculated for the different models (Equation S1). Where Si is the ith measured value of the dependent value, and Si, sim is the ith model-predicted value of the dependent variable (Nash and Sutcliffe, 1970). 
								(Equation S1)



[image: In situ tryptophan-like fluorometers: assessing turbidity and temperature  effects for freshwater applications - Environmental Science: Processes &amp;  Impacts (RSC Publishing)]							(Equation S2)
Percent bias (PBIAS) measures the average tendency of the simulated data to be larger or smaller than their observed counterparts (Gupta et al., 1999) (Moriasi et al., 1983) The optimal value of PBIAS is 0.0, with low-magnitude values indicating accurate model simulation. Positive values indicate model underestimation bias, and negative values indicate model overestimation bias (Gupta et al., 1999). PBIAS is calculated as presented in Equation S2
SI.VII: Actual by predicted plots of sediment-water models
Actual by predicted plots for recent (2007-2016) data points, for models 1b, 2b and 3b (Table S2). The 1:1 line is indicated as black line. Observations are represented by open circles. Surface water measurements are linked with two different sediment layers, which produced the two lines of observations on the graph. Surface water measurements take place monthly and cover seasonal patterns. The sediment DPS values represent an average concentration over the whole period. Model 1b overestimates the surface actual PO4 data. While model 2b and 3b mostly underestimate actual data. Values predicted by model 3b are closest to the 1:1 line. 


















Figure S10: Actual by predicted plots for observations between 2007 and 2016, for three different models (1b, 2b, 3b), the 1:1 line is presented as a black line on the graph.
SI.VIII: Sorption model isotherm plot 
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Figure S11: Scatter plot of PO4 measured in the Scheldt river versus the average DPS value from Notelaar Young and Notelaar Old cores. The sediment-water model fit of model 3b follows the typical Langmuir curve (dashed line, K= 4.1 L/mg). Horizontal grey lines represent background DPS values as found at bottom of old marsh (NO DPS = 0.22) and DPS in 1930 (NO, NY, DPS = 0.36 )


SI.IX: Total Phosphorus time series

[image: ]
Figure S12: Concentrations of total phosphorus (TP) in the Scheldt, annual means and standard deviation (error bar) around the annual mean. Data sampled in Temse close to the Notelaer marsh. Concentrations are higher and more variable compared to PO4-concentrations.  (data sources: (ECOBE - UAntwerpen, 2007; Institute voor Hygiëne en Epidemiologie (IHE), 2007; Van Meel, 1958; Nv, 2016; De Pauw, 2007)
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