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Introduction 
This file includes text describing supplementary methods, figures describing the plume flowing across the SAV meadow that was used for N budget estimations, the calibration of water level slope, the calibration of autotrophic assimilation, and additional information on individual tributary loads and N budget terms. Tables provide additional details on data sources for time series data, LDA analyses and linear mixed model used for upscaling N retention over the growing season across the complete SAV meadow, as well as a summary table of N uptake rates in riverine SAV meadows. 


Text S1. Supplementary Methods

Estimating Confidence Intervals from Slope SAV Signal

In order to test the ability of water level slope to act as a surrogate to plant biomass and enable seasonal extrapolation of biomass related to growth dynamics, we needed to ensure that the information related to change in water levels and the subsequent slope was only a function of biomass changes and not related to other factors like wind. As such we used Hilbert-Huang transform, which is a type of spectral analysis where empirical mode decomposition (EMD) combined with the Hilbert spectrum, disentangles the original signal into a set of intrinsic mode functions (IMF) with distinct local frequencies. This can then be used to identify competing signals and isolate the one of interest. Therefore, to estimate the confidence interval of the SAV slope signal, we applied the bootstrapping approach of Ezer & Corlett (2012) where artificial resampled data are created many times from the anomaly between original data and the extracted ensemble EMD trend (noise-assisted version of EMD that reduce mode mixing). The artificial data is then decomposed as artificial trends, and the standard deviation of each daily observation is calculated from all the artificial trends. The resample technique requires a high computation time. As such, confidence levels were estimated using the basic EMD algorithm on 1000 trend extraction iterations. 

SAV Biomass from Gauging Station Slope Difference

To determine the optimal stations representative of SAV biomass, water level data at the Sorel gauging station (upstream, 3.775 m above sea level, referenced to the International Great Lakes Datum of 1985, IGLD85), was compared to a station within LSP (3.383 m IGLD85), and the latter station was compared with that of Port Saint-François (PSF, further downstream, 2.967 m IGLD85, see table S1 for station identifiers and data sources). Slopes were calculated as water surface elevation upstream minus downstream divided by distance between successive stations (23 km). 

We found that the SAV signal from water level slope, determined from the upstream gauging stations between Sorel islands and LSP, was not a good predictor of mean SAV biomass (r = 0.33), largely due to the 2014 outlier where slope was highest and measured biomass was lowest (Figure S2). This is likely a function of physical and anthropogenic features modifying flow in that region. The upstream presence of an archipelago and numerous dykes in between islands, built to elevate water levels in the navigation channel, probably changed the expected flow obstruction effect from SAV biomass alone. Indeed, Boudreau et al. (1994) reported that these upstream features amplified water levels at that site especially when water levels in the mainstem were higher, as was the case in 2014. By comparison, the downstream gauging stations slope between LSP and PSF was highly correlated with the measured SAV biomass (r = 0.98, excluding 2016 quadrat measurement). The 2016 quadrat biomass was much higher than would be expected from a perfect linear relationship between slope and biomass. This may be due to differences among methods and from sampling at slightly different sites. Regardless, this quadrat estimate indicated increasing biomass later during the 2016 growing season, in agreement with an observed increase in lower LSP water level slope.

[image: ]
Figure S1. Relationships between SAV biomass and water level slopes calculated between LSP gauging station and with upstream (A) or downstream (B) station. All biomass measurements are derived from rake collections corrected to quadrat equivalent, except for late August 2016 that was directly estimated from quadrat sampling
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Figure S2. Map showing the estimated plume for N budget estimation between the tributary stations and the SUNA outflowing station. 
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Figure S3. Comparison of nitrogen autotrophic assimilation in 2016 estimated from NO3- and from dissolved O2 time series and gross primary productivity (GPP). The black diagonal line is the 1:1 line. 
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Figure S4. Boxplot of water temperature at Trois-Rivières, proportion of discharge from Saint-François River on total tributaries discharge, NO3- concentrations in each tributary and flow-weighted turbidity during summers from 2012 to 2017 (June 21 to September 22). Summers are ordered by SLR water temperature and level with hot-low level on top and cold-high level at the bottom and with grey background. Vertical bars within box indicate median value, box boundaries represent 25th and 75th percentile and whiskers range from 10th to 90th percentiles. 
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Figure S5. Daily variation in discharge and proportion of Saint-François discharge to total discharge of tributaries. 
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Figure S6. Boxplot of proportion of water temperature, residence time, autotrophic assimilation (Ua), denitrification (Ud), and proportion of denitrification on total uptake (Ud/Ut) over five summers. Summers are ordered by water temperature and level with hot-low level on top and cold-high level at the bottom and with grey background. Vertical bars within box indicate median value, box boundaries represent 25th and 75th percentile and whiskers range from 10th to 90th percentiles.

Table S1: Information on stations where data was acquired for time series analyses. DFO Department of Fisheries and Oceans Canada meds-sdmm.dfo-mpo.gc.ca; BQMA Banque de données sur la qualité du milieu aquatique www.donneesquebec.ca/recherche/fr/dataset/suivi-physicochimique-des-rivieres-et-du-fleuve; HYDAT National Water Data Archive wateroffice.ec.gc.ca/; CEHQ Centre d'Expertise Hydrique du Québec www.cehq.gouv.qc.ca/hydrometrie/historique_donnees/info_validite.htm; HQ Hydro Québec personal communication, CHS Canadian Hydrographic Service SINECO tide gauge network ogsl.ca, MSC Meteorological Service of Canada, climat.meteo.gc.ca. For discharge stations, watershed names are indicated in parenthesis.

	Data type
	Station name
	Watershed area
(km2)
	Station ID
	Data source

	Water levels
	Sorel
	
	15930
	DFO

	Water levels
	Lac Saint-Pierre (Courbe No. 2)
	
	15975
	DFO

	Water levels
	Port Saint-François
	
	03365
	DFO

	Water chemistry
	Saint-François River
	10176
	3020031
	BQMA

	Water chemistry
	Yamaska River
	4464
	3030023
	BQMA

	Water chemistry
	Saint-François River
	10176
	QU02OF3004
	ECCC

	Water chemistry
	Yamaska River
	4464
	QU02OG3007
	ECCC

	Discharge
	Drummondville (Saint-François)
	9630
	02OF019
	HYDAT

	Discharge
	Saint-Hyacinthe (Yamaska)
	3334
	030345
	CEHQ

	Discharge
	Hemming Falls (Saint-François)
	9610
	02OF002
	HQ

	Discharge
	Farnham (Yamaska)
	1231
	030302
	CEHQ

	Discharge
	Noire (Yamaska)
	1505
	030304
	CEHQ

	Water temperature
	Trois-Rivières
	
	03360
	CHS

	Weather
	Nicolet
	
	7025442
	MSC

	Weather
	Lac Saint-Pierre
	
	701LP0N
	MSC





Table S2: Standardized coefficients for the first two linear discriminant canonical functions (LD1, LD2) for summers of 2012-2017.

	
	LD1
	LD2

	Water level
	2.21
	0.07

	Discharge of tributaries
	-0.38
	0.78

	Water temperature
	-0.29
	0.38

	PAR
	-0.18
	-0.20

	NO3-
	-0.40
	0.87

	TP
	0.07
	-1.23

	Turbidity
	-0.06
	0.64



Table S3: Standardized coefficients for the first two linear discriminant canonical functions (LD1, LD2) for the N budget. Ut total uptake rate, R proportional retention, Vf uptake velocity.

	
	LD1
	LD2

	Submerged aquatic vegetation index
	-0.81
	-0.75

	Discharge of tributaries
	-0.89
	0.64

	Residence time
	0.44
	1.5

	Water temperature
	0.02
	0.01

	NO3- inputs
	0.43
	-2.98

	Ut
	-1.81
	3.06

	R
	0.69
	-2.12

	Vf
	-0.20
	2.08





Table S4: Table to select fixed effect to predict ln Ut (total uptake rate, mg N m2 d-1). The model included an autoregressive structure per date (AR-1, R = 0.84) and variable intercept per year (1|year). DF degree of freedom, logLik log likelihood, AICc sample corrected Akaike Information Criterion, delta difference in AICc from best model. Ln.NO3 ln transformed NO3- (mg L-1), temp temperature (°C), sav submerged aquatic vegetation index (cm km-1). The second model was selected given the delta AIC difference was < 2.

	Fixed structure
	DF
	LogLik
	AICc
	Delta

	Ln.NO3 + sav
	6
	96.8
	-181.3
	0.0

	Ln. NO3
	5
	94.9
	-179.6
	1.7

	Ln. NO3 + sav + temp
	7
	96.8
	-179.22
	2.1



Table S5: Model to predict ln Ut (total uptake, mg N m2 d-1) from ln NO3- (mg L-1). Phi indicates correlation between consecutive temporal observations. Std.Error standard error, marg. marginal, cond. conditional. Model was fitted using an autoregressive structure per date (AR-1) and variable intercept per year (1 |year). This random structure was used because variable intercept and slope per year as a function of NO3- (1 + ln.NO3|year) had singular convergence.

	Year
	Parameter
	Value
	Std.Error
	Phi
	marg. R2
	cond. R2

	all
	intercept
	6.88
	0.11
	0.82
	0.88
	0.92

	
	ln.NO3
	1.42
	0.05
	
	
	






Table S6: Selection of random effect for the prediction of ln Ut (total uptake, mg N m2 d-1). DF degree of freedom, logLik log likelihood, AICc sample corrected Akaike Information Criterion, delta difference in AICc from best model. Ln.NO3 ln transformed NO3- (mg L-1), temp temperature (°C), sav submerged aquatic vegetation index (cm km-1). 1|year varying intercept per year, 1 + x|year varying intercept and slope per year as a function of variable x, AR-1 autoregressive structure per date, ARMA(p,q) autoregressive moving average model where p in the order of AR and q the order of MA. The random structure 1 + ln.NO3|year with AR-1 is absent because it was not converging.

	Response
	Fixed
structure
	Random
structure
	Correlation
structure
	DF
	LogLik
	AICc
	Delta

	ln.Ut
	ln. NO3 + temp + sav
	1|year
	AR-1
	7
	90.5
	-166.5
	0.0

	
	
	-
	AR-1
	6
	88.6
	-164.9
	1.6

	
	
	1 + temp|year
	AR-1
	9
	90.0
	-161.3
	5.2

	
	
	1|year
	ARMA(1,1)
	10
	70.6
	-126.7
	39.8

	
	
	1|year
	ARMA(2,0)
	10
	71.0
	-125.5
	41.1

	
	
	1 + ln.NO3|year
	-
	8
	-2.0
	20.6
	187.1

	
	
	1 + temp|year
	-
	8
	-8.0
	32.6
	199.2

	
	
	1|year
	-
	6
	-12.5
	37.3
	203.9

	
	
	1 + sav|year
	-
	8
	-12.5
	41.6
	208.1

	
	
	-
	-
	5
	-55.0
	120.2
	286.8
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Table S7: Summary table of uptake rate and uptake velocity measured in rivers and riverine vegetated meadows. Dominant vegetation that are not submerged are denoted by F (floating) or E (emergent). For uptake rates, one number in parenthesis indicate the standard deviations and two the range.

	Ecosystem
	Size of river or water inputs
	Dominant
vegetation
	Vegetation size and location
	Method
	Process
	Uptake rate
(mg N m2 d-1)
	Uptake velocity
(m d-1)
	Time and sampling frequency
	Reference
	

	USA and
Denmark rivers (metaanalysis)
	
	
	
	N2 flux and 
acetylene inhibition
	Denitrification
	80 (42-134)
	rate averaged 
over a year
	(Piña-Ochoa & Álvarez-Cobelas, 2006)


	USA, Europe
and Antartica rivers (metaanalysis)
	
	
	
	N2 flux, 
acetylene inhibition, 15N addition
	Denitrification
	249 (0-1143)
	daily rate at
maximum yearly water temperature
	

	Hudson River 
(USA)
	490 m3 s-1
	Vallisneria
 americana
	dense beds over 0.6 km2 in the main channel
	in situ N2
 production
	Denitrification
	0
	
	daily rate at annual maximum biomass
	(Tall et al., 2011)
	

	
	
	Trapa Natans (F)
	dense beds over 1.5 km2 in a bay
	
	Denitrification
	(518-994)
	
	
	
	

	Mincio River 
(IT)
	10-12 m3 s-1
	Vallisneria spiralis
	
	incubation, 
isotope pairing in sediment cores
	Total retention
	175 (53)
	
	monthly measurements
over a year
	(Pinardi et al., 2009)
	

	
	
	
	
	
	Denitrification
	106 (24)
	
	
	
	

	
	
	Bare sediments
	
	Total N retention
	66 (33)
	
	
	
	

	Fisha River 
(AT)
	2nd order, 
1.2 m3 s-1, 250 km2
	Berula erecta
	80-90% cover over 6.3 km2 in the main channel
	mass-balance 
with grab samples
	Total N retention
	840 (630)
	
	monthly measurements
over a year
	(Preiner et al., 2020)
	

	
	
	
	45% cover over 6.9 km2, main channel
	
	
	510 (1330)
	
	
	

	
	
	Bare sediments
	12.9 km2, main channel
	
	
	170 (440)
	
	
	
	

	
	
	Berula erecta
	80-90% cover over 6.3 km2, main channel
	mass-balance 
with grab samples and O2 sensor
	Denitrification
	690 (220)
	
	
	
	

	
	
	Bare sediments
	12.9 km2, main channel
	
	
	270 (140)
	
	
	
	

	Ichetucknee
River (USA)
	20 m3 s-1
	Sagittaria kurziana and Vallisneria americana
	dense beds over 
0.154 km2 in the main channel
	mass-balance with one station NO3- sensor
	Denitrification
	568 (10)
	
	daily rate during spring
	(Heffernan & Cohen, 2010)
	

	
	
	
	
	
	
	288 (16)
	
	daily rate during fall
	
	

	
	
	
	
	NO3- sensor
	Assimilation
	131 (2)
	
	daily rate during spring
	
	

	
	
	
	
	
	
	58 (4)
	
	daily rate during fall
	
	

	Mississippi
backwater lake
	2 m3 s-1
	Ceratophyllum demersum,
Lemna sp. (F), Nymphea odorata (F)
	65-80 % of lake surface area
	mass-balance with grab samples
	Total N retention
	137 (20-480)
	biweekly sampling 
over the growing season
	(James, 2010)
	

	
	
	
	
	Sediment flux assays
	Denitrification
	93.7
	
	
	
	

	Aa River 
(BE)
	1-3 m3 s-1, 25 km2
	Potamogeton natans, 
Callitriche platycarpa (F)
	dense bed 
on a 1.5 km2 strech
	mass-balance with grab samples and assimilation experiment
	Assimilation
	(0.07 - 0.46)
	seasonal sampling over 2 years
	(Desmet et al., 2011)

	Agricultural 
streams (DK)
	3-4 order
	Sparganium erectum (E)
	100% cover
	in situ isotope
pairing in benthic chambers
	Denitrification
	35 (18-64)
	
	3 monthly sampling
	(Audet et al., 2021)
	

	
	
	Berula erecta (E)
	
	
	Denitrification
	35 (18-54)
	
	
	
	

	
	
	Callitriche sp.
	
	
	Denitrification
	10 (2-18)
	
	
	
	

	
	
	Ranunculus aquatilis
	
	
	Denitrification
	3 (0-23)
	
	
	
	

	
	
	Bare sediments
	
	Denitrification
	1 (0-4)
	
	
	
	

	Upper Snake (USA, main river and inflowing smaller streams)
	7th order, 12 m3 s-1
	-
	-
	in situ pulse addition
	Total N retention
	(0.6-13.0)
	once during summer
	(Tank et al., 2008)

	St. Lawrence 
River (CA)
	9640 m3 s-1, 
8th order
	Vallisneria americana, Potamogeton richardsonii
	Dense beds over 10 km2 at a confluence zone
	mass-balance 
with one station NO3- sensor
	Total N retention
	576 (60-3893)
	3 (0.2-160.8)
	daily measure over 5 growing seasons (June-September)
	This study
	

	
	
	
	
	
	Denitrification
	338 (1-2624)
	1.6 (2.8 - 104.5)
	
	
	

	
	
	
	
	NO3- sensor
	Assimilation
	256 (15-1875)
	1.4 (0.1-21.2)
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