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Abstract 

Oxygen concentrations in the deep waters of the Lower St. Lawrence Estuary have decreased by 50% 
over the past century. The drivers of this decrease are investigated by applying an extended Optimum 
Multiparameter (eOMP) analysis to a time series of physical and biogeochemical observations of the St. 
Lawrence Estuarine System in the 1970s and from late 1990s to 2018. This method reconstructs the 
relative contributions of the two major water masses feeding the system, the Labrador Current Waters 
(LCW) and the North Atlantic Central Waters (NACW), as well as oxygen utilization, and accounts for 
diapycnal mixing. The causes of the oxygen decline varied over the last five decades. Between the 1970s 
and late 1990s, the decrease was mainly driven by biogeochemical changes through an increase in 
microbial oxygen utilization in the St. Lawrence Estuary in response to warmer temperatures and 
eutrophication and lower oxygen concentrations in LCW and NACW. Between 2008 and 2018, the 
decrease was mainly driven by circulation changes in the western North Atlantic associated with a 
reduced inflow of high-oxygenated LCW to the deep waters of the system in favour of low-oxygenated 
NACW, reaching a historical minimum in 2016. The LCW:NACW ratio is strongly correlated with the 
volume transport of the Scotian shelf-break current, an extension of the Labrador Current. These results 
highlight the primary role of the Labrador Current in determining the oxygen concentration and other 
water properties of the St. Lawrence Estuarine System and on the western North Atlantic continental 
shelf and slope. 

Mathilde Jutrasmathilde.jutras@mail.mcgill.ca 

Keypoints 
•  The causes of the observed decrease in oxygen concentrations at the head of the Lower St. 
Lawrence Estuary varied over the last 50 years. 
•  The oxygen decline is driven by biogeochemical changes over 1970-1995, and by circulation 
changes in the North Atlantic over 2008-2018. 
•  Inflow of oxygen-rich Labrador Current waters to the Estuary correlates with the strength (or 
transport) of the Scotian Shelf break current. 
 

Plain Language Summary 
Over the past century, the oxygen concentrations of the deep waters of the Lower St. Lawrence 
Estuary have declined dramatically, with dire consequences to marine life and the fishing industry. 
Two processes are thought to be responsible for this decline. First, nutrient and organic matter 
discharge from urban and agricultural activities in its drainage basin promote algae blooms, which are 
decomposed by bacteria that consume oxygen in the deep waters, a mechanism called eutrophication. 
Second, the oxygen-rich Labrador waters feeding the deep waters of the estuary have been 
progressively replaced by oxygen-poor Gulf Stream waters. Using observations and a water mass 
reconstruction method, we determined to what extent each of the above processes contributed to the 
oxygen decline over the last five decades. Between the 1970s and early 1990s, the oxygen decline was 
mostly due to biogeochemical changes (including eutrophication). From 2008 to 2018, the decline A
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was mostly due to a reduction in the amount of Labrador waters feeding the system. Understanding 
how circulation in the Northwest Atlantic ocean influences oxygen concentrations along the coast is 
crucial, given that circulation patterns vary naturally with time and could be affected by climate 
change. 

1 Introduction 
Over the last decades, many coastal and estuarine environments have experienced a dramatic decline 
in dissolved oxygen concentrations (Bindoff et al., 2019; Breitburg 57 et al., 2018; Rabalais et al., 
2010; Gilbert et al., 2010), with dire consequences on marine ecosystems and biogeochemical cycles 
(Breitburg et al., 2018; Rabalais et al., 2014). One such environment is the St. Lawrence Estuarine 
System in eastern Canada, the largest semi-enclosed estuary in the world (Fig.1). Over the past 
century, the Lower St. Lawrence Estuary has seen its deep-water oxygen concentrations decrease by 
more than 50%, going from ∼125 μmol kg 1−  in the 1930s to less than 60 μmol kg 1−  in recent years 
(Gilbert et al., 2005, see Fig. 2b). This decrease has a direct impact on marine fauna and fisheries, 
including cod growth and distribution (Chabot & Dutil, 1999; D’Amours, 1993) and northern shrimp 
viability (Dupont-Prinet et al., 2013). 

The St. Lawrence Estuarine System extends from Quebec City to the Atlantic Ocean and is 
traditionally divided into the Upper Estuary, the Lower Estuary and the Gulf of St. Lawrence. Its most 
prominent bathymetric feature is the Laurentian Channel (LC), a 300-500 m deep channel that 
stretches 1240 km landward from the continental shelf break to the head of the Lower Estuary (Fig.1). 
The circulation of the system is estuarine, with surface water flowing seaward and the Cold 
Intermediate Layer, formed in the winter in the Gulf (Galbraith, 2006; Gilbert & Pettigrew, 1997), and 
deep waters, of North Atlantic origin, flowing landward (Dickie & Trites, 1983). As deep waters flow 
along the Laurentian Channel into the St. Lawrence Estuary, a journey that takes four to seven years 
from the continental shelf break to the head of the channel, they progressively lose oxygen through 
microbial respiration of settling particulate matter (Gilbert, 2004; Bugden, 1991). As a result, waters 
at the head of the Laurentian Channel are depleted in oxygen compared to the North Atlantic waters 
(Fig.2a). In recent decades, observations have revealed increased respiration rates Genovesi et al., 
2011) under higher deep-water temperatures (Gilbert et al., 2005) and eutrophication (Jutras et al., 
2020; Thibodeau et al., 2018). The latter is fostered by an increase in organic matter and nutrient 
exports to the estuary’s main tributary, the St. Lawrence River (Environment and Climate Change 
Canada, 2018; Goyette et al., 2016), that drains highly populated and industrialized areas as well as 
intensively farmed lands (Hudon et al., 2017). The deep waters entering the Laurentian Channel from 
the North Atlantic are a combination of cold, oxygen-rich shelf and offshore Labrador Current waters 
(hereafter called LCW, see section 2 for definition), and warm, oxygen-poor North Atlantic Central 
Waters (NACW) that mix on the continental slope to form Cold Slope waters (Fig. 1, Gilbert et al., 
2005; Bugden, 1991; Gatien, 1976). Circulation patterns and water properties of the western North 
Atlantic Ocean therefore impact water properties in the estuary, including oxygen concentrations 
(Thibodeau et al., 2018; Claret et al., 2018). 

An analysis of the average of physical properties of the deep waters of the Lower St. Lawrence 
Estuary between the early 1930s and 2003 showed that one-half to two-thirds of the observed oxygen 
decline at the head of the Laurentian Channel was caused by an increase in the relative contribution of 
NACW to the deep waters (Gilbert et al., 2005), while the remainder was attributed to eutrophication. 
These results can now be revisited with an additional 15 years of observations collected at higher 
frequency in the St. Lawrence Estuary and Gulf, allowing for an assessment of the interannual 
variability of the contributions of LCW and NACW to the St. Lawrence Estuarine System and a 
quantification of the different causes of the oxygen decline. Furthermore, previous estimates of the 
LCW:NACW mixing ratio in Laurentian Channel waters were derived from temperature-salinity (T-
S) diagrams (Gilbert et al., 2005; Bugden, 1991), a method that assumes that mixing only takes place 
along isopycnals. Diapycnal mixing is known to be important along continental shelves (Gregg et al., 
1999) and on the fringe of the Gulf Stream (Rodríguez-Santana et al., 1999; Pelegri & Csanady, 1994; 
Churchill et al., 1993), and the North Atlantic waters reach the eastern American continental shelf 
through turbulent (diapycnal) mixing and double-diffusion of thin water intrusions, forced by tides 
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and shear (Nash et al., 2004; Herman & Denman, 1979; Voorhis et al., 1976). Hence, diapycnal 
mixing should be considered when investigating changes in the LCW:NACW ratio entering the St. 
Lawrence Estuarine System. 

The eastern American shelf and Slope waters are influenced by oceanic circulation in the North 
Atlantic. In particular, the properties of these waters are strongly affected by the extent of westward 
intrusions of Labrador waters along the continental slope (Pershing et al., 2001), which are formed as 
the main branch of the Labrador Current hugs the Grand Banks and makes its way southwest between 
the Gulf Stream and the shelf (Fig. 1, Townsend et al., 2006; Schollaert et al., 2004; Gatien, 1976). 
The factors that control the extent of these intrusions remain unclear. A first possibility is that the 
intrusions are controlled by the North Atlantic Oscillation (NAO, Pershing et al., 2001; Loder et al., 
2001) or the Atlantic Meridional Overturning Circulation (AMOC, Claret et al., 2018; Thibodeau et 
al., 2018). A slower AMOC is expected under climate change (Stouffer et al., 2006) and was recently 
found in some observational studies (Caesar et al., 2018; Thornalley et al., 2018). A positive phase of 
the NAO or a slowdown of the AMOC would lead to a contraction of the subpolar gyre (e.g., 
Lohmann et al., 2009; Taylor & Stephens, 1998), a northern shift of the Gulf Stream (Joyce & Zhang, 
2010) and a reduction of the transport of LCW southwest of the Grand Banks, leading to an increased 
contribution of NACW over LCW to the Cold Slope waters (Townsend et al., 2015). Until the 1990s, 
the NAO co-varied with Slope waters properties and with the number of warm Gulf Stream eddies 
reaching the shelf (Mountain, 2012; Petrie, 2007; Luo et al., 2006; Greene & Pershing, 2003; Pershing 
et al., 2001; Drinkwater et al., 1998). However, these relationships have weakened since the 1990s 
(Peterson et al., 2017; Townsend et al., 2015; Gangopadhyay et al., 2019; Gawarkiewicz et al., 2018). 
These conflicting results suggest that the forcing scenario and resultant change in the circulation 
pattern described above are incomplete and cannot fully predict oxygen concentrations on the shelf. A 
second possibility, which is supported by our results, is that the reach of the Labrador water intrusions 
and, hence, water properties on the slope, are controlled by the volume transport of the Labrador 
Current (Holliday et al., 2020; Grodsky et al., 2017; Urrego-Blanco & Sheng, 2012; Pickart et al., 
1999; Rossby, 1999; Petrie & Drinkwater, 1993). The Labrador Current properties are partly 
controlled by the strength of the subpolar gyre and the Arctic exports through Davis and Hudson 
straits (Loder et al., 1998), but the processes driving its variability are poorly known (Holliday et al., 
2020). 

In this study, we investigate the causes of the observed oxygen decline in the Lower St. Lawrence 
Estuary since the 1970s. To do so, we revisit the conclusions of previous observation-based studies on 
the changes in the LCW:NACW ratio of the deep waters entering the Gulf and St. Lawrence Estuary 
through Cabot Strait. We use a set of new, higher frequency observations of the physical and 
biochemical properties of waters in the St. Lawrence Estuary and Gulf and an extended Optimum 
Multiparameter (eOMP) analysis. This method provides the LCW:NACW proportions and a 
quantification of oxygen consumption, and accounts for both isopycnal and diapycnal mixing 
(Tomczak et al., 1994). We first document the interannual variability in the LCW:NACW ratio and in 
oxygen utilization since the late 1990s, with some additional data from the 1970s (section 3.1 and 
3.2). We then partition the oxygen decline at the head of the Laurentian Channel into its physical and 
biogeochemical drivers for different periods of time (section 3.3), and link the circulation changes in 
the western North Atlantic to the variability of oxygen concentrations at the entrance to the Gulf 
(section 3.4). 

Figure 1: Map of the St. Lawrence Estuary and Gulf. The insert on the left shows the St. Lawrence 
Estuary drainage basin in light red. Arrows give the approximate positions of the Labrador Current, 
the Gulf Stream and the Scotian shelf-break Current. The grey dotted line corresponds to the transect 
along the Laurentian Channel investigated in this study. The red star designates the head of the 
Laurentian Channel, where the oxygen decline is maximal and hypoxic waters are found. The red box 
represents the section near Cabot Strait over which the results are averaged (see Section 3.1). The 
yellow-grey dashed line shows the Seal Island hydrographic section. 

Figure 2: Dissolved oxygen concentrations in the Laurentian Channel. (a) Annual climatology 
(1980-2018) along the Laurentian Channel. Distance are reported from Quebec City, with black 
triangles showing the position of important geographical features of the Laurentian Channel. QC: 
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Quebec City; HLC: head of the Laurentian Channel; G: boundary between the Estuary and the Gulf; 
CS: Cabot Strait. (b) Time series of dissolved oxygen concentration at the oxygen minimum depth at 
the head of the Laurentian Channel. Data are from the BioChem and Coriolis datasets (see 
Section 2.1). The error bars represent the standard deviation. No estimate of the uncertainty is 
available for the 1970s data. 

2 Data and Methods 

2.1 Data 

2.2 Observations in the St. Lawrence Estuarine System 
We use in-situ observations sampled throughout the water column from two datasets. The first dataset 
is the Coriolis dataset (Mucci & Jutras, 2020), a collection of physical (temperature, salinity) and 
biogeochemical (oxygen, nitrate, soluble reactive phosphate, silicate, total alkalinity, and water 

oxygen isotopic composition ( )18
2δ O H O ) variables sampled between 2003 and 2018 in spring and 

summer at over 10 stations along the Laurentian Channel on board the R/V Coriolis II (460 data 
points; for a detailed description of data sampling techniques see Dinauer & Mucci, 2017). The 
second dataset was extracted from the BioChem database compiled by the Department of Fisheries 
and Oceans Canada. This dataset provides quality-controlled data for the same variables as the 

Coriolis dataset except for ( )18
2δ O H O  and covers the Gulf and St. Lawrence Estuary from 1967 to 

1972, and from 1991 to 2018 (8,915 data points, DFO, 2019; Devine et al., 2014). A detailed 
description of data sampling techniques and quality control can be found in Devine et al. (2014) and 
Mitchell et al. (2002). We applied an additional quality control to the two datasets, removing outliers 
based on T-S or property-S diagrams and correcting inconsistencies in units. 

2.3 Observations on the Labrador Shelf 
Data from the Seal Island (SI, Fig. 1) hydrographic section on the Labrador shelf were collected as 
part of the Atlantic Zone Monitoring Program (AZMP, Therriault et al., 1998). We use summer data 
corresponding to 1745 discrete water samples collected at standard depths along this section between 
1999 and 2018. For each year, data were collected between July 15th and August 10th. Physical 
(temperature and salinity) and biogeochemical (oxygen and nutrient concentrations) data were 
collected following the AZMP sampling protocol (Mitchell et al., 2002). From these data, we compute 
time series of water properties at each station by averaging the data below 50 m (Fig. 4). To remove 
vertical sampling biases, we bring each data point to a reference depth by applying a correction equal 
to the difference in the climatology between the reference depth and the sampled depth, following 
Stendardo and Gruber (2012). 

2.4 Climatologies of the North Atlantic 
The hydrographic properties of LCW and NACW are defined based on the World Ocean Circulation 
Experiment (WOCE; Gouretski, 2018) climatology of temperature, salinity, as well as oxygen and 
nutrient concentrations re-gridded to a 1 1×o o  grid. The World Ocean Database World Ocean 

Database (WOD, Boyer et al., 2013) 1 1×o o  climatology is used for total alkalinity and 18δ O. 

2.5 Atmospheric and oceanic products and indices 
To investigate the influence of the North Atlantic Ocean circulation on the origin of waters entering 
the St. Lawrence Estuarine System, we use the following atmospheric and oceanic products. 

1 NCEP-NCAR wind reanalysis over the Gulf of St. Lawrence and western North Atlantic for 
the 1953–2018 period (Kalnay et al., 1996). Seasonal winds are averaged over the 1995-2016 period 
to obtain a wind climatology; 

2 Position through time of the Gulf Stream North Wall and of the Shelf-Slope Front, computed 
from sea surface temperatures (SST) by the Bedford Institute of Oceanography using the methodology 
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described in Drinkwater (1994), and available at http://www.meds-sdmm.dfo-
mpo.gc.ca/alphapro/zmp/climate/GulfSlope/odf_data_files/GSMNTHMN_Mon
thly_Averages.odf and http://www.meds-sdmm.dfo-
mpo.gc.ca/alphapro/zmp/climate/GulfSlope/odf_data_files/SSMNTHMN_Mon
thly_Averages.odf; 

3 Time series of (a) the Gulf Stream delta index, a proxy for Gulf Stream intensity computed 
from SST differences across the Gulf Stream North Wall front (Watelet et al., 2017), (b) the Gulf 
Stream index, a proxy for the variability in the position (latitude) of the Gulf Stream based on sea 
surface height (SSH) anomalies obtained from satellite altimetry (Pérez-Hernández & Joyce, 2014; 
Joyce & Zhang, 2010), and (c) the Scotian shelf-break Current and Labrador Current transport 
indices, also derived from satellite altimetry and representative of the volume flux per unit of time of 
those currents (Cyr et al., 2020; Han et al., 2014); 

4 Time series of the subpolar gyre index (SPGi), derived from the first principal component of 
SSH anomalies obtained from satellite altimetry (Hátún & Chafik, 2018), available at 
https://bolin.su.se/data/chafik-2019-2; 

5 An index of the North Atlantic Oscillation (NAO) published by the National Oceanic and 
Atmospheric Administration (NOAA) and available at 
https://www.cpc.ncep.noaa.gov/data/teledoc/nao.shtml. 

2.6 Method: Extended Optimum Multiparameter (eOMP) analysis 
Changes in the oxygen concentrations in the deep waters of the Gulf and St. Lawrence Estuary over 
the past 50 years result in part from changes in the relative contributions of two parent-water masses 
entering the St. Lawrence Estuarine System through Cabot Strait: LCW, NACW, and a third water 
mass partly formed in situ and partly advected through the Strait of Belle-Isle, the Cold Intermediate 
Layer (CIL). We investigate these changes and biogeochemical changes through an extended 
Optimum Multiparameter (eOMP) analysis method, introduced by Tomczak (1981) and extended by 
Karstensen and Tomczak (1998) and Tomczak and Large (1989),, that we applied to hydrographic 
data from the St. Lawrence Estuarine System. From the physico-chemical properties of parent-water 
masses, the eOMP method determines the relative contributions of each parent-water mass to the 
parcel of water whose properties are described by hydrographic data. To do so, the eOMP fits the best 
solution to an overdetermined linear mixing model. In its original configuration, the method used 
conservative properties upon mixing. In the extended version, ”semi-conservative” properties affected 
solely by respiration and photosynthesis are also solved for, assuming they co-vary according to a set 
stoichiometry, providing an estimate of biogeochemical activity. 

2.7 the eOMP method 
The system of linear equations used in the eOMP analysis is: 

1 1 n n obs Ax A x A 0 A R+…+ + = +   (1a)  

1 1 0+…+ + = +n n obs Bx B x B B R   (1b)  

1 1 Δ+…+ + = +n n obs Kx K x K K K R   (1c)  

1 1 n n K:L obs Lx L x L r ΔK L R+…+ + = +   (1d)  

1 0 1+…+ + = +n Vx x R   (1e)  

Equations 1a-d describe the mixing of N variables, or water properties, referred to with a capital letter. 
Eq. 1e accounts for volume conservation (the fractions of all water masses must add to 1). On the left-
hand side of the equations, ix  ( i 1, , n= … ) are the mixing fractions of the n parent-water masses. On 

the right-hand side of the equations, obsX  and XR  are, respectively, the measurements in the child 

water mass and the residuals associated with each variable X (or V for volume; Eq. 1e). Equations for 
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semi-conservative variables have an additional term (last term on the left-hand side of Eq. 1c-d) that 
corresponds to sources and sinks. ΔK  is the change in the semi-conservative biogeochemical variable 
K that co-varies with other semi-conservative variables through the stoichiometric ratios K:Xr . The 

standard stoichiometric ratios are used (Hedges et al., 2002), except for the :N P  ratio which is 
affected by strong denitrification in the Lower St. Lawrence Estuary (Thibodeau et al., 2010). That 
ratio is determined from the correlations of N and P measurements in the Laurentian Channel from the 
Biochem database. The ratios we use are as follows: O2 :PO4 :NO3 :Si = -150:1:12:40. 

We solved the linear set of equations described in Eq. 1 with an adaptation of the Geomar OMP 
Analysis Package for MATLAB (Karstensen & Tomczak, 1999) available at omp.geomar.de/. 
The fractions ix  are the main result of the eOMP, but two additional outputs are also provided: the 

residuals jR  and the change in the biogeochemical variable K, ΔK . The algorithm solves the system 

of equations by applying a least-square minimization on the sum of residuals, 
N

j Vj 1
R R

=
+ . To 

allow for this minimization, the system needs to be overdetermined (more equations than unknowns). 
In other words, we need at least one more variable than the number of parent-water masses. Water 
mass definitions are given as a range of values (e.g., for salinity, 34 35< <PS ; Table 1) and hence 

each water mass is described with two terms in Eq. 1. The number of variables have to be adjusted 
accordingly (Karstensen & Tomczak, 1998). Alternatively, to reduce the number of required 
variables, the parent-water masses can be defined using a single water type (single-value definition; 
e.g. 34.5=PS ). 

Variables do not all have the same level of reliability, depending on measurement accuracy and 
variability in the region of water mass definition. Each equation is therefore assigned a weight 

(Tomczak & Large, 1989). For a given variable { }j 1, , N= … , the weight jw  is calculated from the 

inverse of the average variance of climatological data around the parent-water mass definitions 
(Karstensen & Tomczak, 1999), 

2
1

1 1

σ=

 
 =
 
 


L

j
l l

w
L

  (2)  

where we sum over the L points participating to the water mass definition (see spread around black 
lines in Fig. 3b-c). 

Whereas the eOMP has a number of advantages over the T-S diagram method, it still has some 
limitations. Three assumptions can cause systematic errors: identical mixing coefficients for all 
variables (Klein & Tomczak, 1994), linearity of the equation of state, and straight line water-mass 
definitions (Tomczak, 1981). The first assumption could be problematic when double diffusion 
contributes to the mixing, but the induced error is insignificant most of the time (Klein & Tomczak, 
1994). The second assumption induces an error of 2-4%, well within the uncertainty from other 
sources (see below). The impact of the third assumption can be minimized by constraining the 
analysis to a range of densities over which the definitions are close to a straight line, or by using more 
than two water types (see next section). Rather, the most significant sources of error of the eOMP 
method are uncertainties in water mass definitions and sensitivity to measurement errors (Tomczak, 
1981). These errors can be minimized by running the analysis on multiple measurements close in 
location and time, as we do in this analysis. We quantify these errors with a sensitivity analysis by 
perturbing the parent-water mass definitions by one standard deviation. Fractions are robust, with 
deviations 5< % except near the sill at the head of the Laurentian Channel, where the imposed 
perturbations produce large variations of up to 40%. Hence, results near the sill should be given lower 
confidence than those in other regions. The results are also robust to perturbations in the 
stoichiometric ratios (∼10% deviations for a 50% perturbation on the weights for half of the 
variables) and weights (∼3% deviations for a 10% perturbation on the ratios for half of the variables). 
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The data points for which the eOMP yielded a total residual ( + j VR R ) larger than 5% were 

discarded. 

2.8 Parent-water mass definitions 
This section presents the rationale leading to the parent-water mass definitions provided in Table 1. At 
the surface, the physico-chemical properties of water can be altered by multiple processes in addition 
to mixing, including gas and heat exchange, atmospheric depositions, precipitation and evaporation, 
as well as river inputs. Waters with depths 100<  m are thus discarded from the eOMP analysis. 
Three parent-water masses compose the waters of the Gulf and Lower Estuary below 100 m. The cold 
intermediate layer (CIL) is a remnant of the winter well-oxygenated mixed layer formed in the Gulf 
and of Labrador shelf waters advected via the Strait of Belle Isle (Galbraith, 2006; Gilbert & 
Pettigrew, 1997). What we refer to as the Labrador Current Waters (LCW) are a combination of 
waters from the main branch of the Labrador Current, which flows along the Labrador slope and 
around the Grand Banks, and waters from the inner branch of the Labrador Current, which flows on 
the Labrador Shelf and through the Avalon Channel, both feeding a range of isopycnals in the 
Laurentian Channel (Brickman et al., 2016; Townsend et al., 2015; Wang et al., 2015; Fratantoni & 
Pickart, 2007; Loder et al., 1998, and Fig. 1). The North Atlantic Central Waters (NACW) also 
originate from the North Atlantic where they are carried north by the Gulf Stream. 

Prior to running the eOMP analysis, the three parent-water masses need to be defined in terms of their 
physico-chemical properties. The definitions are based on in-situ observations in the Gulf for the CIL, 
and on the WOCE and WOD climatologies for the LCW and NACW, by averaging the values within 
the regions and depths ranges where each water mass is located (Fig. 3a). The regions and depth 
ranges are identified based on the literature (Stendardo & Gruber, 2012; Emery & Meincke, 1986) and 
by choosing areas with relatively uniform properties through visual inspection. The definitions are 
then given as a range of values (described with two water types), except for the NACW. The latter is 
best described by three water types, given their v-shape in salinity-property space (Fig. 3b-c). Due to 
discontinuity in the data availability, the CIL uses a range or a single-value definition depending on 
the year (see section 2.9). The definitions are given for four conservative variables: temperature (T), 

practical salinity ( PS ), the stable oxygen isotopic composition of water ( ( )18
2δ O H O ) and total 

alkalinity (TA ), and for four semi-conservative variables: dissolved oxygen ( 2O ), nitrate ( 3
−NO ), 

soluble reactive phosphate (SRP ) and dissolved silicate (dSi ) concentrations. 

Figure 3: Definition of the parent-water masses used in the eOMP analysis. (a) Regions and depth 
ranges used for the definitions. Property-salinity diagrams of (b) T versus SP and (c) O2  versus SP. In 

(b-c), colored dots show the values from WOD and WOCE gridded climatologies for LCW and 
NACW, and from BioChem data for the CIL, in the regions and over the depth ranges given in (a). 
Black segments show the range of values used for the water-mass definitions (Table 1). For the CIL, 
we also use a single value definition for some years (black circle in b and c) (see Section 2.7). In (b), 
grey lines show isopycnals, and black dots represent the hydrographic data within the Laurentian 
Channel. The zones delimited by the green and red dotted lines represent, respectively, the Cold (or 
Labrador) Slope Waters and the Warm Slope Waters, as identified in the Slope Sea by Gatien (1976). 

Table 1: Parent-water mass definitions 

  Water masses 

  CIL NACW LCW 

Variables T -0.6–1.5 (0) 4.4–8.0–17.7 -0.7–3.2 

 ( o C) ( ±  1.1) (±  0.2) (±  0.2) 

 SP 31.8–33 (32.2) 35.0–35.2–36.5 33.4-35.0 

 (psu) (±  0.5) (±  1.2) (±  0.5) 
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 NO 3
−  1.7–12.0 (5.8) 17.5–22–4.8 10–17 

 (μmol/kg) (±  3.8) (±  4) (±  1.4) 

 SRP 0.6–1.2 (0.8) 1.15–1.38–0.24 0.4–1.1 

 (μmol/kg) (±  0.2) (±  0.2) (±  0.2) 

 dSi 1.0–13.0 (4.8) 12.5–14.8–1.9 1.6–11.0 

 (μmol/kg) (±  5) (±  3) (±  4) 

 O 2  366–266 (348) 250–155–195 310–280 

 (μmol/kg) (±  38) (±  47) (±  7) 

 18δ O -1.5– -1.5 (-1.5) 0.29–0.35–1.00 -0.55–0.25 

 ( 18 %δ O ) ( ±  0.7) (±  0.09) (±  0.13) 

 TA 2200–2180 (2188) 2310–2320–2400 2240–2280 

 (μmol/kg) (±  50) (±  14) (±  45) 

Definition of parent-water masses based on available variables: temperature (T), practical salinity 

(SP), nitrate (NO 3
− ), soluble reactive phosphate (SRP), dissolved silicate (dSi) and dissolved oxygen 

(O 2 ) concentrations, stable oxygen isotopic composition of water ( 18δ O ( )2H O ) and total alkalinity 

(TA). For each water mass and variable, the range of values used in the definition is given in the first 
row and the corresponding standard deviation of data around the definition (spread around black lines 
in Fig. 3b-c) in the second row. The range of values are chosen based on property-salinity diagrams 
(see Fig. 3 for two examples). The NACW definition consists of three water types, given the v-shape 
of the property-salinity diagrams (see Fig. 3c). For the CIL, a single-value definition (see Section 2.7) 
is also given in parentheses and is obtained from the mean value of observations. 

The definition of our three parent-water masses are kept constant throughout the whole eOMP 
analysis period (1970s to 2018). Previous studies showed that the oxygen content of NACW did not 
change significantly over the last 50 years (Stendardo & Gruber, 2012), nor did nutrient 
concentrations during the 1980s (Garcia et al., 1998). Additionally, an analysis of historical data on 
the Labrador Shelf reveals no statistically significant trends in time series of dissolved oxygen and 
nutrient concentrations, salinity and temperature at any given station over the past 20 years (Fig. 4; no 
trend with p-value 0.01< ). The historical data used to define the CIL also show no statistically 
significant trend over the 1995-2018 period (p-value 0.01>  for all variables), and no significant 
difference between the 1970s and 2018 (Figures S9 and S10). We tested whether the observed small 
year-to-year variations in LCW properties (at most 2Δ ∼O  20 μmol/kg; Fig. 4) would affect the 

eOMP results with a sensitivity analysis, by perturbing the water-mass definitions. We find that the 
observed variations induce at most a 5% difference in the eOMP results for the LCW fraction, which 
is within the uncertainty of the method. 

Figure 4: Time-stations plots of summer averages of (a) practical salinity, (b) temperature, (c) 
oxygen concentration, and (d) nitrate concentration for stations along the Seal Island section shown in 
Fig. 1, from the shore (left) to the open ocean (right). The thick black lines show the edge of the 
continental shelf, where the seafloor drops from ∼200 m to more than 1000 m deep. Data are 
corrected for vertical sampling biases (see section 2.3). 

2.9 Set-up 
The eOMP analysis is run from available observations below 100 m along the Laurentian Channel for 
each year. Results for per season runs are available in the supplementary material (Fig. S3). At Cabot 
Strait, enough variables are available to perform the eOMP analysis for 1969-1970 and 1995-2018. 
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( )18
2δ O H O  is a strongly conservative hence reliable tracer, but is absent from the BioChem dataset. 

Hence, the analysis is run separately on both observational datasets (BioChem and Coriolis) and the 
results of each analysis are combined. To maintain an overdetermined system of equations in the 
eOMP, the number of water types has to be smaller than the number of variables (see Section 2.7). To 
meet this requirement, the eOMP analysis is run separately for the densest and shallowest parts of the 
three-water type NACW definition (Table 1), and we use a single-value definition for the CIL (see 

Table 1) in years for which alkalinity and 18δ O  data are missing (see Table S1 for a summary of the 
runs for each year). 

2.10 Method: oxygen budget 
While the contribution of the CIL is important for the intermediate waters of the Laurentian Channel 
(100-150 m depth), the deep waters (below 150 m) are composed almost exclusively of a mixture of 
LCW and NACW (see Section 3.1). Provided deep waters do not mix with surface or intermediate 
waters, oxygen concentrations in the deep waters at the head of the Laurentian Channel can be 
expressed as, 

( )2 2 21= + − − −head LCW NACW NA LC
LCW LCWO f O f O OU OU   (3)  

where 2O  is the oxygen concentration, LCWf  is the relative contribution of LCW to the deep waters 

and OU  is the oxygen utilization divided in two terms: OU  from the definition sites of parent water 

masses in the North Atlantic (Fig. 3a) to Cabot Strait ( NAOU ), and during the transit along the 

Laurentian Channel from Cabot Strait to the head of the channel ( LCOU ). The change in oxygen 

concentration at the head of the channel between two different times, 2Δ
headO , can be expressed as 

2

2 2 2
 consumption in NA Biogeo change along LCChange in LCW:NACW ratio

Δ Δ Δ Δ Δ
head LCW NACW NA LC

LCW LCW
O

O f O f O OU OU= − − −14243 1424314444244443
  (4)  

Eq. 8 can be used to partition the deoxygenation observed at the head of the Laurentian Channel (
head
2ΔO ) into its different causes. Hereafter, Δ  always refers to a change between two set times. The 

first two terms on the right hand-side of Eq. 8 represent the response of oxygen concentrations to 
changes in the relative contributions of LCW and NACW to the Laurentian Channel, while the third 
and fourth terms represent the response of oxygen concentrations to changes in 
respiration/photosynthesis in the North Atlantic (NA) and in the Laurentian Channel (LC), 
respectively. 2Δ

headO  is computed from observations in the zone of the oxygen minimum near the 

head of the Laurentian Channel. The first and second terms on the right-hand side of Eq. 8 are 
computed using the LCW fractions at Cabot Strait provided by the eOMP analysis and the mean 
oxygen concentrations of the parent-water masses (Table 1). Oxygen utilization (OU ) is a secondary 
output of the eOMP analysis, derived from the change in the semi-conservative variable oxygen 
between the parent-water mass definition region and the site of observations (ΔK  in Eq. 1). The third 

and fourth terms are computed from this output, Δ
NAOU  from the change in OU  in the North 

Atlantic, and Δ LCOU  from the change in OU  in the Laurentian Channel taking into account a 
transit time of 2 years (Bugden, 1991). 

As temperature affects the rates of organic matter remineralization and oxygen utilization, we can 
further partition ΔOU  into contributions from temperature change and from eutrophication: 

Δ
Δ Δ Δ= +T eutrophOU OU OU   (5)  

We apply this partitioning only to the Laurentian Channel. The temperature dependence of the 
bacterial respiration rate is commonly expressed, for two temperatures 1T  to 2T , using the empirical 

change relative to a 10o C variation, 10Q : 
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 
 − =

T TR
Q

R
  (6)  

where 1R  and 2R  are the rates of a given biological process at temperatures 1T  and 2T , here oxygen 

utilization rates (OUR ) such that Δ× =OUR t OU  for a time interval Δt . Typically, 

101.8 3.3< <Q  (Genovesi et al., 2011; Bailey & Ollis, 1986). Hence, 

1Δ 10

Δ
Δ 1 exp ln

10
LC
T T T

T
OU OU Q=

  = −   
  

  (7)  

and the balance is attributed to eutrophication as 

2 Δ
Δ Δ== −LC LC

eutroph T T TOU OU OU   (8)  

where = iT TOU  is the OU  at temperatures iT . We obtain ΔT  from averaging observations along 

isopycnals in the region near Cabot Strait (Fig. S6). 

3 Results 

3.1 Evolution of the origin of deep waters in the Laurentian Channel 
The eOMP analysis provides the fractions of LCW, NACW and CIL that make up the waters below 
100 m in the Laurentian Channel between the head of the channel and Cabot Strait (dotted line on 
Fig. 1). In agreement with the traditional description of the system (Dickie & Trites, 1983), the CIL 
dominates the composition of the water column between 100 m and 150 m while waters of North 
Atlantic origin (LCW and NACW) compose the waters below (Fig. 5). The eOMP analysis 
reproduces the uniform stratification along the channel and the relaxation of that stratification as we 
approach the head of the channel. 

The exact distribution of LCW and NACW fractions in the water column has not been previously 
described. Here, we find that waters between 150 m and 300 m are fed at ∼  75% by the NACW, 
while below 300 m the LCW predominate, contributing 50-60% (Fig. 5). NACW and LCW partially 
mix vertically as they flow towards the head of the channel (Fig. 5 and Fig. S3). This vertical 
distribution is different than the one obtained from a T-S diagram analysis (see supplementary 
material S1 and Fig. S1), which implies that diapycnal mixing contributes to the mixing of LCW and 
NACW. 

Figure 5: Transects along the Laurentian Channel (dashed grey line in Fig. 1) of the contribution 
(fraction) of LCW, NACW and CIL to the waters (left), as well as oxygen utilization (OU, right). 
Results are obtained from the eOMP analysis and presented here for years with a good data coverage. 
The top 100 m is blank (and top 150 m in 1969) as the eOMP is not run near the surface (see 
Section 2.9). White diamonds show the depths/locations for which data are available and thus where 
the eOMP analysis is run. Results from the eOMP analysis (colors) are interpolated linearly. Grey 

lines show the 1027.0, 1027.3 and 1027.5 kg m3−  isopycnals. The oxygen minimum lies 
approximately along the 1027.3 kg m 3−  isopycnal. Distance is reported from Quebec City with the 
black triangles showing the position of important geographical features along the Laurentian Channel 
(see Fig. 2). 

Given their different levels of oxygenation, the relative contributions of LCW and NACW to the deep 
waters (>  150 m) of the Laurentian Channel modulate the oxygen concentrations in the channel. We 
examine the time series of these contributions in Figure 6 by averaging the fractions obtained from the 
eOMP analysis at and east of Cabot Strait (red box in Fig. 1) across each season and density bin. 
Overall, the NACW fraction increases with time at the expense of the LCW fraction, in agreement 
with conclusions of previous studies (Claret et al., 2018; Gilbert et al., 2005). The relative 
contributions of LCW and NACW vary with depth (Figs. 5 and 6). Thereafter, we focus the analysis 
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on the 1027.30 kg m3−  isopycnal that lies close to the oxygen minimum (Fig. 2a). At that depth, the 
relative contribution of NACW increased from ∼40% in 1970 to ∼60% in 1997, and to ∼80% in 
2018. 

The contribution of the CIL to the deep waters remains small (<  0.1 fraction) throughout the time 
series (not shown). Yet, in 2016 and 2017 we find a deepening of CIL of ∼20 m. The 2016 and 2017 
results are associated with very large uncertainties and hence a low reliability due to the scarcity of 
data. Because the contribution of the CIL to the deep waters is small, and because the increase in CIL 
contribution is uncertain, limited in time, and below the uncertainties of the oxygen budget (

<  5 μmol kg 1− ), we do not include the contribution of the CIL to the oxygen budget. The relatively 
constant contribution of the CIL to the deep waters implies that vertical mixing rates along the 
Laurentian Channel did not vary significantly over the study period. 

The increase in the NACW fraction is not continuous. From the late 1990s to 2008, the NACW 
contribution to the deep waters is statistically invariant (Fig. 6). Between 2008 and 2018, it shows a 

statistically significant increase of 0.02 yr1−  (according to a student t-test, p-value 0.001< ). In 2016, 
the NACW fraction reached its highest contribution over the whole record (concurrently, the LCW 
reached its lowest contribution). A comparison with the NACW contribution based on physical 
properties (supplementary material S1 and Fig. S1), for which data goes back to the 1930s, suggests 
that this value represents a historical maximum. This maximum in the contribution of salty NACW 
precedes a strong salinity anomaly observed in 2017 in the Gulf of Maine (Grodsky et al., 2018). This 
high salinity event supports our results, since the Laurentian Channel and the Gulf of Maine are both 
fed by the same Slope waters. 

Figure 6: Time series of LCW (top) and NACW (bottom) relative contributions (fractions) to the 
deep waters at Cabot Strait, along the 1027.30 (blue) and 1027.50 kg m3−  (red) isopycnals. Each 
point is the average of data points in the vicinity of Cabot Strait (red box in Fig. 1). The significant 
trends from 2008 to 2018 are shown in grey (p-value = 0.0002 along both isopycnals), and the non-
significant trends from 1995 to 2008 by a dotted light grey (p-value >  0.1). Error bars represent the 
sum of the standard deviation associated with averaging and the systematic 5% error of the eOMP 
analysis (see section 2). Data are available for early 1970s and from 1995 to 2018. 

3.2 Biogeochemical changes 
Here, we examine the contribution of biogeochemical changes to the oxygen decline observed in the 
St. Lawrence Estuarine System. The eOMP analysis provides an observation-based quantification of 
the change in biogeochemical variables (see Section 2.10), expressed as oxygen utilization (OU , 
right panel on Fig. 5). Results reveal that the mixture of LCW and NACW that enters the Gulf of St. 

Lawrence at Cabot Strait along the 1027.30 kg m3−  isopycnal has lost about 50 µ mol kg 1−  of 

oxygen compared to the parent-water mass definitions. This amount goes from 30 ±  20 μmol kg 1−  in 
the 1970s, to close to 50 ±  20 μmol kg 1−  in the 1995 to 2010 period, and 41 ±  16 μmol kg 1−  from 
2010 to 2018 (blue in Fig. 7c). These variations imply changes in biological activity in the North 
Atlantic over time. 

The oxygen utilization along the transit of deep waters from Cabot Strait to the head of the Laurentian 

Channel ( = −LC Cabot headOU OU OU ) has been relatively invariant at 135 (±  20) μmol kg 1−  over 
the last 20 years (black in Fig. 7c). This value is supported by experimentally measured turbulent 
oxygen fluxes (see supplementary material S2). In addition, this value agrees well with that from 
Bourgault et al. (2012)’s model, which provides an estimate of the sum of the benthic and pelagic 

respiration along the channel of 63 or 125 μmol kg 1−  depending if the transit time is taken to be 4 or 2 
years, respectively. The OU  we obtain falls near the upper boundary of their estimate, suggesting 
that the transit time is closer to 2 years than 4 years. 

3.3 Partitioning of the oxygen decline 
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Between the early 1970s and 1995, deep waters at the head of the Laurentian Channel experienced a 
decline in oxygen concentrations of 50 μmol kg 1−  (Fig. 7a). After some fluctuations from 1995 to 

2008, these deep waters lost an additional 22 μmol kg 1−  from 2008 to 2018. Causes of this decline in 
oxygen concentrations can be examined with a simple oxygen budget. To do so, we partition the 

measured oxygen change at the entrance of the Gulf ( Cabot
2ΔO ) and at the head of the Laurentian 

Channel ( 2Δ
headO ) into contributions from physical and biogeochemical changes (Fig. 8 and Table S2, 

and Fig. 7 for time series of the drivers). As described in Equations 8 and 9, physical changes refer to 
the variations in the LCW and NACW relative contributions to deep waters, and biogeochemical 
changes refer to variations in oxygen utilization due to changes in nutrient cycling and increased 
temperature. Three periods are investigated: 1970-1995, 1995-2008 and 2008-2018. 

The 1995 cutoff year marks the beginning of the continuity in data availability. Choosing 1995 as the 
end of the first period does not affect the results, since using any year within the 1995-2000 period 
results in the conclusion that biogeochemistry dominates the changes in oxygen concentrations since 
the 1970s. The choice of the 2008 cutoff maximizes the significance of the declining trend in the 
LCW contribution. Year-to-year LCW contributions can be computed from 1995 to 2018, with one 
additional value in the 1970s (Fig. 6). Given the lack of information on the evolution of oxygen 
concentrations and LCW contributions between 1970 and 1995, we can only consider the net 
difference between these two years. This difference yields valuable information on the long-term 
changes that occurred between the 1970s and the late 1990s, provided that 1970 is not an anomalous 
year. Water properties over years 1968-1972 and results of an eOMP analysis for the years 1969 and 
1971 reveal that 1970 is representative of that period (Figures S7 and S8). Note that years 1968-1969 
and 1971-1972 cannot be included in the LCW contribution time series (Fig. 6) because data are not 
available at Cabot Strait at the depth of the oxygen minimum. 

Figure 7: Time series along the 1027.30 kg m3−  isopycnal of (a) oxygen concentration at Cabot 
Strait (blue) and at the head of the Laurentian Channel (black, same as in Fig. 7b), (b) LCW fraction 
at the entrance of the Gulf (Cabot Strait, same as Fig. 6), (c) in black, oxygen utilization between 

Cabot Strait and the head of the Laurentian Channel ( Cabot headOU OU− ) and, in blue, oxygen 

utilization between the parent waters initial location in the North Atlantic and Cabot Strait ( CabotOU ), 
as obtained from the eOMP analysis, and (d) net anthropogenic nitrogen input to the St. Lawrence 
watershed, reproduced from Goyette et al. (2016). Error bars in (b) and (c) show the sum of the 
systematic error in the eOMP analysis (5%) and the standard deviation associated with averaging. 
OU  is not available at the head of the Laurentian Channel in the 1970s due to the lack of nutrient 
data. Hence, oxygen utilization in the 1970s (black dot in panel c) is estimated from the loss of 
oxygen from Cabot Strait to the head of the Laurentian Channel ( 2 2−head CabotO O ) considering a 2 to 4-

year transit time. 2 2−head CabotO O  does not directly yield the oxygen utilization during the transit, since 

vertical mixing brings oxygen from the oxygen-saturated surface waters to the deep waters of the 
Laurentian Channel. To calculate the 1970 estimate, we assume that the turbulent fluxes were 
invariant over the 4 to 7-year transit time from the Atlantic to the head of the Laurentian Channel, in 
which case the difference in 2 2−head CabotO O  between two times is equivalent to the OU . 

Figure 8: Partitioning of the oxygen decline at the head of the Laurentian Channel ( 2Δ
headO , red 

bars) into its various contributions (multicolor bars, see Section 2.10 for details on the method), over 
the 1970-1995 and 2008-2018 time periods. Since oxygen concentrations and their various 
contributions do not vary in the 1995-2008 period, we do not plot the partitioning for that period. The 
contributions are grouped into those taking place within the Laurentian Channel and in the North 
Atlantic. Biogeochemical contributions to the oxygen decline are eutrophication within the Laurentian 

Channel (green; LC
eutroΔOU ; Eq. 9), increased oxygen consumption rate due to a rise in water 

temperature (orange, 
Δ

Δ
LC
TOU ; Eq. 9), and the change in oxygen consumption rates in the North 

Atlantic (yellow, Δ NAOU ; Eq. 8). The one physical contribution to the oxygen decline is the change 
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in the relative contributions of LCW and NACW (blue, LCW NACW
2 2ΔfO ΔfO− ; Eq. 8). The observed 

oxygen decline and sum of contributions are not equal, but the difference falls within the 
uncertainties. Values are given in Table S2. The error bars correspond to the sum of the uncertainties 
of each variable used in the calculation of each term (see Table S2). 

1970-1995 

Between 1970 and 1995, nearly half of the oxygen decline observed at the head of the Laurentian 
Channel is explained by an increase in biological oxygen demand during the transit of deep waters 

along the Laurentian Channel (Δ LC
eutroOU +

Δ
Δ

LC
TOU  = 24 μmol kg 1− ). The increase in eutrophication 

is substantiated by an increase in nutrient inputs to the St. Lawrence watershed over the same period 
(Fig. 7d, reproduced from Goyette et al., 2016), We focus on the nitrogen input because nitrate is the 
limiting nutrient in the Estuary and Gulf (Jutras et al., 2020). The increased oxygen utilization derived 
from the eOMP analysis is consistent with previous reports of increased organic matter flux and 
eutrophication (Thibodeau et al., 2006) as well as enhanced respiration rates due to increased bottom-
water temperatures (Genovesi et al., 2011) in the St. Lawrence Estuary. The remaining half is due to a 
reduction in the oxygen content of waters entering the channel at Cabot Strait from the North Atlantic 

( Cabot
2ΔO  = -28 μmol kg 1−  based on observations), most of which is due to a change in oxygen 

utilization along the path of the parent waters in the North Atlantic (Δ NAOU  = -20 μmol kg 1− ), with 
a smaller contribution from the reduced contribution of LCW to the deep waters of the Laurentian 

Channel ( 2 2Δ Δ−LCW NACWfO fO  = -14 μmol kg 1− , 25% of the total oxygen decline). The biologically-

driven oxygen loss within the Laurentian Channel is attributed at 80% to eutrophication ( LC
eutroΔOU ), 

while the rest is ascribed to the increased metabolic activity resulting from the warming of the deep 

waters (
Δ

Δ
LC
TOU ). 

1995-2008 
Over the 1995-2008 period, oxygen concentrations and LCW and NACW contributions to the deep 
waters at Cabot Strait do not show any statistically significant trend, but display relatively large 
fluctuations (Fig. 7a-b). The LCW fraction decreases slightly from 1995 to ∼2000, then increases 
from 2000 to ∼2005, before remaining relatively stable from 2005 to 2008. The amplitude of the 

fluctuations in the LCW fraction is larger in the deepest waters (∼0.23 at 1027.5 kg m3  vs ∼0.13 at 
1027.3 kg m3 , Fig. 6). 

From 1995 to 2018, oxygen utilization within the Laurentian Channel and in the North Atlantic 
remain relatively stable (Fig. 7c). This stabilization in oxygen utilization is consistent with a levelling 
off of the nitrogen input to the St. Lawrence watershed over the same period (Fig. 7d, reproduced 
from Goyette et al., 2016). A change in the transit velocity of deep waters could also influence the 
biological oxygen demand within the Laurentian Channel, but that hypothesis was refuted by Bugden 
(1991). The increase in bottom-water temperatures since 1995 ( 1.02+ o C, Fig. S6) would have 
resulted in a small increase in oxygen utilization, but the uncertainties in the OU  time series are 
larger than the expected increase. 

2008-2018 
Over the 2008-2018 period, between 75 and 100% of the oxygen decline at the head of the Laurentian 
Channel is due to a reduction in the contribution of LCW to the deep waters of the Laurentian 

Channel ( 2 2Δ Δ−LCW NACWfO fO  = -22 μmol kg 1− , the percentages are presented as a range, calculated 

relative to the measured change in oxygen concentrations and to the sum of the contributions 
computed in Eq. 8). The reduction in the LCW fraction represents a 200% increase in the oxygen loss 
rate at Cabot Strait compared to the 1970-1995 period. In contrast to the 1970-1995 period, oxygen 

utilization (Fig. 7c) remains stable in the North Atlantic from 2008 to 2018 ( NA
ΔOU  = -1 μmol kg 1−

). What caused the variations in oxygen utilization in the North Atlantic between the two time periods 
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is unknown. Oxygen utilization along the Laurentian Channel also remains relatively stable or 
decreased slightly from 2008 to 2018 (Δ LC

eutroOU +
Δ

Δ
LC
TOU ). 

3.4 Drivers of the change in parent-water mass inflow to the St. Lawrence 
Our analysis reveals a shift to a gradual decrease of the relative contribution of LCW to deep waters 
of the St. Lawrence Estuarine System starting in 2008 (Fig. 6). In the following, we focus on the 
LCW fraction as the timeseries of the NACW and LCW fractions mirror each other. Here, we 
investigate the possible controls of the LCW and NACW fractions by calculating correlations between 

the fraction of LCW at the 1027.30 kg m3−  isopycnal at Cabot Strait and indices of the main drivers 
of ocean and climate variability in the North Atlantic between 1995 and 2018 (Fig. 9). 

The predominance of NACW over LCW in the Cold Slope Waters is thought to be associated with a 
northern shift of the Gulf Stream and a concurrent retreat of the Labrador Current (Townsend et al., 
2015), likely driven by the contraction of the subpolar gyre under a positive phase of the North 
Atlantic Oscillation (NAO) or a slow-down of the AMOC driven by climate change (e.g., Claret et al., 
2018). We find no significant correlation between the LCW fraction at the mouth of the Laurentian 
Channel and the Gulf Stream transport index (r = -0.16; Fig. 9) or the Gulf Stream Front position (|r
| 0.3< , not shown), regardless of the metrics used for the front position. We also find no statistically 
significant correlation between the LCW fraction and the NAO index over the late 1990s to 2018 
period (Fig. 9). Previous studies showed that, until the 1990s or 2000s, the NAO was correlated with 
water properties on the shelf, but that this relation had weakened since (Peterson et al., 2017; 
Townsend et al., 2015). Whereas the NAO influences large-scale winds in the North Atlantic, local 
high-frequency winds can also affect circulation near the shelf, and we find that winds blowing 
eastward on the outer Labrador Shelf favor a low contribution of LCW to the Laurentian Channel (see 
supplementary material S3 and Fig. S2). 

In contrast, the LCW fraction is strongly and positively correlated (r = 0.81) with the volume transport 
of the Scotian shelf-break current (Fig. 9). The beginning of the rapid decline of the LCW fraction 
identified in 2008 is concurrent with the beginning of a ∼10-year decline in that transport. The 
Scotian shelf-break current is formed from the portion of the main branch of the Labrador Current that 
hugs the shelf-break downstream of the Grand Banks. Hence, the correlation between the LCW 
fraction and the volume transport of the main branch of the Labrador Current is significant but smaller 
than that with the volume transport of the Scotian shelf-break current (r=-0.61). The negative 
correlation is consistent with the Scotian shelf-break current transport being anti-correlated with the 
strength of the main branch of the Labrador Current (Cyr et al., 2020; Han et al., 2014). The portion 
of the main branch of the Labrador Current that does not feed the Scotian shelf-break current is 
deflected towards the open ocean to supply the North Atlantic Current, the extension of the Gulf 
Stream (Fig. 1). The main branch of the Labrador Current also forms the western branch of the 
subpolar gyre (Fig. 1). Accordingly, we find a significant correlation between the LCW fraction at 
Cabot Strait and the subpolar gyre index (SPGi, r = 0.40; Fig. 9). The contraction and extension of the 
subpolar gyre affects the offshore Labrador Current, but what controls the fate of Labrador Current 
waters at the Tail of the Grand Banks is unknown (Holliday et al., 2020). The positive correlation 
between the LCW fraction at Cabot Strait and the strength of the subpolar gyre obtained here suggests 
that when the gyre index is positive, more LCW turn west to feed Slope waters, and when the index is 
negative, more waters are diverted towards the open Atlantic Ocean. For all the above indices, the 
correlation is highest for a zero time lag. Closer to the coast, the Shelf-Slope Front isolates Slope 
waters from coastal (shelf) waters. Its position is determined by the extent of LCW intrusions along 
the slope, and hence has been shown to influence water properties on the shelf (Austin et al., 2019) 
and in the Laurentian Channel (Bugden, 1991). A significant correlation is found between the LCW 
fraction and the latitude of the Shelf-Slope Front (r = -0.74, Fig. 9), with a maximum reached with a 
lag of one year. 

The indices presented above are not independent. The phase of the NAO influences the strength of the 
subpolar gyre, the western boundary of the subpolar gyre forms the main branch of the Labrador 
Current, and that branch feeds the Scotian shelf-break current. The latter, as we showed, correlates 
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with the intrusions of LCW along the continental slope and the position of the Shelf-Slope Front. The 
magnitude of the correlations between the LCW fraction and the various indices investigated reflect 
these causal relationships. Overall, our results point to the Labrador Current, through its extension on 
the Scotian shelf, as the main determinant of the LCW:NACW ratio in the deep waters of the 
Laurentian Channel. 

Figure 9: From top to bottom: time series of the LCW fraction along the 1027.3 kg m3−  isopycnal 
at Cabot Strait (dark blue, same top panel of Fig. 6), Scotian shelf-break current (SSBC) transport 
index (magenta), subpolar gyre index (SPGi, orange), Gulf Stream index (black), Shelf-Slope Front 
mean latitude (light grey, and moving average in light blue), and NAO index (green/red). Details 
regarding each index are provided in Section 2.1. Correlation coefficients (CC) and associated p-value 
between the LCW fraction and each climate index are given below each curve. 

4 Discussion and conclusions 
The causes of five decades of oxygen decline in the deep waters of the Lower St. Lawrence Estuary 
are examined using an extended Optimum Multiparameter (eOMP) analysis. This method is applied 
to a continuous time series of in-situ measurements of physical and biogeochemical variables taken 
along the Laurentian Channel in the Gulf and Estuary of the St. Lawrence since 1995, with additional 
data from the 1970s. The use of the eOMP method is justified by evidences of diapycnal mixing along 
the path of the deep waters. We find that the decrease in oxygen concentrations in the Lower Estuary 
is driven by a combination of physical and biogeochemical changes, but that the relative importance 
of these drivers to the observed oxygen decrease has varied significantly over the last 50 years 
(Fig. 10). Between the 1970s and late 1990s, biogeochemical changes explain 85-90% of the 1.7 (

±  0.3) μmol kg 1−  year 1−  oxygen decline, through an increase in oxygen utilization rates in the deep 
waters of the Laurentian Channel and in the North Atlantic (Fig. 7). Between 2008 and 2018, 

circulation changes explain 75-100% of the 2.2 (±  1.0) μmol kg 1−  year 1−  oxygen decline, through 
the increased inflow of oxygen-poor North Atlantic Central Waters (NACW) into the Laurentian 
Channel at the expense of oxygen-rich Labrador Current Waters (LCW, Fig. 6). In 2016, the relative 
contribution of LCW reached a record low since the beginning of measurements in the 1930s. The 
relative influence of biogeochemical and circulation changes to the oxygen decline differs from that 
found by Gilbert et al. (2005), probably due to their use of the T-S diagram mixing method that 
overestimates the relative contribution of LCW at the depth of the oxygen minimum (see 
supplementary material S1) and to the different time periods used in each study. 

Modelling studies have attributed the recent changes in the relative contributions of LCW and NACW 
to deep waters entering the St. Lawrence Estuarine System to a slow-down of the AMOC driven by 
climate change (e.g., Claret et al., 2018). Our observation-based analysis shows that a low frequency 
variability (multi-year) dominates the time series of the LCW fraction, overlying a weak inter-annual 
and seasonal variability (see Fig. 6 and Fig. S3). Whereas the AMOC slow-down expected under 
anthropogenic climate change would cause a decrease in the LCW contribution to the deep waters, the 

LCW contribution was stable from 1995 to 2008 and decreased at a rate of 0.02− -LCW fraction yr 1−  
from 2008 to 2018, which suggests a predominance of natural variability over the past decades. A 
longer time series would be required to determine the nature of the low frequency signal detected in 
the LCW fraction time series, and models could be used to investigate the role of natural variability in 
the fluctuations of the LCW inflow. 

The variability in the relative contributions of LCW to the deep waters of the Laurentian Channel is 
found to be well correlated with the volume transport of the Scotian shelf-break Current, an extension 
of the main branch of the Labrador Current over the Scotian shelf. In contrast, the position and 
volume transport of the Gulf Stream are weakly correlated with the LCW fraction at the entrance of 
the channel. In the commonly used description of circulation in the region, anomalously warm 
(Peterson et al., 2017; Pershing et al., 2001; Loder et al., 2001) and poorly oxygenated shelf waters 
(Claret et al., 2018) are attributed to a retreat of the Labrador Current and a concurrent northward shift 
of the Gulf Stream leading to an increased inflow of subtropical waters. Our analyses suggest that the 
Labrador Current, rather than the Gulf Stream, controls the variability of North Atlantic waters inflow 
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to the St. Lawrence Estuarine System and of the Cold Slope waters that feed that system (Hameed & 
Piontkovski, 2004; Rossby & Benway, 2000). In other words, through the Scotian shelf-break 
Current, the Labrador Current would be able to push the Gulf Stream away from the continental slope, 
and the Gulf Stream would not be able to block the LCW intrusions from flowing south along the 
slope. The strength of the Scotian shelf-break Current is modulated by how much Labrador Current 
waters are diverted towards the open ocean when they flow around the Grand Banks (Holliday et al., 
2020). Additional work is required to identify what controls the variability of the Labrador Current. 
Such an understanding is critical to improve our ability to predict the oxygen decline in the St. 
Lawrence Estuarine system and the composition of Cold Slope waters. 

Figure 10: Summary of the contributions of physical and biogeochemical causes to the oxygen 
decline at the head of the Laurentian Channel, for two periods of time (1970-1995 / 2008-2018). The 
contributions are expressed as range of percentages, calculated relative to the observed change and to 
the sum of causes (see Fig. 8). The names and colors of the causes are the same as in Fig. 8. 

Open Research 
The two main datasets for this research are the BioChem database compiled by the Department of 
Fisheries and Oceans Canada and the Coriolis dataset compiled by Alfonso Mucci’s research group. 
The BioChem database can be accessed at https://www.dfo-mpo.gc.ca/science/data-
donnees/biochem/index-eng.html and the Coriolis dataset can be accessed at on the Open Science 
Framework data repository at osf.io/576tj/ and cited using the following DOI: 
10.17605/OSF.IO/576TJ. Additional dataset like climate indices are available at the websites 
indicated in Section 2.1. NCEP Reanalysis data were provided by the NOAA/OAR/ESRL PSD, 
Boulder, Colorado, USA, from their website at https://www.esrl.noaa.gov/psd. 
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