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Abstract Increased flux of carbon and nutrients

from human activities in river basins were linked to

acidification and deepwater hypoxia in estuaries and

coastal areas worldwide. Annual loads (1995–2011) of

suspended particulate matter (SPM), dissolved

organic carbon (DOC), total nitrogen (TN) and total

phosphorus (TP) were assessed at the Lake Ontario

inlet of the St. Lawrence River (SLR) (7110 m3 s-1)

and its estuarine outlet at Québec City

(12,090 m3 s-1). Internal loads from the Ottawa River

(1950 m3 s-1), seventeen other tributaries, urban

wastewaters, atmospheric deposition and erosion were

also estimated. Erosion (65% of SPM, 29% of TP),

inflow from Lake Ontario (42% of DOC, 47% of TN)

and Ottawa River (28% of DOC) contributed impor-

tant flux to the estuary. Loads from other tributaries

(20 and 27% of TN and TP at Quebec City) largely

exceeded municipal sources (6% of exported TN and

TP) and require future remediation. Aquatic plants

fixed 277,000 t of C, 49,000 t of N and 7000 t of P

(May–Sept.), delaying the nutrient flux to the estuary

and turning the SLR into a nutrient sink over summers

of lowest discharge. Degradation of exported organic

C could consume 5.4–7.1 million t O2 year-1 in the

estuary whereas SLR flux of N and P represent

31–47% and 7–14% of total annual estuarine flux,

respectively. Carbon and Nitrogen flux from freshwa-

ters partly explain the decline in pH and oxygen

concentrations in deep estuarine waters thus high-

lighting the need to reduce diffuse sources of nutrients

in the entire watershed.
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Introduction

Anthropogenic eutrophication of estuaries and coastal

areas resulting from rising carbon and nutrient flux

from freshwaters is an issue of increasing importance

in many parts of the world (Gilbert et al. 2010; Sutton

et al. 2011). Inflow of nutrients, especially nitrogen

(N), stimulates primary production in the estuary,

occasionally leading to a rise in frequency and

intensity of harmful algal blooms (Weise et al. 2002;

Bricker et al. 2008) which induce massive mortality of

marine fish, birds and mammals (Starr et al. 2017).

Organic carbon exported from the watershed and

plankton produced within the estuary eventually

sediments into deep estuarine waters, where enhanced

microbial activity induces hypoxia and anoxia (Kemp

et al. 2009). Median rates of oxygen decline are more

severe in a 30 km band near the coast than in the open

ocean ([100 km from the coast) (Gilbert et al. 2010)

which also exerts a range of negative effects on marine

coastal ecosystems (Diaz and Rosenberg 2008).

Microbial degradation of organic matter generated

by coastal eutrophication also amplifies acidification

(Wallace et al. 2014). As with many coastal waters of

the world’s ocean, the bottom layers of the St.

Lawrence Estuary have shown declining oxygen

concentrations (Gilbert et al. 2005) and concurrent

rising acidification (Mucci et al. 2011).

Inflow of organic carbon or nutrients from terres-

trial origins could thus partially account for increased

O2 consumption in deep estuarine areas, either directly

(through bacterial degradation of organic matter) or

indirectly (through stimulation of estuarine primary

productivity) (Thibodeau et al. 2006). Marine phyto-

plankton in temperate regions tend to be N-limited and

suffer increasingly from cultural eutrophication as a

result of N addition (Howarth et al. 1996). In contrast,

phosphorus (P) supply limits primary productivity of

most freshwater systems (Dillon and Rigler 1974).

Many large rivers flowing to coastal waters are thus

subjected to regulation that limits phosphorus inputs

without concerns for the effects of uncontrolled N

additions on estuarine areas located downstream.

Riverine nutrient loads delivered to estuaries can be

further modulated temporally by seasonal variations

of river discharge and primary production processes

(Hudon and Carignan 2008).

In sharp contrast with other large rivers, primary

production in the St. Lawrence River (hereafter

designated as SLR) is favoured by its unusually high

water clarity (Secchi depth 1–10 m) and low sus-

pended particulate matter (SPM) concentration (Mey-

beck and Ragu 1996). After exiting Lake Ontario, the

SLR flows through a succession of broad (2–12 km-

wide) and shallow (mean depth 3–7 m) fluvial lakes,

which are extensively colonized by submerged aquatic

vegetation (Vis et al. 2007; Lévesque et al. 2017).

Little interest has been given to the seasonal variations

in carbon and nutrient flux as a result of within-river

biological processes such as carbon fixation, nutrient

assimilation and transformation by bacteria and

primary producers. Although geochemical and hydro-

logical processes largely determine annual loads

delivered by rivers to their estuary, we hypothesized

that biological processes could modulate the seasonal

carbon, nitrogen and phosphorus (hereafter referred to

as C, N and P) flux exported from the SLR.

In the SLR, annual transport and loads of carbon

(Pocklington and Tan 1987; Hélie and Hillaire-Marcel

2006), suspended sediment (Rondeau et al. 2000) and

various contaminants (Carignan et al. 1994; Pham

et al. 2000; Rondeau et al. 2005) have been previously

documented. Over the last few decades, however,

major changes in urban wastewater treatment (Mar-

cogliese et al. 2014), farming practices (Clair et al.

2013), and temperature and hydrological regimes

(Hudon et al. 2010) have occurred in the SLR

watershed, most likely inducing changes in the C, N,

and P flux to the estuary. Although degradation of the

estuarine environment is increasingly attributed to

river enrichment, riverine contribution must be

assessed in comparison with oceanographic processes

(e.g. upwelling). In addition, the relative importance

of different anthropogenic sources of C, N, and P

within the watershed, remains to be established in

order to prioritize remediation actions.

The present study presents a mass-balance assess-

ment of SPM and C, N, and P loads at the inflows

(Lake Ontario, Ottawa River) and the outflow (Québec

City) of the SLR (1995–2011). The contributions of

internal sources were evaluated, including tributaries,

aerial deposition, erosion and municipal wastewater

treatment plants. The importance of anthropogenic

sources was then contrasted with the magnitude of

riverine primary production, as an ecosystemic service

to within-river nutrient processing and water epura-

tion. This information should help prioritize the
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interventions required in the watershed to alleviate the

decline in O2 concentration, the increase of acidifica-

tion and their impacts on fauna in the Laurentian

channel of SLR estuary.

Study area

With a mean annual discharge of 12,090 m3 s-1 at

Québec City (hereafter referred to as Québec), the

SLR has the second largest discharge in North

America, after the Mississippi. Over its 550 km

course between Kingston (at Wolfe Island), at the

outlet of Lake Ontario, and Québec, the SLR drains a

watershed of over one million km2 (Table 1; Fig. 1).

Lake Ontario outflow into the SLR represents, on

average, 70% of total discharge at Québec. SLR

discharge is regulated on a weekly basis at Cornwall

through the operation of the Moses-Saunders dam

(Fig. 1). Discharge of the Ottawa River (&20% of

SLR discharge at Québec) and other SLR tributaries

(&10% of SLR discharge at Québec) show strong

seasonal variations, which largely drive the seasonal

changes in SLR water level.

The presence of the Laurentian Great Lakes

(watershed: 737,000 km2), which are large

(25,700–82,170 km2), deep lakes with very long

residence times (2.6–191 years), at the head of SLR

watershed results in properties that are unique for a

river of this size. Waters originating from Lake

Ontario are characterized by exceptionally low

(\1 mg L-1) suspended particulate matter (SPM)

and a high clarity (Secchi depth C10 m). In the

SLR headwaters, reduction of phosphorus (P) loads

following the Great Lakes Water Quality Agree-

ment (IJC 1972; Stevens and Neilson 1987) coin-

cided with declining TP concentrations in offshore

Lake Ontario (25 to \10 lg P L-1 between 1976

and 1999, Nicholls et al. 2001). However, TP

decline has not been observed in the littoral areas

of Lake Ontario where the establishment of Dreis-

senid mussel population (1989–1991, Mills et al.

Table 1 Mean annual (1995–2011) discharge (min–max) and

concentration (mean, SD, number of years) of SPM, dissolved

organic carbon and N and P species at three sites representing

the two major inlets (Wolfe Island and Carillon) and the outlet

(Québec City) of the St. Lawrence River

Outlet of Lake Ontario (Wolfe

Island) (1995–2011)

Ottawa River (Carillon)

(1995–96, 2004–2011)

St. Lawrence River

(Québec) (1995–2011)

Drainage Basin (9103 km2) 772 146.3 1036

Mean annual discharge (min–

max) (9103 m3 s-1)

7.11 (6.15–8.38)a 1.95 (1.52–2.36) 12.09 (10.52–13.57)

Specific runoff (mm year-1) 290.3 420.2 367.9

Suspended particulate matter

(mg L-1)

0.47 (0.40, 9) 6.70 (2.66, 9) 14.34 (2.41, 16)

Dissolved organic carbon (mg C

L-1)

2.84 (1.58, 16) 6.23 (0.20, 9) 3.68 (0.30, 16)

Total phosphorus (lg P L-1) 15 (8.7, 16) 27 (5.2, 8) 32 (5.2, 15)

Total dissolved phosphorus (lg P

L-1)

6 (0.7, 16) 13 (1.8, 9) 14 (1.6, 16)

Total nitrogen (lg N L-1) 560 (76, 16) 562 (23, 3) 643 (10, 2)

Nitrite–nitrate (lg N L-1) 335 (55, 16) 227 (25, 9) 327 (29, 17)

Ammonia (lg N L-1) 12 (4.6, 16) 49 (6.3, 9) 35 (4.0, 17)

Dissolved organic nitrogen (lg N

L-1)

214 (26, 16) n.a. 156 (26, 17)

Chlorophyll a (lg Chl a L-1) 0.47 (0.18, 7) 1.56 (0.46, 9) 1.23 (0.42, 16)

Mean annual concentrations were calculated using only years for which values were available for at least 6 months. Water chemistry

data was obtained for Wolfe Island (1995–2011, ECCC-Ont, Hill), Ottawa River (1995–96, 2004–2011, ECCC-QC, Rondeau), St.
Lawrence River at Québec City (1995–2011, MDDELCC-BQMA, Hébert and ECCC-QC, Rondeau)

n.a. not available
a Measured at Cornwall Moses-Saunders dam
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2003) and P inflow from tributaries (Makarewicz

et al. 2012a) and urban sources have allowed a

return to nearshore proliferation of Cladophora

(Higgins et al. 2010). The 1995–2011 period

covered by the present study thus coincides with

substantial changes in nutrient dynamics in Lake

Ontario.

Between Lake Ontario (Wolfe Island) and Québec,

the river drains a watershed inhabited by 7 million

people, about 4 million of whom live along its shores

(Fig. 1, inset B) and discharge their wastewaters to the

river following varying levels of treatment. In the

greater Montreal area alone, the SLR receives the

primary-treated municipal effluents of over 3 million

inhabitants (Fig. 1, circle, Marcogliese et al. 2014).

The Ottawa River (watershed: 146,334 km2) and other

north shore tributaries (watershed: 63,790 km2) lar-

gely drain boreal forests growing on the Precambrian

Shield, whereas south shore tributaries (watershed:

56,840 km2) originate from the Appalachianmountain

range and mostly drain Ordovician and Silurian

limestone (Douglas 1970). Fertile lowlands on both

shores of the SLR valley are intensively farmed for

corn, soy and hog production; farmlands occupy

between\1 and 86% of watershed area of tributaries

(Patoine 2017).

Fig. 1 Map of the St. Lawrence River showing its two major

inlets at Wolfe Island (Lake Ontario) and Carillon (Ottawa

River) and outlet at Québec (stars), just upstream of the brackish

water estuary (inset A). Most of the population is concentrated in

the region between the greater Montreal area and Trois-Rivières

(rectangle B). The outlets of the 6 largest physical–chemical

WWTP are located at the eastern tip of the island of Montreal

(circle). Major tributaries (circled numbers, see also Table 5),

urban centers (dark grey), farmlands (light grey) and fluvial

lakes Saint-François, Saint-Louis and Saint-Pierre (inset C) are

shown. Inset C shows the tributaries flowing into Lake Saint-

Pierre, the largest fluvial lake and wetland area (&350 km2) of

the St. Lawrence River. Colour version in pdf. (Color

figure online)
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The SLR comprises four large (150–350 km2),

shallow (mean depth 3–7 m) and broad (2–12 km

wide) fluvial lakes, which are bisected by a central

navigation channel (C11.3 m deep). Fluvial lakes St.

Lawrence, Saint-François, Saint-Louis and Saint-

Pierre together support[200 km2 of emergent wet-

lands (Hudon et al. 2006), in addition to extensive

riverbed colonization by submerged aquatic macro-

phytes (Lévesque et al. 2017). In Lake Saint-Pierre

alone (LSP, &350 km2, Fig. 1, inset C), overall

primary production (2000–2001) was estimated at

about 30 9 103 tonnes of carbon per year

(105 g C m-2 year-1), distributed among phyto-

plankton (29-38%), epiphytes (14-19%), submerged

(23%) and emergent (25–29%) macrophytes (Vis et al.

2007).

Methods

Water discharge

Daily water discharge data were obtained for the St.

Lawrence River at Cornwall Moses Saunders dam

(Environment Canada 2012a, Daily St. Lawrence

River Discharge at Cornwall (1995–2011). Great

Lakes—St. Lawrence Regulation Office, Cornwall,

Ontario. Rob Caldwell, P. Eng, Great Lakes—St.

Lawrence Regulation Office, 111 Water St E, Corn-

wall, ON K6H 6S2, personal communication) and the

Ottawa River at the Carillon dam (Hydro-Québec

2012). Daily St. Lawrence River discharge at Québec

was obtained from the sum of measured discharge at

LaSalle (near Montreal, Fig. 1) with that of major

tributaries between Montreal and Québec, including a

correction for ungauged watersheds (Environment

Canada 2012b, Daily St. Lawrence River Discharge at

Québec (1995–2012). Sylvain Martin, Environmental

Data Management, Hydrology and Ecohydraulic Sec-

tion, Meteorological Service of Canada, Environment

Canada, 801–1550, avenue d’Estimauville, Québec,

QC G1 J 0C3, personal communication).

Water quality sampling

Water quality variables were measured at the outlet of

Lake Ontario at Wolfe Island (Hill 2013), Carillon,

and the city of Lévis (across from Québec) (Environ-

ment Canada MSQE-BOATL Divisions) (Fig. 2).

Nitrogen data (total nitrogen, nitrites-nitrates, ammo-

nium) were obtained for five additional sites near

Québec (Lauzon, Sainte-Foy and 3 sites in the

navigation channel south of ı̂le d’Orléans) from the

Quebec Ministry of the Environment (MDDELCC,

Fig. 2 Measurements available over the span of the study

period (1995–2011) for each water quality variable at the

outflow of Lake Ontario to the St. Lawrence River (Wolfe

Island, grey lines), at the mouth of the Ottawa River (Carillon,

fine black lines) and at SLR outlet to the estuary (Québec City,

bold black lines)
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Suivi de la Qualité des Rivières). Depending on site,

measurements were available either on a year-round,

weekly basis (Wolfe Island, Carillon, Lévis) or

monthly, for the ice-free months (Lauzon, Sainte-

Foy, navigation channel). Sites near Québec (Lévis,

Lauzon, Ste-Foy and the three channel sites, hereafter

designated together as Québec) were sampled under

ebbing tide conditions to ensure samples were repre-

sentative of outflowing river water (Rondeau 1998).

When more than one measurement of a given variable

was available on a given day (for example, at the 6

Québec-area sites), an average daily concentration

was calculated.

At each site, water samples were collected from

water intake pipes (3–10 m-depth) for measurements

of suspended particulate matter (SPM, APHA 1995),

total nitrogen (TN, method CPQ123E, Environment

Canada 2014) and total phosphorus (TP, Stainton et al.

1977). At Carillon and Québec, duplicate samples

were filtered for the measurement of dissolved organic

carbon (DOC, Shimadzu TOC-5000), total dissolved

phosphorus (TDP), total dissolved nitrogen (TDN),

total Kjeldahl Nitrogen (TKN, method NLET 7010,

Environment Canada 2014), nitrites-nitrates and

ammonia (NO2 ?NO3 and NH3, Lachat autoanalyzer

methods number 10–107–04–1–B and 11–104–03–1–

B). At Wolfe Island, water samples for nutrient

assessment were not filtered (with the exception of

TDP and DOC) owing to the very low particulate

matter concentration (\1 mg L-1). Total dissolved

organic nitrogen (DON) was calculated at Wolfe

Island (DON = TKN–NH3) and at Québec

(DON = TDN–NO2–NO3–NH3), but could not be

assessed at Carillon (no TDN or TKN measurements).

Living phytoplankton abundance (lg chlorophyll

a L-1) was determined spectrophotometrically after

filtration (Whatman GF/C) of 300–1000 mL of sur-

face water. Filters were ground and extracted in 9:1 V/

V acetone and the optical densities of the extract was

measured at 663, 645 and 630 nm (Wetzel and Likens

1991).

Assessment of urban sources of C, N, and P

Urban sources of SPM, C, N, and P were assessed for

the greater Montreal area down to Trois-Rivières

(Fig. 1, inset B) which comprises the major urban

centers (population &3.2 millions) discharging their

treated wastewaters directly into the SLR. Mean

annual concentrations (SPM, TP) and SPM loads in

treated waters for the year 2010 were obtained for each

wastewater treatment plant (hereafter designated as

WWTP) subjected to mandatory annual performance

assessment (Moreira 2011). Since chemical phospho-

rus removal is also carried out during summer,

additional values of annual TP loads (2010–2012)

were obtained in the treated effluents of the 50

municipal WWTP.

Concentrations of substances other than SPM and

TP, for which measurements were not mandatory for

WWTP (DOC, TKN, NH3, NO2–NO3), were esti-

mated separately for large physical–chemical (N = 6)

and small (N = 44) WWTP using other methods of

water treatment. For the large WWTP, average

concentrations measured in the treated effluent of the

City of Montreal were multiplied by total discharge

(36.7 m3 s-1) from the six physical–chemical

WWTP. Taken together, these six plants accounted

for 80% of the population and 87% of treated effluent

discharge to the St. Lawrence River between Coteau

Landing and Trois-Rivières (Fig. 1), which justified

the separate assessment of their effluent. Large

WWTP included City of Montreal (1.78 million

persons, 28.8 m3 s-1), Longueuil-Centre d’épuration

Rive Sud (350 000 persons, 3.7 m3 s-1), Laval-La

Pinière (271 630 persons, 3.2 m3 s-1), Laval-Fabre-

ville (59,000 persons, 0.5 m3 s-1), Repentigny

(69,955 persons, 0.3 m3 s-1) and Rosemère (27,000

persons, 0.2 m3 s-1). DOC and NO2–NO3 concentra-

tions were estimated from sporadic point measure-

ments made between May and October 2012 at the

treated effluent of the City of Montreal WWTP (Ville

de Montréal 2012). High frequency measurements of

TKN (202 measurements between June and Dec.

2012) and NH3 (1015 measurements taken bi-weekly

in 2000–2011) were obtained for the same effluent

since these components represent the bulk of N

originating from urban sources. Annual loads of

DOC, NO2–NO3 and TKN outflowing from the City

of Montreal WWTP were calculated from the product

of mean discharge and concentration. Annual load of

NH3 was calculated using the discharge-weighted

concentration method (Raymond et al. 2013).

For the 44 smaller WWTP using treatments other

than physical–chemical (activated sludge, aerated

ponds, biofiltration, other treatments), mean concen-

trations of SPM, NH3, NO2–NO3 and TKN in treated

outflow were assessed using 2001 data for 13 WWTP

256 Biogeochemistry (2017) 135:251–276
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sampled during both cold (winter) and warm (summer)

conditions (MEQ-EC 2001). Owing to the scarcity of

published concentrations and in the absence of high

frequency measurements for individual WWTP, mean

annual loads originating from the 44 small municipal

WWTP were assessed from the product of mean

concentrations derived above and the sum of mean

daily discharge multiplied by 365 days and were

maintained constant for the entire 1995–2011 period.

Our use of recent data (2010–2012) to estimate load

values for the largest WWTP should represent the

upper range of potential urban contributions to total

SLR loads (1995–2011). Total annual loads and error

values (95% confidence interval) for the 6 large

(physical–chemical treatment) and the 44 small (other

treatment methods) WWTP were obtained from the

sum of individual values without transformation.

Loads from tributaries and diffuse sources

The contribution of 17 other significant (other than the

Ottawa River) SLR tributaries (Fig. 1) and of the sum

of smaller (watershed \1000 km2) north and south

shore tributaries as internal sources of SPM, TN and

TP was obtained from recent (2009–2012) load

estimations (Patoine 2017). Concentration of each

substance was measured at least at a monthly

frequency near the mouth of each river; mean daily

discharge was estimated from the nearest gauging sites

using a kriging approach. Annual loads of each

substance in each tributary were calculated with the

software Flux32 v.3.32 [Regression Method 6

described in Walker (1996)]. For DOC, data for

January 2009 to December 2012 were used to derive a

flow-concentration relationship (N = 34–42) for each

river except for the Sainte-Anne (2005–2012, N = 79)

and Yamaska (2008–2012, N = 50) rivers for which

additional measurements from other years were

included to improve the relationship. Data was

stratified (January to April, May to August, September

to December) when necessary, to eliminate seasonal

patterns. For small tributaries (watershed\1000 km2,

see list as a footnote to Table 5), DOC loads were

calculated the same way using 27 (2009–2012) to 68

(2007–2012) data points for each river; total annual

loads and error values (95% confidence interval) for

the north and south shores were obtained from the sum

of individual values without transformation.

Shoreline and riverbed erosion (Rondeau et al.

2000) and atmospheric deposition (Ouimet and Duch-

esne 2009; Mladenov et al. 2012) were obtained from

literature data. Erosion of the bed and banks of the St.

Lawrence River was previously estimated in the order

of 65% of the suspended sediments measured at

Québec (Rondeau et al. 2000). The TP load resulting

from eroded glacial clays from the St. Lawrence River

bed was assessed from the P content of fine-grained

inorganic sediments predating 1950 (*950 mg P

kg-1, Carignan et al. 1994) applied to the estimation of

eroded material. Atmospheric deposition of N on the

river wetted surface (2637 km2 between Wolfe Island

and Québec) was estimated from a mean ± SD value

of 5.8 ± 1.8 kg N ha-1 year-1 for southern Québec

(Ouimet and Duchesne 2009). In the absence of recent

regional estimates, atmospheric deposits of C (7 kg C

ha-1 year-1) and P (0.15 kg P ha-1 year-1) from the

Colorado Rocky Mountains were used (Mladenov

et al. 2012).

Calculation of annual river loads and uncertainty

Loads originating from Wolfe Island (outlet of Lake

Ontario), Carillon (Ottawa River mouth) and Québec

were calculated using the most appropriate method to

address the different patterns of temporal variations

characterizing each water quality variable at each site.

Each variable sampled at each site was assigned to one

of five different patterns of temporal variations, which

are presented below in decreasing order of parsimony:

(1) no systematic temporal variation: daily flux were

calculated as the product of mean daily discharge and

mean concentration; (2) concentrations related to

discharge: daily flux were calculated as the product

of daily discharge and predicted concentration from

log–log regression with daily discharge; (3) consistent

among-year seasonal (day-of-year) pattern in the

concentrations: fluxes were calculated as the product

of smoothed concentration pattern and daily dis-

charge; (4) no persistent seasonal pattern, but inter-

annual variations in concentrations: fluxes were esti-

mated as the product of annual mean concentrations

and daily discharge; (5) both persistent seasonal and

inter-annual variations in concentrations: the two

effects were added and multiplied with daily discharge

values (Foglia et al. 2007; Ye et al. 2008).

The fit of each temporal model to each measure-

ment series (5 temporal models described above 9 9
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water quality variables 9 3 sites = 135 assessments)

was evaluated both statistically and graphically.

Statistical fit was measured with the corrected Akaike

information criterion (AICC, Burnham and Anderson

2002) and residuals were examined visually for lack of

randomness. In addition, temporal model selection

took into account consistency with known environ-

mental effects (hydrology, climate, biology), minimal

AICC and error values, and under equivalent perfor-

mance, the most parsimonious models (no temporal

trend, discharge) were preferred (Foglia et al. 2013).

Since nutrient concentrations and dynamics of chem-

ical species may differ considerably among sites

according to watershed morphology, models were

selected independently for each variable at each site.

Long-term (1995–2011) temporal trends in C, N, and

P concentrations were tested using Spearman rank-

order correlation with year (SAS, PROC CORR).

A mass balance approach was used to determine

whether the SLR acted as a source or a sink of SPM, C,

N, and P for the estuary over the seasonal cycle

(between months) and under different hydrological

conditions (between years). For this, weekly loads

measured upstream (Wolfe Island and Carillon) and

downstream (Québec) were calculated for the entire

time series. Weekly loads were then summed up on a

monthly basis which were used to calculate the net

monthly flux by difference (load at Québec - (
P

loads at Wolfe Island ? Carillon)). A monthly tem-

poral scale was selected to minimize the uncertainty

and integrate the cumulative effects and seasonal

variations of water parcel travel time downstream.

Average water travel time between the outlet of Lake

Ontario (Wolfe Island) and Québec (550 km) was

estimated to be in the order of one to 2 weeks for an

average speed between 0.5 and 1 m s-1 in the main

river channel over the range of seasonal discharge

conditions. The annual balance (and associated error)

of incoming C, N, and P loads over the Québec portion

of the watershed [load at Québec - (
P

loads at

Wolfe Island ? Carillon)] was compared with the

sum of loads and error values (95% confidence

interval) for the quantifiable internal sources (erosion,

municipal WWTP, tributaries and atmospheric depo-

sition). Uncertainty on load estimations was assessed

using the standard error and 95% confidence interval

associated with the mean load value for different data

subsets as described in supplementary material (.csv

files). Data files included in the Supplementary

Material provide (1) a detailed comparison of the fit

of each potential model (AICC) (File Supplementary

Material—Model Fit), (2) an assessment of annual

loads and errors for each substance at the three sites for

each year (File Supplementary Material—Annual

Loads) and (3) the evaluation of errors associated to

the estimation of monthly surplus load at Québec

(Output–Inputs) (File Supplementary Material—Qué-

bec Surplus). For example, comparison of the perfor-

mance of the 5 models fitted for NO3 loads at Québec

yielded AICC criteria ranging from 785 (Year, poorest

model fit) to 129 (Season; Flow, best model fit); taken

on their own, models accounting for Season

(AICC = 176) and for Flow (AICC = 487) were

markedly less efficient (Supplementary Material

Model Fit). Corresponding estimates of annual NO3

loads at Québec ranged from 123,568 (no model) to

134,208 t N year-1 (Year; Season), representing an

overall variation of\10% (File Supplementary Mate-

rial—Annual Loads). On a monthly basis, net (mean

difference ± standard error) monthly DIN load (con-

stituted of about 90% NO3 at Québec) outflowing to

the SLR estuary ranged 9-fold between August

(1097 ± 335 t N) and April (6853 ± 746 t N) and

among years (722 ± 586 t N in 2010 and 6341 ± 455

t N in 2009) (File Supplementary Material—Quebec

Surplus). The consistency of error components esti-

mated above gave us confidence in the robustness of

the results and major conclusions of our study.

Contribution of primary producers to carbon

fixation and nutrient assimilation

We assessed the importance of annual primary

production in the SLR to compare the relative

magnitude of C fixation and assimilation of N and P

by aquatic plants in comparison with other processes.

In Lake Saint-Pierre, over years of average (2000) and

low (2001) water levels, total annual primary produc-

tion of phytoplankton (29–38%), epiphytes (14–19%),

submerged (23%) and emergent (25–29%) macro-

phytes was estimated at about 30 9 103 tonnes of

carbon per year, yielding a mean areal C fixation of

105 g C m-2 year-1 (Vis et al. 2007). Using the

Redfield (molar) ratio for C:N:P (106:16:1), we

estimated that such carbon fixation (105 g C m-2

year-1) would require a corresponding assimilation of

N (18.5 g N m-2 year-1) and P (2.6 g P m-2 year-1).

The total annual contribution of primary producers to
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C fixation and nutrient assimilation was then estimated

by applying these values to the entire wetted area of

SLR bottom (2637 km2) between Wolfe Island and

Québec. This estimation was deemed conservative

since both the biomass (Lévesque et al. 2017) and

maximum depth of colonization (i.e. water trans-

parency, see Hudon et al. 2000) of submerged aquatic

vegetation are lower in Lake Saint-Pierre than for

fluvial lakes located upstream.

Results

Hydrological conditions and water quality

Mean annual SLR outflow at Québec averaged

12,090 m3 s-1 for the 1995–2011 period which is

very close to the value of 11,880 m3 s-1 obtained for

the same period using the alternative method of

Bourgault and Koutitonsky (1999). Mean monthly

discharge showed strong seasonal variations with

maximal values in the spring (April–May) and min-

imum discharge in summer (August–September)

(Fig. 3). Lake Ontario discharge to the SLR showed

little seasonal (e.g. monthly) variability and, on an

annual basis, constituted the bulk of total freshwater

outflow at Québec (Fig. 3b). In contrast, Ottawa River

discharge exhibited high inter-annual and seasonal

variability. Seasonal variations in SLR discharge at

Québec were largely driven by the Ottawa River (min–

max daily discharge over the sampling period:

1520–2360 m3 s-1) and other tributaries which

together accounted for 28% (August) to 55% (April)

of total discharge at Québec.

Waters originating from Lake Ontario exhibited

very low concentrations of SPM, DOC, TP and

chlorophyll a (Table 1). In comparison, consistently

higher concentrations of all substances (except DON

and NO2–NO3) were recorded at Québec, including

SPM (30-fold), TP (2-fold), TDP (2-fold), NH3 (3-

fold), DOC (1.3-fold) and chlorophyll a (2.6-fold).

High concentrations measured at the mouth of the

Ottawa River partially explained the recorded

increases at Québec (Table 1).

Temporal variations of C, N, and P concentrations

The temporal variations of concentrations of each

water quality variable differed markedly among sites

as a function of the morphology of their watershed. At

Wolfe Island, none of the water quality variables

showed a correlation with discharge owing to the very

stable outflow of LakeOntario. Instead, concentrations

of most variables fluctuated on a seasonal and/or inter-

annual basis (Table 2) consistent with the cycle of

vertical mixing/stratification and year-to-year varia-

tions of Lake Ontario waters. In contrast, river

discharge and seasonal variations were strong drivers

of SPM, DOC and nutrient concentrations in the

OttawaRiver and at Québec, indicative of the influence

of seasonal variations in runoff and temperature over

the watershed. Accounting for differences in temporal

variations allowed us to select the optimal model to

calculate annual loads of each substance at each site.

Fig. 3 Comparison of a mean annual (1995–2011, dotted line

indicates overall mean) and bmean monthly discharge (m3 s-1)

at Wolfe Island (squares), Carillon (diamonds) and Québec

(circles). Overall (1995–2011) mean (±SD, full lines) monthly

discharges are contrasted with years of high (2008, medium

dashed lines) and low discharge (2010, dotted lines)
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Time series of NO2–NO3 and TP over several years

exemplify the contrast in seasonal/inter-annual pat-

terns at our three sites (Fig. 4; Table 2). At the outlet

of Lake Ontario, concentrations of both NO2–NO3 and

TP showed seasonal variations with minimum con-

centrations over summer months and maximum con-

centrations in winter. In addition, winter and spring

(February to May) maxima tended to rise over the last

years of the NO2-NO3 and TP series at Wolfe Island,

justifying our use of season and year to model their

loads at the Lake Ontario outlet (Table 2). For the

1995–2001 period, mean monthly NO2–NO3 concen-

trations were consistently \0.4 mg N L-1 whereas

concentrations[0.4 mg N L-1 occurred for 10 of the

15 months between January 2010 and March

2011(Fig. 4a). For TP, mean monthly concentrations

remained\10 lg P L-1 for the 2001–2004 period but

rose[20 lg P L-1 for 12 of the 15 months between

January 2010 and March 2011 (Fig. 4b). At the mouth

of the Ottawa River (Carillon), discharge explained

most of the variations in SPM (Spearman r = 0.51,

N = 882, p\ 0.0001), DOC (r = 0.44, N = 172,

p\ 0.0001), and TN (r = 0.36, N = 43, p = 0.02)

concentrations, whereas concentrations of dissolved

inorganic nitrogen species (NO2–NO3 Fig. 4c, and

NH3) and chlorophyll a fluctuated seasonally

(Table 2). Neither TP nor TDP followed any specific

seasonal or long-term (1995–2011) temporal trend

(Table 2).

At the SLR outlet at Québec, positive correlations

between river discharge and DOC (Spearman

r = 0.59, N = 406, p\ 0.0001), and TN concentra-

tions (r = 0.51, N = 35, p\ 0.0001) were observed,

whereas models including discharge and season

accounted for most of the temporal variations of

SPM, TP, TDP and NO2–NO3 (Table 2). Overall,

regardless of major hydrological and morphological

differences among sites, all dissolved nitrogen forms,

including NH3 (Table 2) and NO2–NO3 (Fig. 4e),

followed clear seasonal variations with highest con-

centrations observed over the coldest months and

lowest concentrations in late summer. In contrast,

chlorophyll a concentrations were maximal during the

spring and summer at all sites. No significant long-

term trend was observed for any of the water quality

variables (Spearman rank-order correlation).

C, N, and P loads from urban sources

Wastewaters from the 6 largest physical–chemical

WWTP represented the treated domestic effluents

from about 2.6 million persons—about 4 times the

population whose wastewaters were treated in the 44

Table 2 Identification of temporal models selected for each water quality variable at each of three sites, based on the lowest AICC

values

Variable SLR (Wolfe Island) (1995–2011)

N = 17 years

Ottawa River (Carillon) (1995–96,

2004–2011) N = 10 years

SLR (Québec) (1995–2011)

N = 17 years

Suspended

particulate matter

Season Discharge Season; discharge

Dissolved organic

carbon

Year Discharge Discharge

Total phosphorus Year; season None Season; discharge

Total dissolved

phosphorus

Season None Season; discharge

Total nitrogen Year; season Discharge (N = 3 years) Discharge (N = 3 years)

Nitrites–nitrates Year; season Season Season; discharge

Ammonia Year; season Season Season

Dissolved organic

nitrogen

Year; season n.a. None

Chlorophyll a Season (N = 8 years) Season Year; season

When no model could be fitted (None), load was calculated as the product of overall mean concentration and discharge

n.a. not available
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small WWTP using other treatment methods

(Table 3). Treated wastewater discharge and annual

loads of SPM, TKN and DOC from the 6 large

physical–chemical WWTP were about 2–10 times

higher than for the 44 small WWTP. Large physical–

chemical plants were more effective than small

WWTP in removing TP, whose load was only twice

that originating from the 44 small plants. As expected,

TKN (i.e. organic N ? NH3) represented the bulk of

nitrogen loads in treated municipal waters whereas

NO2–NO3 only represented a minor component

(Table 3).

Loads at St. Lawrence River inlets and outlet

Calculation of annual flux of SPM, C, N, and P from

Wolfe Island and Carillon further emphasized the

major differences in morphology and watershed

characteristics between Lake Ontario and the Ottawa

River. In spite of a discharge 3.6 times higher at Wolfe

Island than at Carillon, the SPM load originating from

Lake Ontario was 4 times smaller than for the Ottawa

River (Table 4). Loads of DOC, TP, TDP, NH3 and

chlorophyll a originating from the Great Lakes were

only about twice those of the Ottawa River. In

contrast, NO2–NO3 loads from Lake Ontario were 5

times higher than from the Ottawa River, contributing

58% of the load at Québec. Loads originating from the

50 municipal WWTP were generally small in com-

parison with those from the main river stem and the

Ottawa River with the notable exception of NH3,

which represented 51% of the load measured at

Québec (Table 4).

At Québec, SPM exhibited a 10-fold increase in

comparison with inflowing sources, whereas DOC

(1.4-fold), TN (1.5-fold) and TP (2-fold) showed a

lesser enrichment (Table 4). Loads of planktonic

chlorophyll a were 2.3-fold higher at Québec than at

Fig. 4 Temporal trends in mean monthly concentrations of NO2–NO3 (left) and TP (right) measured at Wolfe Island (a, b, top),
Carillon (c, d, middle) and Québec (e, f, bottom). Axes are on the same scale for each nutrient
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the two major inlets. This information indicates that

over its 550 km-long course, the St. Lawrence is

enriched by diffuse nutrient sources, including

tributaries, erosion and atmospheric sources, which

reflect land-use through their individual and area/

specific loads.

Table 3 Mean annual concentrations (standard deviation,

number of observations) and load (95% confidence interval)

of suspended solids, dissolved organic carbon and nutrient

forms originating from the treated effluents of the 50 WWTP

flowing into the SLR between the greater Montreal metropoli-

tan area (Coteau Landing) and Trois-Rivières (rectangle shown

on Fig. 1)

City of Montreal

WWTP

WWTP using

physical–chemical

treatment (N = 6

plants)

WWTP using other treatment methods

(N = 44 plants)

Sum of all WWTP

(N = 50 plants)

Mean (SD, N)

annual

concentration

(mg L-1)

annual load (95% CI)

(t year-1)

Mean (SD, N)

concentration

(mg L-1)

Annual load (95%

CI) (t year-1)

Annual load (95%

CI) (t year-1)

Suspended particulate matter 18.9 (n.a.)a 22.29 (n.a.) 9 103a 16.01 (9.08, 43)a 2.83 (2.30–3.23) 9 103a 25.1 9 103 (n.a.)

Dissolved organic carbon 30.29 (9.70, 9)f 35.07 (27.73–42.40) 9 103 n.a. 5.23 (4.13–6.32) 9 103b 40.3 (31.9–48.7) 9 103

Total phosphorus 0.39 (n.a.)a 503 (469–537)c 0.70 (0.25, 21)a 248 (246–252)c 752 (715–789)

Nitrites–nitrates 0.13 (0.25, 6)f 150 (0–385) 2.51 (4.44, 23)d 432 (119–745) 583 (119–1130)

Ammonia 5.66 (1.72, 1015)e 6.18 (6.10–6.27) 9 103e 7.25 (6.65, 23)d 1.25 (0.78–1.72) 9 103 7.4 (6.9–8.0) 9 103

Total Kjeldahl nitrogen 12.05 (2.04, 202)g 13.95 (13.62–14.27) 9 103 9.31 (6.72, 23)d 1.61 (1.13–2.08) 9 103 15.6 (14.8–16.4) 9 103

Population potentially

treated (9103) (number

of WWTP)

2558 (6) 622 (44) 3180 (50)

Total WWTP effluent

discharge (m3 s-1)

36.71 5.47 42.18

Total P loads were calculated from the mean annual load for the years 2009–2012, taking into account periods of summer P removal

by each plant. For other substances, loads originating from the 6 large physical–chemical WWTP (including the City of Montreal

WWTP) were assessed from mean annual concentrations of each substance measured at the City of Montreal WWTP, which alone

accounted for[80% of treated effluent discharge. For the 44 WWTP using other treatment methods, mean concentrations of each

substance (MEQ-EC 2001) and annual loads were assessed separately, using total treated effluent discharge derived from Moreira

(2011). Population potentially treated refers to the sum of the treatment capacity at the time of conception of each WWTP (Moreira

2011)

n.a. data not available
a Mean annual concentrations reported in Moreira (2011); loads were calculated from the sum of the annual loads for each plant in

2010
b Organic carbon load estimated using the mean annual concentration reported for the City of Montreal WWTP
c Mean annual TP load for 2009–2012 calculated by MDDELCC (M. Duchemin, M. Gélineau, D. Labrie, personal communication)

taking into account seasonal phosphorus removal process for each WWTP
d Mean concentration for winter and summer measurements at 13 WWTP using activated sludge (N = 5), aerated (N = 5) and non-

aerated (N = 1) ponds and biofiltration (N = 2) (MEQ-EC 2001)
e Mean annual load calculated from discharge-weighted concentrations (bi-weekly, 2000–2011, N = 1015) at the treated effluent of

City of Montreal WWTP
f Mean concentration from point measurements between May and Oct. 2012 at the treated outflow of City of Montreal WWTP
g Mean concentration from daily integrated measurements between June and Dec. 2012 at the treated outflow of City of Montreal

WWTP
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Diffuse sources and area-specific C, N, and P loads

In spite of the large population inhabiting the Lauren-

tian Great Lakes watershed (&34million persons) and

intensive land-use, area-specific loads of SPM (0.13 t

km-2 year-1), C, N, and P (750, 165 and 4 kg km-2

year-1, respectively) flowing into the SLR at Wolfe

Island were very low, reflecting the large proportion of

the watershed covered by the lakes themselves acting

as a sedimentation basin for particles. Ottawa River

area-specific output was about 2-3-fold higher than the

Great Lakes for DOC (2650 kg C km-2 year-1), TN

(236 kg N km-2 year-1) and TP (11 kg P km-2

year-1) but about 20-fold higher for SPM (2.99 t km-2

year-1, Table 5). Area-specific TN and TP measured

at Québec (260 and 12 kg km-2 year-1, respectively)

were slightly higher than output values for the Ottawa

River watershed.

Load values from Wolfe Island and Carillon

contrasted sharply with the inflow from tributaries

draining the north and south shores of the SLR

(Patoine 2017, Table 5). Taken together, these tribu-

taries annually brought large loads of SPM (about 1.9

million t), DOC (0.46 million t), TN (53,000 t) and TP

(3300 t) to the SLR. Area-specific carbon loads

between 2.36 (Richelieu River) and 5.90 (Jacques-

Cartier River) t C km2 year-1 reflected the proportion

of forested watershed and land use. N/C ratio also

Table 4 Mean annual flux (95% confidence interval, number of years) of SPM, C, N, and P at major inlets (Wolfe Island, Carillon),

from municipal sources and at the outlet (Québec City) of the St. Lawrence River

Mean annual flux (95% confidence interval, N years)

SLR inflow from Lake

Ontario (Wolfe Island)

(1995–2011)

Ottawa River

(Carillon)

(1995–96,

2004–2011)

Treated

municipal

wastewaters

(Table 3)

SLR outflow

(Québec)

(1995–2011)

Flux from other sources

(QC–(R
WI ? Car ? Mun))

(Output/
P

Inputs)

Suspended

particulate matter

(9103 t year-1)

102 (97–106, 17) 437 (430–444, 10) 25.1 (n.a.) 5604 (5513–5696, 17) 5040 (10-fold)

Dissolved organic

carbon (9103 t C

year-1)

579 (559–600, 17) 388 (387–389, 10) 40.3 (31.9–48.7) 1394 (1389–1399, 17) 388 (1.4-fold)

Total Phosphorus (t

P year-1)

3319 (3145–3493, 17) 1666 (1625–1707, 10) 752 (715–789) 11,981 (11,856–12,106, 17) 6244 (2-fold)

Total dissolved

phosphorus (t P

year-1)

1333 (1312–1354, 17) 830 (812–848, 10) n.a. 5509 (5462–5556, 17) n.a.

Total nitrogen (9103

t N year-1)

127 (126–129, 17) 35 (32–37, 3) 16.2 (14.9–17.5)a 269 (246–293, 3) 92 (1.5-fold)

Nitrites–nitrates

(9103 t N year-1)

78 (76–81, 17) 14.3 (14.1–14.5, 10) 0.6 (0.1–1.1) 134 (132.9–134.5, 17) 41 (1.4-fold)

Ammonia (9103 t

N year-1)

2.6 (2.5–2.8, 17) 3.1 (3.0–3.2, 10) 7.4 (6.9–8.0) 14.4 (14.2–14.5, 17) 1 (balanced)

Dissolved Organic

Nitrogen (9103 t

N year-1)

48.4 (47.7–49.1, 17) n.a. 8.2 (21.7–24.4)b 59 (58–60, 17) n.a.

Chlorophyll a (t Chl

a year-1)

107 (95–119, 8) 87 (85–89, 10) n.a. 434 (433.98–434.02, 17) 240c (2.3-fold)

The total number of years on which calculations were based (N) is indicated for each site. The flux from other sources (outflow at

Québec—sum of inflows) indicates the amount of each substance originating from diffuse sources and tributaries inflowing between

Wolfe Island, Carillon and Québec City. The magnitude of increase (X-fold) for each substance refers to the ratio of outflowing load

at Québec in proportion of inflowing loads at Wolfe Island, Carillon and municipal sources

n.a. not available
a Total N from municipal effluents calculated from the sum of TKN and NO2–NO3 flux from Table 3
b Dissolved Organic Nitrogen load in municipal effluents estimated from the subtraction of NH3 from TKN flux from Table 3
c The balance was calculated presuming that chlorophyll a load in treated municipal effluents was negligible
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provided a distinction between largely forested (N/

C\ 0.1) and intensively farmed watersheds (N/

C[ 0.1). Farming induced important differences in

area-specific loads of SPM and nutrients among

tributaries. South shore tributaries flowing through

the fertile, intensively farmed (cultivated watershed

area: 22–61%, Patoine 2017) St. Lawrence River

lowlands contributed about 3 times the loads of TN as

those draining less intensively farmed (cultivated

watershed area:\1–17%, Patoine 2017) watersheds

from the north shore. Of all the tributaries docu-

mented, the Yamaska (55% cultivated area) exhibited

the highest area-specific output of SPM (42 t SPM

km-2 year-1), TN (1579 kg N km-2 year-1) and TP

(90 kg P km-2 year-1). Most major south shore

tributaries (all but the Richelieu River) exhibited

elevated area-specific output of SPM ([20 t SPM

km-2 year-1), TN ([500 kg N km-2 year-1) and/or

TP ([40 kg P km-2 year-1). In comparison, only two

north shore tributaries (Du Nord and L’Assomption

rivers) were similarly enriched (Table 5). Noticeably,

small tributaries (\1000 km2) from both shores of the

SLR carried the highest area-specific loads of SPM, C,

N, and P (Table 5) since those watersheds were

located almost entirely on the SLR lowlands and

supported the highest proportion of farmlands (up to

82% of watershed area).

Annual atmospheric deposition of C, N, and P over

the wetted St. Lawrence River surface from Wolfe

Island to Québec (2637 km2) were estimated to be in

the order of 4480, 1530 and 40 tonnes of C, N, and P,

respectively (Table 6), assuming a high retention rate

of nutrients and carbon into seldom flooded watershed

area. Given a 64% NO3 composition (Ouimet and

Duchesne 2009), atmospheric N deposition translated

into a direct addition of about 980 tonnes of NO3 to the

SLR (0.7% of annual NO2–NO3 load at Québec).

Mass-balance assessment and relative importance

of individual sources compared to within-river C,

N, and P processing by primary producers

The assessment of mean annual loads originating from

various sources (Table 6) allowed us to determine

their relative contribution to the total annual flux of

SPM, C, N, and P into the SLR estuary at Québec

which we present in decreasing order of magnitude.

Shoreline and riverbed erosion accounted for the

largest part of SPM (65%) and TP (29%) flux to the

SLR estuary. By virtue of its large discharge, inflow

from Lake Ontario carried 42% of DOC and 47% of

TN loads at Québec. The Ottawa River was also a

large source of SPM and DOC (8 and 28% of load at

Québec, respectively). Although they represented

much smaller cumulated watershed areas than the

Ottawa River, tributaries draining the north and south

shore (6% of watershed area each) contributed equiv-

alent or higher proportions of SPM (8 and 25%,

respectively), TN (7 and 13%) and TP (9 and 18%) as

originated from the Ottawa River. Treated effluents

from 50municipalWWTP outflowing directly into the

SLR contributed a small fraction of DOC (3%), TN

(6%) and TP (6%) loads at Québec. Atmospheric

deposition represented\1% of total annual C, N, and

P flux at Québec. Unaccounted loads represented-4%

of SPM, 5% of DOC, 11% of TN and-17% of TP load

at Québec (Table 6, line K), revealing a higher level of

uncertainty for the nutrient budgets than for SPM and

DOC. The negative balance observed for SPM (-4%)

and TP (-17%) suggested an overestimation of

internal sources, possibly linked to our use of a fixed

proportion (65% of SPM load at Québec) for erosion.

The positive balance for DOC (5%) and TN (11%) was

indicative of unaccounted internal sources such as

small and ungauged tributaries, unconnected resi-

dences and industries, urban sewer storm overflow

and/or other sources.

Annual C, N, and P turnover through primary

production of aquatic plants (phytoplankton, epi-

phytes, submerged and emergent macrophytes) esti-

mated for the entire wetted SLR surface represented a

substantial fraction of the overall flux at Québec.

Annual aquatic plant production fixed 277,000 t of C

and assimilated 49 000 t of N and 7 000 t of P (Table 6,

Line L), representing 20, 18 and 58% of annual loads

at Québec, respectively. These percentages reveal that

riverine plant production taking place over the growth

season (May–Sept.) can significantly modify the

seasonal nutrient and organic carbon flux to the

estuary.

The observation that seasonal growth of aquatic

plants could modify the seasonal flux of C, N, and P

from the SLR to its estuary was examined further

through the monthly SPM, C, N, and P net flux at

Québec (Fig. 5) which revealed the major influence of

seasonal and inter-annual discharge variations. All

water quality variables exhibited peak loads in April,

coincident with the spring freshet, followed by
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Table 5 Mean (95% confidence interval) and/area-specific annual loads of SPM, DOC, TP and TN., N/P and N/C molar ratio

estimated for St. Lawrence River tributaries draining the north and south shores

Number

(Fig. 1)

Portion of the

watershed

(watershed

area 9 103 km2)a

Mean annual load (95% CI)/Area-specific annual load

Suspended

particulate

matter 9 103 t (t

km-2 year-1)

Dissolved organic

carbon 9 103 t (t

C km-2 year-1)

Total

nitrogen 9 103 t

(kg N km-2

year-1)

Total

phosphorus 9 103

t (kg P km-2

year-1)

N/P

ratio

(atom)

N/C

ratio

(atom)

North Shore Tributaries

1 Ottawa River

(Carillon)

(146.30)b

437 (430–444)/

2.99

388 (387–389)/

2.65

35 (32–37)/235 1.67 (1.63–1.71)/

11

46 0.08

2 Du Nord (2.08) 24 (18–33)/11.60 7 (6–8)/3.35 1.37 (1.20–1.56)/

658

0.06 (0.05–0.07)/

27

51 0.17

3 L’Assomption

(4.20)

106 (71–158)/

25.15

13 (12–15)/3.16 2.89 (2.32–3.61)/

688

0.19 (0.15–0.24)/

45

34 0.19

4 Maskinongé (1.09) 17 (12–24)/15.74 4 (3–4)/3.28 0.34 (0.29–0.40)/

314

0.04 (0.03–0.06)/

34

19 0.07

5 Du Loup (1.50) 18 (9–39)/12.16 5 (4–5)/3.11 0.46 (0.35–0.59)/

304

0.06 (0.03–0.10)/

36

17 0.08

6 Saint-Maurice

(42.88)

95 (64–142)/2.21 167 (158–176)/

3.89

7.11 (6.63–7.62)/

166

0.38 (0.27–0.53)/9 41 0.04

7 Batiscan (4.63) 41 (27–62)/8.77 17 (16–19)/3.71 1.14 (1.01–1.30)/

247

0.09 (0.06–0.13)/

19

28 0.06

8 Sainte-Anne (2.71) 31 (20–48)/11.38 11 (10–11) 3.98 0.93 (0.84–1.03)/

343

0.05 (0.04–0.07)/

19

41 0.07

9 Jacques Cartier

(2.47)

7 (6–9)/2.92 15 (13–17)/5.90 0.91 (0.78–1.06)/

367

0.03 (0.03–0.04)/

14

67 0.05

Small North Shore

Tributaries

(2.23)c

131 (73–239)/

58.65

9 (8–10)/3.90 2.41 (2.37–2.49)/

1081

0.15 (0.11–0.23)/

69

33 0.23

South Shore Tributaries

10 Chateauguay

(2.46)

21 (17–26)/8.61 8 (7–9)/3.18 1.94 (1.49–2.51)/

778

0.18 (0.16–0.21)/

74

24 0.21

11 Richelieu (23.85) 346 (251–476)/

14.49

56 (51–62)/2.36 10.05

(8.68–11.62)/

421

0.61 (0.45–0.82)/

25

36 0.15

12 Yamaska (4.45) 187 (123–285)/

42.08

18 (16–19)/3.99 7.03 (6.09–8.12)/

1579

0.40 (0.35–0.47)/

90

39 0.33

13 Saint-François

(10.18)

223 (149–332)/

21.90

44 (41–47)/4.33 4.45 (4.07–4.87)/

438

0.25 (0.18–0.34)/

24

39 0.09

14 Nicolet Sud-Ouest

(1.58)

44 (23–84)/28.03 8 (7–8)/4.76 1.46 (1.22–1.74)/

923

0.07 (0.06–0.09)/

46

46 0.16

15 Nicolet (1.67) 72 (46–112)/43.21 7 (6–8)/4.28 1.61 (1.39–1.86)/

965

0.07 (0.05–0.10)/

42

51 0.20

16 Bécancour (2.59) 84 (51–138)/32.26 12 (11–13)/4.66 1.63 (1.49–1.77)/

629

0.10 (0.07–0.15)/

40

36 0.12

17 Chaudière (6.62) 289 (155–537)/

43.63

37 (32–44)/5.66 3.32 (2.92–3.78)/

502

0.26 (0.18–0.38)/

39

28 0.08

18 Etchemin (1.47) 75 (41–140)/51.40 8 (7–9)/5.44 1.45 (1.23–1.69)/

984

0.10 (0.07–0.15)/

66

32 0.16
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receding values during the summer growth season

down to a minimum in September which coincides

with the time of minimum discharge. Net flux of all

substances rose again in the fall corresponding to

rising discharge and reduced biological activity.

Strong inter-annual variability was also observed for

all substances with lower than average net flux over

years of low discharge (2010) and maximum flux

during high flow years (2008) (Fig. 5). For both TP

and DIN, negative net monthly flux were observed for

summer months (June–September) over years of low

discharge, indicating the SLR acted as a nutrient sink

under lowest water level conditions.

Discussion

Annual and seasonal SPM, C, N, and P loads

Our study yielded an assessment of annual and

seasonal (monthly) loads of SPM, dissolved C, total

N and total P at SLR inlets (Wolfe Island ? Carillon)

and outlet (Québec). For SPM, mean annual loads of

1.02 9 105, 4.37 9 105 and 56.04 9 105 tonnes (at

Wolfe Island, Carillon and Québec, respectively) from

the present study were consistent with earlier values of

1.99, 4.35 and 69 9 105 tonnes SPM year-1

(1989–1993, Rondeau et al. 2000). The importance

of erosion as a factor contributing SPM to the SLRwas

supported by the strong correlation between discharge

and the seasonal pattern of monthly SPM flux from the

SLR.

For TP, the estimated annual load of 1260 tonnes

TP year-1 we used (Table 5; Patoine 2017) for the

three major tributaries of Lake Saint-Pierre (Richelieu,

Saint-Francois and Yamaska rivers for 2009–2012)

compared well with that of Hudon and Carignan

(2008) (1201 tonnes TP year-1 for 2000–2005).

Overall, our estimations of annual loads of DOC,

total dissolved P and inorganic N fractions at Wolfe

Island and Carillon coincided within \10% with

results from an earlier study (Hudon and Carignan

2008). Larger discrepancies in estimated loads of the

present study and those of Hudon and Carignan (2008)

were noticeable for SPM (30–100%) and TP (25%),

which is understandable given the notoriously high

variability of riverine particulate fractions.

Results from the present study yield area-specific

annual N delivery of 165, 235 and 260 kg N km-2

year-1 for the outlet of Lake Ontario (Wolfe Island),

the Ottawa River Basin (Carillon) and the entire Great

Lakes—St. Lawrence River watershed at its outlet

(Québec), respectively. Global N output at Québec

(260 kg N km-2 year-1) from our study was higher

than the 211.8 kg km-2 year-1 value reported for the

SLRwatershed (Clair et al. 2013), but was comparable

to N inflows to the Baltic Sea from the Gulf of Finland

(271 kg N km-2 year-1) (Sutton et al. 2011).

Table 5 continued

Number

(Fig. 1)

Portion of the

watershed

(watershed

area 9 103 km2)a

Mean annual load (95% CI)/Area-specific annual load

Suspended

particulate

matter 9 103 t (t

km-2 year-1)

Dissolved organic

carbon 9 103 t (t

C km-2 year-1)

Total

nitrogen 9 103 t

(kg N km-2

year-1)

Total

phosphorus 9 103

t (kg P km-2

year-1)

N/P

ratio

(atom)

N/C

ratio

(atom)

Small South Shore

Tributaries

(1.97)d

78 (47–130)/39.63 16 (14–18)/8.30 2.02 (1.98–2.07)/

1025

0.14 (0.10–0.20)/

72

32 0.11

Numbers (left column) identifying each tributary refer to circled numbers on Fig. 1. Small tributaries represent the sum of the

contribution of several rivers with watersheds\1000 km2

a Watershed area at the site of water quality measurements (see Table 2 in Patoine 2017)
b This study (Table 4)
c Including La Chaloupe, Bayonne, Chicot, Petite Yamachiche, Yamachiche, Champlain, Portneuf, Saint-Charles rivers (Patoine

2017)
d Including Saint-Louis, de la Tortue, Saint-Jacques, Gentilly, petite Du Chêne, Du Chêne rivers (Patoine 2017)
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Denitrification by microbial activity is increasingly

invoked to explain the comparatively lower N expor-

tation rate from the St. Lawrence River in comparison

with other densely populated agricultural river sys-

tems (Clair et al. 2013). This process is enhanced by

the long water residence time and vertical stratification

in Lake Ontario in addition to a number of factors

related to hydrology and physical characteristics of the

watercourse (Seitzinger et al. 2006). In the SLR,

summers of low discharge coincide with warm water

temperature and reduced current speed in the shallow

littoral areas where submerged vegetation proliferates

(Hudon et al. 2010). Taken together, these conditions

promote anoxia at the sediment interface, which

stimulates bacterial denitrification and explains the

high retention of nitrogen within the SLR during

summers of reduced discharge (Hudon and Carignan

2008).

Our study of nutrients highlights the major effect of

the Ottawa River and of nutrient-enriched tributaries.

Rivers flowing on the south shore of the SLR drained

only 6% of the watershed area at Québec, yet

contributed 13 and 18% of the annual flux of TN and

TP to the estuary respectively (Table 6). Diffuse

anthropogenic sources of TP represented 64–99% of

annual TP loads (Patoine 2017) originating from small

tributaries (\1000 km2) draining the St. Lawrence

River lowlands. Annual TP loads from the larger

tributaries flowing into rural Lake Saint-Pierre (see

Fig. 1 inset C) were primarily derived from diffuse

anthropogenic (farming) sources (65–84% of TP

loads) rather than from urban point sources (4–30%),

Fig. 5 Net monthly flux (91000 tonnes) of a SPM, b DOC,

c TP and d DIN exiting from the SLR [monthly load at

Québec—(monthly loads at Wolfe Island ? Carillon)] to the

estuary. Mean 1995–2011 (±SD) net flux are compared to

monthly flux recorded in 2008 (high discharge) and 2010 (low

discharge). The river acts as a net source when the outflow at

Québec exceeds the documented sum of inflows from Wolfe

Island and Carillon. Negative net monthly loads (hatched area)

are identified as sink

268 Biogeochemistry (2017) 135:251–276
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with the only exception of the Saint-Francois River

(22% farming and 38% urban sources)(Patoine 2017).

Similarly, estimates of nutrient production in sub-

catchments of the Red River (Manitoba) indicated that

agricultural activities, particularly through synthetic

fertilizer application, were by far the largest potential

source of anthropogenic nutrients whereas residential

sources in rural setting accounted for\1% of the total

load of nutrients (Yates et al. 2012).

Area-specific N loads for SLR tributaries (Patoine

2017, Table 5) spanned a wide range of values and

showed the expected relation between proportion of

farmlands and N/C and N/P ratio. Nitrogen export rate

for the 99% forested Saint-Maurice River (166 kg N

km-2 year-1) was well below that reported for the

coast of western Norway (332 kg N km-2 year-1)

whereas the N exportation rate for heavily farmed

(54.5% of area) Yamaska River (1579 kg N km-2

year-1) was above that documented for the East

English and Scottish Coast (1500 kg N km-2 year-1)

to the North Sea (Sutton et al. 2011). Overall, nitrogen

and phosphorus contributions from tributaries of the

SLR largely exceeded municipal sources and should

be the focus of future remedial actions.

Our estimates of domestic wastewater loads did not

include (1) inflow of raw sewage (storm overflows)

from older combined urban systems and (2) popula-

tions not connected to a municipal sewer system.

Domestic loads originating from the (largely rural and

semi-urban) population scattered throughout the SLR

watershed outside of the greater Montreal metropoli-

tan area (about 4 million people, Institut de la

Statistique du Québec 2016) were mostly included in

tributary loads (Table 5; Patoine 2017). Conversely,

our use of the most recent years (2009–2012) to assess

mean annual contribution of metropolitan urban

centers against 1995–2011 SLR loads likely repre-

sented upper values of urban loads for that period

given the overall trends of rising urban population and

nutrient concentrations in municipal effluents. Man-

agement interventions and improvement of infrastruc-

tures to reduce episodes of raw sewer overflow must

be undertaken to improve future SLR water quality in

urban areas. Such measures are warranted in light of

the (unquantified albeit most likely) significant con-

tribution of overflows to C, N, and P loads and their

anticipated rise with extreme rain events under climate

change. Far from being local, both the chemical

signature and the ecosystemic effects of the plume of

the City of Montreal treated wastewater effluent were

detectable several km downstream of its release point

(Marcogliese et al. 2014).

With respect to C, our estimate of area-specific C

outflow from the entire SLR watershed (1350 kg C

km-2 year-1 for DOC only without including inor-

ganic C) was higher than the 1202 kg C km-2 year-1

value reported by Clair et al. (2013). That value

integrated the relatively low area-specific C flux for

the Great Lakes (750 kg C km-2 year-1 at Wolfe

Island) as well as high exportation rates for the Ottawa

River (2650 kg C km-2 year-1 at Carillon) and

individual tributaries (up to 5900 kg C km-2 year-1

for the 98% forested Jacques-Cartier River, Patoine

2017). High area-specific C export values ([4000 kg

C km-2 year-1) are typical of humic waters of large

northern Québec rivers draining the boreal forest on

the Pre-Cambrian Shield (Hudon et al. 1996; Clair

et al. 2013), but may also be observed in heavily

farmed watersheds (this study). At Québec, mean

DOC annual exports (1.39 9 106 t C year-1, Table 4)

from our study were about 4 times smaller than

dissolved inorganic carbon (DIC) flux

(5.94–6.85 9 106 t C year-1 (1998 data, Hélie et al.

2002); our focus on the DOC compartment was

justified in view of its eventual degradation in deep

estuarine waters.

Our results also support the earlier finding that the

N/C ratio of exportations from different rivers reflects

watershed land use and the origin of riverine produc-

tion (Khalili et al. 2010; Clair et al. 2013). Low N/C

ratio (\0.10) reflected low N exportations relative to

high C outputs from forested and wetland areas

(Hudon et al. 1996) typically encountered for north

shore tributaries draining the Pre-Cambrian Shield

such as the Jacques Cartier (N/C = 0.05) and Saint-

Maurice (N/C = 0.04) rivers (Table 5). Values of N/P

ratio reflected the relative importance of different

sources of N and P with the highest values of N/P

recorded for the outflow of Lake Ontario (N/P = 86)

and atmospheric deposition (N/P = 85). Heavily

farmed watersheds ([40% of farmed areas: Chateau-

guay, Richelieu, Yamaska, Nicolet Sud-Ouest, Nicolet

rivers) showed more variable N/P ratio values

(24–51), indicative of different rates of fertilizer

applications and/or different N and P leaching rate

from soils under various agricultural settings.
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Within-river processes mediated by primary

producers

Overall, our results reveal that biological activity and

hydrological conditions sharply modulate the seasonal

flux of C, N, and P to the SLR estuary. Our estimation

that biological plant production represented 20, 18 and

58% of C, N, and P loads (respectively) at Québec is a

strong indication that, during the growth season, St.

Lawrence River aquatic ecosystems assimilate and

process anthropogenic nutrient inputs, effectively

acting as a very large tertiary water treatment plant.

Phosphorus inputs from tributaries and wastewaters

stimulate growth of algae and vascular plants, leading

to enhanced atmospheric carbon fixation and high

primary production within the SLR. At the time of

plant decay, carbon and nutrients that were fixed/

assimilated during summer are eventually released,

either in the water (as SPM or dissolved substances) to

be flushed downstream towards the SLR estuary or lost

to the atmosphere through respiration (CO2) and

denitrification (N2).

At the outlet of Lake Ontario, the SLR carries low

concentrations of SPM but relatively high concentra-

tions of dissolved substances compared to other major

world rivers (Meybeck and Ragu 1996). The high ratio

(&17) of mean annual DOC to POC documented for

SLR (Rondeau et al. 2000) justified our focussing on

DOC. The low contribution of POC to the SLR estuary

is reflected by the similarity between mean DOC

annual exports (1.39 9 106 t C year-1, Table 4)

derived from our study and the mean TOC flux of

1.24 9 106 t C year-1 estimated by Rondeau et al.

(2000). In contrast with the eutrophic River Loire in

which phytoplankton represented the most important

primary producer (Meybeck et al. 1998), annual

production of rooted vascular plants and associated

epiphytes in the SLR constitutes &66% of total

autochthonous production (Vis et al. 2007). Given the

predominance of benthic primary producers along the

550-km-long course of the SLR (Lévesque et al.

2017), it is most likely that plant decay takes place, at

least partially, locally (yielding DOC) rather than

being entirely exported as detritus (POC) to the

estuary. The isotopic signature of organic carbon

fractions indeed showed that aquatic primary produc-

ers contributed a significant proportion of total organic

carbon year-round and that degradation of aquatically-

produced POC into DOC was most important during

summer months throughout the SLR system (Hélie

and Hillaire-Marcel 2006). Exportation of the entire

annual riverine primary production to the SLR estuary

as POC (0.28 million t C year-1, Table 7) would

increase our estimate of annual C exportation by 20%,

but would only represent 5% of the total SPM (mineral

and organic) load exported at Québec.

In addition, the large difference we observed

between mean TP (15 lg P L-1) and TDP (6 lg P

L-1) concentrations at the outlet of Lake Ontario

likely results from the predominance of nutrient-rich

phytoplankton cells rather than mineral particles

within SPM. Although measurements of chlorophyll

a concentration have been interrupted since 2004, TN

and TP (and SPM) concentrations at Wolfe Island

appear to be rising since 2005, suggesting that this site

could reflect the changing water quality from littoral

areas of Lake Ontario as well as that from the more

stable oligotrophic central lake (Makarewicz et al.

2012b). Rising nutrient concentrations at Wolfe Island

could therefore reflect the rising inflow of nutrients

from tributaries and urban sources in the nearshore

lake area, inducing the recent resurgence of Clado-

phora (Higgins et al. 2010; Makarewicz et al. 2012a).

On a seasonal basis, nutrient concentrations at

Wolfe Island were highest in the winter and spring and

declined over the course of the summer, likely

reflecting the mixing-stratification cycle of central

Lake Ontario waters as well as biological activity

nearshore. In the Laurentian Great Lakes, rising water

temperature was shown to increase water column

stability and the duration of summer stratification

(Magnuson et al. 1997). These physical changes lead

to rising primary productivity and more severe epil-

imnetic DIN deficit (Makarewicz et al. 2012b). At

Carillon and Québec, the occurrence of similar

monthly cycles in NO3 concentrations suggests that

assimilation by benthic primary producers (rooted

vegetation and epiphytes) and bacterial denitrification

also play a significant role in shallow and/or clear large

rivers.

Calculation of net monthly flux (outflow-inflow) of

the different forms of C, N, and P revealed the

magnitude of biological processes taking place within

the riverine segment which modulate the seasonal

inflow of C, N, and P from the river to its estuary. At

Québec, the low summer values of N and P flux to the

SLR estuary coincided with aquatic plant growth, low

river discharge and warm water temperatures (Hudon
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and Carignan 2008; Hudon et al. 2010). The sink effect

for N and P was particularly important under low

discharge summer conditions during which water

retention time is maximized in the shallow, warm,

well-illuminated littoral areas. Low SLR water levels

were indeed shown to induce substantial shifts in the

distribution and relative importance of primary pro-

ducers although total river primary production

remained stable between years (Vis et al. 2007). The

nutrient sink effect of Lake Saint-Pierre for SPM,

DOC, NO2-NO3, TP and TDP during summer months

was previously documented Hudon and Carignan

(2008). Bacterial denitrification taking place at the

sediment–water interface of the 110 km2 sector of

southern Lake Saint-Pierre alone could consume about

1.5 t N per day (NO3) during summer (Hudon and

Carignan 2008). Extensive, shallow SLR wetlands

areas (i.e. fluvial lakes St. Lawrence, Saint-François,

Saint-Louis and Saint-Pierre) represent complex

ecosystems where significant nutrient processing

(assimilation-retention-transformation) take place. In

a nutshell, biological activity within SLR ecosystem

provides significant ecosystemic services, assimilat-

ing nutrients, reducing nitrogen output to the estuary

and improving water quality during summer months.

In the upper Mississippi River, biological processes

were also shown to play a large role in the seasonal

dynamics of N and P, taking place particularly in the

backwaters and impounded areas colonized by large

beds of aquatic macrophytes during summer (Houser

and Richardson 2010). Minimum TN concentrations

in late summer and fall in the upper Mississippi were

attributed to low N inputs via precipitation and runoff

and relatively high rates of N removal via bacterial

denitrification owing to warm water and sediment

temperatures (Strauss et al. 2006).

Contribution of freshwater C, N, and P flux

to hypoxia and acidification in the Laurentian

Channel

Annual flux of C, N, and P from the SLR potentially

contributes to hypoxia and acidification of the lower

estuary through two major processes: (1) the direct

consumption of O2 for decomposition of riverine

organic C and (2) the stimulation of estuarine C

production through the injection of riverine N and P.

For C, we combined our measurement of annual DOC

flux (1.39 9 106 t C year-1) with estimations of

particulate organic C (POC) for four scenarios ranked

from highly conservative (presuming that phytoplank-

ton is the major source of exported POC, &0.1% of

SPM flux at Québec) to less conservative (exportation

as detritus of all riverine C fixed annually by primary

producers,&5% of SPM flux at Québec) (Table 7). In

comparison, Pocklington and Tan (1987) estimated

that POC represented 3–14% of TOC in the SLR

(1981–1985). In our study, the mean DOC concentra-

tion we measured at Québec (Table 1,

3.68 ± 0.30 mg C L-1 as DOC, 1995–2011) was

very close to that reported by Pocklington and Tan

(1987) (3.8 mg C L-1 DOC, 1981–1985) and to the

TOC concentration estimated by Clair et al. (2013)

(3.7 mg C L-1 TOC, 2000–2007).

Table 7 Calculation of the amount of O2 required for mineralization of C exported from the St. Lawrence River to its estuary,

comparing estimates of exportation derived from the present study and that of Pocklington and Tan (1987)

Carbon fraction This study Pocklington and Tan (1987)

0.1% SPM 1% SPM 3% SPM 100% PP

POC (9106 t year-1) 0.01 0.06 0.17 0.28

DOC (9106 t year-1) 1.39 1.39 1.39 1.39

TOC (9106 t year-1) 1.40 1.45 1.56 1.67 1.83

O2 consumption (9106 t year-1) 5.42 5.62 6.05 6.47 7.09

Total organic carbon (TOC) exports from this study are calculated using four different scenarios to estimate particulate organic

carbon (POC = 0.1, 1, 3% of total SPM exportation or 100% of within-river primary production (PP) (&5% total SPM). The amount

of O2 required to mineralize the resulting outflow of TOC is calculated using the Redfield ratio (170 mol of O2 consumed for 117 mol

of C), assuming that all degradation takes place within the estuary during the same year (Tremblay and Gagné 2009)
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The loads of total organic C (TOC) estimated for

the four scenarios ranged from 1.40 to 1.67 million t C

year-1, all of which were lower than the 1.83 million t

C year-1 value reported by Pocklington and Tan

(1987). In turn, based on the Redfield ratio (117 mol

C:170 mol O2) and assuming that all C entering the

estuary was degraded within a year (Tremblay and

Gagné 2009), we calculated that between 5.42 and

7.09 million t O2 would potentially be consumed

annually in the estuary for the degradation of organic

C exported from the SLR (Table 7). The fraction of

this O2 consumption actually taking place in the

bottom waters of the lower estuary, thus directly

contributing to deep-layer hypoxia, however remains

to be assessed.

For P and N, the relative magnitude of riverine flux

was compared with values from previous studies and

used to calculate the proportion of SLR flux to the total

NP flux to the estuarine waters, including the contri-

bution of upwelling and vertical mixing (Table 8). In

comparison with earlier studies, annual dissolved P

flux from the present study were low; depending on the

estimates, P flux from the SLR represented between

7% (this study, as TDP) and 19% (Coote and Yeats

1979, as PO4) of total estuarine flux. This decrease in P

flux over time might reflect remediation efforts

focused on P within the SLR watershed. In contrast,

our estimation of N flux was higher than those from

earlier studies (Table 8); estimates of NOx flux from

SLR relative to the total estuarine NOx flux range from

18% (Savenkoff et al. 2001) to 31% (this study).

Discrepancies in total P and N flux between studies

may stem from differences in annual discharge, the

predominant use of summer measurements and/or

long-term drop (P) or rise (N) in concentrations. For

both P and N, however, it could be argued that the

overall flux of these nutrients (as TP and TN) from the

SLR to the estuary should be considered rather than

focusing only on their readily available forms (PO4

and NOx) for primary producers. This argument is

justifiable given the high rate of mineralization taking

place within the estuary (Tremblay and Gagné 2009)

and the inclusion of organic N and P fractions highly

valuable as substrate for microbial heterotrophs whose

respiration further consumes O2. Primary production

within the turbid transition zone of the upper estuary is

light-limited (Levasseur et al. 1984) and supports a

rich heterotrophic microbiota (Frenette et al. 1995).

Calculation of the % contribution of SLR to total

estuarine flux using TP (14%) and TN (47%)markedly

Table 8 Comparison of the magnitude of nutrient influx to the

lower St. Lawrence Estuary originating from either freshwater

SLR or from upwelling and mixing reported from different

studies. The relative contribution (%) of SLR to the total

estuarine inputs (SLR ? Upwelling) is provided for compar-

ison

PO4

(TP)

NO2–NO3

(TN)

Reference

SLR inputs to the lower St. Lawrence Estuary (9103 t year-1) 21 84 Coote and Yeats (1979)

12.2 54.7 Savenkoff et al. (2001)

5.5a (12) 134 (269) This study

Upwelling and mixing in the Lower St. Lawrence Estuary (9103 t

year-1)

76.5 300.2 Savenkoff et al. (2001)

SLR contribution to the Lower St. Lawrence Estuary (%) n.a. 20–25 Greisman and Ingram

(1977)

19 19 Coote and Yeats (1979)

15 18 Savenkoff et al. (2001)

7 (14)b 31 (47)c This study

n.a. not available
a Measured as total dissolved P
b Assuming that all TP exported to the estuary is mineralized within a year
c Assuming that all TN exported to the estuary is mineralized within a year
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increased the importance or river enrichment to

estuarine microbial production, making them all the

more significant.

Downstream from Québec, tidal mixing of C, N,

and P-rich fresh water with saltwater stimulates

microbial production and induces the flocculation of

terrigenous dissolved and colloidal organic matter. A

significant fraction of the organic material brought

from upstream eventually settles in the deep Lauren-

tian channel (Annane et al. 2015) where rising organic

content of sediment and dropping O2 concentrations

have been reported (Gilbert et al. 2005; Thibodeau

et al. 2006). In turn, mineralization of organic matter

into CO2 contributes to estuarine acidification (Mucci

et al. 2011). Understanding the magnitude of fresh-

water C, N, and P inputs from the SLR is the first step

in the assessment of the impact of human activities in

the watershed leading to the eutrophication, hypoxia

and acidification hundreds of kilometers downstream

into its estuary.

Conclusions

Our study showed that annual flux and seasonal

dynamics of SPM and nutrients differ among the three

sites we studied along the SLR, largely reflecting the

natural setting and anthropogenic activities in the

watershed. At the outlet of Lake Ontario, SPM and

nutrients loads are low for a river of this size, owing to

their low concentrations in this large lacustrine

environment. Erosion of riverbed and shorelines along

the 550-km-long river course accounted for most of

the SPM load at Québec. Inflow of the Ottawa River

(13 and 14% for N and P loads respectively at Québec)

and from tributaries (20 and 27% of N and P loads

respectively, at Québec) draining farmlands accounted

for a disproportionately large fraction and highest

area-specific nutrient loads to the SLR estuary, largely

exceeding municipal sources (6% for both N and P).

Direct atmospheric deposition represented a compar-

atively minor source (\1%) of nutrient enrichment to

the SLR estuary. Carbon fixation and nutrient assim-

ilation/transformation by aquatic primary producers

(emergent and submerged macrophytes, epiphyton

and phytoplankton) represented significant internal

processes modulating the seasonal flux of C, N, and P

to the SLR estuary. Net monthly SPM, C, N, and P

loads from the SLR to its estuary were highest during

the spring but were sharply reduced during the period

of plant growth, turning the SLR into a temporary sink

over summers of lowest river discharge. Outflow of C,

N, and P from freshwaters to the estuary likely

contributed significantly to deep water hypoxia and

acidification, either directly through carbon mineral-

ization (whole water column O2 consump-

tion = 5.4 - 6.5 9 106 t O2 year-1) or indirectly,

by stimulation of estuarine productivity through

increased N supply (31–47%). Improved monitoring

and reduction of episodes of raw sewer overflow must

be achieved to further control urban point sources of

nutrients. Reduction of diffuse nutrient sources,

focusing on small (watersheds\1000 km2) and large

south shore tributaries draining farmlands, represent

the most important remedial actions to improve SLR

water quality and alleviate the negative impacts to its

estuary.
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Hélie J-F, Hillaire-Marcel C, Rondeau B (2002) Seasonal

changes in the sources and fluxes of dissolved inorganic

carbon through the St. Lawrence River—isotopic and

chemical constraint. Chem Geol 186:117–138. doi:10.

1016/S0009-2541(01)00417-X

Higgins SN, Pennuto CM, Howell ET, Lewis TW, Makarewicz

JC (2010) Urban influences onCladophora blooms in Lake

Ontario. J Great Lakes Res 38:116–123. doi:10.1016/j.jglr.

2011.11.017

Hill RB (2013) St. Lawrence River/Wolfe Island water quality

monitoring program 1989/90—2006/06. Concentrations

and trends. Environment Canada. Water quality monitor-

ing and surveillance—Ontario. 40 pages ? app

Houser JN, Richardson WB (2010) Nitrogen and phosphorus in

the Upper Mississippi River: transport, processing, and

effects on the river ecosystem. In: Romano SP, Ickes B

(eds). Upper Mississippi River Research Synthesis: Forty

Years of Ecological Research. Hydrobiologia 640: 71–88.

doi:10.1007/s10750-009-0067-4

Howarth RW, Billen G, Swaney D, Townsend A, Jaworski N,

Lajtha K, Downing JA, Elmgren R, Caraco N, Jordan T,

Berendse F, Freney J, Kudeyarov V, Murdoch P, Zhao-

liang Z (1996) Regional nitrogen budgets and riverine

inputs of N and P for the drainages to the North Atlantic

Ocean: natural and human influences. Biogeochemistry

35:75–139. doi:10.1007/978-94-009-1776-7_3

Hudon C, Carignan R (2008) Cumulative impacts of hydrology

and human activities on water quality in the St. Lawrence

River (Lake Saint-Pierre, Québec, Canada). Can J Fish
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Lévesque D, Hudon C, James P, Legendre P (2017) Environ-

mental factors structuring benthic primary producers at

different spatial scales in the St. Lawrence River (Canada).

Aquat Sci 79:345–356. doi:10.1007/s00027-016-0501-4

Magnuson JJ, Assel RA, Bouser CJ, Dillon PJ, Eaton JG, Evans

HE, Fee EJ, Hall RI, Mortsch LR, Schindler DW, Quinn

FH,Webster KH (1997) Potential effects of climate change

on aquatic systems: laurentian Great Lakes and Precam-

brian shield region. Hydrol Process 11:825–872. doi:10.

1002/(SICI)1099-1085(19970630)11:8\825:AID-

HYP509[3.0.CO;2-G

Makarewicz JC, Booty WG, Bowen GSGL (2012a) Tributary

phosphorus loading to Lake Ontario. J Great Lakes Res

38:14–20. doi:10.1016/j.jglr.2012.08.001

Makarewicz JC, Lewis TW, Boyer GL (2012b) Nutrient

enrichment and depletion on the shoreside of the spring

thermal front. J Great Lakes Res 38:72–77. doi:10.1016/j.

jglr.2011.12.004

Marcogliese DJ, Blaise C, Cyr D, de Lafontaine Y, Fournier M,
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Savenkoff C, Vézina A, Smith P, Han G (2001) Summer

transports of nutrients in the Gulf of St. Lawrence esti-

mated by inverse modelling. Estuar Coast Shelf Science

52:565–587. doi:10.1006/ecss.2001.0774

Biogeochemistry (2017) 135:251–276 275

123

http://www.stat.gouv.qc.ca/statistiques/population-demographie/structure/qc_1971-20xx.htm
http://www.stat.gouv.qc.ca/statistiques/population-demographie/structure/qc_1971-20xx.htm
http://dx.doi.org/10.5194/bg-6-2985-2009
http://dx.doi.org/10.1029/2009GB003668
http://dx.doi.org/10.1007/s00027-016-0501-4
http://dx.doi.org/10.1002/(SICI)1099-1085(19970630)11:8%3c825:AID-HYP509%3e3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1099-1085(19970630)11:8%3c825:AID-HYP509%3e3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1099-1085(19970630)11:8%3c825:AID-HYP509%3e3.0.CO;2-G
http://dx.doi.org/10.1016/j.jglr.2012.08.001
http://dx.doi.org/10.1016/j.jglr.2011.12.004
http://dx.doi.org/10.1016/j.jglr.2011.12.004
http://dx.doi.org/10.1007/s13280-014-0577-9
http://dx.doi.org/10.1016/0272-7714(88)90071-6
http://dx.doi.org/10.1139/f03-033
http://dx.doi.org/10.5194/bg-9-3337-2012
http://www.mamrot.gouv.qc.ca/pub/infrastructures/suivi_ouvrages_assainissement_eaux/eval_perform_rapport_2010.pdf
http://www.mamrot.gouv.qc.ca/pub/infrastructures/suivi_ouvrages_assainissement_eaux/eval_perform_rapport_2010.pdf
http://www.mamrot.gouv.qc.ca/pub/infrastructures/suivi_ouvrages_assainissement_eaux/eval_perform_rapport_2010.pdf
http://dx.doi.org/10.1080/07055900.2011.599265
http://dx.doi.org/10.1016/S0380-1330(01)70656-9
http://www.mddelcc.gouv.qc.ca/eau/eco_aqua/phosphore/charge-phosphore-azote-mes2009-2012.pdf
http://www.mddelcc.gouv.qc.ca/eau/eco_aqua/phosphore/charge-phosphore-azote-mes2009-2012.pdf
http://dx.doi.org/10.1139/f99-233
http://dx.doi.org/10.1016/0016-7037(87)90308-5
http://dx.doi.org/10.1080/02626667.2013.814915
http://dx.doi.org/10.1002/(SICI)1099-1085(200001)14:1%3c21:AID-HYP907%3e3.0.CO;2-7
http://dx.doi.org/10.1002/(SICI)1099-1085(200001)14:1%3c21:AID-HYP907%3e3.0.CO;2-7
http://dx.doi.org/10.1016/j.apgeochem.2005.02.011
http://dx.doi.org/10.1006/ecss.2001.0774


Seitzinger S, Harrison JA, Böhlke JK, Bouwman AF, Lowrance
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