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1. Extended Proxy Toolbox:
Rare earth elements as proxies of redox conditions and hydrological flowpaths
	Groundwater exhibits a rare earth element (REE) signature that often closely resembles that of the surrounding bedrock but can be complicated by redox conditions and naturally and anthropogenically derived particles (Dia et al., 2000; Gruau et al., 2004). For these reasons, bulk measurements and analysis of individual REEs have become important indirect tracers of redox conditions and hydrological flowpaths, especially when combined with other tracers. Cerium (Ce) in particular is a REE that readily oxidizes to Ce+4 and precipitates to cerianite in the presence of oxygen (Braun et al., 1998; De Carlo et al., 1997; Moffett, 1990). This process creates a Ce deficiency or negative Ce anomaly in REE concentrations, indicative of redox conditions—though exposure to dissolved organic matter (DOM) causes the anomaly to decrease or even disappear in anoxic, organic-rich media such as wetland areas or riparian zones (Abbott et al., 2016; Gruau et al., 2004; Pinay et al., 2015). We calculated the Ce anomaly using the following equation:
Eq. 1		 
Where , , and  are the concentrations of Ce, La and Pr measured from our water samples divided by the concentration of Ce, La, and Pr in a reference standard (typically the North American Shale Composite; Gruau et al., 2004). 
Because redox conditions and organic matter availability strongly influence N and P retention/removal processes (e.g. denitrification; P adsorption on soil Fe-oxyhydroxides (Gu et al., 2019; Pinay et al., 2015; Stumm and Sulzberger, 1992), the Ce anomaly of stream waters could be an important proxy for predicting permanent and temporary nutrient retention at the watershed scale.
Nitrate isotopes as proxies of denitrification and nutrient source
Stable isotopes of NO3- (δ15N and δ18O) have been widely used to quantify denitrification, a biochemical process that permanently removes reactive N from a watershed (Frey et al., 2014; Lehmann et al., 2003; Mariotti et al., 1981). Denitrification occurs when N oxides (NO3- or NO2-), anoxic conditions, an electron donor, and denitrifying bacteria are present (See Knowles 1982 for a review). Heterotrophic denitrification, where DOM acts as the electron donor, primarily occurs near the surface, while autotrophic denitrification, involving pyrite or other compounds, occurs deeper in aquifers, creating SO43- as a byproduct (Hosono et al. 2014. As denitrifying bacteria use N oxides as electron acceptors, lighter isotopes are preferentially used, enriching both δ15N and δ18O in the residual NO3- (Mariotti  et al. 1981). Therefore, we reasoned that watersheds with relatively enriched isotopic values of NO3- were more likely to have the conditions necessary for denitrification (Lehmann et al., 2003), potentially increasing N retention but decreasing P retention via increased P mobility and lower stoichiometric demand. For example, dissolved P is commonly released through bacteria-mediated reduction of soil Fe-oxhydroxides during anoxia (Gu et al., 2019). Alternatively, the presence of NO3- in soils and riparian areas could prevent highly reducing conditions from developing, which would remobilize P (Randall et al., 2019).
Besides indicating denitrification, δ15N and δ18O also vary with NO3- source. Livestock and human manure have distinct initial values of δ15N and δ18O compared with inorganic fertilizers (Denk et al., 2017). Because both organic and inorganic N inputs are common in Brittany, higher  δ15N and δ18O could indicate greater manure use as much as nutrient retention (Bedard-Haughn et al., 2003).
Dissolved silica, radon, and hydrograph analysis as proxies of groundwater influence
	Hydrological residence time in a watershed is an influential characteristic affecting biogeochemical reaction rates and removal capacity (Marçais et al., 2018; Thomas et al., 2016). Increased residence time can increase nutrient retention by increasing exposure time for biogeochemical transformation of N and P within the watershed (Oldham et al., 2013; Zarnetske et al., 2012). Residence time in groundwater, which is typically the largest component of watershed residence time for water, is commonly measured using atmospheric tracers such as chlorofluorocarbons (CFCs). However, these estimates are costly and becoming imprecise in the 5-20 year range (Aquilina et al., 2012; Marçais et al., 2018), and other proxies of residence time have been developed to improve precision and data availability (Abbott et al., 2016). In many different geologic and climatic contexts, dissolved silica (DSi) concentration has been found to strongly correlate with groundwater residence time estimates derived from CFCs and other dissolved gases (Ayraud et al., 2008). In the present study we estimated groundwater residence time using the following equation from Marçais et al. (2018):
Eq. 2		 
where MRT is mean residence time in years and  is the mean DSi concentration in µg L-1 across the three field campaigns. Our results agreed with estimates from other studies in this region (Ben Maamar et al., 2015; Kolbe et al., 2016; Molénat et al., 2013). 
	Radon-222 is another tool to constrain groundwater-surface water interactions (Bertin and Bourg, 1994; Cable et al., 1996; Stieglitz et al., 2010). 222Rn is a product of natural radioactive decay of Uranium-238 in igneous bedrock and has a half-life of 3.82 days, making it an ideal tracer of deep flowpaths (Oyarzún et al., 2014). As groundwater interacts with rock, weathering increases concentrations of 222Rn, and as groundwater mixes with surface water 222Rn is degassed to come into equilibrium with the atmosphere and decomposes via radioactive decay. Variable degassing rates at the surface can obscure detection of 222Rn in some circumstances, but generally the relative abundance of 222Rn in surface waters indicates groundwater inputs. Deep and long flowpaths increase the likelihood of encountering redox conditions for N removal pathways such as denitrification. 
	Time-series analysis of river discharge and nutrient concentrations can provide information about water source, flowpath, and residence time (Moatar et al., 2017). Higher peak flows during storm events can indicate greater near-surface runoff, while less responsive hydrographs and higher base flows between events can indicate longer residence and greater proportion of subsurface flow (Feijoó et al., 2018; Kirchner, 2019). Characteristics of flow regime directly influence concentration-discharge relationships and therefore nutrient flux and nutrient retention attributes (Moatar et al., 2013, 2017; Raymond et al., 2016). Here, we calculated annual discharge, W2, and the Magnificent Seven to analyze our flow time series dataset. W2 is an index of hydrologic reactivity that is the percentage of annual discharge that occurs during the highest 2% of flows (Moatar et al., 2017). The Magnificent Seven are a group of non-redundant parameters based on stochastic properties of daily stream flow including (i) the mean, (ii) coefficient of variation, (iii) skewness, (iv) kurtosis, (v) the autoregressive lag-one (AR1) correlation coefficient, (vi) the amplitude, and (vii) the phase of the seasonal signal (Archfield et al., 2014).
Dissolved organic matter as a proxy of biogeochemical transformation and flowpaths
	DOM includes dissolved organic compounds that contain C, N, P and other nutrients in molecular forms ranging from complex organic molecules to simple compounds (e.g. CH4). DOM concentration is often characterized by bulk measurements of dissolved organic C (DOC), but not all C in DOM compounds is equally available for biologic uptake (Abbott et al., 2014; Vonk et al., 2015). Furthermore, while C is the primary compound in DOM molecules, other nutrients can become biologically available as DOM is mineralized (Harjung et al., 2019; Wymore et al., 2018). DOM bioavailability can be directly assessed in DOM decomposition experiments that measure the fraction of biodegradable DOC (BDOC) in a sample, and several optical proxies have been proposed, using absorbance data from spectrophotometers and fluorometers to determine molecular structure. For example, Weishaar et al. (2003) found that specific ultra-violet absorbance at 254 nm (SUVA254) was closely correlated with aromaticity of organic compounds and Helms et al. (2008) found that the spectral ratio (SR) of slopes within the 275-290 nm and 350-400 nm range were closely related with molecular weight. In addition to bioavailability, these DOM characteristics can reveal hydrological flowpaths and prior processing because DOM is less abundant in groundwater and reactive in surface and subsurface environments (Coble et al., 2019; Shen et al., 2015). We used BDOC, SUVA254, and SR analyses to characterize DOM availability, which we then correlated with nutrient retention. Highly labile DOM can be used as an electron donor for important biogeochemical processes such as denitrification, effectively removing nutrients within a watershed. On the other hand, degradation or mineralization of organic molecules could also release N and P, potentially masking any retentive capacities. 
Ecosystem stoichiometry as proxy of biogeochemical transformation and flowpaths
Nutrient stoichiometry is based on laws of conservation of mass and constant proportions, allowing prediction of retention or release of different compounds based on availability and relative demand (Allen and Gillooly, 2009; Helton et al., 2015; Sterner and Elser, 2002). A negative relationship between DOC and NO3- has been widely observed in freshwater and estuarine ecosystems (Sterner and Elser, 2002; Stubbins, 2016; Taylor and Townsend, 2010). This relationship has been primarily attributed to stoichiometric controls, where abundant DOC promotes NO3- removal via denitrification since DOC is the most common electron donor and in high-DOC watersheds oxygen could be depleted more rapidly due to mineralization of DOC, resulting in more anoxic zones where denitrification can occur (Arango et al., 2007; Fork and Heffernan, 2013; Helton et al., 2015). Alternatively, the negative relationship between DOC and NO3- could simply be caused by a negative correlation between sources, where watersheds that favor deeper hydrological flowpaths have a carbon-poor and nitrogen-rich signal (Abbott et al., 2018). The prevalence of this stoichiometric trend makes it a strong candidate as a proxy for nutrient retention and can be considered a proxy of both biogeochemical reactivity and hydrologic flowpaths.  
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Fig. S1 Monthly average discharge (Q) and nutrient concentration time series across the three sampling periods. Lines have been added to aid in visually grouping sites between sampling dates.  
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Fig. S2 Nitrogen (N) and phosphorus (P) concentrations partitioned by species. Plot A shows N species for catchments ordered from high to low N retention. Plot B shows P species for catchments ordered from high to low P retention.  
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Fig. S3 Decadal nutrient trends of Theil-Sen slopes and their relationship with mean residence time, nutrient retention, and fluxes. Significant Theil-Sen slopes are shown as circular points and non-significant points are shown as crosses. Significant linear relationships are shown and R2 values reported. Vertical gray lines are located at 0 to indicate no trends.
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Fig. S4 Regression of Theil-Sen slopes and intercepts for DSi, DOC, NO3-, PO43-, and TP. Intercepts are estimates of concentrations at the beginning of the time series and slopes indicate nutrient trends over the past decade. Strong inverse relationships between initial concentrations and slopes indicate that catchments with highest initial concentrations also have the fastest decreases in concentration through time. 
	Table S1: Catchment characteristics for all 49 catchments

	Catchment #
	Catchment name
	Catchment Area (km2)
	% Agriculture
	% Artificial
	% Forest
	% Wetland
	% Water
	% Other
	% Granite
	% Micaschist
	% Schist
	Stream Length (km)
	Channel Density (km/km2)
	Relief
	Slope

	1
	HC1
	372.99
	88.19
	5.97
	5.84
	0.25
	0.00
	8.82
	33.48
	0.00
	55.82
	443.45
	1.19
	37.57
	4.80

	2
	HC2
	325.39
	87.39
	6.49
	6.12
	0.25
	0.00
	9.94
	26.37
	0.00
	61.55
	381.89
	1.17
	38.14
	4.83

	3
	HC10
	47.75
	93.89
	1.44
	4.67
	0.34
	0.00
	26.03
	0.00
	0.00
	73.97
	41.98
	0.88
	17.76
	3.74

	4
	HC11
	26.11
	94.23
	1.54
	4.22
	0.42
	0.00
	33.70
	0.00
	0.00
	66.30
	22.79
	0.87
	12.34
	3.18

	5
	HC12
	10.13
	89.23
	10.77
	0.00
	0.29
	0.00
	0.00
	73.40
	0.00
	26.60
	10.83
	1.07
	17.07
	3.81

	6
	HC15
	6.95
	98.04
	1.96
	0.00
	0.19
	0.00
	0.09
	17.61
	0.00
	82.30
	7.96
	1.15
	29.50
	5.77

	7
	HC7
	16.76
	96.75
	3.25
	0.00
	0.22
	0.00
	0.00
	0.00
	0.00
	72.39
	15.92
	0.95
	24.62
	5.37

	8
	HC26
	10.63
	99.73
	0.27
	0.00
	0.23
	0.00
	0.00
	0.00
	0.00
	99.55
	8.42
	0.79
	27.78
	4.80

	9
	HC25
	19.09
	97.68
	2.32
	0.00
	0.15
	0.00
	0.00
	47.52
	0.00
	42.44
	27.58
	1.44
	31.92
	7.51

	10
	HC21
	4.56
	95.84
	3.91
	0.25
	0.18
	0.00
	0.00
	93.54
	0.00
	6.46
	6.70
	1.47
	16.02
	3.98

	11
	HC20
	14.31
	37.58
	1.25
	61.18
	0.17
	0.00
	0.00
	97.94
	0.00
	2.06
	22.07
	1.54
	19.75
	4.37

	12
	HC19
	14.75
	96.30
	1.59
	2.11
	0.30
	0.00
	0.00
	100.00
	0.00
	0.00
	19.13
	1.30
	7.73
	3.35

	13
	BV1
	11.89
	98.91
	1.09
	0.00
	0.21
	0.00
	0.00
	45.68
	0.00
	54.32
	9.23
	0.78
	25.88
	4.36

	14
	BV2
	14.13
	36.43
	1.71
	61.86
	0.20
	0.00
	0.00
	84.55
	0.00
	15.45
	12.80
	0.91
	17.58
	4.33

	15
	BV4
	16.03
	44.03
	1.50
	54.46
	0.21
	0.00
	0.00
	74.44
	0.00
	25.56
	14.73
	0.92
	26.01
	4.32

	16
	BV5
	2.33
	100.00
	0.00
	0.00
	0.32
	0.00
	0.00
	16.77
	0.00
	83.23
	3.37
	1.45
	34.09
	4.13

	17
	BV3
	15.50
	95.86
	4.14
	0.00
	0.20
	0.00
	0.00
	34.93
	0.00
	65.07
	12.29
	0.79
	28.95
	4.15

	18
	BV6
	35.48
	72.80
	2.49
	24.72
	0.22
	0.00
	0.00
	50.16
	0.00
	49.84
	32.39
	0.91
	31.62
	4.16

	19
	Couesnon
	1039.25
	90.08
	3.95
	5.75
	0.23
	0.00
	4.83
	43.51
	0.00
	41.28
	1160.22
	1.12
	40.27
	4.46

	20
	S01
	10.75
	98.54
	1.46
	0.00
	0.32
	0.00
	0.00
	7.33
	0.00
	92.67
	8.10
	0.75
	15.01
	3.21

	21
	S02
	9.57
	98.36
	1.64
	0.00
	0.34
	0.00
	0.00
	8.22
	0.00
	91.78
	6.82
	0.71
	14.53
	3.10

	22
	S03
	7.12
	99.33
	0.67
	0.00
	0.36
	0.00
	0.00
	10.81
	0.00
	89.19
	5.10
	0.72
	15.01
	3.19

	23
	S05
	4.62
	100.00
	0.00
	0.00
	0.38
	0.00
	0.00
	6.03
	0.00
	93.97
	4.04
	0.88
	14.74
	2.85

	24
	HR16
	18.18
	83.62
	1.71
	14.67
	0.26
	0.00
	0.00
	0.00
	0.00
	100.00
	15.85
	0.87
	9.86
	2.50

	25
	HR10
	22.84
	92.96
	2.07
	4.96
	0.21
	0.00
	0.00
	0.00
	0.00
	100.00
	19.55
	0.86
	12.77
	2.91

	26
	HR23
	12.22
	88.76
	0.78
	10.46
	0.23
	0.00
	0.07
	0.00
	0.00
	99.93
	9.45
	0.77
	20.95
	3.65

	27
	F5
	6.37
	99.93
	0.00
	0.07
	0.24
	0.00
	0.00
	100.00
	0.00
	0.00
	3.29
	0.52
	5.18
	2.56

	28
	HR19
	16.59
	80.16
	3.12
	16.72
	0.24
	0.00
	1.96
	0.27
	23.18
	74.58
	11.05
	0.67
	14.37
	2.78

	29
	HR20
	6.87
	98.36
	1.64
	0.00
	0.35
	0.00
	0.00
	0.00
	0.00
	100.00
	1.92
	0.28
	21.59
	3.93

	30
	HR21
	10.31
	87.55
	0.00
	12.45
	0.21
	0.00
	0.00
	0.00
	0.00
	100.00
	6.26
	0.61
	19.72
	4.29

	31
	HR06
	17.99
	98.49
	1.51
	0.00
	0.19
	0.00
	25.21
	7.15
	31.34
	36.31
	11.84
	0.66
	18.89
	4.36

	32
	HR04
	8.48
	84.15
	4.84
	11.01
	0.14
	0.00
	0.00
	0.00
	99.02
	0.98
	6.95
	0.82
	34.83
	7.36

	33
	Meu
	762.47
	83.59
	4.39
	11.48
	0.22
	0.54
	15.64
	0.00
	0.40
	83.97
	630.71
	0.83
	32.34
	3.60

	34
	Seiche
	804.68
	90.53
	6.15
	3.09
	0.24
	0.24
	6.40
	2.42
	0.00
	86.67
	712.89
	0.89
	22.60
	3.43

	35
	Semnon
	482.61
	89.66
	3.13
	6.93
	0.21
	0.28
	20.31
	0.00
	0.00
	53.04
	428.40
	0.89
	20.04
	4.08

	36
	Aff
	344.88
	58.17
	4.06
	37.40
	0.22
	0.37
	41.21
	0.00
	0.00
	58.79
	333.90
	0.97
	45.76
	5.35

	37
	OustDown
	2080.53
	84.60
	3.53
	11.74
	0.20
	0.13
	10.82
	9.29
	10.77
	69.12
	1801.86
	0.87
	58.42
	5.66

	38
	OustUp
	1143.33
	86.97
	3.66
	9.32
	0.19
	0.06
	10.84
	12.57
	13.51
	63.08
	1030.22
	0.90
	56.23
	6.32

	39
	Naizin
	4.94
	98.88
	0.00
	1.12
	0.22
	0.00
	0.00
	0.00
	0.00
	100.00
	3.68
	0.75
	10.42
	3.03

	40
	Blavet
	1929.08
	81.48
	3.46
	14.73
	0.21
	0.32
	3.63
	35.89
	11.13
	49.36
	1838.18
	0.95
	61.07
	6.91

	41
	Scorff
	377.88
	71.78
	2.83
	25.38
	0.20
	0.00
	0.00
	83.40
	16.60
	0.00
	448.36
	1.19
	46.57
	8.18

	42
	Steir
	185.05
	89.18
	2.82
	7.86
	0.24
	0.00
	1.56
	44.58
	4.11
	49.74
	165.01
	0.89
	34.26
	7.77

	43
	Elorn
	260.67
	76.20
	6.97
	16.36
	0.24
	0.47
	2.11
	34.19
	2.62
	61.08
	241.41
	0.93
	54.25
	6.99

	44
	Aber Benoit
	72.37
	90.15
	8.43
	1.42
	0.30
	0.00
	45.20
	54.80
	0.00
	0.00
	74.12
	1.02
	17.31
	3.37

	45
	Aber Wrach
	88.22
	84.50
	8.46
	7.04
	0.31
	0.00
	36.15
	63.85
	0.00
	0.00
	102.54
	1.16
	16.36
	3.55

	46
	Guillec
	71.60
	93.92
	4.71
	1.37
	0.23
	0.00
	74.66
	14.78
	10.55
	0.00
	64.85
	0.91
	23.20
	4.31

	47
	Penze
	142.33
	77.06
	3.54
	19.40
	0.19
	0.00
	1.39
	57.14
	0.24
	41.23
	135.79
	0.95
	64.75
	8.41

	48
	Yar
	58.28
	77.68
	1.66
	20.67
	0.19
	0.00
	4.90
	91.68
	0.00
	3.42
	54.04
	0.93
	46.70
	7.51

	49
	Leguer
	392.14
	81.61
	2.55
	15.74
	0.19
	0.10
	12.69
	73.98
	0.00
	13.34
	313.21
	0.80
	58.73
	7.52





	Table S2: Pearson correlations for Qmm and the eight calculated flow metrics from time series. 

	
	Qmm
	W2
	Amplitude
	AR1
	Mean
	Phase
	CV
	Kurtosis
	Skewness

	Qmm
	1.00
	-0.81
	0.51
	0.57
	0.43
	-0.19
	-0.79
	-0.56
	-0.68

	W2
	-0.81
	1.00
	-0.72
	-0.55
	-0.30
	-0.20
	0.79
	0.77
	0.83

	Amplitude
	0.51
	-0.72
	1.00
	0.63
	0.17
	0.57
	-0.49
	-0.96
	-0.82

	AR1
	0.57
	-0.55
	0.63
	1.00
	0.39
	-0.06
	-0.31
	-0.64
	-0.55

	Mean
	0.43
	-0.30
	0.17
	0.39
	1.00
	0.01
	-0.22
	-0.09
	-0.08

	Phase
	-0.19
	-0.20
	0.57
	-0.06
	0.01
	1.00
	-0.09
	-0.51
	-0.38

	CV
	-0.79
	0.79
	-0.49
	-0.31
	-0.22
	-0.09
	1.00
	0.64
	0.85

	Kurtosis
	-0.56
	0.77
	-0.96
	-0.64
	-0.09
	-0.51
	0.64
	1.00
	0.94

	Skewness
	-0.68
	0.83
	-0.82
	-0.55
	-0.08
	-0.38
	0.85
	0.94
	1.00
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