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Abstract

Changes in precipitation and land use influence carbon (C), nitrogen (N) and phosphorus (P) exports from land to receiving

waters. However, how these drivers differentially alter elemental inputs and impact subsequent ecosystem stoichiometry over

time remains poorly understood. Here we quantified long-term (1979-2020) trends in C, N, and P exports at three sites along the

mainstem of a north temperate river, that successively drains forested, urban, and more agriculturally impacted land-use areas.

Riverine N and to a lesser degree C exports tended to increase over time, with major inter-annual variation largely resolved by

changes in precipitation. Historical increases in net anthropogenic N inputs on land (NANI) also explained increases in riverine

N exports, with about 35% of NANI reaching the river annually. Despite higher Net anthropogenic P inputs, NAPI, over time,

P exports tended to decrease at all riverine sites. This decrease in P at the forested site was more gradual, whereas a precipitous

drop was observed at the downstream urban site, following legislated P removal in municipal wastewater. Changes in historical

ecosystem stoichiometry reflected the differential elemental exports due to natural and anthropogenic drivers and ranged from

174: 23: 1 to 547: 76: 1 over the years. Our work shows how C, N, and P have responded to different drivers in the same

catchment over the last four decades, and how their differential riverine exports have influenced ecosystem stoichiometry.
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Key Points: 11 

• 40 years of riverine export data show a differential response for carbon, nitrogen, and 12 

phosphorus to climatic and anthropogenic drivers. 13 

• Higher anthropogenic nutrient inputs to land explained nitrogen increases over time, but 14 

phosphorus decreased because of human interventions. 15 

• Precipitation drove carbon export variability, which combined with nutrients resulted in 16 

variable ratios along the river and over decades. 17 
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 20 

Abstract 21 

Changes in precipitation and land use influence carbon (C), nitrogen (N) and phosphorus (P) 22 

exports from land to receiving waters. However, how these drivers differentially alter elemental 23 

inputs and impact subsequent ecosystem stoichiometry over time remains poorly understood. 24 

Here we quantified long-term (1979-2020) trends in C, N, and P exports at three sites along the 25 

mainstem of a north temperate river, that successively drains forested, urban, and more 26 

agriculturally impacted land-use areas. Riverine N and to a lesser degree C exports tended to 27 

increase over time, with major inter-annual variation largely resolved by changes in 28 

precipitation. Historical increases in net anthropogenic N inputs on land (NANI) also explained 29 

increases in riverine N exports, with about 35% of NANI  reaching the river annually. Despite 30 

higher Net anthropogenic P inputs, NAPI, over time, P exports tended to decrease at all riverine 31 

sites. This decrease in P at the forested site was more gradual, whereas a precipitous drop was 32 

observed at the downstream urban site, following legislated P removal in municipal wastewater. 33 

Changes in historical ecosystem stoichiometry reflected the differential elemental exports due to 34 

natural and anthropogenic drivers and ranged from 174: 23: 1 to 547: 76: 1 over the years. Our 35 

work shows how C, N, and P have responded to different drivers in the same catchment over the 36 

last four decades, and how their differential riverine exports have influenced ecosystem 37 

stoichiometry. 38 

Keywords: river, stoichiometry, carbon, nitrogen, phosphorus, decadal trends  39 
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 41 

Introduction 42 

Carbon (C), nitrogen (N), and phosphorus (P) are at the base of aquatic ecosystem metabolism 43 

(von Schiller et al., 2017), but excess loadings of these elements from land to water can 44 

adversely impact ecosystem functioning (Stutter et al., 2018). There have been widespread 45 

increases in the export of C, N, and P from land to water in response to changing climate and 46 

human modifications to the landscape (Ballard et al., 2019; Howarth et al., 1996; Kritzberg et al., 47 

2020), resulting in eutrophication and loss of aquatic ecosystem services (Carpenter et al., 1998; 48 

Graeber et al., 2021). However, terrestrial transfers of nutrients and carbon to a river may differ 49 

across or within a watershed as a function of different land use practices or physical watershed 50 

features affecting the elemental stoichiometries of the receiving systems (Goyette et al., 2019). 51 

As such, aquatic ecosystem stoichiometry, defined as the combined elemental gain and loss 52 

patterns at the watershed scale is a useful integrative framework to understand global change 53 

impacts on receiving waters (Maranger et al., 2018). The approach has been successfully applied 54 

along the mainstem of a river, where stark differences were measured as a function of seasonal 55 

climate and upstream-downstream land use gradients (Shousha et al., 2021). However, how long-56 

term changes in land use and climate variation may influence C, N, and P on land and in the 57 

water, and influence aquatic ecosystem stoichiometry, remains poorly understood. 58 

It is well known that C, N, and P exports have been influenced by land use changes and/or 59 

climate variation (Carpenter et al., 1998; Zarnetske et al., 2018). Increasing C loading to 60 

freshwaters has been indirectly related to changes in precipitation (Vidon et al., 2008; Zarnetske 61 

et al., 2018), recovery from acid rain (Clark et al., 2010; Kritzberg et al., 2020), and reforestation 62 

practices (Kritzberg, 2017). Land use change has been shown to influence dissolved riverine C 63 

concentrations and composition, but these vary in direction and magnitude (Xenopoulos et al., 64 

2021), and composition often tracks nutrients (Shousha et al., 2022). Anthropogenic N and P 65 

inputs to land have increased over time (Carpenter et al., 1998; Steffen et al., 2015) mostly 66 

because of urban population growth and intensive agriculture where N has outpaced P inputs 67 

(Glibert et al., 2014; Monchamp et al., 2014), influencing ecosystem stoichiometry. Atmospheric 68 

N deposition can also be a significant human-derived input on the landscape particularly in 69 

remote regions where land use change is limited (McCrackin & Elser, 2010). Historical 70 
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legislative acts, however, such as the Clean air and Clean water acts in North America for 71 

example, have resulted in reductions in N and P respectively to water (Goyette et al., 2016; 72 

Keiser & Shapiro, 2019). As such, elemental exports as well as their stoichiometries may be 73 

highly variable through time and across space, even within a single system. 74 

In terms of nutrient transfers from land to water, N, as nitrate, is more mobile in the soil matrix 75 

(Caraco & Cole, 1999), and precipitation or runoff has been shown to increase the anthropogenic 76 

N fraction exported to rivers (Han et al., 2009; Howarth et al., 2012; Howarth et al., 2006). P on 77 

the other hand is highly reactive and tends to bind to the soil matrix (Sharpley et al., 2013). P 78 

often enters rivers in a particulate form (Holtan et al., 1988; Paytan & McLaughlin, 2011) where 79 

increased exports tend to be influenced by flashier discharge patterns rather than annual 80 

precipitation (Goyette et al., 2019). In managed watersheds, delivery pathways are also a 81 

function of landscape modifications that promote runoff. For example, tile drainage has been 82 

shown to accelerate N transport accounting for > 80% of inputs loaded to waters (McIsaac & Hu, 83 

2004), whereas stormwater runoff from even moderately urbanised regions have higher P loads 84 

than less managed regions (Yang & Toor, 2018). However, understanding how these three 85 

elements respond to different drivers of change that influence riverine exports remains limited. 86 

Quantifying Net Anthropogenic N and P Inputs (NANI/NAPI) to land using a simple mass 87 

balance approach (Howarth et al., 1996) has successfully tracked historic and stoichiometric 88 

changes on the catchment and in riverine exports (Goyette et al., 2016, 2019). The NANI and 89 

NAPI mass balances have been done extensively in the United States (Hong et al., 2011), the 90 

Baltic Sea watershed (Hong et al., 2017), the United Kingdom (Howarth et al., 2012), Europe 91 

(using a similar approach, GRAFS; Billen et al., 2021), China (Gao et al., 2014; Han et al., 92 

2013), India (Swaney et al., 2015), and certain parts of Canada (Goyette et al., 2016; Van Staden 93 

et al., 2021), but at relatively broad spatial scales. Anthropogenic inputs are estimated using 94 

census data compiled at different administrative scales (for example: country vs municipality), 95 

and applying this approach at the finest scale possible could enable scientists and managers to 96 

target precise areas for intervention. However, applying changes in input type at finer scales over 97 

time remains to be explored. Here we combined historical changes in NANI and NAPI at the 98 

finest scale available (the municipality) together with precipitation to disentangle riverine C, N, 99 

and P export and consequences on aquatic ecosystem stoichiometry along the mainstem through 100 
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time. We quantify these changes at three sites along a river’s mainstem with an increasing 101 

gradient of human pressure in the sub-watersheds over a 40-year period to understand the 102 

differential sources and fates of these essential elements. 103 

Methods 104 

The Rivière du Nord watershed is situated north-west of Montreal, in the Laurentians region of 105 

Québec, Canada. The mainstem, a 140 km-long river of Strahler order 5, initially drains a largely 106 

forested landscape, then an urban, and finally an agricultural one (Figure 1a). Agricultural land 107 

use is constrained to fertile plains of the St. Lawrence Lowlands located in the southern-most 108 

third of the watershed. North of the St. Lawrence Lowlands is the Canadian Shield, a geological 109 

province covered with very little topsoil, a mix of conifer and deciduous trees, lakes and rivers. 110 

Most urban development occurred along the river banks.  111 

Three sites along the Rivière du Nord mainstem have been sampled periodically by the Ministère 112 

de l’Environnement et de la Lutte contre les changements climatiques, Forêt faune et parc 113 

(MELCCFP, 2022b) since ~1980, with measurements available for dissolved organic carbon 114 

(DOC), total nitrogen (TN) and total phosphorus (TP) in the Banque de données sur la qualité du 115 

milieu aquatique (BQMA). Data were available for three sites, named based on their location 116 

along the mainstem, using the outlet as river kilometer 0 (RKm 0, Figure 1a). These sites 117 

coincided with major changes in land cover and land use (Natural Resources Canada, 2009; 118 

Shousha et al., 2021). 119 
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 120 

Figure 1 Land use and land cover map of the Rivière du Nord watershed, positioned with 121 

regards to the Island of Montreal (panel a). The thick blue line in the watershed shows the river’s 122 

mainstem. The three water quality sites are River Kilometers 4, 58, and 101. Panel b shows 123 

cumulative drainage areas for the three sites. The grey area is not drained by RKm 4. 124 

To quantify human activities on the landscape historically, we used the Net Anthropogenic 125 

Nitrogen/Phosphorus Input (NANI, NAPI) mass balance approach following Goyette et al. 126 

(2016). Data sources, coefficients, and descriptions can be found in Supplementary Table 1. The 127 

N and P budgets were calculated from 1981 to 2016 at a 5-year interval using municipal-level 128 

data which was the finest scale available. Municipality surface area ranged from 16 to 485 km2 129 

(median = 97 km2, mean 134 km2, sd = 114 km2). 130 

To estimate aerial-weighted riverine loads or riverine export (kg km-2 yr-1), we used the loadest 131 

and loadflex models (Appling et al., 2015; Runkel et al., 2004) and divided by cumulative 132 

catchment area (Figure 1b). Briefly, models predict daily solute concentrations based on daily 133 

discharge data and measured concentrations (model outputs in Supplementary Table 2). Daily 134 

discharge data from 1979 to 2020 was downloaded from the Saint-Jérôme gauging station 135 

(45.79, -74.01; Centre d’expertise hydrique du Québec; (MELCCFP, 2018) and corrected for 136 

subwatershed surface area. Historical solute data was downloaded from the BQMA for the three 137 
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sites, and included our own sampling data (Shousha et al., 2021). On average, for all variables, 138 

the frequency of sampling was bi-monthly. 139 

Monthly precipitation data (1980-2020) were downloaded for 19 stations on and around the 140 

watershed (Government of Canada, 2021a; Supplementary Figure S1a). We then interpolated 141 

annual precipitation as the sum of rain and snow accumulated on land for all years by making a 142 

template grid of 0.01-degree resolution (Supplementary Figure S1b). We quantified the annual 143 

runoff coefficient as the ratio between streamflow (mm yr-1) to precipitation (mm yr-1). 144 

Specifically, we used daily streamflow at the Saint-Jérôme gauging station, converted it to yearly 145 

discharge (m3 yr-1), divided it by the area it drains (1163 km2). Annual precipitation was derived 146 

from daily precipitation from Saint-Jérôme from 1980 - 2020. While we originally considered 147 

temperature and sulfur deposition as other climatic variables, they explained little to no variation 148 

and were therefore excluded from the study. 149 

To compare the N and P inputs on land (5-year interval census data) to riverine loads (annual 150 

data), we derived a 5-year average of river estimates around the focal census year (census year: 151 

2001, riverine load average: 1999 – 2003). As 2016 was the last census year, we included 152 

riverine loads until the last full data year, 2020. Elemental ratios were calculated as the molar 153 

ratios of riverine exports. All analyses have been performed in R version 4.1.2 (R Core Team, 154 

2021). 155 

Results 156 

Temporal changes in element exports and links with precipitation 157 

Across sites and years, exports of C, N, and P in the Rivière du Nord varied differentially (Figure 158 

2a-c). There was little difference in the patterns of overall riverine C export across sites in the 159 

Rivière du Nord mainstem, but a slight increase can be observed for all sites over time. Overall, 160 

DOC export for the three sites ranged from 1891 to 4890 kg km-2 yr-1 (mean = 3123, sd = 662), 161 

and most variability can be explained by the broad range in annual precipitation (range: 907 to 162 

1364 mm; Figure 2d). Riverine N and P exports were more distinctive among RKm sites. N 163 

exports in the two most downstream sites, RKm 58 and RKm 4, ranged from 281 to 881 kg km-2 164 

yr-1 (mean = 493, sd = 108) and increased steadily from ~1990. Precipitation explained 42% of 165 

the interannual variance for both these sites (Figure 2e). N exports in the forested site, RKm 101, 166 
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ranged from 218 to 406 kg km-2 yr-1 (mean = 306, sd = 50) and precipitation explained 48% of 167 

the variance. Exports were much lower than the two downstream sites for any given amount of 168 

precipitation. The trends in riverine P for the two most downstream sites were similar to one 169 

another, remaining constant until ~1998 (mean = 49, sd = 10), after which they dropped by more 170 

than half and then tended to increase starting in 2010. As a result, mean P exports for both sites 171 

across years was 38 kg km-2 yr-1 whereas they were 18 kg km-2 yr-1 for forested RKm 101 on 172 

average, where they decreased continuously by more than half between 1980 and 2020. 173 

Precipitation did not explain significant amounts of variability in P at any site (Figure 2f).  174 

 175 

 176 

Figure 2 Overall DOC (a), TN (b), and TP (c) riverine export (kg km-2) over four decades for 177 

three sites along Rivière du Nord. RKm 101 (yellow) is the most upstream site, followed by 178 

RKm 58 (red), and RKm 4 (blue). The larger variations observed at the beginning of the 179 

timeframe (~1980-1985) may be an artifact of loadest and loadflex models lacking earlier data 180 

points. Annual riverine export as a function of total annual precipitation is shown in d) DOC, e) 181 

TN, and f) TP. Linear relation between DOC and total annual precipitation was y = 4.69x – 1962 182 

(R2 = 0.51, p-value < 0.01) and no significant differences among RKms were observed using an 183 

analysis of covariance. TN slopes were not different among RKms, but intercepts between RKms 184 

4-58 and 101 were significantly different (p < 0.01). Equation of the RKms 4-58 was y = 0.42x + 185 
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30 (R2 = 0.21, p-value < 0.01) and equation for RKm 101 was y = 0.32x – 44 (R2 = 0.48, p-186 

value < 0.01). TP loads were twice as high at sites RKm 4 and 58 than 101, but there was no 187 

relationship with precipitation.  188 

Changes in land inputs 189 

To quantify the overall change in nutrient inputs, Figure 3 shows the difference in Net 190 

Anthropogenic Nitrogen and Phosphorus Inputs (NANI and NAPI, respectively) between 2016 191 

and 1981. The municipalities for which the inputs increased the most across years (in red) 192 

followed urban development along major highways, which followed the river mainstem. Across 193 

all years and municipalities, NANI averaged 1332 kg km-2 (sd = 1249) and ranged from ~ 500 kg 194 

N km-2 in Doncaster, a Mohawk First Nations Reserve (Supplementary Figure S2a) to 7827 kg N 195 

km-2 in the most populated municipality in 2016, Saint-Jérôme (805 habitants km-2; 196 

Supplementary Figure S2b). The municipality of Doncaster should be largely uninhabited as it 197 

serves as a hunting and fishing territory reserved for the Mohawk First Nation (Gouvernement du 198 

Québec, 2012), and NANI was estimated as atmospheric N deposition only. Across all years and 199 

municipalities, NAPI averaged 141 kg km-2 (sd = 354) and ranged from -47 kg P km-2 to 1394 kg 200 

P km-2 (Supplementary Figure S2c, d).  201 

 202 

Figure 3 Two Rivière du Nord maps showing historical changes in NANI (left) and NAPI 203 

(right). Municipalities in red represent an increase from 1981 to 2016, and in blue represent a 204 

decrease.  205 
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Relationship between anthropogenic inputs and riverine exports 206 

There were large differences between N and P trends, both in terms of anthropogenic landscape 207 

inputs and riverine exports (Figure 4). For the most upstream site draining mostly forested 208 

landscape, RKm 101, neither NANI (mean = 896, sd = 65 kg km-2) nor NAPI (mean = 57, sd = 7 209 

kg km-2) increased significantly through the years, and TN riverine exports remained rather 210 

constant (mean = 305, sd = 20 kg km-2) whereas TP exports dropped by more than half, from 35 211 

± 14 kg P km-2 in 1981 to 13 ± 5 kg P km-2 in 2016. 212 

For the two downstream sites, RKms 58 and 4, there was a strong linear relationship between 213 

NANI and TN riverine exports (p < 0.001, R2 = 0.59). In contrast, while NAPI increased (from 214 

117 to 178 kg km-2 at RKm 58, and 122 to 145 kg km-2 at RKm 4), riverine TP exports decreased 215 

by almost half in both sites (52 to 33 kg P km-2). 216 

On average, for the last 40 years, the fraction of NANI in riverine export has been relatively 217 

stable (37 ± 5%, Figure 4c) suggesting that just over a third of the yearly net human inputs on 218 

land are exported towards the river. P, however, was more variable. The fractional export of 219 

NAPI decreased from 31% in 1996 to 15% in both 2006 and 2011, then increased again in 2016 220 

(23%), resulting in an overall average and standard deviation of 27 ± 10%. 221 

 222 

Figure 4 Riverine exports of TN (a) and TP (b) versus NANI and NAPI. Yellow, red and blue 223 

colours represent sites at RKm 101, 58, and 4, respectively. The eight census years appear linked 224 

in chronological order, the darker circles representing the last census year, 2016. Riverine 225 

exports represent a 5 year mean around the focal census year, with vertical bars as the standard 226 

deviation. Panel c shows the fraction (%) of NANI and NAPI observed in TN and TP riverine 227 

exports, respectively (kg N or P km-2), across years for the most downstream site. 228 
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Historical stoichiometry 229 

To characterise how riverine ecosystem stoichiometry varied through time at sites receiving 230 

differential anthropogenic inputs, we plotted molar C: N vs C: P ratios (Figure 5a; exact values 231 

in Supplementary Table 3). C: P was much more variable in the upstream site (mean = 587: 1, sd 232 

= 334, cv = 57), while C: N was more constrained (mean = 11.6, sd = 1.7, cv = 14.9). For the two 233 

downstream sites, ratios were typically more constrained, but shifted from a more variable C: N 234 

in the first two decades (cv = 22 vs 15 in the last two decades) to a more variable C: P in the last 235 

two (cv = 33 vs 22 in the first two). To consider the variability and specific trends in those ratios, 236 

we plotted C: P (panel b), N: P (panel c), and C: N (panel d) molar ratios of exports at all three 237 

sites across years. C: P and N: P in the most upstream site varied most (587 ± 334, 50 ± 27, 238 

respectively), while trends in the two more impacted sites followed an inverse V-shape in 239 

response to human interventions. Considering what the river ultimately exports to downstream 240 

ecosystems, C: N at RKm 4 had the least variation of all ratios (7.2 ± 1.4) and ranged from 10.6 241 

(in 1991) to 4.7 (in 2013), supporting N-enrichment over time. C: P varied more (251 ± 112), 242 

ranging from a low of 109 (in 1979) to a high of 554 (in 2008), largely as a function of 243 

decreasing P, whereas N: P (36 ± 17) ranged from 17 (in 1992) to 87 (in 2007) both as a function 244 

of decreased P and increased N. From 1980 to 2020, C: N: P exports shifted from 130: 23: 1 to 245 

217: 44: 1, with a C and N peak in 2007-2008 of 554: 87: 1. The decline in N: P and C: P ratios 246 

after 2008 appears to largely be driven by an increase in P entering the river over the last 15 247 

years (Figure 2c), that was not fully explained by changes in NAPI. 248 
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 249 

Figure 5 Panel a shows molar C: N vs C: P ratios for all three sites, where RKm 101 is 250 

represented by triangles, RKm 58 by squares, and RKm 4 by circles. The ratios are averaged by 251 

decade with standard deviations. Panels b, c, and d show molar C: P, N: P, and C: N ratios for 252 

riverine exports across years at all sites. 253 

Discussion 254 

Mechanisms underlying trends in riverine C, N, and P 255 

The inputs of the three major elements that influence the base of food webs and ecosystem 256 

functioning are being altered across rivers globally (Carpenter et al., 1998; Hong et al., 2017; 257 

Xenopoulos et al., 2021), subsequently influencing ecosystem level stoichiometry which is rarely 258 

considered. Here we show the differential response of riverine C, N, and P exports to changes in 259 

the catchment and precipitation across space over four decades. Urbanisation over the last four 260 

decades was the most remarkable anthropogenic change in nutrient inputs to land in this large 261 

north temperate river. However, these increased inputs did not necessarily result in higher 262 

phosphorus exports over time because of human interventions on the landscape. We found no 263 

obvious impact of land use change on C exports with precipitation being the main driver, 264 

whereas N was influenced by both. The combined consequences of these differential drivers in 265 
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the catchment related to exports resulted in changes in riverine ecosystem stoichiometry over 266 

time with impacts on functional properties. 267 

The lack of correlation between riverine P exports with precipitation (Figure 2f) and the 268 

unexpected negative relationship with NAPI (Figure 4b) supports successful intervention 269 

strategies. The most striking was the precipitous drop at RKm 58, by half, from 2000 (76 533 ± 270 

16 445 kg yr-1) to 2010 (32 795 ± 7 390 kg yr-1), following the construction of government-271 

subsidised wastewater treatment plants (WWTPs) designed to retain P in the 1990s (MELCCFP, 272 

2022a). The largest WWTP alone (constructed in 1998 ~10 km upstream from RKm 58; at Saint-273 

Jérôme on Supplementary Figure S3 map) could account for up to 24 276 ± 5 230 kg of annual 274 

phosphorus removal or 72% of the total reaching its intake (2017 – 2020 average). This 275 

management intervention, not considered in NAPI, resulted in a major P retention control point 276 

that influenced overall riverine exports. However, riverine P exports have increased in the last 10 277 

years despite the fact that ~70% continues to be removed from wastewater. This increase may be 278 

due to a higher sewage throughput because of a continuously growing population reflected in the 279 

slight uptick in NAPI in the last years (Figure 4b) or alternatively by a 1.5-fold increase in runoff 280 

ratio from 1980 – 2000 to 2010 – 2020 (Supplementary Figure S4c) as a function of urban 281 

expansion. Impervious surfaces are known to increase delivery of P to surface waters  (Hobbie et 282 

al., 2017; Müller et al., 2020), and stormwater runoff often leads to higher P concentrations 283 

(Yang & Toor, 2018). Although there is no clear linear trend between TP exports and runoff 284 

(Supplementary Figure S4f), we suggest changes in delivery pathways through urbanisation, as 285 

well as higher throughput in wastewater, have contributed to the recent increases observed in 286 

riverine TP. 287 

N was the only element that seemed to be influenced by both precipitation and anthropogenic 288 

inputs. This is not surprising because hydrology is a strong driver of N losses in more forested 289 

catchments (Inamdar et al., 2015; Mitchell et al., 1996), and NANI has been extensively used to 290 

successfully predict N in rivers (Chen et al., 2016; Goyette et al., 2016; Han et al., 2009; Swaney 291 

et al., 2012). Nevertheless, the scale at which we quantified NANI revealed that increased 292 

urbanisation was the most probable factor contributing to N exports in the two downstream sites 293 

in this river, reflecting wastewater inputs minimally treated for N through holding ponds directly 294 

discharged into the mainstem. As the fraction of NANI estimated in the mainstem has been 295 
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relatively stable over 40 years (Figure 4c), riverine N exports in this specific system could be 296 

abated through N removal in wastewater treatment (Rahimi et al., 2020) or a reduction in NANI 297 

through large-scale dietary shifts away from meat (Almaraz et al., 2022). 298 

Among the three elements in this study, C was the most strongly influenced by changes in 299 

climate drivers, with more than half of the inter-decadal variation in riverine exports being 300 

explained by total annual precipitation (Figure 2). The strong relationship between precipitation 301 

and area-specific exports suggests that DOC is transport-limited in this watershed, a relatively 302 

widespread phenomenon across rivers in the United States (Zarnetske et al., 2018) and northern 303 

Europe (Winterdahl et al., 2014). Although we could not fully resolve the temporal increase in 304 

DOC with historical precipitation changes (Supplementary Figure S4a), the increase in relative 305 

runoff could be contributing to this observed trend. Regardless, our results show how interannual 306 

variation in precipitation strongly impacted DOC exports, even more so than other elements, 307 

whereas nutrients were more strongly influenced by anthropogenic drivers. This led to clear 308 

inter-decadal trends in riverine stoichiometry. 309 

Implications of varying riverine ecosystem stoichiometry 310 

Changes in ecosystem stoichiometry were depicted through the modifications in inputs, 311 

retention, and delivery for C, N, and P across the watershed over four decades. Trends in the last 312 

three decades of C: N to C: P (Figure 5a) follow the same decreasing trajectory from upstream to 313 

downstream as in Shousha et al. (2021), where nutrients increased relative to C as a function of 314 

land use change. However, the upstream to downstream shift in C: P has become more 315 

remarkable over time, because ratios at the most upstream site increased almost 4-fold due to a 316 

concomitant increase in C and decrease in P (triangles in Figure 5a; absolute exports in Figure 317 

2a, c). At this site, there is a surprising 5.8-fold decrease in P, whereas the C increase is 318 

considerably more modest (1.2-fold) and driven by changes in precipitation. Indeed, the 319 

variability in the C: P and N: P ratios in the forested section is a function of interannual variation 320 

in hydrology influencing C and N riverine exports, whereas P is on a steady decline. Several 321 

possible reasons could explain the decrease in riverine P at this pristine forested site. One could 322 

be the legislation of septic tanks to prevent P leakage across the region (MELCCFP, 2022c; 323 

MTESS, 2021). A second possibility is the increased construction of dams, largely for 324 

recreational purposes, throughout the watershed over the last decades (MELCCFP, 2023), as 325 
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increasing lentification is known to retain more P at the watershed scale (Kirchner & Dillon, 326 

1975; Maavara et al., 2015; Soranno et al., 2015). Another potential more regional explanation is 327 

the decrease in apatite weathering with acid rain reversal, where TP in streams has been shown 328 

to decrease over recent decades in a watershed located in the same geological province (Baker et 329 

al., 2015). Although we cannot resolve the exact mechanism behind this trend, our results show 330 

how a combination of change in precipitation, human interventions, and potentially atmospheric 331 

pollution has induced profound changes in riverine stoichiometry even in the most pristine area 332 

of the river. As increases in C: nutrient ratios can favour microbial sequestration of N and P 333 

locally or downstream of C-rich inputs (Stutter et al., 2018), the shift towards higher C: P (and C: 334 

N to a certain extent) at RKm 101 may increasingly fuel downstream metabolism. 335 

Moving downstream, land use changes impacted the delivery of nutrients to the river, 336 

differentially influencing the stoichiometry at RKms 58 and 4. C ratios shifted from those with 337 

higher P and lower N in the first two decades to lower P and higher N at these sites in the last 338 

two decades. Although we do not have information on historical shifts in C type, composition 339 

was shown to change abruptly between the more forested upstream pristine reach as compared to 340 

the downstream more impacted one (Shousha et al., 2022). This suggests that there must be a 341 

high turnover of terrestrial C likely driven by the land use driven changes in nutrient inputs 342 

(Rosemond et al., 2015) that likely also occurred through time. It was interesting to note that the 343 

C: P in the upstream site was similar to those downstream in the 1980s. This original C: P 344 

upstream was more a result of much higher P than lower C, but this observation was not 345 

expressed in the estimated NAPI (Figure 4b). This suggests some other P input such as those 346 

potentially related to the forestry industry (Faubert et al., 2016) pervasive in the region at that 347 

time (Abrinord, 2022), which was not accounted for. The shift in C: P in downstream sites over 348 

time was a direct influence of WWTP P removal. Interestingly, however, the C: N ratio at the 349 

downstream site varied little over the four decades, and hovered around Redfield. This 350 

constrained C: N downstream could in part be shaping the N: P and C: P imbalances over time 351 

(Elser et al., 2022), and act as some sort of emerging ecosystem property, where both C and N 352 

can be permanently removed from the system hence converging toward this value metabolically 353 

(Maranger et al., 2018). Yet how P influences stoichiometry may more be a function of historical 354 

changes in inputs, and geomorphometric settling (Maavara et al., 2015; Soranno et al., 2015). 355 
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Absolute nutrient concentrations, however, and their ratios would ultimately shape C type and 356 

the fate of terrestrial sources (Rosemond et al., 2015; Shousha et al., 2022).  357 

Management implications for nutrient inputs 358 

Adopting the mass balances at the spatial resolution used here (i.e. the municipality) allowed us 359 

to identify areas in the watershed where nutrient inputs were highest and have changed the most 360 

over time. Our approach is easily adaptable to rivers globally to identify meaningful places to 361 

intervene in the watershed and abate nutrient loadings. This was particularly the case for N 362 

exports in this watershed, where urban expansion and the resulting increase in wastewater non-363 

treated for N, entering as a point source, appears to be the most significant portion of NANI 364 

entering the river. A likely impact of not reducing N and maintaining high N: P ratios is that 365 

when nutrient concentrations are high, toxic cyanobacteria and other harmful algal blooms are 366 

favoured (Glibert et al., 2014; Scott et al., 2013), that can result in local issues as well as 367 

downstream consequences resulting in coastal degradation (Howarth, 2008; Paerl et al., 2004). 368 

As such, where possible, a dual nutrient removal strategy should be supported in systems where 369 

WWTPs are the main sources of N inputs (Conley et al., 2009; Paerl et al., 2004). We should 370 

note however that due to historical data limitation, the river sections where we were able to 371 

evaluate elemental export were mainly pristine or affected by urbanisation, with limited 372 

agricultural activity. Abatement choices would be different if we captured the input of the largely 373 

agricultural sub-watershed entering downstream of our most downstream site (Figure 1). There, 374 

reduction in fertiliser use and landscape level restoration efforts including the targeted wetland 375 

restoration (Cheng et al., 2020) and implementing winter cover crops (Hanrahan et al., 2018; 376 

Speir et al., 2022) may be the most effective practice. We suggest the broad applicability of our 377 

approach, and the relative accessibility of census data around human populations and agricultural 378 

practices in many watersheds of the world, could provide the needed guidance to help mitigate 379 

the excessive nutrient loadings to many rivers at scales relevant to management. 380 
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 405 

The coefficients used to calculate the Net Anthropogenic Nitrogen and Phosphorus Input 406 

(NANI/NAPI) mass balances are listed in Supplementary Table 1 along with their sources.  407 

Supplementary Table 1: List of sources for data and coefficients used to calculate all categories in the NANI 

and NAPI mass balances at the municipal level in Québec, Canada.  
Mass balance sub-category Source Details 

AGRICULTURAL 

CENSUS 

  

 Statistics Canada, 1982a, 1987a, 1992a, 1997a, 2002a, 

2007a, 2012a, 2017a 

 

POPULATION CENSUS   

 Statistics Canada, 1982b, 1987b, 1992b, 1997b, 2002b, 

2007b, 2012b, 2017b 

 

FERTILISER   

 Statistics Canada, 2022d Metric tonnes of N, P fertiliser at QC level (x1000). 

 Statistics Canada, 2013 For 2006 and prior 

 Russell et al., 2008 To transform P2O5 into P 

LIVESTOCK 

SLAUGHTER 

  

Number slaughtered cattle, 

calves 

Statistics Canada, 2022b Number of cattle, calves slaughtered at the national 

level (Canada) 

Number slaughtered hogs, 

sheep & lamb 

Statistics Canada, 2022e Number of hogs, sheep & lamb slaughtered at the 

national level (Canada) 

Number slaughtered 

chicken, turkey 

Government of Canada, 2021b Number of chicken, turkeys slaughtered at national 

level (Canada) 

Number slaughtered 

livestock at provincial level 

Census of agriculture > Livestock  Total heads cattle, calves, hogs, sheep, lamb, 

chicken, turkey at national level (Canada) 

mailto:stephanie.shousha@umontreal.ca
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 Census of agriculture > Livestock  Total heads cattle, calves, hogs, sheep, lamb, 

chicken, turkey at provincial level (QC) 

LIVESTOCK LIVE 

WEIGHT 

  

Weight cold carcass cattle, 

calves 

Statistics Canada, 2022b Average weight, cold carcass 

Weight cold carcass hog, 

sheep & lamb 

Statistics Canada, 2022e Average weight, cold carcass 

Conversion factor carcass to 

live 

Government of Canada, 2022 Conversion factor from live weight to cold carcass 

Weight live chicken, turkey Statistics Canada, 2021b Total kg for chickens, hens + number of heads 

Weight live egg Statistics Canada, 2021a Egg number per head of layer 

Weight live milk FAO, 2021 Kg of milk produced per cow 

EDIBLE PORTION   

Edible portion of animals as 

% of live weight 

Han et al., 2009 What we can eat of the animal 

NP CONTENT   

N content Han et al., 2009 What % of the edible portion is N 

 personal communication with J.-O. Goyette N % for pork, chicken, broiler (all = 3.648) 

P content Goyette et al., 2016 What % of the edible portion is P 

ANIMAL INTAKE   

Consumtion rates N Han & Allan, 2008 Consumption rates of N for livestock under 

dynamic model 

Consumtion rates P Han et al., 2011 Consumption rates of P for livestock under 

dynamic model 

Life cycle (days alive per 

year) 

Han et al., 2009 Duration of livestock life on farm (usually less than 

1 year) 

 Kellogg et al., 2000 " " 

 Goyette et al., 2016 " " 

Equations to calculate 

dynamic life cycle 

Goyette et al., 2016 

Kellogg et al., 2000 

 

 Han et al., 2009   

CROP YIELD   

Provincial yield for certain 

crops 

Statistics Canada, 2022c Crop yields at provincial level (not found at smaller 

scale) 

Provincial yield for potatoes Statistics Canada, 2022a Crop yield at provincial level for potatoes 

 https://www.potatopro.com/quebec/potato-statistics PotatoPro 

Administrative region crop 

yield 

Institut de la statistique du Québec, 2020 Crop yield at the administrative level for big 

cultures 

  For the provincial yield, if had no data for region, 

used average of all instead. Used the provincial 

average for the following crops to build in missing 

regional data:  

  For Fodder corn: Saguenay, Abitibi, Côte-Nord, 

Nord-du-Québec 

  For Grain corn : Bas-Saint-Laurent, Abitibi,Nord-

du-Québec,Gaspésie 

  For Barley: Estrie, Outaouais, Laurentides 

  For Soya : Bas-Saint-Laurent, 

Gaspésie,Abitibi,Nord-du-Québec 

  For Oats : Montréal, Laval,Lanaudière,Montérégie 

https://www.potatopro.com/quebec/potato-statistics
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  For mixed grains : Capitale-Nationale, Mauricie, 

Montréal, Laval, Lanaudière, Outouais, 

Laurentides, Abitibi, Nord-du-Québec, Montérégie 

Understanding agricultural 

regions in QC 

Statistics Canada, 2021c Codes for each region (not to mix up with 

administrative codes, which are slightly different) 

CROP CONTENT   

Kilograms harvested per 

yield unit (nitrogen) 

USDA, 2017 USDA Natural Resources Conservation Service, 

Technical Resources 

Percent Dry Matter, Percent 

N in Dry Matter (nitrogen) 

USDA, 2017 USDA Natural Resources Conservation Service, 

Technical Resources 

Percent N in Dry Matter for 

Corn grain :  updated 

(nitrogen) 

David et al., 2010 % protein in modern corn hybrids is decreasing 

continuously (from 10 to 8.5% from 1985 to 2006). 

Assumed 1.36% N for 2006 (assumption: use 2006 

data for today too). Toolbox assumes 9.5% protein 

= 1.5% N (average between 1985 - 2006). 

N content for cropland and 

non cropland pastures 

(nitrogen) 

Hong & Swaney, 2010; Table 5.1.1.1  

P content in crops MacDonald & Bennett, 2009 P content in crop types (kg / kg of crop) 

P content for cropland and 

non cropland pastures 

Schaefer & Alber, 2007 P content for pastures  

DISTRIBUTION   

% distributed to humans and 

animals 

Boyer et al., 2002 Partition crop yields to humans and animals 

 Jordan & Weller, 1996   

% of crop lost during harvest Boyer et al., 2002 Losses of crops during harvest 

  Missing rice and buckwheat for distribution and 

loss: 

  For buckwheat, in Yieldbased BNF, buckwheat 

column notes are in red (10% loss and 90% to 

humans) 

 Swaney et al., 2018; Toolbox v3 Pasture loss : take half leave half 

BIOLOGICAL 

NITROGEN FIXATION 

  

Yield based for soybean, 

alfalfa, non-alfalfa 

Han & Allan, 2008 Table 4 : proportion of plant N from fixation 

Nonalfalfa have 25% 

leguminous plants 

USDA, 2007 Alfalfa fixes nitrogen. Legumes (in non-alfalfa 

plants) are the ones that fix nitrogen in the non-

alfalfa pastures. So, include the legumes from 

nonalfalfa that fix nitrogen in calculation. 

Cropland, area-based Jordan & Weller, 1996 Named non-wooded pastures, east of Mississippi, 

eastern pastures 

Snap beans, area-based Boyer et al., 2002,  

Peanuts, area-based Jordan & Weller, 1996 They have 86 kg N / ha / yr 

 Schaefer & Alber, 2007 They have 8000 kg N / km2 / yr 

PROTEIN 

CONSUMPTION 

  

Amount of protein 

consumed per capita, recent 

average 

Hong & Swaney, 2010; Toolbox 3.1 6.21 kg / person / yr is data in toolbox. It's an 

average, and does not say from what years. Only 

says that data comes from US censuses.  

N content in protein Jones, 1941 N is 16% of protein 

 Hong et al., 2012 Conversion factor used in NANI-PI 

P content in protein Hong et al., 2012 P consumption is equivalent to 20% N consumption 
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 Russell et al., 2008 Authors do not clearly state in article that N:P is 5, 

so ref is here because (Hong et al., 2012) based 

themselves off (Russell et al., 2008) to calculate 

N:P of 5 

DETERGENT   

For laundry detergent :    

Laundry detergent (kg / 

capita / yr) 

Han et al., 2012 Laundry detergent use (USA proxy because 

unavailable for Canada) 

% of P by weight Litke, 1999 Detergent industry limits phosphate in detergents to 

8.7% by weight as phosphorus in 1970 and to 2.2% 

in 1972 in Canada (for laundry) 

 Government of Canada, 2019 Limit goes down to 0.5% in 2009 + when click to 

see previous versions, find the 2.2% limit 

  website last up to date 2019, so use values there for 

most recent year 

For dishwasher detergent :   

Detergent use (Spoons / 

capita / yr) 

Han et al., 2012 dishwasher detergent use 

 Goyette et al., 2016 dishwasher detergent use 

P content (kg P / spoons) Han et al., 2012 Article has kg P per spoon (0.0009687). Assume 

this is when limit is at 8.7% P content because in 

same time range of regulations (Litke, 1999) 

 Government of Canada, 2019 Limit goes down to 0.5% in 2009 

  Rule of 3 : if 0.0009687 is for 8.7, what is kg-P for 

0.5% (limit of 2.2% in the 1970s only for laundry) 

Proportion of households 

with automatic washers 

Goyette et al., 2016 Proportion of households with dishwasher 

 Statistics Canada, 2017c We are looking for dishwasher information.  

  Calculate trendline for 1997-2009 and get 

proportion for 2011, 2016 (for Canada) 

P dishwashing detergent 

cosumption (kg P / capita / 

yr) 

Equation = dishwashing detergent use * P content * 

Proportion of households 

ATMOSPHERIC 

DEPOSITION 

  

N deposition www.cmaq-model.org/ Community Multiscale Air Quality model for 2008 

(usually kg-N / km2) 

Used NHy and NOx deposition because of small 

surface areas of municipalities and discrete land use 

(Boyer et al., 2002; Dentener & Crutzen, 1994) 

N emissions, historical Government of Canada, 2018 Air Pollutant and Black Carbon Emissions 

Inventories online search (1990 – 2020). 

 Asadoorian et al., 2006 Emission trends (Tg) 1890 – 1995. 

 408 

  409 
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Supplementary Table 2 summarises the loadflex model outputs for each RKm and variable 410 

modelled.  411 

Supplementary Table 2: Example of loadflex model fit for the three sites along the Rivière du Nord 

mainstem, RKms 4, 58, 101. The best models were chosen for their lowest RRMSE and ARIL. They are 

in bold and are the ones that were used to interpolate concentration predictions for the years of interest, 

1980-2020. 
RKm Variable Years spanned by data Model RRMSE ARIL 

4 TN 1985-2020 interpolation 0 1.1492 

   linear model 0.3943 1.3169 

   loadReg 0.3389 1.1090 

   composite 0.0006 1.1051 

 TP 1979-2020 interpolation 0 2.8505 

   linear model 0.9759 3.0094 

   loadReg 0.6406 2.1455 

   composite 0.0002 1.8968 

 DOC 1984-1990, 1993-2020 interpolation* 0 0.7636 

   linear model 2.3623 1.2422 

   loadReg 2.1029 1.0697 

   composite 0.0002 1.1518 

58 TN 1985-1986, 1988-2020 interpolation 0 1.2653 

   linear model 0.3298 1.1935 

   loadReg 0.2736 0.9943 

   composite 0.0009 1.0342 

 TP 1979-1986, 1988-2020 interpolation 0 3.2604 

   linear model 1.2368 3.7891 

   loadReg 0.8605 2.4154 

   composite 0.0007 1.8788 

 DOC 1984-1986, 1988-1990,  interpolation 0 0.70633 

  1993-2020 linear model 0.2179 0.7174 

   loadReg 0.1931 0.6003 

   composite 0.0001 0.7288 

101 TN 1985-1986, 1988-2020 interpolation 0 1.2745 

   linear model 0.2708 1.1115 

   loadReg 0.2176 0.8988 

   composite 0.0003 0.9723 

 TP 1979-1986, 1988-2020 interpolation 0 6.0454 

   linear model 1.9940 5.5106 

   loadReg 0.9638 2.8503 

   composite 0.0002 2.4020 

 DOC 1984-1986, 1988-1990,  interpolation 0 0.6890 

  1993-2020 linear model 0.1957 0.7490 

   loadReg 0.1379 0.5257 

   composite 0.0003 0.5913 

RRMSE : relative root mean square error, ARIL : average of the relative 95% prediction interval lengths (Appling et al., 2015). Variable 

acronyms refer to total nitrogen (TN), total phosphorus (TP), and dissolved organic carbon (DOC). 

 412 

 413 

 414 
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Supplementary Table 3 reports the values for C: N, C: P, and N: P (Figure 5a).  415 

Supplementary Table 3: Decadal averages (± standard deviations) for C: N, 

C: P, and N: P molar ratios at the three sites along Rivière du Nord. 

C: N 1979 – 1989 1990 – 1999 2000 – 2009 2010 – 2020 

RKm 101 10 ± 0.8 11 ± 1.5 12 ± 1.6 12 ± 2.0 

RKm 58 10 ± 1.8   8 ± 1.3  8 ± 1.0   7 ± 0.9 

RKm 4   7 ± 1.1   9 ± 1.3  7 ± 0.8   6 ± 1.1 

C: P 1979 – 1989 1990 – 1999 2000 – 2009 2010 – 2020 

RKm 101 264 ± 55  442 ± 148 715 ± 253  926 ± 313 

RKm 58 153 ± 42 164 ± 36 384 ± 144 313 ± 86 

RKm 4 148 ± 20 194 ± 24 364 ± 130 304 ± 69 

N: P 1979 – 1989 1990 – 1999 2000 – 2009 2010 – 2020 

RKm 101 26 ± 6 40 ± 13 57 ± 18 76 ± 29 

RKm 58 15 ± 4 20 ± 4 50 ± 14 48 ± 14 

RKm 4 22 ± 3 23 ± 4 50 ± 17 48 ± 9 

  416 

 417 

 418 

  419 
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 420 

 421 

Supplementary Figure S1a) Location of 19 stations where historical precipitation data is 422 

recorded, compared to the Rivière du Nord watershed and b) Inverse Distance Weighting 423 

interpolation for 1980. The geospatial interpolation is shown with a resolution of 0.05 degrees 424 

for visual representation purposes, but the actual data were interpolated using a 0.01 degree 425 

resolution.  426 
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 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

Supplementary Figure S2 Four Rivière du Nord maps showing historical changes in Net 442 

Anthropogenic Nitrogen Inputs (NANI; top) and Net Anthropogenic Phosphorus Inputs (NAPI; 443 

bottom). Panels a) and b) show the NANI for 1981 and 2016, respectively. Panels c) and d) are 444 

the equivalent of a) and b) but for NAPI, where municipalities in grey represent a net export of P 445 

(negative values). 446 

  447 
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 448 

Supplementary Figure S3 Location of wastewater treatment plants in the Rivière du Nord 449 

watershed with their associated population in the year of conception. 450 

  451 
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 452 

Supplementary Figure S4 Panels a) and b) show precipitation (rain and snow) for each year at 453 

the watershed level (interpolated) and at the specific Saint-Jérôme weather station. Panel c) 454 

shows discharge at the Saint-Jérôme gauging station. We use CVprec as a proxy for flashiness, 455 

with the intent that if a year had a larger coefficient of variation (CV) for its total precipitation, 456 

that year had flashier precipitation. Panel e) shows that runoff (annual discharge over annual 457 

precipitation) has increased in the last 10 years. Panels f) and g) show no clear relationship 458 

between TP riverine loads (at RKm 58, the closest to Saint-Jérôme) and flashiness or runoff. 459 

  460 



manuscript submitted to Global Biogeochemical Cycles 

 

References 461 

Abrinord. (2022). Portrait de la ZGIE du Nord. Mise à jour de la 2e édition. 462 

https://www.abrinord.ca/wp-content/uploads/2022/06/Portrait_MAJ_1-4.pdf 463 

Almaraz, M., Kuempel, C. D., Salter, A. M., & Halpern, B. S. (2022). The impact of excessive 464 

protein consumption on human wastewater nitrogen loading of US waters. Frontiers in 465 

Ecology and the Environment, 20(8), 452–458. https://doi.org/10.1002/fee.2531 466 

Appling, A. P., Leon, M. P., & McDowell, W. H. (2015). Reducing bias and quantifying 467 

uncertainty in watershed flux estimates: The R package loadflex. Ecosphere, 6(12), 1–25. 468 

https://doi.org/10.1890/ES14-00517.1.sm 469 

Asadoorian, M. O., Sorofim, M. C., Reilly, J. M., Paltsev, S., & Forest, C. (2006). MIT Joint 470 

Program on the Science and Policy of Global Change: Historical Anthropogenic 471 

Emissions Inventories for Greenhouse Gases and Major Criteria Pollutants (Technical 472 

Note No. 8). 473 

Baker, S. R., Watmough, S. A., & Eimers, M. C. (2015). Phosphorus forms and response to 474 

changes in pH in acid-sensitive soils on the Precambrian Shield. Canadian Journal of 475 

Soil Science, 95(2), 95–108. https://doi.org/10.4141/cjss-2014-035 476 

Ballard, T. C., Sinha, E., & Michalak, A. M. (2019). Long-Term Changes in Precipitation and 477 

Temperature Have Already Impacted Nitrogen Loading. Environmental Science and 478 

Technology, 53(9), 5080–5090. https://doi.org/10.1021/acs.est.8b06898 479 

Billen, G., Aguilera, E., Einarsson, R., Garnier, J., Gingrich, S., Grizzetti, B., Lassaletta, L., Le 480 

Noë, J., & Sanz-Cobena, A. (2021). Reshaping the European agro-food system and 481 

closing its nitrogen cycle: The potential of combining dietary change, agroecology, and 482 

circularity. One Earth, 4(6), 839–850. https://doi.org/10.1016/j.oneear.2021.05.008 483 

Boyer, E. W., Goodale, C. L., Jaworski, N. A., & Howarth, R. W. (2002). Anthropogenic 484 

nitrogen sources and relationships to riverine nitrogen export in the northeastern U.S.A. 485 

Biogeochemistry, 57–58, 137–169. https://doi.org/10.1023/A:1015709302073 486 

Caraco, N. F., & Cole, J. J. (1999). Human impact on nitrate export: An analysis using major 487 

world rivers. Ambio, 28(2), 167–170. https://doi.org/10.1038/350386b0 488 

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth, R. W., Sharpley, A. N., & Smith, V. H. 489 

(1998). Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological 490 

Applications, 8(3), 559–568. https://doi.org/10.1890/1051-491 

0761(1998)008[0559:NPOSWW]2.0.CO;2 492 

Chen, F., Hou, L., Liu, M., Zheng, Y., Yin, G., Lin, X., Li, X., Zong, H., Deng, F., Gao, J., & 493 

Jiang, X. (2016). Net anthropogenic nitrogen inputs (NANI) into the Yangtze River basin 494 

and the relationship with riverine nitrogen export. Journal of Geophysical Research: 495 

Biogeosciences, 121(2), 451–465. https://doi.org/10.1002/2015JG003186 496 



manuscript submitted to Global Biogeochemical Cycles 

 

Cheng, F. Y., Van Meter, K. J., Byrnes, D. K., & Basu, N. B. (2020). Maximizing US nitrate 497 

removal through wetland protection and restoration. Nature, 588(7839), 625–630. 498 

https://doi.org/10.1038/s41586-020-03042-5 499 

Clark, J. M., Bottrell, S. H., Evans, C. D., Monteith, D. T., Bartlett, R., Rose, R., Newton, R. J., 500 

& Chapman, P. J. (2010). The importance of the relationship between scale and process 501 

in understanding long-term DOC dynamics. Science of the Total Environment, 408(13), 502 

2768–2775. https://doi.org/10.1016/j.scitotenv.2010.02.046 503 

Conley, D. J., Paerl, H. W., Howarth, R. W., Boesch, D. F., Seitzinger, S. P., Havens, K. E., 504 

Lancelot, C., & Likens, G. E. (2009). Controlling Eutrophication: Nitrogen and 505 

Phosphorus. Science, 323(5917), 1014–1015. https://doi.org/10.1126/science.1167755 506 

David, M. B., Drinkwater, L. E., & McIsaac, G. F. (2010). Sources of Nitrate Yields in the 507 

Mississippi River Basin. Journal of Environmental Quality, 39(5), 1657–1667. 508 

https://doi.org/10.2134/jeq2010.0115 509 

Dentener, F. J., & Crutzen, P. J. (1994). A three-dimensional model of the global ammonia cycle. 510 

Journal of Atmospheric Chemistry, 19(4), 331–369. https://doi.org/10.1007/BF00694492 511 

Elser, J. J., Devlin, S. P., Yu, J., Baumann, A., Church, M. J., Dore, J. E., Hall, R. O., Hollar, M., 512 

Johnson, T., Vick-Majors, T., & White, C. (2022). Sustained stoichiometric imbalance 513 

and its ecological consequences in a large oligotrophic lake. Proceedings of the National 514 

Academy of Sciences of the United States of America, 119(30). 515 

https://doi.org/10.1073/pnas.2202268119 516 

FAO. (2021). Food and Agriculture Organiztion of the United Nations, FAOSTAT: Crops and 517 

livestock products, Livestock primary. https://www.fao.org/faostat/en/#data/QCL 518 

Faubert, P., Barnabé, S., Bouchard, S., Côté, R., & Villeneuve, C. (2016). Pulp and paper mill 519 

sludge management practices: What are the challenges to assess the impacts on 520 

greenhouse gas emissions? Resources, Conservation and Recycling, 108, 107–133. 521 

https://doi.org/10.1016/j.resconrec.2016.01.007 522 

Gao, W., Howarth, R. W., Hong, B., Swaney, D. P., & Guo, H. C. (2014). Estimating net 523 

anthropogenic nitrogen inputs (NANI) in the Lake Dianchi basin of China. 524 

Biogeosciences, 11(16), 4577–4586. https://doi.org/10.5194/bg-11-4577-2014 525 

Glibert, P. M., Maranger, R., Sobota, D. J., & Bouwman, L. (2014). The Haber Bosch-harmful 526 

algal bloom (HB-HAB) link. Environmental Research Letters, 9(10). 527 

https://doi.org/10.1088/1748-9326/9/10/105001 528 

Gouvernement du Québec. (2012). Commission de toponymie: Doncaster. 529 

https://toponymie.gouv.qc.ca/ct/toposweb/fiche.aspx?no_seq=82105 530 

Government of Canada. (2018). Air Pollutants Emissions Inventory online search. 531 

https://pollution-waste.canada.ca/air-emission-inventory 532 



manuscript submitted to Global Biogeochemical Cycles 

 

Government of Canada. (2019). Justice Laws Website: Concentration of Phosphorus in Certain 533 

Cleaning Products Regulations (SOR/89-501), Canadian Environmental Protection Act, 534 

1999. https://laws-lois.justice.gc.ca/eng/regulations/SOR-89-501/page-1.html 535 

Government of Canada. (2021a). Historical Data: Past weather and climate. 536 

https://climate.weather.gc.ca/historical_data/search_historic_data_e.html 537 

Government of Canada. (2021b). Poultry slaughter reports. 538 

https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/poultry-and-539 

egg-market-information/slaughter 540 

Government of Canada. (2022). Agriculture et Agroalimentaire Canada. 541 

https://agriculture.canada.ca/fr 542 

Goyette, J.-O., Bennett, E. M., Howarth, R. W., & Maranger, R. (2016). Changes in 543 

anthropogenic nitrogen and phosphorus inputs to the St. Lawrence sub-basin over 110 544 

years and impacts on riverine export. Global Biogeochemical Cycles, 30, 1000–1014. 545 

https://doi.org/10.1111/1462-2920.13280 546 

Goyette, J.-O., Bennett, E. M., & Maranger, R. (2019). Differential influence of landscape 547 

features and climate on nitrogen and phosphorus transport throughout the watershed. 548 

Biogeochemistry, 142(1), 155–174. https://doi.org/10.1007/s10533-018-0526-y 549 

Graeber, D., Tenzin, Y., Stutter, M., Weigelhofer, G., Shatwell, T., von Tümpling, W., Tittel, J., 550 

Wachholz, A., & Borchardt, D. (2021). Bioavailable DOC: reactive nutrient ratios control 551 

heterotrophic nutrient assimilation—An experimental proof of the macronutrient-access 552 

hypothesis. Biogeochemistry, 155(1), 1–20. https://doi.org/10.1007/s10533-021-00809-4 553 

Han, H., Allan, D. J., & Bosch, N. S. (2012). Historical pattern of phosphorus loading to Lake 554 

Erie watersheds. Journal of Great Lakes Research, 38(2), 289–298. 555 

https://doi.org/10.1016/j.jglr.2012.03.004 556 

Han, H., & Allan, J. D. (2008). Estimation of nitrogen inputs to catchments: Comparison of 557 

methods and consequences for riverine export prediction. Biogeochemistry, 91(2–3), 558 

177–199. https://doi.org/10.1007/s10533-008-9279-3 559 

Han, H., Allan, J. D., & Scavia, D. (2009). Influence of climate and human activities on the 560 

relationship between watershed nitrogen input and river export. Environmental Science 561 

and Technology, 43(6), 1916–1922. https://doi.org/10.1021/es801985x 562 

Han, H., Bosch, N., & Allan, J. D. (2011). Spatial and temporal variation in phosphorus budgets 563 

for 24 watersheds in the Lake Erie and Lake Michigan basins. Biogeochemistry, 102(1), 564 

45–58. https://doi.org/10.1007/s10533-010-9420-y 565 

Han, Y., Yu, X., Wang, X., Wang, Y., Tian, J., Xu, L., & Wang, C. (2013). Net anthropogenic 566 

phosphorus inputs (NAPI) index application in Mainland China. Chemosphere, 90(2), 567 

329–337. https://doi.org/10.1016/j.chemosphere.2012.07.023 568 



manuscript submitted to Global Biogeochemical Cycles 

 

Hanrahan, B. R., Tank, J. L., Christopher, S. F., Mahl, U. H., Trentman, M. T., & Royer, T. V. 569 

(2018). Winter cover crops reduce nitrate loss in an agricultural watershed in the central 570 

U.S. Agriculture, Ecosystems & Environment, 265, 513–523. 571 

https://doi.org/10.1016/j.agee.2018.07.004 572 

Hobbie, S. E., Finlay, J. C., Janke, B. D., Nidzgorski, D. A., Millet, D. B., & Baker, L. A. 573 

(2017). Contrasting nitrogen and phosphorus budgets in urban watersheds and 574 

implications for managing urban water pollution. Proceedings of the National Academy 575 

of Sciences of the United States of America, 114(16), 4177–4182. 576 

https://doi.org/10.1073/pnas.1618536114 577 

Holtan, H., Kamp-Nielsen, L., & Stuanes, A. O. (1988). Phosphorus in soil, water and sediment: 578 

An overview. Hydrobiologia, 170(1), 19–34. https://doi.org/10.1007/BF00024896 579 

Hong, B., & Swaney, D. P. (2010). NANI Calculator Toolbox Documentation. June, 1–31. 580 

Hong, B., Swaney, D. P., & Howarth, R. W. (2011). A toolbox for calculating net anthropogenic 581 

nitrogen inputs (NANI). Environmental Modelling and Software, 26(5), 623–633. 582 

https://doi.org/10.1016/j.envsoft.2010.11.012 583 

Hong, B., Swaney, D. P., McCrackin, M., Svanbäck, A., Humborg, C., Gustafsson, B., 584 

Yershova, A., & Pakhomau, A. (2017). Advances in NANI and NAPI accounting for the 585 

Baltic drainage basin: Spatial and temporal trends and relationships to watershed TN and 586 

TP fluxes. Biogeochemistry, 133(3), 245–261. https://doi.org/10.1007/s10533-017-0330-587 

0 588 

Hong, B., Swaney, D. P., Mörth, C. M., Smedberg, E., Eriksson Hägg, H., Humborg, C., 589 

Howarth, R. W., & Bouraoui, F. (2012). Evaluating regional variation of net 590 

anthropogenic nitrogen and phosphorus inputs (NANI/NAPI), major drivers, nutrient 591 

retention pattern and management implications in the multinational areas of Baltic Sea 592 

basin. Ecological Modelling, 227, 117–135. 593 

https://doi.org/10.1016/j.ecolmodel.2011.12.002 594 

Howarth, R., Swaney, D., Billen, G., Garnier, J., Hong, B., Humborg, C., Johnes, P., Mörth, C. 595 

M., & Marino, R. (2012). Nitrogen fluxes from the landscape are controlled by net 596 

anthropogenic nitrogen inputs and by climate. Frontiers in Ecology and the Environment, 597 

10(1), 37–43. https://doi.org/10.1890/100178 598 

Howarth, R. W. (2008). Coastal nitrogen pollution: A review of sources and trends globally and 599 

regionally. Harmful Algae, 8(1), 14–20. https://doi.org/10.1016/j.hal.2008.08.015 600 

Howarth, R. W., Billen, G., Swaney, D., Townsend, A., Jaworski, N., Lajtha, K., Downing, J. A., 601 

Elmgren, R., Caraco, N., Jordan, T., Berendse, F., Freney, J., Kudeyarov, V., Murdoch, 602 

P., & Zhu, Z. L. (1996). Regional nitrogen budgets and riverine N & P fluxes for the 603 

drainages to the North Atlantic Ocean: Natural and human influences. Biogeochemistry, 604 

35(1), 75–139. https://doi.org/10.1007/BF02179825 605 



manuscript submitted to Global Biogeochemical Cycles 

 

Howarth, R. W., Swaney, D. P., Boyer, E. W., Marino, R., Jaworski, N., & Goodale, C. (2006). 606 

The influence of climate on average nitrogen export from large from large watersheds in 607 

the Northeastern United States. Biogeochemistry, 79, 163–186. 608 

Inamdar, S., Dhillon, G., Singh, S., Parr, T., & Qin, Z. (2015). Particulate nitrogen exports in 609 

stream runoff exceed dissolved nitrogen forms during large tropical storms in a 610 

temperate, headwater, forested watershed. Journal of Geophysical Research G: 611 

Biogeosciences, 120(8), 1548–1566. https://doi.org/10.1002/2015JG002909 612 

Institut de la statistique du Québec. (2020). Superficie des grandes cultures, rendement à 613 

l’hectare et production, par regroupement de régions administratives, Québec. 614 

https://statistique.quebec.ca/fr/statistiques/par-themes 615 

Jones, D. B. (1941). Factors for converting percentages of nitrogen in foods and feeds into 616 

percentages of protein. British Food Journal, 34(1), 1–10. 617 

https://doi.org/10.1108/eb011242 618 

Jordan, T. E., & Weller, D. E. (1996). Human Contributions to Terrestrial Nitrogen Flux. 619 

BioScience, 46(9), 655–664. 620 

Keiser, D. A., & Shapiro, J. S. (2019). Consequences of the Clean Water Act and the Demand 621 

for Water Quality*. The Quarterly Journal of Economics, 134(1), 349–396. 622 

https://doi.org/10.1093/qje/qjy019 623 

Kellogg, R. L., Lander, C. H., Moffitt, D. C., & Gollehon, N. (2000). Manure Nutrients Relative 624 

to The Capacity Of Cropland And Pastureland To Assimilate Nutrients: Spatial and 625 

Temporal Trends for the United States. US Department of Agriculture, NPS00-0579. 626 

https://doi.org/10.2175/193864700784994812 627 

Kirchner, W. B., & Dillon, P. J. (1975). An empirical method of estimating the retention of 628 

phosphorus in lakes. Water Resources Research, 11(1), 182–183. 629 

https://doi.org/10.1029/WR011i001p00182 630 

Kritzberg, E. S. (2017). Centennial‐long trends of lake browning show major effect of 631 

afforestation. Limnology and Oceanography Letters, 2, 105–112. 632 

Kritzberg, E. S., Hasselquist, E. M., Škerlep, M., Löfgren, S., Olsson, O., Stadmark, J., Valinia, 633 

S., Hansson, L. A., & Laudon, H. (2020). Browning of freshwaters: Consequences to 634 

ecosystem services, underlying drivers, and potential mitigation measures. Ambio, 49(2), 635 

375–390. https://doi.org/10.1007/s13280-019-01227-5 636 

Litke, D. W. (1999). Review of Phosphorus Control Measures in the United States and Their 637 

Effects on Water Quality. Water-Resources Investigations Report 99-4007, 1–38. 638 

Maavara, T., Parsons, C. T., Ridenour, C., Stojanovic, S., Dürr, H. H., Powley, H. R., & Van 639 

Cappellen, P. (2015). Global phosphorus retention by river damming. Proceedings of the 640 

National Academy of Sciences of the United States of America, 112(51), 15603–15608. 641 

https://doi.org/10.1073/pnas.1511797112 642 



manuscript submitted to Global Biogeochemical Cycles 

 

MacDonald, G. K., & Bennett, E. M. (2009). Phosphorus accumulation in saint lawrence river 643 

watershed soils: A century-long perspective. Ecosystems, 12(4), 621–635. 644 

https://doi.org/10.1007/s10021-009-9246-4 645 

Maranger, R., Jones, S. E., & Cotner, J. B. (2018). Stoichiometry of carbon, nitrogen, and 646 

phosphorus through the freshwater pipe. Limnology and Oceanography Letters, 3(3), 89–647 

101. https://doi.org/10.1002/lol2.10080 648 

McCrackin, M. L., & Elser, J. J. (2010). Atmospheric nitrogen deposition influences 649 

denitrification and nitrous oxide production in lakes. Ecology, 91(2), 528–539. 650 

https://doi.org/10.1890/08-2210.1 651 

McIsaac, G. F., & Hu, X. (2004). Net N input and riverine N export from Illinois agricultural 652 

watersheds with and without extensive tile drainage. Biogeochemistry, 70(2), 251–271. 653 

https://doi.org/10.1023/B:BIOG.0000049342.08183.90 654 

MELCCFP. (2018). Ministère de l’Environnement et de la Lutte contre les changements 655 

climatiques, de la Faune et des Parcs. Centre d’expertise hydrique du Québec: Fiche 656 

signalétique de la station. 657 

MELCCFP. (2022a). Ministère de l’Environnement et de la Lutte contre les changements 658 

climatiques, de la Faune et des Parcs.  25 ans d’assainissement des eaux usées 659 

industrielles au Québec: Un bilan. https://www.environnement.gouv.qc.ca/eau/eaux-660 

usees/industrielles/ 661 

MELCCFP. (2022b). Ministère de l’Environnement et de la Lutte contre les changements 662 

climatiques, de la Faune et des Parcs. Banque de données sur la qualité du milieu 663 

aquatique (BQMA), Québec, Direction générale du suivi de l’état de l’environnement. 664 

MELCCFP. (2022c). Ministère de l’Environnement et de la Lutte contre les changements 665 

climatiques, de la Faune et des Parcs. Règlement sur l’évacuation et le traitement des 666 

eaux usées des résidences isolées. https://www.environnement.gouv.qc.ca/eau/eaux-667 

usees/residences_isolees/reglement.htm 668 

MELCCFP. (2023). Ministère de l’Environnement et de la Lutte contre les changements 669 

climatiques, de la Faune et des Parcs. Répertoire des barrages. 670 

https://www.cehq.gouv.qc.ca/barrages/default.asp 671 

Mitchell, M. J., Driscoll, C. T., Kahl, J. S., Likens, G. E., Murdoch, P. S., & Pardo, L. H. (1996). 672 

Climatic control of nitrate loss from forested watersheds in the northeast United States. 673 

Environmental Science and Technology, 30(8), 2609–2612. 674 

https://doi.org/10.1021/es9600237 675 

Monchamp, M.-E., Pick, F. R., Beisner, B. E., & Maranger, R. (2014). Nitrogen Forms Influence 676 

Microcystin Concentration and Composition via Changes in Cyanobacterial Community 677 

Structure. PLoS ONE, 9(1), 1–10. 678 



manuscript submitted to Global Biogeochemical Cycles 

 

MTESS. (2021). Ministère du Travail, de l’Emploi et de la Solidarité sociale. Règlement sur 679 

l’évacuation et le traitement des eaux usées des résidences isolées (Q-2, r. 22). 680 

https://www.legisquebec.gouv.qc.ca/fr/document/rc/Q-2, r. 22 681 

Müller, A., Österlund, H., Marsalek, J., & Viklander, M. (2020). The pollution conveyed by 682 

urban runoff: A review of sources. Science of the Total Environment, 709. 683 

https://doi.org/10.1016/j.scitotenv.2019.136125 684 

Natural Resources Canada. (2009). Land Cover, circa 2000-Vector: Feature Catalogue—Edition 685 

1.0. 686 

Paerl, H. W., Valdes, L. M., Joyner, A. R., Piehler, M. F., & Lebo, M. E. (2004). Solving 687 

problems resulting from solutions: Evolution of a dual nutrient management strategy for 688 

the eutrophying Neuse River Estuary, North Carolina. Environmental Science and 689 

Technology, 38(11), 3068–3073. https://doi.org/10.1021/es0352350 690 

Paytan, A., & McLaughlin, K. (2011). Tracing the Sources and Biogeochemical Cycling of 691 

Phosphorus in Aquatic Systems Using Isotopes of Oxygen in Phosphate. In M. Baskaran 692 

(Ed.), Handbook of Environmental Isotope Geochemistry (pp. 419–436). 693 

R Core Team. (2021). R: A language and environment for statistical computing. R Foundation 694 

for Statistical Computing, Vienna, Austria. 695 

Rahimi, S., Modin, O., & Mijakovic, I. (2020). Technologies for biological removal and 696 

recovery of nitrogen from wastewater. Biotechnology Advances, 43(November 2019), 697 

107570. https://doi.org/10.1016/j.biotechadv.2020.107570 698 

Rosemond, A. D., Benstead, J. P., Bumpers, P. M., Gulis, V., Kominoski, J. S., Manning, D. W. 699 

P., Suberkropp, K., & Wallace, J. B. (2015). Experimental nutrient additions accelerate 700 

terrestrial carbon loss from stream ecosystems. 701 

Runkel, R. L., Crawford, C. G., & Cohn, T. a. (2004). Load Estimator (LOADEST): A 702 

FORTRAN program for estimating constituent loads in streams and rivers. Techniques 703 

and Methods. U.S. Geological Survey. U.S. Department of the Interior, 4, 69. 704 

Russell, M. J., Weller, D. E., Jordan, T. E., Sigwart, K. J., & Sullivan, K. J. (2008). Net 705 

anthropogenic phosphorus inputs: Spatial and temporal variability in the Chesapeake Bay 706 

region. Biogeochemistry, 88(3), 285–304. https://doi.org/10.1007/s10533-008-9212-9 707 

Schaefer, S. C., & Alber, M. (2007). Temporal and spatial trends in nitrogen and phosphorus 708 

inputs to the watershed of the Altamaha River, Georgia, USA. Biogeochemistry, 86(3), 709 

231–249. https://doi.org/10.1007/s10533-007-9155-6 710 

Scott, J. T., McCarthy, M. J., Otten, T. G., Steffen, M. M., Baker, B. C., Grantz, E. M., Wilhelm, 711 

S. W., & Paerl, H. W. (2013). Comment: An alternative interpretation of the relationship 712 

between TN:TP and microcystins in Canadian lakes. Canadian Journal of Fisheries and 713 

Aquatic Sciences, 70(8), 1265–1268. https://doi.org/10.1139/cjfas-2012-0490 714 



manuscript submitted to Global Biogeochemical Cycles 

 

Sharpley, A., Jarvie, H. P., Buda, A., May, L., Spears, B., & Kleinman, P. (2013). Phosphorus 715 

Legacy: Overcoming the Effects of Past Management Practices to Mitigate Future Water 716 

Quality Impairment. Journal of Environmental Quality, 42, 1308–1326. 717 

Shousha, S., Maranger, R., & Lapierre, J. (2021). Different forms of carbon, nitrogen, and 718 

phosphorus influence ecosystem stoichiometry in a north temperate river across seasons 719 

and land uses. Limnology and Oceanography, 1–14. https://doi.org/10.1002/lno.11960 720 

Shousha, S., Maranger, R., & Lapierre, J.-F. (2022). Contrasting seasons and land uses alter 721 

riverine dissolved organic matter composition. Biogeochemistry, 161(2), 207–226. 722 

https://doi.org/10.1007/s10533-022-00979-9 723 

Shousha, S., Maranger, R., & Lapierre, J.-F. (2023). Historical (1979—2020) data for 724 

anthropogenic inputs to a catchment and riverine mainstem exports for carbon, nitrogen, 725 

and phosphorus (Version 1) [Data set]. Zenodo. https://doi.org/10.5281/zenodo.7806130 726 

Soranno, P. A., Cheruvelil, K. S., Wagner, T., Webster, K. E., & Bremigan, M. T. (2015). 727 

Effects of Land Use on Lake Nutrients: The Importance of Scale, Hydrologic 728 

Connectivity, and Region. PLOS ONE, 10(8), e0135454. 729 

https://doi.org/10.1371/journal.pone.0135454 730 

Speir, S. L., Tank, J. L., Trentman, M. T., Mahl, U. H., Sethna, L. R., Hanrahan, B. R., & Royer, 731 

T. V. (2022). Cover crops control nitrogen and phosphorus transport from two 732 

agricultural watersheds at multiple measurement scales. Agriculture, Ecosystems & 733 

Environment, 326, 107765. https://doi.org/10.1016/j.agee.2021.107765 734 

Statistics Canada. (1982a). Census of Agriculture, 1981. 735 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http736 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-737 

2011&mode=documentation&top=yes 738 

Statistics Canada. (1982b). Census of Population, 1981: Profile for Quebec, Census Divisions, 739 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 740 

Statistics Canada. (1987a). Census of Agriculture, 1986. 741 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http742 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-743 

2011&mode=documentation&top=yes 744 

Statistics Canada. (1987b). Census of Population, 1986: Profile for Quebec, Census Divisions, 745 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 746 

Statistics Canada. (1992a). Census of Agriculture, 1991. 747 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http748 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-749 

2011&mode=documentation&top=yes 750 



manuscript submitted to Global Biogeochemical Cycles 

 

Statistics Canada. (1992b). Census of Population, 1991: Profile for Quebec, Census Divisions, 751 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 752 

Statistics Canada. (1997a). Census of Agriculture, 1996. 753 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http754 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-755 

2011&mode=documentation&top=yes 756 

Statistics Canada. (1997b). Census of Population, 1996: Profile for Quebec, Census Divisions, 757 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 758 

Statistics Canada. (2002a). Census of Agriculture, 2001: Farm Data and Farm Operator Data, 759 

Full Release. 760 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http761 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-762 

2011&mode=documentation&top=yes 763 

Statistics Canada. (2002b). Census of Population, 2001: Profile for Quebec, Census Divisions, 764 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 765 

Statistics Canada. (2007a). Census of Agriculture, 2006: Farm Data and Farm Operator Data, 766 

Initial Release. 767 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http768 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-769 

2011&mode=documentation&top=yes 770 

Statistics Canada. (2007b). Census of Population, 2006: Profile for Quebec, Census Divisions, 771 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 772 

Statistics Canada. (2012a). Census of Agriculture, 2011: Farm Data and Farm Operator Data. 773 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http774 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-775 

2011&mode=documentation&top=yes 776 

Statistics Canada. (2012b). Census of Population, 2011: Profile for Quebec, Census Divisions, 777 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 778 

Statistics Canada. (2013). Fertilizer shipments to Canadian agriculture markets, by nutrient 779 

content and fertilizer year—Archived [Table 32-10-0274-01 (formerly CANSIM 001-780 

0065)]. 781 

https://www150.statcan.gc.ca/t1/tbl1/en/cv!recreate.action?pid=3210027401&selectedNo782 

deIds=1D4&checkedLevels=1D1&refPeriods=19810101,20050101&dimensionLayouts=783 

layout2,layout3,layout2&vectorDisplay=false 784 

Statistics Canada. (2017a). Census of Agriculture, 2016: Farm Data and Farm Operator Data, 785 

[Tables 004-0203, 004-0235, 004-0213, 004-786 

0221/0222/0223/0224/0225/0226/0227/0228]. 787 

http://odesi2.scholarsportal.info/webview/index.jsp?v=2&submode=abstract&study=http788 



manuscript submitted to Global Biogeochemical Cycles 

 

%3A%2F%2F142.150.190.128%3A80%2Fobj%2FfStudy%2Fagcensus-95640XWE-E-789 

2011&mode=documentation&top=yes 790 

Statistics Canada. (2017b). Census of Population, 2016: Profile for Quebec, Census Divisions, 791 

Census Subdivisions. http://dc.chass.utoronto.ca/census/ 792 

Statistics Canada. (2017c). Survey of household spending (SHS), household equipment at the 793 

time of interview, by province, territory and selected metropolitan areas—Archived 794 

[Table 11-10-0216-01 (formerly CANSIM 203-0020)]. 795 

https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=1110021601&pickMembers%5B0796 

%5D=1.1&pickMembers%5B1%5D=3.3 797 

Statistics Canada. (2021a). Production and disposition of eggs, annual [Table 32-10-0119-01 798 

(formerly CANSIM 003-0020)]. 799 

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210011901#timeframe 800 

Statistics Canada. (2021b). Production, disposition and farm value of poultry meat (x1000) 801 

[Table 32-10-0117-01 (formerly CANSIM 003-0018)]. 802 

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210011701#timeframe 803 

Statistics Canada. (2021c). Régions agricoles, Variante de la CGT 2016. 804 

https://www23.statcan.gc.ca/imdb/p3VD_f.pl?Function=getVD&TVD=318036&CVD=3805 

18038&CPV=24&CST=01012016&CLV=2&MLV=6 806 

Statistics Canada. (2022a). Area, production and farm value of potatoes [Table 32-10-0358-01 807 

(formerly CANSIM 001-0014)]. 808 

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210035801 809 

Statistics Canada. (2022b). Cattle and calves, farm and meat production [Table 32-10-0125-01 810 

(formerly CANSIM 003-0026)]. 811 

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210012501 812 

Statistics Canada. (2022c). Estimated areas, yield, production, average farm price and total farm 813 

value of principal field crops, in metric and imperial units [Table 32-10-0359-01 814 

(formerly CANSIM 001-0017)]. 815 

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210035901 816 

Statistics Canada. (2022d). Fertilizer shipments to Canadian agriculture markets, by nutrient 817 

content and fertilizer year, cumulative data (x 1,000) [Table 32-10-0039-01 (formerly 818 

CANSIM 001-0069)]. 819 

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210003901 820 

Statistics Canada. (2022e). Hogs, sheep and lambs, farm and meat production [Table 32-10-821 

0126-01 (formerly CANSIM 003-0028)]. 822 

https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=3210012601#timeframe 823 



manuscript submitted to Global Biogeochemical Cycles 

 

Steffen, W., Broadgate, W., Deutsch, L., Gaffney, O., & Ludwig, C. (2015). The trajectory of the 824 

Anthropocene: The Great Acceleration. The Anthropocene Review, 2(1), 81–98. 825 

https://doi.org/10.1177/2053019614564785 826 

Stutter, M. I., Graeber, D., Evans, C. D., Wade, A. J., & Withers, P. J. A. (2018). Balancing 827 

macronutrient stoichiometry to alleviate eutrophication. Science of the Total 828 

Environment, 634, 439–447. https://doi.org/10.1016/j.scitotenv.2018.03.298 829 

Swaney, D. P., Hong, B., & Howarth, R. W. (2018). NANI/NAPI Calculator Toolbox Version 3.1 830 

Documentation. 1–46. 831 

Swaney, D. P., Hong, B., Paneer Selvam, A., Howarth, R. W., Ramesh, R., & Purvaja, R. (2015). 832 

Net anthropogenic nitrogen inputs and nitrogen fluxes from Indian watersheds: An initial 833 

assessment. Journal of Marine Systems, 141, 45–58. 834 

https://doi.org/10.1016/j.jmarsys.2014.09.004 835 

Swaney, D. P., Hong, B., Ti, C., Howarth, R. W., & Humborg, C. (2012). Net anthropogenic 836 

nitrogen inputs to watersheds and riverine N export to coastal waters: A brief overview. 837 

Current Opinion in Environmental Sustainability, 4(2), 203–211. 838 

https://doi.org/10.1016/j.cosust.2012.03.004 839 

USDA. (2007). Profitable Grazing-Based Dairy Systems. Range and Pasture Technical Note No. 840 

1, 1, 1–40. 841 

USDA. (2017). United States Department of Agriculture: Natural Resources Conservation 842 

Service, Technical Resources, Appendix 1: Nutrient Uptake and Removal. 843 

https://www.nrcs.usda.gov/wps/portal/nrcs/main/national/technical/nra/nri/results/ 844 

Van Staden, T. L., Van Meter, K. J., Basu, N. B., Parsons, C. T., Akbarzadeh, Z., & Van 845 

Cappellen, P. (2021). Agricultural phosphorus surplus trajectories for Ontario, Canada 846 

(1961–2016), and erosional export risk. Science of the Total Environment, xxxx. 847 

https://doi.org/10.1016/j.scitotenv.2021.151717 848 

Vidon, P., Wagner, L. E., & Soyeux, E. (2008). Changes in the character of DOC in streams 849 

during storms in two Midwestern watersheds with contrasting land uses. 850 

Biogeochemistry, 88(3), 257–270. https://doi.org/10.1007/s10533-008-9207-6 851 

von Schiller, D., Acuña, V., Aristi, I., Arroita, M., Basaguren, A., Bellin, A., Boyero, L., 852 

Butturini, A., Ginebreda, A., Kalogianni, E., Larrañaga, A., Majone, B., Martínez, A., 853 

Monroy, S., Muñoz, I., Paunović, M., Pereda, O., Petrovic, M., Pozo, J., … Elosegi, A. 854 

(2017). River ecosystem processes: A synthesis of approaches, criteria of use and 855 

sensitivity to environmental stressors. Science of the Total Environment, 596–597(April), 856 

465–480. https://doi.org/10.1016/j.scitotenv.2017.04.081 857 

Winterdahl, M., Erlandsson, M., Futter, M. N., Weyhenmeyer, G. A., & Bishop, K. (2014). Intra‐858 

annual variability of organic carbon concentrations in running waters: Drivers along a 859 

climatic gradient. Global Biogeochemical Cycles, 28(4), 451–464. 860 

https://doi.org/10.1002/2013GB004770 861 



manuscript submitted to Global Biogeochemical Cycles 

 

Xenopoulos, M. A., Barnes, R. T., Boodoo, K. S., Butman, D., Catalán, N., D’Amario, S. C., 862 

Fasching, C., Kothawala, D. N., Pisani, O., Solomon, C. T., Spencer, R. G. M., Williams, 863 

C. J., & Wilson, H. F. (2021). How humans alter dissolved organic matter composition in 864 

freshwater: Relevance for the Earth’s biogeochemistry. Biogeochemistry, 3. 865 

https://doi.org/10.1007/s10533-021-00753-3 866 

Yang, Y. Y., & Toor, G. S. (2018). Stormwater runoff driven phosphorus transport in an urban 867 

residential catchment: Implications for protecting water quality in urban watersheds. 868 

Scientific Reports, 8(1), 1–10. https://doi.org/10.1038/s41598-018-29857-x 869 

Zarnetske, J. P., Bouda, M., Abbott, B. W., Saiers, J., & Raymond, P. A. (2018). Generality of 870 

Hydrologic Transport Limitation of Watershed Organic Carbon Flux Across Ecoregions 871 

of the United States. Geophysical Research Letters, 45(21), 11,702-11,711. 872 

https://doi.org/10.1029/2018GL080005 873 

 874 



manuscript submitted to Global Biogeochemical Cycles 

 

Decadal Changes in Anthropogenic Inputs and Precipitation Influence 1 

Riverine Exports of Carbon, Nitrogen, and Phosphorus, and Alter Ecosystem 2 

Level Stoichiometry 3 

 4 

Stéphanie Shousha1, Roxane Maranger1, Jean-François Lapierre1 5 

1Université de Montréal, Département de Sciences Biologiques, Montréal, QC, Canada. Groupe 6 

de Recherche Interuniversitaire en Limnologie (GRIL). 7 

 8 

Corresponding author: Stéphanie Shousha (stephanie.shousha@umontreal.ca)  9 

 10 

Key Points: 11 

• 40 years of riverine export data show a differential response for carbon, nitrogen, and 12 

phosphorus to climatic and anthropogenic drivers. 13 

• Higher anthropogenic nutrient inputs to land explained nitrogen increases over time, but 14 
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• Precipitation drove carbon export variability, which combined with nutrients resulted in 16 

variable ratios along the river and over decades. 17 
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 20 

Abstract 21 

Changes in precipitation and land use influence carbon (C), nitrogen (N) and phosphorus (P) 22 

exports from land to receiving waters. However, how these drivers differentially alter elemental 23 

inputs and impact subsequent ecosystem stoichiometry over time remains poorly understood. 24 

Here we quantified long-term (1979-2020) trends in C, N, and P exports at three sites along the 25 

mainstem of a north temperate river, that successively drains forested, urban, and more 26 

agriculturally impacted land-use areas. Riverine N and to a lesser degree C exports tended to 27 

increase over time, with major inter-annual variation largely resolved by changes in 28 

precipitation. Historical increases in net anthropogenic N inputs on land (NANI) also explained 29 

increases in riverine N exports, with about 35% of NANI  reaching the river annually. Despite 30 

higher Net anthropogenic P inputs, NAPI, over time, P exports tended to decrease at all riverine 31 

sites. This decrease in P at the forested site was more gradual, whereas a precipitous drop was 32 

observed at the downstream urban site, following legislated P removal in municipal wastewater. 33 

Changes in historical ecosystem stoichiometry reflected the differential elemental exports due to 34 

natural and anthropogenic drivers and ranged from 174: 23: 1 to 547: 76: 1 over the years. Our 35 

work shows how C, N, and P have responded to different drivers in the same catchment over the 36 

last four decades, and how their differential riverine exports have influenced ecosystem 37 

stoichiometry. 38 

Keywords: river, stoichiometry, carbon, nitrogen, phosphorus, decadal trends  39 
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 41 

Introduction 42 

Carbon (C), nitrogen (N), and phosphorus (P) are at the base of aquatic ecosystem metabolism 43 

(von Schiller et al., 2017), but excess loadings of these elements from land to water can 44 

adversely impact ecosystem functioning (Stutter et al., 2018). There have been widespread 45 

increases in the export of C, N, and P from land to water in response to changing climate and 46 

human modifications to the landscape (Ballard et al., 2019; Howarth et al., 1996; Kritzberg et al., 47 

2020), resulting in eutrophication and loss of aquatic ecosystem services (Carpenter et al., 1998; 48 

Graeber et al., 2021). However, terrestrial transfers of nutrients and carbon to a river may differ 49 

across or within a watershed as a function of different land use practices or physical watershed 50 

features affecting the elemental stoichiometries of the receiving systems (Goyette et al., 2019). 51 

As such, aquatic ecosystem stoichiometry, defined as the combined elemental gain and loss 52 

patterns at the watershed scale is a useful integrative framework to understand global change 53 

impacts on receiving waters (Maranger et al., 2018). The approach has been successfully applied 54 

along the mainstem of a river, where stark differences were measured as a function of seasonal 55 

climate and upstream-downstream land use gradients (Shousha et al., 2021). However, how long-56 

term changes in land use and climate variation may influence C, N, and P on land and in the 57 

water, and influence aquatic ecosystem stoichiometry, remains poorly understood. 58 

It is well known that C, N, and P exports have been influenced by land use changes and/or 59 

climate variation (Carpenter et al., 1998; Zarnetske et al., 2018). Increasing C loading to 60 

freshwaters has been indirectly related to changes in precipitation (Vidon et al., 2008; Zarnetske 61 

et al., 2018), recovery from acid rain (Clark et al., 2010; Kritzberg et al., 2020), and reforestation 62 

practices (Kritzberg, 2017). Land use change has been shown to influence dissolved riverine C 63 

concentrations and composition, but these vary in direction and magnitude (Xenopoulos et al., 64 

2021), and composition often tracks nutrients (Shousha et al., 2022). Anthropogenic N and P 65 

inputs to land have increased over time (Carpenter et al., 1998; Steffen et al., 2015) mostly 66 

because of urban population growth and intensive agriculture where N has outpaced P inputs 67 

(Glibert et al., 2014; Monchamp et al., 2014), influencing ecosystem stoichiometry. Atmospheric 68 

N deposition can also be a significant human-derived input on the landscape particularly in 69 

remote regions where land use change is limited (McCrackin & Elser, 2010). Historical 70 
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legislative acts, however, such as the Clean air and Clean water acts in North America for 71 

example, have resulted in reductions in N and P respectively to water (Goyette et al., 2016; 72 

Keiser & Shapiro, 2019). As such, elemental exports as well as their stoichiometries may be 73 

highly variable through time and across space, even within a single system. 74 

In terms of nutrient transfers from land to water, N, as nitrate, is more mobile in the soil matrix 75 

(Caraco & Cole, 1999), and precipitation or runoff has been shown to increase the anthropogenic 76 

N fraction exported to rivers (Han et al., 2009; Howarth et al., 2012; Howarth et al., 2006). P on 77 

the other hand is highly reactive and tends to bind to the soil matrix (Sharpley et al., 2013). P 78 

often enters rivers in a particulate form (Holtan et al., 1988; Paytan & McLaughlin, 2011) where 79 

increased exports tend to be influenced by flashier discharge patterns rather than annual 80 

precipitation (Goyette et al., 2019). In managed watersheds, delivery pathways are also a 81 

function of landscape modifications that promote runoff. For example, tile drainage has been 82 

shown to accelerate N transport accounting for > 80% of inputs loaded to waters (McIsaac & Hu, 83 

2004), whereas stormwater runoff from even moderately urbanised regions have higher P loads 84 

than less managed regions (Yang & Toor, 2018). However, understanding how these three 85 

elements respond to different drivers of change that influence riverine exports remains limited. 86 

Quantifying Net Anthropogenic N and P Inputs (NANI/NAPI) to land using a simple mass 87 

balance approach (Howarth et al., 1996) has successfully tracked historic and stoichiometric 88 

changes on the catchment and in riverine exports (Goyette et al., 2016, 2019). The NANI and 89 

NAPI mass balances have been done extensively in the United States (Hong et al., 2011), the 90 

Baltic Sea watershed (Hong et al., 2017), the United Kingdom (Howarth et al., 2012), Europe 91 

(using a similar approach, GRAFS; Billen et al., 2021), China (Gao et al., 2014; Han et al., 92 

2013), India (Swaney et al., 2015), and certain parts of Canada (Goyette et al., 2016; Van Staden 93 

et al., 2021), but at relatively broad spatial scales. Anthropogenic inputs are estimated using 94 

census data compiled at different administrative scales (for example: country vs municipality), 95 

and applying this approach at the finest scale possible could enable scientists and managers to 96 

target precise areas for intervention. However, applying changes in input type at finer scales over 97 

time remains to be explored. Here we combined historical changes in NANI and NAPI at the 98 

finest scale available (the municipality) together with precipitation to disentangle riverine C, N, 99 

and P export and consequences on aquatic ecosystem stoichiometry along the mainstem through 100 
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time. We quantify these changes at three sites along a river’s mainstem with an increasing 101 

gradient of human pressure in the sub-watersheds over a 40-year period to understand the 102 

differential sources and fates of these essential elements. 103 

Methods 104 

The Rivière du Nord watershed is situated north-west of Montreal, in the Laurentians region of 105 

Québec, Canada. The mainstem, a 140 km-long river of Strahler order 5, initially drains a largely 106 

forested landscape, then an urban, and finally an agricultural one (Figure 1a). Agricultural land 107 

use is constrained to fertile plains of the St. Lawrence Lowlands located in the southern-most 108 

third of the watershed. North of the St. Lawrence Lowlands is the Canadian Shield, a geological 109 

province covered with very little topsoil, a mix of conifer and deciduous trees, lakes and rivers. 110 

Most urban development occurred along the river banks.  111 

Three sites along the Rivière du Nord mainstem have been sampled periodically by the Ministère 112 

de l’Environnement et de la Lutte contre les changements climatiques, Forêt faune et parc 113 

(MELCCFP, 2022b) since ~1980, with measurements available for dissolved organic carbon 114 

(DOC), total nitrogen (TN) and total phosphorus (TP) in the Banque de données sur la qualité du 115 

milieu aquatique (BQMA). Data were available for three sites, named based on their location 116 

along the mainstem, using the outlet as river kilometer 0 (RKm 0, Figure 1a). These sites 117 

coincided with major changes in land cover and land use (Natural Resources Canada, 2009; 118 

Shousha et al., 2021). 119 
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 120 

Figure 1 Land use and land cover map of the Rivière du Nord watershed, positioned with 121 

regards to the Island of Montreal (panel a). The thick blue line in the watershed shows the river’s 122 

mainstem. The three water quality sites are River Kilometers 4, 58, and 101. Panel b shows 123 

cumulative drainage areas for the three sites. The grey area is not drained by RKm 4. 124 

To quantify human activities on the landscape historically, we used the Net Anthropogenic 125 

Nitrogen/Phosphorus Input (NANI, NAPI) mass balance approach following Goyette et al. 126 

(2016). Data sources, coefficients, and descriptions can be found in Supplementary Table 1. The 127 

N and P budgets were calculated from 1981 to 2016 at a 5-year interval using municipal-level 128 

data which was the finest scale available. Municipality surface area ranged from 16 to 485 km2 129 

(median = 97 km2, mean 134 km2, sd = 114 km2). 130 

To estimate aerial-weighted riverine loads or riverine export (kg km-2 yr-1), we used the loadest 131 

and loadflex models (Appling et al., 2015; Runkel et al., 2004) and divided by cumulative 132 

catchment area (Figure 1b). Briefly, models predict daily solute concentrations based on daily 133 

discharge data and measured concentrations (model outputs in Supplementary Table 2). Daily 134 

discharge data from 1979 to 2020 was downloaded from the Saint-Jérôme gauging station 135 

(45.79, -74.01; Centre d’expertise hydrique du Québec; (MELCCFP, 2018) and corrected for 136 

subwatershed surface area. Historical solute data was downloaded from the BQMA for the three 137 
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sites, and included our own sampling data (Shousha et al., 2021). On average, for all variables, 138 

the frequency of sampling was bi-monthly. 139 

Monthly precipitation data (1980-2020) were downloaded for 19 stations on and around the 140 

watershed (Government of Canada, 2021a; Supplementary Figure S1a). We then interpolated 141 

annual precipitation as the sum of rain and snow accumulated on land for all years by making a 142 

template grid of 0.01-degree resolution (Supplementary Figure S1b). We quantified the annual 143 

runoff coefficient as the ratio between streamflow (mm yr-1) to precipitation (mm yr-1). 144 

Specifically, we used daily streamflow at the Saint-Jérôme gauging station, converted it to yearly 145 

discharge (m3 yr-1), divided it by the area it drains (1163 km2). Annual precipitation was derived 146 

from daily precipitation from Saint-Jérôme from 1980 - 2020. While we originally considered 147 

temperature and sulfur deposition as other climatic variables, they explained little to no variation 148 

and were therefore excluded from the study. 149 

To compare the N and P inputs on land (5-year interval census data) to riverine loads (annual 150 

data), we derived a 5-year average of river estimates around the focal census year (census year: 151 

2001, riverine load average: 1999 – 2003). As 2016 was the last census year, we included 152 

riverine loads until the last full data year, 2020. Elemental ratios were calculated as the molar 153 

ratios of riverine exports. All analyses have been performed in R version 4.1.2 (R Core Team, 154 

2021). 155 

Results 156 

Temporal changes in element exports and links with precipitation 157 

Across sites and years, exports of C, N, and P in the Rivière du Nord varied differentially (Figure 158 

2a-c). There was little difference in the patterns of overall riverine C export across sites in the 159 

Rivière du Nord mainstem, but a slight increase can be observed for all sites over time. Overall, 160 

DOC export for the three sites ranged from 1891 to 4890 kg km-2 yr-1 (mean = 3123, sd = 662), 161 

and most variability can be explained by the broad range in annual precipitation (range: 907 to 162 

1364 mm; Figure 2d). Riverine N and P exports were more distinctive among RKm sites. N 163 

exports in the two most downstream sites, RKm 58 and RKm 4, ranged from 281 to 881 kg km-2 164 

yr-1 (mean = 493, sd = 108) and increased steadily from ~1990. Precipitation explained 42% of 165 

the interannual variance for both these sites (Figure 2e). N exports in the forested site, RKm 101, 166 
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ranged from 218 to 406 kg km-2 yr-1 (mean = 306, sd = 50) and precipitation explained 48% of 167 

the variance. Exports were much lower than the two downstream sites for any given amount of 168 

precipitation. The trends in riverine P for the two most downstream sites were similar to one 169 

another, remaining constant until ~1998 (mean = 49, sd = 10), after which they dropped by more 170 

than half and then tended to increase starting in 2010. As a result, mean P exports for both sites 171 

across years was 38 kg km-2 yr-1 whereas they were 18 kg km-2 yr-1 for forested RKm 101 on 172 

average, where they decreased continuously by more than half between 1980 and 2020. 173 

Precipitation did not explain significant amounts of variability in P at any site (Figure 2f).  174 

 175 

 176 

Figure 2 Overall DOC (a), TN (b), and TP (c) riverine export (kg km-2) over four decades for 177 

three sites along Rivière du Nord. RKm 101 (yellow) is the most upstream site, followed by 178 

RKm 58 (red), and RKm 4 (blue). The larger variations observed at the beginning of the 179 

timeframe (~1980-1985) may be an artifact of loadest and loadflex models lacking earlier data 180 

points. Annual riverine export as a function of total annual precipitation is shown in d) DOC, e) 181 

TN, and f) TP. Linear relation between DOC and total annual precipitation was y = 4.69x – 1962 182 

(R2 = 0.51, p-value < 0.01) and no significant differences among RKms were observed using an 183 

analysis of covariance. TN slopes were not different among RKms, but intercepts between RKms 184 

4-58 and 101 were significantly different (p < 0.01). Equation of the RKms 4-58 was y = 0.42x + 185 
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30 (R2 = 0.21, p-value < 0.01) and equation for RKm 101 was y = 0.32x – 44 (R2 = 0.48, p-186 

value < 0.01). TP loads were twice as high at sites RKm 4 and 58 than 101, but there was no 187 

relationship with precipitation.  188 

Changes in land inputs 189 

To quantify the overall change in nutrient inputs, Figure 3 shows the difference in Net 190 

Anthropogenic Nitrogen and Phosphorus Inputs (NANI and NAPI, respectively) between 2016 191 

and 1981. The municipalities for which the inputs increased the most across years (in red) 192 

followed urban development along major highways, which followed the river mainstem. Across 193 

all years and municipalities, NANI averaged 1332 kg km-2 (sd = 1249) and ranged from ~ 500 kg 194 

N km-2 in Doncaster, a Mohawk First Nations Reserve (Supplementary Figure S2a) to 7827 kg N 195 

km-2 in the most populated municipality in 2016, Saint-Jérôme (805 habitants km-2; 196 

Supplementary Figure S2b). The municipality of Doncaster should be largely uninhabited as it 197 

serves as a hunting and fishing territory reserved for the Mohawk First Nation (Gouvernement du 198 

Québec, 2012), and NANI was estimated as atmospheric N deposition only. Across all years and 199 

municipalities, NAPI averaged 141 kg km-2 (sd = 354) and ranged from -47 kg P km-2 to 1394 kg 200 

P km-2 (Supplementary Figure S2c, d).  201 

 202 

Figure 3 Two Rivière du Nord maps showing historical changes in NANI (left) and NAPI 203 

(right). Municipalities in red represent an increase from 1981 to 2016, and in blue represent a 204 

decrease.  205 
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Relationship between anthropogenic inputs and riverine exports 206 

There were large differences between N and P trends, both in terms of anthropogenic landscape 207 

inputs and riverine exports (Figure 4). For the most upstream site draining mostly forested 208 

landscape, RKm 101, neither NANI (mean = 896, sd = 65 kg km-2) nor NAPI (mean = 57, sd = 7 209 

kg km-2) increased significantly through the years, and TN riverine exports remained rather 210 

constant (mean = 305, sd = 20 kg km-2) whereas TP exports dropped by more than half, from 35 211 

± 14 kg P km-2 in 1981 to 13 ± 5 kg P km-2 in 2016. 212 

For the two downstream sites, RKms 58 and 4, there was a strong linear relationship between 213 

NANI and TN riverine exports (p < 0.001, R2 = 0.59). In contrast, while NAPI increased (from 214 

117 to 178 kg km-2 at RKm 58, and 122 to 145 kg km-2 at RKm 4), riverine TP exports decreased 215 

by almost half in both sites (52 to 33 kg P km-2). 216 

On average, for the last 40 years, the fraction of NANI in riverine export has been relatively 217 

stable (37 ± 5%, Figure 4c) suggesting that just over a third of the yearly net human inputs on 218 

land are exported towards the river. P, however, was more variable. The fractional export of 219 

NAPI decreased from 31% in 1996 to 15% in both 2006 and 2011, then increased again in 2016 220 

(23%), resulting in an overall average and standard deviation of 27 ± 10%. 221 

 222 

Figure 4 Riverine exports of TN (a) and TP (b) versus NANI and NAPI. Yellow, red and blue 223 

colours represent sites at RKm 101, 58, and 4, respectively. The eight census years appear linked 224 

in chronological order, the darker circles representing the last census year, 2016. Riverine 225 

exports represent a 5 year mean around the focal census year, with vertical bars as the standard 226 

deviation. Panel c shows the fraction (%) of NANI and NAPI observed in TN and TP riverine 227 

exports, respectively (kg N or P km-2), across years for the most downstream site. 228 
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Historical stoichiometry 229 

To characterise how riverine ecosystem stoichiometry varied through time at sites receiving 230 

differential anthropogenic inputs, we plotted molar C: N vs C: P ratios (Figure 5a; exact values 231 

in Supplementary Table 3). C: P was much more variable in the upstream site (mean = 587: 1, sd 232 

= 334, cv = 57), while C: N was more constrained (mean = 11.6, sd = 1.7, cv = 14.9). For the two 233 

downstream sites, ratios were typically more constrained, but shifted from a more variable C: N 234 

in the first two decades (cv = 22 vs 15 in the last two decades) to a more variable C: P in the last 235 

two (cv = 33 vs 22 in the first two). To consider the variability and specific trends in those ratios, 236 

we plotted C: P (panel b), N: P (panel c), and C: N (panel d) molar ratios of exports at all three 237 

sites across years. C: P and N: P in the most upstream site varied most (587 ± 334, 50 ± 27, 238 

respectively), while trends in the two more impacted sites followed an inverse V-shape in 239 

response to human interventions. Considering what the river ultimately exports to downstream 240 

ecosystems, C: N at RKm 4 had the least variation of all ratios (7.2 ± 1.4) and ranged from 10.6 241 

(in 1991) to 4.7 (in 2013), supporting N-enrichment over time. C: P varied more (251 ± 112), 242 

ranging from a low of 109 (in 1979) to a high of 554 (in 2008), largely as a function of 243 

decreasing P, whereas N: P (36 ± 17) ranged from 17 (in 1992) to 87 (in 2007) both as a function 244 

of decreased P and increased N. From 1980 to 2020, C: N: P exports shifted from 130: 23: 1 to 245 

217: 44: 1, with a C and N peak in 2007-2008 of 554: 87: 1. The decline in N: P and C: P ratios 246 

after 2008 appears to largely be driven by an increase in P entering the river over the last 15 247 

years (Figure 2c), that was not fully explained by changes in NAPI. 248 
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 249 

Figure 5 Panel a shows molar C: N vs C: P ratios for all three sites, where RKm 101 is 250 

represented by triangles, RKm 58 by squares, and RKm 4 by circles. The ratios are averaged by 251 

decade with standard deviations. Panels b, c, and d show molar C: P, N: P, and C: N ratios for 252 

riverine exports across years at all sites. 253 

Discussion 254 

Mechanisms underlying trends in riverine C, N, and P 255 

The inputs of the three major elements that influence the base of food webs and ecosystem 256 

functioning are being altered across rivers globally (Carpenter et al., 1998; Hong et al., 2017; 257 

Xenopoulos et al., 2021), subsequently influencing ecosystem level stoichiometry which is rarely 258 

considered. Here we show the differential response of riverine C, N, and P exports to changes in 259 

the catchment and precipitation across space over four decades. Urbanisation over the last four 260 

decades was the most remarkable anthropogenic change in nutrient inputs to land in this large 261 

north temperate river. However, these increased inputs did not necessarily result in higher 262 

phosphorus exports over time because of human interventions on the landscape. We found no 263 

obvious impact of land use change on C exports with precipitation being the main driver, 264 

whereas N was influenced by both. The combined consequences of these differential drivers in 265 
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the catchment related to exports resulted in changes in riverine ecosystem stoichiometry over 266 

time with impacts on functional properties. 267 

The lack of correlation between riverine P exports with precipitation (Figure 2f) and the 268 

unexpected negative relationship with NAPI (Figure 4b) supports successful intervention 269 

strategies. The most striking was the precipitous drop at RKm 58, by half, from 2000 (76 533 ± 270 

16 445 kg yr-1) to 2010 (32 795 ± 7 390 kg yr-1), following the construction of government-271 

subsidised wastewater treatment plants (WWTPs) designed to retain P in the 1990s (MELCCFP, 272 

2022a). The largest WWTP alone (constructed in 1998 ~10 km upstream from RKm 58; at Saint-273 

Jérôme on Supplementary Figure S3 map) could account for up to 24 276 ± 5 230 kg of annual 274 

phosphorus removal or 72% of the total reaching its intake (2017 – 2020 average). This 275 

management intervention, not considered in NAPI, resulted in a major P retention control point 276 

that influenced overall riverine exports. However, riverine P exports have increased in the last 10 277 

years despite the fact that ~70% continues to be removed from wastewater. This increase may be 278 

due to a higher sewage throughput because of a continuously growing population reflected in the 279 

slight uptick in NAPI in the last years (Figure 4b) or alternatively by a 1.5-fold increase in runoff 280 

ratio from 1980 – 2000 to 2010 – 2020 (Supplementary Figure S4c) as a function of urban 281 

expansion. Impervious surfaces are known to increase delivery of P to surface waters  (Hobbie et 282 

al., 2017; Müller et al., 2020), and stormwater runoff often leads to higher P concentrations 283 

(Yang & Toor, 2018). Although there is no clear linear trend between TP exports and runoff 284 

(Supplementary Figure S4f), we suggest changes in delivery pathways through urbanisation, as 285 

well as higher throughput in wastewater, have contributed to the recent increases observed in 286 

riverine TP. 287 

N was the only element that seemed to be influenced by both precipitation and anthropogenic 288 

inputs. This is not surprising because hydrology is a strong driver of N losses in more forested 289 

catchments (Inamdar et al., 2015; Mitchell et al., 1996), and NANI has been extensively used to 290 

successfully predict N in rivers (Chen et al., 2016; Goyette et al., 2016; Han et al., 2009; Swaney 291 

et al., 2012). Nevertheless, the scale at which we quantified NANI revealed that increased 292 

urbanisation was the most probable factor contributing to N exports in the two downstream sites 293 

in this river, reflecting wastewater inputs minimally treated for N through holding ponds directly 294 

discharged into the mainstem. As the fraction of NANI estimated in the mainstem has been 295 
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relatively stable over 40 years (Figure 4c), riverine N exports in this specific system could be 296 

abated through N removal in wastewater treatment (Rahimi et al., 2020) or a reduction in NANI 297 

through large-scale dietary shifts away from meat (Almaraz et al., 2022). 298 

Among the three elements in this study, C was the most strongly influenced by changes in 299 

climate drivers, with more than half of the inter-decadal variation in riverine exports being 300 

explained by total annual precipitation (Figure 2). The strong relationship between precipitation 301 

and area-specific exports suggests that DOC is transport-limited in this watershed, a relatively 302 

widespread phenomenon across rivers in the United States (Zarnetske et al., 2018) and northern 303 

Europe (Winterdahl et al., 2014). Although we could not fully resolve the temporal increase in 304 

DOC with historical precipitation changes (Supplementary Figure S4a), the increase in relative 305 

runoff could be contributing to this observed trend. Regardless, our results show how interannual 306 

variation in precipitation strongly impacted DOC exports, even more so than other elements, 307 

whereas nutrients were more strongly influenced by anthropogenic drivers. This led to clear 308 

inter-decadal trends in riverine stoichiometry. 309 

Implications of varying riverine ecosystem stoichiometry 310 

Changes in ecosystem stoichiometry were depicted through the modifications in inputs, 311 

retention, and delivery for C, N, and P across the watershed over four decades. Trends in the last 312 

three decades of C: N to C: P (Figure 5a) follow the same decreasing trajectory from upstream to 313 

downstream as in Shousha et al. (2021), where nutrients increased relative to C as a function of 314 

land use change. However, the upstream to downstream shift in C: P has become more 315 

remarkable over time, because ratios at the most upstream site increased almost 4-fold due to a 316 

concomitant increase in C and decrease in P (triangles in Figure 5a; absolute exports in Figure 317 

2a, c). At this site, there is a surprising 5.8-fold decrease in P, whereas the C increase is 318 

considerably more modest (1.2-fold) and driven by changes in precipitation. Indeed, the 319 

variability in the C: P and N: P ratios in the forested section is a function of interannual variation 320 

in hydrology influencing C and N riverine exports, whereas P is on a steady decline. Several 321 

possible reasons could explain the decrease in riverine P at this pristine forested site. One could 322 

be the legislation of septic tanks to prevent P leakage across the region (MELCCFP, 2022c; 323 

MTESS, 2021). A second possibility is the increased construction of dams, largely for 324 

recreational purposes, throughout the watershed over the last decades (MELCCFP, 2023), as 325 
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increasing lentification is known to retain more P at the watershed scale (Kirchner & Dillon, 326 

1975; Maavara et al., 2015; Soranno et al., 2015). Another potential more regional explanation is 327 

the decrease in apatite weathering with acid rain reversal, where TP in streams has been shown 328 

to decrease over recent decades in a watershed located in the same geological province (Baker et 329 

al., 2015). Although we cannot resolve the exact mechanism behind this trend, our results show 330 

how a combination of change in precipitation, human interventions, and potentially atmospheric 331 

pollution has induced profound changes in riverine stoichiometry even in the most pristine area 332 

of the river. As increases in C: nutrient ratios can favour microbial sequestration of N and P 333 

locally or downstream of C-rich inputs (Stutter et al., 2018), the shift towards higher C: P (and C: 334 

N to a certain extent) at RKm 101 may increasingly fuel downstream metabolism. 335 

Moving downstream, land use changes impacted the delivery of nutrients to the river, 336 

differentially influencing the stoichiometry at RKms 58 and 4. C ratios shifted from those with 337 

higher P and lower N in the first two decades to lower P and higher N at these sites in the last 338 

two decades. Although we do not have information on historical shifts in C type, composition 339 

was shown to change abruptly between the more forested upstream pristine reach as compared to 340 

the downstream more impacted one (Shousha et al., 2022). This suggests that there must be a 341 

high turnover of terrestrial C likely driven by the land use driven changes in nutrient inputs 342 

(Rosemond et al., 2015) that likely also occurred through time. It was interesting to note that the 343 

C: P in the upstream site was similar to those downstream in the 1980s. This original C: P 344 

upstream was more a result of much higher P than lower C, but this observation was not 345 

expressed in the estimated NAPI (Figure 4b). This suggests some other P input such as those 346 

potentially related to the forestry industry (Faubert et al., 2016) pervasive in the region at that 347 

time (Abrinord, 2022), which was not accounted for. The shift in C: P in downstream sites over 348 

time was a direct influence of WWTP P removal. Interestingly, however, the C: N ratio at the 349 

downstream site varied little over the four decades, and hovered around Redfield. This 350 

constrained C: N downstream could in part be shaping the N: P and C: P imbalances over time 351 

(Elser et al., 2022), and act as some sort of emerging ecosystem property, where both C and N 352 

can be permanently removed from the system hence converging toward this value metabolically 353 

(Maranger et al., 2018). Yet how P influences stoichiometry may more be a function of historical 354 

changes in inputs, and geomorphometric settling (Maavara et al., 2015; Soranno et al., 2015). 355 
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Absolute nutrient concentrations, however, and their ratios would ultimately shape C type and 356 

the fate of terrestrial sources (Rosemond et al., 2015; Shousha et al., 2022).  357 

Management implications for nutrient inputs 358 

Adopting the mass balances at the spatial resolution used here (i.e. the municipality) allowed us 359 

to identify areas in the watershed where nutrient inputs were highest and have changed the most 360 

over time. Our approach is easily adaptable to rivers globally to identify meaningful places to 361 

intervene in the watershed and abate nutrient loadings. This was particularly the case for N 362 

exports in this watershed, where urban expansion and the resulting increase in wastewater non-363 

treated for N, entering as a point source, appears to be the most significant portion of NANI 364 

entering the river. A likely impact of not reducing N and maintaining high N: P ratios is that 365 

when nutrient concentrations are high, toxic cyanobacteria and other harmful algal blooms are 366 

favoured (Glibert et al., 2014; Scott et al., 2013), that can result in local issues as well as 367 

downstream consequences resulting in coastal degradation (Howarth, 2008; Paerl et al., 2004). 368 

As such, where possible, a dual nutrient removal strategy should be supported in systems where 369 

WWTPs are the main sources of N inputs (Conley et al., 2009; Paerl et al., 2004). We should 370 

note however that due to historical data limitation, the river sections where we were able to 371 

evaluate elemental export were mainly pristine or affected by urbanisation, with limited 372 

agricultural activity. Abatement choices would be different if we captured the input of the largely 373 

agricultural sub-watershed entering downstream of our most downstream site (Figure 1). There, 374 

reduction in fertiliser use and landscape level restoration efforts including the targeted wetland 375 

restoration (Cheng et al., 2020) and implementing winter cover crops (Hanrahan et al., 2018; 376 

Speir et al., 2022) may be the most effective practice. We suggest the broad applicability of our 377 

approach, and the relative accessibility of census data around human populations and agricultural 378 

practices in many watersheds of the world, could provide the needed guidance to help mitigate 379 

the excessive nutrient loadings to many rivers at scales relevant to management. 380 
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The coefficients used to calculate the Net Anthropogenic Nitrogen and Phosphorus Input 406 

(NANI/NAPI) mass balances are listed in Supplementary Table 1 along with their sources.  407 

Supplementary Table 1: List of sources for data and coefficients used to calculate all categories in the NANI 

and NAPI mass balances at the municipal level in Québec, Canada.  
Mass balance sub-category Source Details 

AGRICULTURAL 

CENSUS 

  

 Statistics Canada, 1982a, 1987a, 1992a, 1997a, 2002a, 

2007a, 2012a, 2017a 

 

POPULATION CENSUS   

 Statistics Canada, 1982b, 1987b, 1992b, 1997b, 2002b, 

2007b, 2012b, 2017b 

 

FERTILISER   

 Statistics Canada, 2022d Metric tonnes of N, P fertiliser at QC level (x1000). 

 Statistics Canada, 2013 For 2006 and prior 

 Russell et al., 2008 To transform P2O5 into P 

LIVESTOCK 

SLAUGHTER 

  

Number slaughtered cattle, 

calves 

Statistics Canada, 2022b Number of cattle, calves slaughtered at the national 

level (Canada) 

Number slaughtered hogs, 

sheep & lamb 

Statistics Canada, 2022e Number of hogs, sheep & lamb slaughtered at the 

national level (Canada) 

Number slaughtered 

chicken, turkey 

Government of Canada, 2021b Number of chicken, turkeys slaughtered at national 

level (Canada) 

Number slaughtered 

livestock at provincial level 

Census of agriculture > Livestock  Total heads cattle, calves, hogs, sheep, lamb, 

chicken, turkey at national level (Canada) 

mailto:stephanie.shousha@umontreal.ca
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 Census of agriculture > Livestock  Total heads cattle, calves, hogs, sheep, lamb, 

chicken, turkey at provincial level (QC) 

LIVESTOCK LIVE 

WEIGHT 

  

Weight cold carcass cattle, 

calves 

Statistics Canada, 2022b Average weight, cold carcass 

Weight cold carcass hog, 

sheep & lamb 

Statistics Canada, 2022e Average weight, cold carcass 

Conversion factor carcass to 

live 

Government of Canada, 2022 Conversion factor from live weight to cold carcass 

Weight live chicken, turkey Statistics Canada, 2021b Total kg for chickens, hens + number of heads 

Weight live egg Statistics Canada, 2021a Egg number per head of layer 

Weight live milk FAO, 2021 Kg of milk produced per cow 

EDIBLE PORTION   

Edible portion of animals as 

% of live weight 

Han et al., 2009 What we can eat of the animal 

NP CONTENT   

N content Han et al., 2009 What % of the edible portion is N 

 personal communication with J.-O. Goyette N % for pork, chicken, broiler (all = 3.648) 

P content Goyette et al., 2016 What % of the edible portion is P 

ANIMAL INTAKE   

Consumtion rates N Han & Allan, 2008 Consumption rates of N for livestock under 

dynamic model 

Consumtion rates P Han et al., 2011 Consumption rates of P for livestock under 

dynamic model 

Life cycle (days alive per 

year) 

Han et al., 2009 Duration of livestock life on farm (usually less than 

1 year) 

 Kellogg et al., 2000 " " 

 Goyette et al., 2016 " " 

Equations to calculate 

dynamic life cycle 

Goyette et al., 2016 

Kellogg et al., 2000 

 

 Han et al., 2009   

CROP YIELD   

Provincial yield for certain 

crops 

Statistics Canada, 2022c Crop yields at provincial level (not found at smaller 

scale) 

Provincial yield for potatoes Statistics Canada, 2022a Crop yield at provincial level for potatoes 

 https://www.potatopro.com/quebec/potato-statistics PotatoPro 

Administrative region crop 

yield 

Institut de la statistique du Québec, 2020 Crop yield at the administrative level for big 

cultures 

  For the provincial yield, if had no data for region, 

used average of all instead. Used the provincial 

average for the following crops to build in missing 

regional data:  

  For Fodder corn: Saguenay, Abitibi, Côte-Nord, 

Nord-du-Québec 

  For Grain corn : Bas-Saint-Laurent, Abitibi,Nord-

du-Québec,Gaspésie 

  For Barley: Estrie, Outaouais, Laurentides 

  For Soya : Bas-Saint-Laurent, 

Gaspésie,Abitibi,Nord-du-Québec 

  For Oats : Montréal, Laval,Lanaudière,Montérégie 

https://www.potatopro.com/quebec/potato-statistics
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  For mixed grains : Capitale-Nationale, Mauricie, 

Montréal, Laval, Lanaudière, Outouais, 

Laurentides, Abitibi, Nord-du-Québec, Montérégie 

Understanding agricultural 

regions in QC 

Statistics Canada, 2021c Codes for each region (not to mix up with 

administrative codes, which are slightly different) 

CROP CONTENT   

Kilograms harvested per 

yield unit (nitrogen) 

USDA, 2017 USDA Natural Resources Conservation Service, 

Technical Resources 

Percent Dry Matter, Percent 

N in Dry Matter (nitrogen) 

USDA, 2017 USDA Natural Resources Conservation Service, 

Technical Resources 

Percent N in Dry Matter for 

Corn grain :  updated 

(nitrogen) 

David et al., 2010 % protein in modern corn hybrids is decreasing 

continuously (from 10 to 8.5% from 1985 to 2006). 

Assumed 1.36% N for 2006 (assumption: use 2006 

data for today too). Toolbox assumes 9.5% protein 

= 1.5% N (average between 1985 - 2006). 

N content for cropland and 

non cropland pastures 

(nitrogen) 

Hong & Swaney, 2010; Table 5.1.1.1  

P content in crops MacDonald & Bennett, 2009 P content in crop types (kg / kg of crop) 

P content for cropland and 

non cropland pastures 

Schaefer & Alber, 2007 P content for pastures  

DISTRIBUTION   

% distributed to humans and 

animals 

Boyer et al., 2002 Partition crop yields to humans and animals 

 Jordan & Weller, 1996   

% of crop lost during harvest Boyer et al., 2002 Losses of crops during harvest 

  Missing rice and buckwheat for distribution and 

loss: 

  For buckwheat, in Yieldbased BNF, buckwheat 

column notes are in red (10% loss and 90% to 

humans) 

 Swaney et al., 2018; Toolbox v3 Pasture loss : take half leave half 

BIOLOGICAL 

NITROGEN FIXATION 

  

Yield based for soybean, 

alfalfa, non-alfalfa 

Han & Allan, 2008 Table 4 : proportion of plant N from fixation 

Nonalfalfa have 25% 

leguminous plants 

USDA, 2007 Alfalfa fixes nitrogen. Legumes (in non-alfalfa 

plants) are the ones that fix nitrogen in the non-

alfalfa pastures. So, include the legumes from 

nonalfalfa that fix nitrogen in calculation. 

Cropland, area-based Jordan & Weller, 1996 Named non-wooded pastures, east of Mississippi, 

eastern pastures 

Snap beans, area-based Boyer et al., 2002,  

Peanuts, area-based Jordan & Weller, 1996 They have 86 kg N / ha / yr 

 Schaefer & Alber, 2007 They have 8000 kg N / km2 / yr 

PROTEIN 

CONSUMPTION 

  

Amount of protein 

consumed per capita, recent 

average 

Hong & Swaney, 2010; Toolbox 3.1 6.21 kg / person / yr is data in toolbox. It's an 

average, and does not say from what years. Only 

says that data comes from US censuses.  

N content in protein Jones, 1941 N is 16% of protein 

 Hong et al., 2012 Conversion factor used in NANI-PI 

P content in protein Hong et al., 2012 P consumption is equivalent to 20% N consumption 
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 Russell et al., 2008 Authors do not clearly state in article that N:P is 5, 

so ref is here because (Hong et al., 2012) based 

themselves off (Russell et al., 2008) to calculate 

N:P of 5 

DETERGENT   

For laundry detergent :    

Laundry detergent (kg / 

capita / yr) 

Han et al., 2012 Laundry detergent use (USA proxy because 

unavailable for Canada) 

% of P by weight Litke, 1999 Detergent industry limits phosphate in detergents to 

8.7% by weight as phosphorus in 1970 and to 2.2% 

in 1972 in Canada (for laundry) 

 Government of Canada, 2019 Limit goes down to 0.5% in 2009 + when click to 

see previous versions, find the 2.2% limit 

  website last up to date 2019, so use values there for 

most recent year 

For dishwasher detergent :   

Detergent use (Spoons / 

capita / yr) 

Han et al., 2012 dishwasher detergent use 

 Goyette et al., 2016 dishwasher detergent use 

P content (kg P / spoons) Han et al., 2012 Article has kg P per spoon (0.0009687). Assume 

this is when limit is at 8.7% P content because in 

same time range of regulations (Litke, 1999) 

 Government of Canada, 2019 Limit goes down to 0.5% in 2009 

  Rule of 3 : if 0.0009687 is for 8.7, what is kg-P for 

0.5% (limit of 2.2% in the 1970s only for laundry) 

Proportion of households 

with automatic washers 

Goyette et al., 2016 Proportion of households with dishwasher 

 Statistics Canada, 2017c We are looking for dishwasher information.  

  Calculate trendline for 1997-2009 and get 

proportion for 2011, 2016 (for Canada) 

P dishwashing detergent 

cosumption (kg P / capita / 

yr) 

Equation = dishwashing detergent use * P content * 

Proportion of households 

ATMOSPHERIC 

DEPOSITION 

  

N deposition www.cmaq-model.org/ Community Multiscale Air Quality model for 2008 

(usually kg-N / km2) 

Used NHy and NOx deposition because of small 

surface areas of municipalities and discrete land use 

(Boyer et al., 2002; Dentener & Crutzen, 1994) 

N emissions, historical Government of Canada, 2018 Air Pollutant and Black Carbon Emissions 

Inventories online search (1990 – 2020). 

 Asadoorian et al., 2006 Emission trends (Tg) 1890 – 1995. 

 408 

  409 
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Supplementary Table 2 summarises the loadflex model outputs for each RKm and variable 410 

modelled.  411 

Supplementary Table 2: Example of loadflex model fit for the three sites along the Rivière du Nord 

mainstem, RKms 4, 58, 101. The best models were chosen for their lowest RRMSE and ARIL. They are 

in bold and are the ones that were used to interpolate concentration predictions for the years of interest, 

1980-2020. 
RKm Variable Years spanned by data Model RRMSE ARIL 

4 TN 1985-2020 interpolation 0 1.1492 

   linear model 0.3943 1.3169 

   loadReg 0.3389 1.1090 

   composite 0.0006 1.1051 

 TP 1979-2020 interpolation 0 2.8505 

   linear model 0.9759 3.0094 

   loadReg 0.6406 2.1455 

   composite 0.0002 1.8968 

 DOC 1984-1990, 1993-2020 interpolation* 0 0.7636 

   linear model 2.3623 1.2422 

   loadReg 2.1029 1.0697 

   composite 0.0002 1.1518 

58 TN 1985-1986, 1988-2020 interpolation 0 1.2653 

   linear model 0.3298 1.1935 

   loadReg 0.2736 0.9943 

   composite 0.0009 1.0342 

 TP 1979-1986, 1988-2020 interpolation 0 3.2604 

   linear model 1.2368 3.7891 

   loadReg 0.8605 2.4154 

   composite 0.0007 1.8788 

 DOC 1984-1986, 1988-1990,  interpolation 0 0.70633 

  1993-2020 linear model 0.2179 0.7174 

   loadReg 0.1931 0.6003 

   composite 0.0001 0.7288 

101 TN 1985-1986, 1988-2020 interpolation 0 1.2745 

   linear model 0.2708 1.1115 

   loadReg 0.2176 0.8988 

   composite 0.0003 0.9723 

 TP 1979-1986, 1988-2020 interpolation 0 6.0454 

   linear model 1.9940 5.5106 

   loadReg 0.9638 2.8503 

   composite 0.0002 2.4020 

 DOC 1984-1986, 1988-1990,  interpolation 0 0.6890 

  1993-2020 linear model 0.1957 0.7490 

   loadReg 0.1379 0.5257 

   composite 0.0003 0.5913 

RRMSE : relative root mean square error, ARIL : average of the relative 95% prediction interval lengths (Appling et al., 2015). Variable 

acronyms refer to total nitrogen (TN), total phosphorus (TP), and dissolved organic carbon (DOC). 

 412 

 413 

 414 
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Supplementary Table 3 reports the values for C: N, C: P, and N: P (Figure 5a).  415 

Supplementary Table 3: Decadal averages (± standard deviations) for C: N, 

C: P, and N: P molar ratios at the three sites along Rivière du Nord. 

C: N 1979 – 1989 1990 – 1999 2000 – 2009 2010 – 2020 

RKm 101 10 ± 0.8 11 ± 1.5 12 ± 1.6 12 ± 2.0 

RKm 58 10 ± 1.8   8 ± 1.3  8 ± 1.0   7 ± 0.9 

RKm 4   7 ± 1.1   9 ± 1.3  7 ± 0.8   6 ± 1.1 

C: P 1979 – 1989 1990 – 1999 2000 – 2009 2010 – 2020 

RKm 101 264 ± 55  442 ± 148 715 ± 253  926 ± 313 

RKm 58 153 ± 42 164 ± 36 384 ± 144 313 ± 86 

RKm 4 148 ± 20 194 ± 24 364 ± 130 304 ± 69 

N: P 1979 – 1989 1990 – 1999 2000 – 2009 2010 – 2020 

RKm 101 26 ± 6 40 ± 13 57 ± 18 76 ± 29 

RKm 58 15 ± 4 20 ± 4 50 ± 14 48 ± 14 

RKm 4 22 ± 3 23 ± 4 50 ± 17 48 ± 9 

  416 

 417 

 418 
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 420 

 421 

Supplementary Figure S1a) Location of 19 stations where historical precipitation data is 422 

recorded, compared to the Rivière du Nord watershed and b) Inverse Distance Weighting 423 

interpolation for 1980. The geospatial interpolation is shown with a resolution of 0.05 degrees 424 

for visual representation purposes, but the actual data were interpolated using a 0.01 degree 425 

resolution.  426 
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 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

Supplementary Figure S2 Four Rivière du Nord maps showing historical changes in Net 442 

Anthropogenic Nitrogen Inputs (NANI; top) and Net Anthropogenic Phosphorus Inputs (NAPI; 443 

bottom). Panels a) and b) show the NANI for 1981 and 2016, respectively. Panels c) and d) are 444 

the equivalent of a) and b) but for NAPI, where municipalities in grey represent a net export of P 445 

(negative values). 446 

  447 
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 448 

Supplementary Figure S3 Location of wastewater treatment plants in the Rivière du Nord 449 

watershed with their associated population in the year of conception. 450 

  451 



manuscript submitted to Global Biogeochemical Cycles 

 

 452 

Supplementary Figure S4 Panels a) and b) show precipitation (rain and snow) for each year at 453 

the watershed level (interpolated) and at the specific Saint-Jérôme weather station. Panel c) 454 

shows discharge at the Saint-Jérôme gauging station. We use CVprec as a proxy for flashiness, 455 

with the intent that if a year had a larger coefficient of variation (CV) for its total precipitation, 456 

that year had flashier precipitation. Panel e) shows that runoff (annual discharge over annual 457 

precipitation) has increased in the last 10 years. Panels f) and g) show no clear relationship 458 

between TP riverine loads (at RKm 58, the closest to Saint-Jérôme) and flashiness or runoff. 459 

  460 
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