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2. Abstract8

We present a simple linear three-box model of nutrient cycling in the Lower St. Lawrence Estuary (LSLE).9

A present-day nutrient budget is obtained for �xed-nitrogen, phosphorus, and silica, from which the model's10

parameters are derived. The model is used to (i) test the sensitivity of each layer's nutrient concentration to11

perturbations in nutrient and water volume inputs, (ii) obtain the response time of the system to a new steady12

state following a perturbation, and (iii) estimate bottom-water oxygen consumption. We �nd that most of13

the dissolved nutrients (70% of �xed-nitrogen, 90% of phosphorus) that reach the surface waters in the Lower14

Estuary originate from the deep waters, implying that the anthropogenic eutrophication potential of the St.15

Lawrence River is moderate. Our nutrient budget suggests that the Lower St. Lawrence Estuary acts as a16

nutrient pump for the Gulf of St. Lawrence. Nitrate appears as the limiting nutrient to surface productivity17

in the LSLE. This model can be used to test the impact of natural or anthropogenic perturbations on nutrient18

and oxygen concentrations in the LSLE.19

3. Introduction20

The Gulf of St. Lawrence and Estuary make up the largest estuarine system in the world (Fig. 1a). The21

St. Lawrence Estuary is supplied by freshwater �owing seaward from the Great Lakes and other tributaries,22

and by landward-�owing North Atlantic waters, entering the Gulf at depth through the Cabot and Belle23

Isle Straits. The estuary is therefore subject to both coastal and open ocean processes, and hosts a complex24

nutrient circulation.25

26

Direct observations and proxy measurements have revealed that the dissolved oxygen concentrations in27

the bottom waters of the Gulf of St. Lawrence and Lower Estuary have decreased signi�cantly over the past28
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Figure 1: The St. Lawrence System. a Map of the St. Lawrence Estuary, showing the deep Laurentian Channel (LC).
The dotted line shows the 150 m isobath. Red shows the extent of the drainage basin of the St. Lawrence System. b
Schematic representation of the three layer strati�cation in the Lower St. Lawrence Estuary for a transect along the
Laurentian Channel. Colors show practical salinity. Modi�ed after Dickie and Trites (1983). c Transect of dissolved
oxygen concentration along the Laurentian Channel. All data taken from the BioChem database.
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80 to 100 years (Gilbert et al., 2005; Thibodeau et al., 2010). Minimum dissolved oxygen concentrations in29

the Lower St. Lawrence Estuary (LSLE) varied from ∼ 150 µmol kg−1 in the 1930s to less than 60 µmol30

kg−1 since 1985 (Gilbert et al., 2005). About 2/3 of the oxygen depletion has been attributed to changes in31

the relative proportions of the two water masses that mix on the continental shelf and enter the Gulf through32

Cabot Strait: the cold, oxygen-rich Labrador Current waters and the warm, oxygen-poor North Atlantic33

Central waters (Gilbert et al., 2005). The remaining oxygen depletion is associated to local processes, such34

as an increase in microbial respiration promoted by increasing bottom-water temperatures (Genovesi et al.,35

2011) and eutrophication (Benoit et al., 2006; Thibodeau et al., 2006) - the bacterial oxygen consumption36

triggered by increased �uxes of organic matter to the deep waters following phytoplankton blooms promoted37

by anthropogenic nutrient and allochtonous organic matter exports. The St. Lawrence River drains highly38

populated areas - with associated discharge of waste waters to the river and its tributaries - and fertile39

lands that host intensive farming. These activities are the source of high nutrients and particulate organic40

matter (Hudon et al., 2017) whose export has increased substantially over the last decades (Clair et al., 2013;41

Marcogliese et al., 2015; Pocklington and Tan, 1987). A better understanding of the fate of these nutrients in42

the system is essential to assess the role of eutrophication on the observed bottom-water deoxygenation. In43

this paper, we present a simple box model to represent the �ow of nutrients (N, P, Si) through the strati�ed44

LSLE, a model that informs us on how changes in the circulation and nutrient export a�ect the fate of45

nutrients and the oxygen demand in the Lower St. Lawrence Estuary.46

47

Similar approaches have been used in the past, but over the whole St. Lawrence System (Savenko� et al.,48

2001) and to look at bacteria (Painchaud et al., 1987). This model informs us on (i) the sensitivity of the49

system to perturbations, and (ii) the time required to reach a new steady-state following a perturbation.50

By solving the model for varying freshwater discharge and nutrient input concentrations, we calculate how51

nutrients redistribute in the water column. First, we describe the study area, the characteristics and boundary52

conditions of the model and how they were chosen, proceed to de�ne the active processes, highlight the model53

parameters for which measurements exist, derive missing parameters, and �nally describe how the model54

was solved, before presenting results of the current steady state and the Lower Estuary's response to a range55

of hypothetical scenarios.56

3.1. Description of the system57

The most prominent bathymetric feature in the Gulf of St. Lawrence and Lower Estuary is a deep (>58

250 m) U-shaped channel, the Laurentian Channel (LC), that stretches 1240 km from Tadoussac to the59

continental shelf break (Fig. 1). Tidal e�ects and seawater intrusions can be observed all the way to Quebec60

City, but the Lower St. Lawrence Estuary (LSLE) is de�ned as the section of the estuary that hosts this61

deep channel and extends from Pointe-des-Monts to Tadoussac.62

63
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The LSLE is strongly strati�ed and, throughout most of the year (ice-free season), is characterized by64

three distinct layers (see Fig. 1b and 9): (1) a 25-50 m deep, warm, low salinity, seaward �owing surface layer,65

a mixture of freshwater from various tributaries (mostly the St. Lawrence River) and seawater originating66

from the Gulf and Atlantic Ocean, (2) a cold, more saline intermediate layer, the Cold Intermediate Layer67

(CIL), found between 50 m and about 150 m depth, formed in the winter in the Gulf, and (3) a warmer,68

more saline deep layer, a mixture of North Atlantic and Labrador Sea waters that enters the Gulf through69

Cabot Strait after mixing on the shelf (Dickie and Trites, 1983; Galbraith, 2006; Savenko� et al., 2001). At70

the head of the LSLE, near Tadoussac, the sill rises from 200 m to less than 100 m, leading to strong mixing,71

upwelling, and complex tidal currents (Gratton et al., 1988) that bring nutrient-rich deep waters to the72

surface. This region is characterized by high biological activity and sustains a large and diverse population73

of marine mammals.74

4. Method75

4.1. Model description76

In this section, we will �rst describe the box model, and then the numerical analysis methodology. The77

chemical characteristics (e.g. nutrient concentrations) of the model are based on a large set of historical ob-78

servations gathered over the last decade on the R/V Coriolis II and obtained through the BioChem database79

made available by the Department of Fisheries and Oceans Canada. The latter contains data from the80

Atlantic Zone Monitoring Program (AZMP) and from a number of other �eld samplings.81

82

A box model typically requires that every box is well-mixed and uniform. As shown in Fig. 2, nutrient83

concentrations are relatively constant along isopycnals from Tadoussac to Pointe-des-Monts, and decrease84

seaward (especially at the surface). Below the surface layer, temperature is also relatively uniform along85

the LC. The bottom-water oxygen concentration decreases landward, but is relatively uniform from Baie-86

Comeau to Tadoussac. The relative uniformity of water properties (T, S) and nutrient concentrations along87

isopycnals in this 200-km section of the LC suggests that the LSLE section from Tadoussac to Baie-Comeau88

can realistically be represented by a box model provided that it is split vertically to re�ect the physical89

(density) strati�cation.90

Based on the common description of the LSLE and its physical strati�cation (Fig. 9abcd), three boxes91

would be needed to represent the system properly. Vertical nutrient pro�les (Fig. 9efg) do not provide92

evidence for the presence of two distinct layers in the top 150 m of the LSLE, i.e. do not distinguish the93

surface from the CIL. Property-property diagrams (salinity against temperature and nutrient concentrations),94

for their part, show no distinction between the CIL and the deep layer (e.g. Fig. 10). Thus, taking into95

consideration the previous observations, we abide by the three-layer strati�cation and use 3 vertical boxes96

to represent the LSLE: a surface box with a depth of 50 m, an intermediate box with a depth of 100 m, and97

a deep box with a depth of 150 m (see Figure 3c).98
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Figure 2: Transects of various physical and chemical properties along the LC (T = temperature, SP = practical
salinity, SRP = soluble reactive phosphate, dSi = dissolved silicate). The distance is in km from Quebec City. In
every bin, the available data from 1990 to 2018 for the whole width of the estuary are averaged. Grey bins contain no
data. Unless speci�ed otherwise, all units are in µmol kg−1. The inset shows the geographical location of available
nitrate data from 1990 to 2018.
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Figure 3: Box model. Each layer is characterized by a nutrient concentration ci. The di�erent �ux terms are:
S/Si are the source/sink terms, in which solutes are transformed into particulate organic matter by photosynthesis
and vice-versa (microbial particulate organic matter (POM) remineralization). Fi are the mass �uxes. Dij are the
turbulent di�usive terms. B is the burial rate to the sediments, and Pi are the POM gravitational settling rates. Ri

are the remineralization rates, and G is the dissolved nutrient uptake rate (POM formation).

We consider that the volume of the boxes is �xed, meaning that the depth of the interfaces between the99

three boxes (or layers) does not vary with time. This model is therefore more representative of the summer100

conditions, since, in the winter, when the freshwater �ow is minimal and heat is lost to the atmosphere,101

the surface layer deepens as it readily mixes with the CIL. Nevertheless, the mass balance stays the same102

throughout the year, and only the model's nutrient distribution is a�ected by seasonal changes.103

The model is expressed in terms of �uxes and source/sink terms of nutrients in each box. Both the104

dissolved (available for biological uptake, Fig. 3a) and particulate (microbially metabolizable organic form,105

irrespective of their oxidation state, Fig. 3b) forms of nutrients are solved for. Transformation from one106

form to the other ensures total mass conservation.107

108

The exchange mechanisms considered between the boxes are (i) lateral and vertical (upwelling) transport109

of dissolved and particulate nutrients (Fi terms on Fig. 3), (ii) particle settling (Pi), (iii) burial in the sedi-110

ments (B), (iv) photosynthesis (or skeletogenesis) and microbial remineralization (or skeletal dissolution) in111

the water column (S/Si,G,Ri), and (v) turbulent mixing (Dij).112

113

Assumptions and boundary conditions114

Precipitation (rainfall) and evaporation, as well as inputs from rivers other than the St. Lawrence and115

Saguenay Rivers are neglected, as their contributions to the nutrient budget are relatively small. Nitrogen116

�uxes from the atmosphere and nitrogen �xation are also not considered, a reasonable since atmospheric117

deposition in the LSLE (3 × 108mol yr−1, Prospero et al. (1996)) accounts for only 1.5% of the nitrogen118

input to the system (Hudon et al., 2017). Di�usion of nutrients out of the sediments is not explicitly re-119

solved but is implicit to the model, since the only �ux to sediments is permanent burial. We assume that120
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only the dissolved forms of nutrients can be transported to overlying waters by upwelling and turbulent121

mixing, while the particulate forms are only subject to gravitational settling. Only the net �ux associated122

with turbulence mixing (upwelling minus downwelling) is represented. Allochtonous particulate matter orig-123

inates solely from the St. Lawrence and Saguenay Rivers. For our estimates of dissolved �xed-nitrogen, we124

neglect nitrite and ammonia, as their concentrations are, on average, 200 times lower than nitrate. The125

boundary conditions representing the circulation pattern mirror the overall �ow, which is seaward at the126

surface and landward below. In reality, at the surface, a cyclonic gyre that sits east of Pointe-des-Monts127

takes water out of the Estuary along the South shore (Gaspé Current) and brings water in along the North128

shore. At the western boundary, upwelling brings water from the intermediate and deep layers to the surface.129

130

In the Lower Estuary, upwelling and mixing rates are much higher near the western edge of the LC (i.e.,131

head of the Laurentian Channel), because of the sudden shoaling of the sea�oor landward of Tadoussac (from132

about 200 m to less than 100 m deep). Nevertheless, in each box, a single value for these parameters is used,133

as they represent the integrated averaged value over the box. Sediment trap estimates of biogenic particle134

settling rates show an increase landward along the Lower Estuary, as the contribution of terrigenous organic135

matter delivered by the St. Lawrence River increases (Benoit et al., 2006; Colombo et al., 1996). The particle136

�ux used in the model is also an integrated average along the LSLE section of the LC.137

Mathematical formulation138

Readers who are not interested in the details of the model formulation can jump to section 5. The �ux139

terms shown in Fig. 3 are de�ned in Table 1. Each process is de�ned as a linear function of nutrient con-140

centrations, a reasonable assumption away from null and very high nutrient concentrations. More realistic141

functions may not be linear, in particular between the gravitational settling and POM concentration in the142

surface layer, or between POM formation and dissolved nutrient concentrations. Nevertheless, given the143

simplicity of our model and the lack of consensus about the formulation of such relations (Dunne et al.,144

2005; Kriest and Oschlies, 2008; Martin et al., 1987; Sarmiento and Gruber, 2006), linear relationships are145

applied.146

147

The basic equations of this model are the sum of all �uxes in each layer. At steady state (dcidt = 0),

this leads to the following equations, where fi represents volume �uxes, B permanent burial, Ei are the

turbulent mixing coe�cients, Pi are the particulate matter settling �uxes, and G is the transformation from

the dissolved to particulate form (see Table 1). The subscripts diss and part refer to, respectively, the

dissolved and particulate forms of nutrients, SInp designates the surface input (from the upper estuary),

SOut is the surface output (i.e. into the Gulf), I is the intermediate layer input and D is the deep layer

input. For concentrations ci, the layers are identi�ed from 1 (surface) to 3 (deep layer). From layer 1 to 3:

fSInpcSInp,diss − fSOutc1,diss + fIc2 + fDc3 + E1 (c2 − c1,diss)−G = 0 (1)
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Table 1: Flux terms of the box model and their mathematical formulations.

Term De�nition Expression

(mol s−1)

Fi Water input/output Fi = fici, where fi is the water �ux in m3s−1 and ci is the
nutrient concentration of this water mass/layer.

Dij Mixing between layer i and j Dij = Eij (cj − ci), where Eij is the turbulent mixing co-
e�cient.

Pi Particulate settling �ux Pi = aic1,part, where c1,part is the particle concentration in
the �rst layer and ai is a �ux coe�cient with units m3 s−1,
a fraction of the amount of particulate matter settling out
of layer 1 reaching layer i.

B Burial rate The burial rate can be expressed as the fraction b of the
biogenic particle �ux exported from layer 1 that is perma-
nently buried, or as B = bc1,part where b is a �ux coe�cient
similar to ai.

Other �uxes that can be calculated
Ri Remineralization Amount of organic nutrient being remineralized (conversion

from organic to inorganic form) and equal to Ri+1 = Pi −
Pi+1 = Pi− xPi where x is the fraction of Pi remineralized
in layer i+ 1.

G Nutrient uptake Amount of inorganic nutrient being transformed to its
organic form by photosynthetic activity, equal to G =
fSInpcSInp,part − fSOutc1,part − P1 = fSInpcSInp,diss −
fSOutc1,diss + E1(c2 − c1) + fIc2 + fDc3. We consider a
linear function between the uptake rate and the dissolved
nutrient concentration, G = αc1,diss, where α is a coe�-
cient of units (m3s−1).

fIcI − fIc2 − E1 (c2 − c1,diss) + E2 (c3 − c2) + P1 − P2 = 0 (2)

fDcD − fDc3 − E2 (c3 − c2) + P2 −B = 0 (3)

and for particulate material in the �rst layer:

fSInpcSInp,part − fSOutc1,part +G− P1 = 0 (4)

To ensure mass conservation, the particulate matter output �ux is derived from the balance of all input

�uxes which must be equal to zero, giving:

c1,part =
1

fSOut
[fSinp (cSinp,diss + cSinp,part) + fIcI + fDcD − fSOutc1,diss −B] (5)

148

Again, to ensure mass conservation, we consider that all excess/lack of particulate/dissolved nutrient is149

due to a transformation from one form to the other.150
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Model formulation151

The model is �nally expressed with four equations to solve for the four nutrient concentrations (c1,part,

c1,diss, c2, c3). All required parameters are presented in Tables A1 and 2. We use equations 1+4, 3, total

mass conservation and the nutrient uptake relationships (Table 1).

fSInp(cSInp,part + cSInp,diss)− fSOut(c1,part + c1,diss) + fIc2 + fDc3 + E1(c2 − c1,diss)− a1c1,part = 0

fDcD − fDc3 − bc1,part + a2c1,part − E2(c3 − c2) = 0

fSInp(cSInp,part + cSInp,diss)− fSOut(c1,part + c1,diss) + fIcI + fDcD − bc1,part = 0

αc1,diss = fSInpcSInp,part − fSOutc1,part − a1c1,part

(6)

Model parameters152

Field estimates are available for some of the parameters in equations 6, and their values and source are153

compiled in Table A1. For surface freshwater inputs at the western edge of the Lower Estuary, we use the154

sum of estimates at Quebec City and from the Saguenay River. The volume input �ow from the Gulf to155

the Lower Estuary at depth (layers 2 and 3 in Fig. 3) is poorly constrained. The available estimates come156

from an evaluation of the deep-water advection velocity based on the temperature rise phase-lag (Bugden,157

1991; Gilbert, 2004), a circulation model (Galbraith et al., 2016) and a box model (Savenko� et al., 2001),158

and range from 4.75× 104 to 7.5× 104 m3s−1. Here, we use a value derived from a mass balance of salinity159

inputs and outputs (
∑
fiSi = 0), 8.3× 104 m3s−1. We obtain the same value using a mass balance of water160

stable oxygen isotopic compositions. This value �ts within the upper range of available estimates (see Table161

3). This volume is split between the input to the deep layer and to the CIL is based on the cross-section162

area of both layers. The remaining parameters (turbulent mixing rates E1 and E2, and particle �uxes P1163

and P2 for each nutrient) are obtained from reverse modeling. Details of these derivations can be found in164

appendix B. The resulting parameters are given in Table 2, and are well within the range of available �eld165

observations (Table 3).166

This completes the present-day nutrient budget, shown in Fig. 4, for N, P, and Si. To use the model167

under various perturbation scenarios, a linear relation between the surface nutrient uptake and surface par-168

ticulate nutrient concentration (G = αc1,diss) is obtained, where α is a coe�cient of units m3s−1. The169

particle settling rate (Pi = aic1,part) and the sedimentation rate (S = bc1,part) are also expressed as a �ux of170

the surface particulate nutrient concentration. Those parameters are presented in Table 2. The �ow chart171

in Fig. 5 depicts how each parameter of the model is obtained.172

173

Validation174

The model is validated using historical data. When the nutrient input concentrations to the surface,175

intermediate (CIL) and deep waters measured prior to 1985 are fed into the model, the outputs reproduce176
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the nutrient concentrations in each layer at that time (Table A2). We also tested the theoretical robustness177

of the model by inducing small perturbations to each of its parameters (Table A3). Perturbations of 1% lead178

to a maximal variation of 0.9% of the results, implying that the model is robust.179

The mixing rates obtained through reverse modeling are sensitive to the di�erent parameters of the model,180

even if the errors do not propagate to the �nal model outputs (nutrient concentrations). For example, a181

1% perturbation of the salinity value can lead to a 56% error on the mixing rates (see Table A3). This is a182

theoretical test, since the salinity of each layer is hard to constrain because of spatial variations (see variance183

in Table A1). The mixing rates obtained from reverse modeling therefore do not have a high enough level184

of con�dence to be considered outside the context of this box model (see Table 3 for a comparison with185

observations).186

4.2. Method for sensitivity analysis187

This model is used to study three aspects of nutrient cycling in the LSLE. First, the model is used to188

test the sensitivity of the system to various theoretical perturbation scenarios. In other words, we used189

the box model to determine the steady-state nutrient concentrations and �uxes in each layer under varying190

conditions (dissolved and particulate nutrient inputs at di�erent depths, discharge rate, etc.).191

Second, we look at the time evolution of the system towards a new steady-state, following perturbations.

To do so, equations are solved in a time-dependent manner, using a �nite di�erence scheme:

dCi

dt
= A+B + C + ... (7)

as

Ci(t+ 1) = Ci(t) + ∆t× [A+B + C + ...] (8)

Third, nutrient cycling is related to oxygen consumption in the bottom waters. Eutrophication is de�ned192

as the delivery of excess nutrients to surface waters that promotes primary productivity in surface waters,193

increasing the particulate organic matter (POM) �ux towards bottom waters where the organic matter is mi-194

crobially remineralized, consuming oxygen. Our model computes the �ux of POM and remineralization in the195

LSLE under di�erent environmental conditions. The remineralization rate is related to oxygen consumption196

by the stoichiometry of the following chemical reaction (Anderson, 1995; Hedges et al., 2002)197

C106H175O42N16P + 150O2 + 28H2O ⇀↽ 106HCO−
3 + 16NO−

3 +HPO2−
4 + 124H+ (9)

corresponding to a ratio of N:O2 = 16:150 and P:O2 = 1:150. Accordingly, in our model, the oxygen198

consumption rate is given by199

RO2
= min[150 ·RP , 150/16 ·RN ] (10)

where RO2
is the oxygen consumption rate and RP and RN are, respectively, the phosphorus and nitrogen200

remineralization rates obtained from the model. We use the remineralization rates from layer 3 only, as layer201
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2 is more easily replenished by overlying waters. This rate includes both the pelagic and benthic oxygen202

respiration rates. Early diagenetic processes (including nutrient release from sediments to the overlying water203

column) are intrinsically resolved in the model, since the export to sediments is the long-term burial.204

Equation 10 yields a present-day oxygen consumption rate of 40 µmol L−1 yr−1. In reality, along205

the isopycnal where we �nd the oxygen minimum, oxygen concentrations decrease from 150 µmol L−1 at206

Cabot Strait to 60-70 µmol L−1 at the head of the Laurentien Channel following a transit between these207

two locations of 2 or 4 years (Bugden, 1991; Gilbert, 2004). According to these measurements, a 2 years208

transit represents an oxygen depletion rate in accordance with the rate obtained from our model. A 4209

years transit yields a rate half that from the model (see Table 3). The discrepancy can be attributed to210

oxygen replenishment from the surface through turbulent mixing. A simple calculation reveals that the211

discrepancy can be explained by a turbulence coe�cient O(10−5) m2s−1 (1.1× 10−5 m2s−1), in agreement212

with observational (Cyr et al., 2015) and reverse modeling (Savenko� et al., 2001) studies.213

In the following section, we present results of the sensitivity analysis, the time to the establishment of new214

steady-states, and discuss oxygen consumption, preceded by some general observations about the nutrient215

budget.216

5. Results217

5.1. General observations218

The strongest �uxes or most prominent processes that determine the nutrient concentrations in each219

layer are the mass inputs, particle settling, and nutrient uptake at the surface (Fig. 4). Simple mass balance220

informs us that 70% of the �xed-nitrogen and 90% of the phosphorus reaching the surface waters in the LSLE221

originate from the deep waters (both deep and CIL). This implies that nutrients of anthropogenic origin,222

entering the system through the St. Lawrence River, contribute marginally to the surface-water nutrient223

pool and can only have a moderate impact on eutrophication rates. Accordingly, respectively 3 and 7 times224

more particulate and dissolved nutrients reach the Gulf from the LSLE than what is delivered to the Lower225

Estuary from the St. Lawrence River. This is consistent with studies (Savenko� et al., 2001; Coote and226

Yeats, 1979) that describe the LSLE as a 'nutrient pump' which sustains the primary productivity in the227

Gulf (Steven, 1971). Our estimate of nutrient export towards the Gulf is, however, 70 times larger than the228

Cyr et al. (2015) estimate based on a balance of turbulent �uxes.229

5.2. Sensitivity analysis230

Below, we describe the sensitivity of nutrient concentrations in each layer to di�erent perturbations of231

the �xed-nitrogen inputs, as the other nutrients (phosphorus and silica) show similar responses to the same232

perturbations.233

Changing the dissolved and particulate nitrogen inputs from the St. Lawrence (and Saguenay) River234

(FSInp) a�ects the nitrogen concentration in all layers. Fig. 6a shows the steady-state dissolved and par-235

ticulate �xed-nitrogen concentrations (y-axis) in each layer for a range of riverine particulate plus dissolved236

12



nutrient concentrations (x-axis). The present state is designated by the grey band. Quantitatively, a dou-237

bling of the inputs of both forms of riverine �xed-nitrogen concentrations leads to a one-third as high increase238

of both forms of �xed-nitrogen concentrations in the LSLE's surface layer, a one-�fth as high increase in the239

intermediate layer, and a one-twentieth increase in the deep layer.240

241

A 100% increase (doubling) of the intermediate layer nutrient input concentrations increases the dissolved242

nutrient concentration of surface, intermediate and deep layers respectively by ∼ 30%, 60% and 5% (Fig. 6b),243

while a 100% increase in the deep layer input concentration leads to increases of, respectively, ∼ 50%, 20%244

and 85% in the same layers (Fig. 6d). The redistribution of �xed-nitrogen occurs through surface upwelling,245

a�ecting the surface nutrient uptake (G in Fig. 6c). The di�erential response of the system to increased246

nutrient inputs from the intermediate (CIL) and deep layers is due to the di�erence in input volume at depth247

(respectively 54% and 32% of the total volume of water supplied to the LSLE). In summary, variations of248

both the riverine and deep-water �xed-nitrogen concentrations have about the same impact on surface water249

nutrient concentrations.250

251

Finally, modifying the river volume �ux (freshwater discharge rate, fSInp, keeping the nutrient concen-252

tration constant) has a non-linear impact on the new steady-states (Fig. 6e), but similar to increasing the253

riverine nutrient input (Fig. 6a).254

255

5.3. Time to steady-state256

Fig. 6f shows the temporal evolution towards steady state of c1,diss, c1,part, c2, and c3 when we instan-257

taneously double the surface input (river discharge) nutrient concentration. The concentrations increase258

exponentially towards their new steady state. It takes about 0.5 year for the system to reach 90% of its new259

steady state. The time evolution is of a similar form for perturbations to other parameters. The response to260

changes in the deep-water nutrient concentrations is a little bit slower, requiring 1.2 years for a doubling261

of the concentration.262

5.4. Oxygen and eutrophication263

The deep-water oxygen consumption rate varies linearly with changes in river and deep-water �xed-264

nitrogen concentrations (Fig. 7). A 100% increase (doubling) in the river (surface) �xed-nitrogen concentra-265

tion leads to a 50% increase in the deep-water oxygen consumption rate. A 100% increase in the deep-water266

input �xed-nitrogen concentration, which eventually upwells to the surface, leads to an increase of the deep-267

water oxygen consumption rate of 32% (Fig. 7), a positive response, as upon an increase in river export268

concentration. Perturbations to phosphorus inputs do not a�ect the oxygen consumption rate at depth. This269

support the hypothesis that nitrogen acts as a limiting nutrient in the LSLE.270
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Figure 6: Response of the system to perturbations in a dissolved and particulate (in constant proportion) �xed-
nitrogen concentrations delivered by waters from the St-Lawrence and Saguenay Rivers (FSInp), b intermediate layer
input concentrations (FI), d deep layer input concentrations (FD) and e volume �ux (freshwater discharge rate) from
the St. Lawrence and Saguenay Rivers (fSInp). The x-axis shows the range of perturbations applied, with the present
conditions indicated by the grey vertical band. The y-axis shows the new steady-state �xed-nitrogen concentrations
in each layer, for the associated perturbation. c shows the modeled-system response on the particulate �uxes, the
burial rate, and uptake rate associated with b. The red zone in d denotes the range of possible deep-water nutrient
concentrations, the concentrations in the source waters of the deep Estuary: the Labrador Current Waters (lower
boundary) and the North Atlantic Central Waters (upper boundary). f Temporal evolution towards steady state of
the system after a doubling of the surface input (river discharge) nutrient concentration. It takes a half a year to
reach 90% of the new steady state.
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(x-axis) and deep-water (y-axis) �xed-nitrogen concentrations. The results are the same when changing only nitrogen
or nitrogen and phosphorus concentrations. The current state is marked by a 'x'. The stars show some hypothet-
ical scenarios. The negative slope indicates how the expected increase in riverine and in deep-water �xed-nitrogen
concentrations add-up to exacerbate entrophication.

6. Discussion271

The St. Lawrence River, the most important freshwater tributary to the Lower St. Lawrence Estuary272

(LSLE), drains dense urban areas and farmed land and is, therefore, highly susceptible to increasing nutri-273

ent and organic matter export. Our simple mass balance box model can inform us on how such stresses274

a�ect the vertical distribution of nutrients in the LSLE and eutrophication. First, it shows that the LSLE275

requires little time to reach a new steady-state following perturbations in input �uxes. More importantly, it276

shows that the impact of anthropogenic nutrient discharge to eutrophication in the LSLE is limited, given277

that upwelling of deep waters at the head of the Laurentian Channel accounts for nearly 70% of the nitrate278

input to the surface waters. This result applies to summer conditions. In the winter, the relative contribu-279

tion of the St. Lawrence River to the surface-water nutrient input is higher, but still not dominant (Diane280

Lavoie, personal communication). Nitrate acts as a limiting nutrient in the LSLE, suggesting that current281

regulations on phosphate discharge alone are not su�cient to control the level of eutrophication in the LSLE.282

283

Changes in the circulation pattern in the Northwest Atlantic may modify the properties of the bottom284

waters that enter the Gulf through Cabot Strait and reach the Estuary (Gilbert et al., 2005; Claret et al.,285

2018). Labrador Current waters (LCW) reaching the continental shelf have lower nutrient concentrations286

([NO3] ∼ 17 µM) than deep near-coast Gulf Stream waters that have been enriched by river discharge from287

the continent ([NO3] ∼ 24 µM, Townsend et al. (2006)), but higher concentrations than pure Gulf Stream288

waters ([NO3] ∼ 8 µM, (World Ocean Circulation Experiment (WOCE), 2019; Fieux, 2017)). It is unclear289

whether the expected retreat of the Labrador Current and northern shift of the Gulf Stream (Claret et al.,290
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2018; Caesar et al., 2018) will push more nutrient-rich waters on the continental shelf (Townsend et al.,291

2006) or will increase the amount of nutrient-poor Gulf Stream water mixing with LCW. Assuming the292

former, we would expect an increase in the deep-water nutrient input concentrations and, hence, surface293

nutrient concentrations in the LSLE (Fig. 6bcd), therefore increasing primary production, the particulate294

organic matter �ux to the sea�oor, and the microbial respiration rate at depth, adding to allochtonous or295

anthropogenically-driven eutrophication. Gulf Stream waters also have much lower oxygen concentrations296

than LCW (∼ 160 µM vs ∼ 280 µM, World Ocean Circulation Experiment (WOCE) (2019)), leading to297

lower oxygen concentrations at Cabot Strait, before the transit to the LSLE during which eutrophication298

would reduce the oxygen concentrations further.299

300

While it is hard to predict how both river and deep-water �xed-nitrogen concentrations will change in301

the future, a 50% increase in riverine concentrations and a 25% increase in deep-water concentrations would302

lead to a 24% increase in the bottom-water oxygen consumption rate, accentuating the stress on the LSLE303

ecosystems.304

305

Limitation: Deep volume input306

As mentioned earlier, the volume of deep-water entering the estuary from the Gulf and Cabot Strait is307

poorly constrained, even if the simple salinity mass balance calculation used here increases our con�dence308

in the computed volume �ux. A di�erent deep-water input would have a strong in�uence on the model309

results, as it would change the relative contribution of nutrients of anthropogenic (St. Lawrence River) and310

North Atlantic origin to the surface waters of the LSLE and their impact on estuarine eutrophication. The311

amplitude of the impact is visible in Fig. 8. Nevertheless, a better understanding of the circulation in the312

LC would be desirable to more accurately constrain the nutrient balances in the system.313

Other limitations include the linear parameterizations of POM formation and gravitational settling,314

which would be more realistically represented by non-linear functions. A more complex representation of315

the circulation and biochemical processes might yield di�erent results.316
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Figure 8: Sensitivity of deep-water oxygen consumption rate to deep-water input volume from the Gulf. Available
estimates are shown as dotted lines. The value used here, based on our salinity mass balance calculation, is the last
on the right, others are taken from Table 3, whereas the Chassé model estimate is taken from Galbraith et al. (2016).

7. Conclusions317

A simple box model of the Lower St. Lawrence Estuary (LSLE) is developed to evaluate (i) the sensitivity318

of the system to perturbations in particulate and dissolved �xed-nitrogen, phosphorus and silica concentra-319

tions and water volume inputs, (ii) the time required to reach a new steady-state following a perturbation,320

and (iii) the sensitivity of the bottom-water oxygen consumption rate. The model is composed of 3 boxes,321

representing the relatively uniform strati�cation in that region along the Laurentian Channel during the ice-322

free season. The model is expressed in terms of a balance of �uxes between each box, namely volume �uxes323

(input, output and upwelling), net turbulent mixing �ux, biogenic particle settling and sediment burial, and324

ensures mass conservation with nutrient uptake at the surface and remineralization in the deeper layers.325

326

The nutrient budget shows that mass inputs, particle settling, and nutrient uptake at the surface are the327

most important drivers of nutrient cycling in the LSLE. Three to seven times more nutrients leave the LSLE328

towards the Gulf than what enters through river input, implying that the LSLE acts as a nutrient pump329

for the Gulf. Model results indicate that 70% of �xed-nitrogen and 90% of phosphorus in the surface layer330

originate from deeper waters through upwelling. Hence, the contribution of river discharge to eutrophication331

is dampened by this large amount of nutrients upwelled to the surface. A doubling of the nutrient river332

export leads to less than a 0.50-fold increase in bottom-water oxygen consumption rate through eutrophica-333

tion. Model results reveal that expected changes in circulation in the Northwest Atlantic (decrease Labrador334

Current waters reaching the mouth of the LC) will contribute to eutrophication in the LSLE, adding to that335

promoted by rising nutrient input from the St. Lawrence River.336

337
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Our box model can be used to address a number of practical problems, such as the impact of changing338

regulations on water quality, dam volume control, agriculture fertilizer runo�, etc. A similar model can also339

be developed for other enclosed systems of relatively uniform strati�cation.340

341
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Table 2: Model parameter values obtained from reversed modeling

Parameter Value

Turbulent mixing rates (m3 s−1)

E1, mixing rate at 50 m -9800
E2, mixing rate at 150 m 4100

Settling �ux coe�cient (Pi = aic1,part) (m3 s−1)

a1,N , for N at 50 m 49000
a2,N , for N at 150 m 8000
a1,P , for P at 50 m 83000
a2,P , for P at 150 m 38000
a1,Si, for Si at 50 m 81000
a2,Si, for Si at 150 m 54000

Uptake coe�cient at the surface (G = αc1,diss) (m3 s−1)

αN , for N 8.0× 104

αP , for P 5.4× 104

αSi, for Si 166.0× 104

Sedimentation �ux coe�cient (S = bc1,part) (m3 s−1)

bN , for N 184
bP , for P 1.3× 104

bSi, for Si 8000
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Table 3: Comparison of parameters obtained from reverse modeling and �eld estimates, as well as values obtained
from the model and �eld estimates.

Parameter Model value Field estimates Sources of �eld estimate

Export to the Gulf (mol s−1) (mol s−1)

FSOut,diss 967 108 Sinclair et al. (1976), in front of Ri-
mouski

Deep volume input (m3 s−1) (m3 s−1)

fI + fD, volume input at depth 8.28 ×104
4.74× 104 Chasse model, Galbraith et al.

(2016)
4.93× 104 Bugden (1991)
6.0× 104 Savenko� et al. (2001)
7.5× 104 Gilbert (2004)

Turbulent mixing rates (m3/s) (m3/s)

E1,2, mixing rate at (50,150) m O(103), unreli-
able

1100 Cyr et al. (2015)

Particulate settling rates (mol s−1) (mol s−1)

P1,N , particulate �ux of N at 50 m 373 -
P2,N , particulate �ux of N at 150 m 62 (183 ± 108) Colombo et al. (1996), integrated

over the domain using a linear in-
crease between the two sampled
sites

P1,P , particulate �ux of P at 50 m 24 -
P2,P , particulate �ux of P at 150 m 11 (17 ± 10) Colombo et al. (1996) and BioChem

database P:N ratio
P1,Si, particulate �ux of Si at 50 m 1207 -
P2,Si, particulate �ux of Si at 150 m 808 (222 ± 131) Colombo et al. (1996) and BioChem

database Si:N ratio

O2 consumption rate at depth (µmol L−1 yr−1) (µmol L−1 yr−1)

Rate 40 42 4 years transit
21 2 years transit
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Appendix A Supplementary �gures and tables345
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Figure 9: Vertical strati�cation of the St. Lawrence Lower Estuary. Typical vertical pro�les of (a) temperature (T),
(b) density (σT ), (c) practical salinity (SP ), (d) dissolved oxygen (O2), (e) dissolved silicate (dSi), (f) soluble reactive
phosphate (SRP) and (g) nitrate (NO−

3 ) in the Lower St. Lawrence Estuary.
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Figure 10: Property-salinity diagrams of combined BioChem and R/V Coriolis II data in the LSLE. The layers are
de�ned as follows: surface: < 40 m, CIL: 60 � 100 m, deep layer: > 150 m. These are the depth ranges that provide
the best separation between the layers when we consider the vertical pro�les and property-property diagrams.
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Appendix B Details of reverse modeling346

Below are the steps taken to �nd the missing parameters by reserve modeling347

1. First, the particulate export is found from Eq. 4.1. Using the volume export, this gives the concentra-348

tion of particulate nutrients in the �rst layer.349

2. Second, the mixing rates are found from reverse modeling. To do so, we solve Eq. 1 for E1 and Eq.

3 for E2 for salinity, using �eld measurements of salinity given in Table A1 and removing all terms

related to particulate matter. This gives :

E1 =
−fSInpSSInp + fSOutS1 − fIS2 − fDS3

S2 − S1

E2 =
fDSD + fDS3

S3 − S2

3. Settling rates are derived from reverse modeling for each element. To do so, we solve the system of

equations formed of equations 1 and 3 for P1 and P2. This will be of the form:1 0

0 −1

P1

P2

 =

fSInp(cSInp,diss + cSInp,part)− fSOut(c1,diss + c1,part) + fIc2 + fDc3 + E1(c2 − c1,diss)

fDcD − fDc3 − E2(c3 − c2)−B


Appendix C Details of model solving350

Below we describe how we solve the model (retrieve the steady-state concentration values in each layer)351

under di�erent sets of conditions.352

With the four unknowns being the three layers' nutrient concentrations with particulate and dissolved

form in the �rst layer, we solve the system formed of Equations 6 according to:
E1 + fSOut a1 + fSOut −E1 − fI − fD 0

0 b− a2 −E2 fD + E2

fSOut fSOut + b 0 0

α fSOut + a1 0 0




c1,diss

c1,part

c2

c3

 =


fSInp(cSInp,part + cSInp,diss)

fDcD

fSInp(cSInp,part + cSInp,diss) + fIcI + fDcD

fSInpcSInp,part


Appendix D Model validation353
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Table A2: Historical validation of the box model. Units (µmol m−3). Inputs are the values fed to the model,
based on observations from the two time periods. We compare the results from the model with observations of the
�xed-nitrogen concentrations in each layer. We see that the two agree.

Input Output

cN,SInp,

diss

cN,SInp,

part

cN,I cN,D c1 c2 c3

After 2000 25.5 22.6 7.4 22.1 10 15 23
Prior
to
1985

7 6 10 18
Calculated 8 14 19

Observations 8 ± 4 11 ± 4 18 ± 4

Table A3: Robustness of the model: e�ect of a 1% perturbation of the di�erent parameters on the model outputs.
The symbol '<' is used when the induced change is less than 0.1%.

Perturbed parameter Variable a�ected (%)
E1 E2 a1 a2 c1,diss c1,part c2 c3

fSInp 8 - 1.1 < 0.3 0.2 < <
fI 5 - 0.4 < 0.5 0.1 0.4 0.1
fD 4 1 0.4 0.4 0.1 0.2 0.1 <
S1 56 0 - - - - - -
S2 28 28 - - - - - -
S3 23 158 - - - - - -
SD - 172 - - - - - -
E - - 0.1 0.5 < < 0.1 0.1
B - - < < < < < <
cSInp,part - - 0.8 < 0.4 < 0.1 <
cSInp,diss - - 0.9 < 0.1 0.2 < <
cI - - - - 0.2 0.3 0.8 0.1
cD - - < 11.0 0.3 0.5 0.1 0.9
c1,part - - 2.0 < - - - -
c1,diss - - 2.3 < - - - -
c2 - - 1.7 1.0 - - - -
c3 - - 1.9 13.0 - - - -
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