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Abstract

Oxygen concentrations in the deep waters of thedrd®t. Lawrence Estuary have decreased by 50%
over the past century. The drivers of this decreaseinvestigated by applying an extended Optimum
Multiparameter (eOMP) analysis to a time serieplofsical and biogeochemical observations of the St.
Lawrence Estuarine System in the 1970s and from 1890s to 2018. This method reconstructs the
relative contributions of the two major water maséeeding the system, the Labrador Current Waters
(LCW) and the North Atlantic Central Waters (NACVéE well as oxygen utilization, and accounts for
diapycnal mixing. The causes of the oxygen declamed over the last five decades. Between the 4970
and late 1990s, the decrease was mainly drivenibyebchemical changes through an increase in
microbial oxygen utilization in the St. Lawrencetlzgy in response to warmer temperatures and
eutrophication and lower oxygen concentrations @W. and NACW. Between 2008 and 2018, the
decrease was mainly driven by circulation changeshe western North Atlantic associated with a
reduced inflow of high-oxygenated LCW to the deegtexs of the system in favour of low-oxygenated
NACW, reaching a historical minimum in 2016. The WANACW ratio is strongly correlated with the
volume transport of the Scotian shelf-break currantextension of the Labrador Current. These t®sul
highlight the primary role of the Labrador Currémtdetermining the oxygen concentration and other
water properties of the St. Lawrence Estuarine é®ysand on the western North Atlantic continental
shelf and slope.

Mathilde Jutrasmathilde.jutras@mail.mcgill.ca

Keypoints

¢ The causes of the observed decrease in oxygermations at the head of the Lower St.
Lawrence Estuary varied over the last 50 years.

¢ The oxygen decline is driven by biogeochemicahges over 1970-1995, and by circulation
changes in the North Atlantic over 2008-2018.

« Inflow of oxygen-rich Labrador Current waters be tEstuary correlates with the strength (or
transport) of the Scotian Shelf break current.

Plain Language Summary

Over the past century, the oxygen concentrationiseofieep waters of the Lower St. Lawrence
Estuary have declined dramatically, with dire capussnces to marine life and the fishing industry.
Two processes are thought to be responsible fedéniline. First, nutrient and organic matter
discharge from urban and agricultural activitiegsndrainage basin promote algae blooms, which are
decomposed by bacteria that consume oxygen ingbp waters, a mechanism called eutrophication.
Second, the oxygen-rich Labrador waters feedingléep waters of the estuary have been
progressively replaced by oxygen-poor Gulf Streagevs. Using observations and a water mass
reconstruction method, we determined to what ex¢anh of the above processes contributed to the
oxygen decline over the last five decades. Betvieer1i970s and early 1990s, the oxygen decline was
mostly due to biogeochemical changes (includingoginication). From 2008 to 2018, the decline
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was mostly due to a reduction in the amount of adbr waters feeding the system. Understanding
how circulation in the Northwest Atlantic oceanlirgnces oxygen concentrations along the coast is
crucial, given that circulation patterns vary natiyrwith time and could be affected by climate
change.

1 Introduction

Over the last decades, many coastal and estuanifi®ements have experienced a dramatic decline
in dissolved oxygen concentrations (Bindoff et 2019; Breitburg 57 et al., 2018; Rabalais et al.,
2010; Gilbert et al., 2010), with dire consequerar@snarine ecosystems and biogeochemical cycles
(Breitburg et al., 2018; Rabalais et al., 2014)eGuch environment is the St. Lawrence Estuarine
System in eastern Canada, the largest semi-encéssedry in the world (Fig.1). Over the past
century, the Lower St. Lawrence Estuary has sesete¢p-water oxygen concentrations decrease by

more than 50%, going from125.mol kg™ in the 1930s to less than gthol kg™ in recent years
(Gilbert et al., 2005, see Fig. 2b). This decrdesea direct impact on marine fauna and fisheries,
including cod growth and distribution (Chabot & ut999; D’Amours, 1993) and northern shrimp
viability (Dupont-Prinet et al., 2013).

The St. Lawrence Estuarine System extends from €uélly to the Atlantic Ocean and is
traditionally divided into the Upper Estuary, thewer Estuary and the Gulf of St. Lawrence. Its most
prominent bathymetric feature is the Laurentianr@ieh (LC), a 300-500 m deep channel that
stretches 1240 km landward from the continentdf &ineak to the head of the Lower Estuary (Fig.1).
The circulation of the system is estuarine, wittfesze water flowing seaward and the Cold
Intermediate Layer, formed in the winter in the G@albraith, 2006; Gilbert & Pettigrew, 1997), and
deep waters, of North Atlantic origin, flowing lamdrd (Dickie & Trites, 1983). As deep waters flow
along the Laurentian Channel into the St. Lawrdbsteiary, a journey that takes four to seven years
from the continental shelf break to the head ofctennel, they progressively lose oxygen through
microbial respiration of settling particulate matf@ilbert, 2004; Bugden, 1991). As a result, water
at the head of the Laurentian Channel are depietedygen compared to the North Atlantic waters
(Fig.2a). In recent decades, observations have reveateeased respiration rates Genovesi et al.,
2011) under higher deep-water temperatures (Gidet, 2005) and eutrophication (Jutras et al.,
2020; Thibodeau et al., 2018). The latter is fastdyy an increase in organic matter and nutrient
exports to the estuary’s main tributary, the Stvtence River (Environment and Climate Change
Canada, 2018; Goyette et al., 2016), that draigislyhpopulated and industrialized areas as well as
intensively farmed lands (Hudon et al., 2017). @hep waters entering the Laurentian Channel from
the North Atlantic are a combination of cold, oxggéch shelf and offshore Labrador Current waters
(hereafter called LCW, see section 2 for definitjand warm, oxygen-poor North Atlantic Central
Waters (NACW) that mix on the continental slopéaion Cold Slope waters (Fig. 1, Gilbert et al.,
2005; Bugden, 1991; Gatien, 1976). Circulationgrat and water properties of the western North
Atlantic Ocean therefore impact water propertieghamestuary, including oxygen concentrations
(Thibodeau et al., 2018; Claret et al., 2018).

An analysis of the average of physical propertiegh® deep waters of the Lower St. Lawrence
Estuary between the early 1930s and 2003 showéedieahalf to two-thirds of the observed oxygen
decline at the head of the Laurentian Channel wasexd by an increase in the relative contributfon o
NACW to the deep waters (Gilbert et al., 2005), lettie remainder was attributed to eutrophication.
These results can now be revisited with an additi@b years of observations collected at higher
frequency in the St. Lawrence Estuary and Gulvelhg for an assessment of the interannual
variability of the contributions of LCW and NACW the St. Lawrence Estuarine System and a
quantification of the different causes of the oxygecline. Furthermore, previous estimates of the
LCW:NACW mixing ratio in Laurentian Channel watevere derived from temperature-salinity (T-
S) diagrams (Gilbert et al., 2005; Bugden, 199hethod that assumes that mixing only takes place
along isopycnals. Diapycnal mixing is known to bgportant along continental shelves (Gregg et al.,
1999) and on the fringe of the Gulf Stream (RodeigBantana et al., 1999; Pelegri & Csanady, 1994;
Churchill et al., 1993), and the North Atlantic esst reach the eastern American continental shelf
through turbulent (diapycnal) mixing and doublefalfon of thin water intrusions, forced by tides
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and shear (Nash et al., 2004; Herman & Denman,;N3@érhis et al., 1976). Hence, diapycnal
mixing should be considered when investigating gearin the LCW:NACW ratio entering the St.
Lawrence Estuarine System.

The eastern American shelf and Slope waters aeeimied by oceanic circulation in the North
Atlantic. In particular, the properties of theseteva are strongly affected by the extent of westwar
intrusions of Labrador waters along the continesligbe (Pershing et al., 2001), which are formed as
the main branch of the Labrador Current hugs tren@Banks and makes its way southwest between
the Gulf Stream and the shelf (Fig. 1, Townseral.eR006; Schollaert et al., 2004; Gatien, 1976).
The factors that control the extent of these inbnsremain unclear. A first possibility is thaeth
intrusions are controlled by the North Atlantic @lation (NAO, Pershing et al., 2001; Loder et al.,
2001) or the Atlantic Meridional Overturning Ciretibn (AMOC, Claret et al., 2018; Thibodeau et
al., 2018). A slower AMOC is expected under climettange (Stouffer et al., 2006) and was recently
found in some observational studies (Caesar e2@18; Thornalley et al., 2018). A positive phaée o
the NAO or a slowdown of the AMOC would lead toamtraction of the subpolar gyre (e.qg.,
Lohmann et al., 2009; Taylor & Stephens, 1998)ihern shift of the Gulf Stream (Joyce & Zhang,
2010) and a reduction of the transport of LCW sauat$t of the Grand Banks, leading to an increased
contribution of NACW over LCW to the Cold Slope wet (Townsend et al., 2015). Until the 1990s,
the NAO co-varied with Slope waters properties aitth the number of warm Gulf Stream eddies
reaching the shelf (Mountain, 2012; Petrie, 200X kt al., 2006; Greene & Pershing, 2003; Pershing
et al., 2001; Drinkwater et al., 1998). Howevegdh relationships have weakened since the 1990s
(Peterson et al., 2017; Townsend et al., 2015; Gazexdhyay et al., 2019; Gawarkiewicz et al., 2018).
These conflicting results suggest that the forsicgnario and resultant change in the circulation
pattern described above are incomplete and canhpipfedict oxygen concentrations on the shelf. A
second possibility, which is supported by our ressu$ that the reach of the Labrador water intnisi
and, hence, water properties on the slope, areati@u by the volume transport of the Labrador
Current (Holliday et al., 2020; Grodsky et al., 2ZDWUrrego-Blanco & Sheng, 2012; Pickart et al.,
1999; Rossbhy, 1999; Petrie & Drinkwater, 1993). Thbrador Current properties are partly
controlled by the strength of the subpolar gyre #wedArctic exports through Davis and Hudson
straits (Loder et al., 1998), but the processesrdyiits variability are poorly known (Holliday et.,
2020).

In this study, we investigate the causes of themiesl oxygen decline in the Lower St. Lawrence
Estuary since the 1970s. To do so, we revisit tmelasions of previous observation-based studies on
the changes in the LCW:NACW ratio of the deep watartering the Gulf and St. Lawrence Estuary
through Cabot Strait. We use a set of new, higtegruiency observations of the physical and
biochemical properties of waters in the St. LaweeBstuary and Gulf and an extended Optimum
Multiparameter (eOMP) analysis. This method prosittee LCW:NACW proportions and a
guantification of oxygen consumption, and accotimtdoth isopycnal and diapycnal mixing
(Tomczak et al., 1994). We first document the mn@ual variability in the LCW:NACW ratio and in
oxygen utilization since the late 1990s, with sadditional data from the 1970s (section 3.1 and
3.2). We then partition the oxygen decline at teachof the Laurentian Channel into its physical and
biogeochemical drivers for different periods of ¢iffsection 3.3), and link the circulation changes i
the western North Atlantic to the variability ofy@en concentrations at the entrance to the Gulf
(section 3.4).

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

Figure 2: Dissolved oxygen concentrations in thereatian Channe(a) Annual climatology
(1980-2018) along the Laurentian Channel. Distameereported from Quebec City, with black
triangles showing the position of important geogjiaal features of the Laurentian Channel. QC:
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Quebec City; HLC: head of the Laurentian Channeb@&ndary between the Estuary and the Gulf;
CS: Cabot Straiib) Time series of dissolved oxygen concentratiomataxygen minimum depth at
the head of the Laurentian Channel. Data are flamBioChem and Coriolis datasets (see

Section 2.1). The error bars represent the stardiandtion. 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 Estuarineefyst

We use in-situ observations sampled throughouivtiter column from two datasets. The first dataset
is the Coriolis dataset (Mucci & Jutras, 2020)pHection of physical (temperature, salinity) and
biogeochemical (oxygen, nitrate, soluble reactivegphate, silicate, total alkalinity, and water

oxygen isotopic compositiocwa(HzO)) variables sampled between 2003 and 2018 in spridg

summer at over 10 stations along the Laurentiam@#laon board the R/V Coriolis 11 (460 data
points; for a detailed description of data samptexhniques see Dinauer & Mucci, 2017). The
second dataset was extracted from the BioChem asgatompiled by the Department of Fisheries
and Oceans Canada. This dataset provides qualityedied data for the same variables as the

Coriolis dataset except fcﬁlBO(HZO) and covers the Gulf and St. Lawrence Estuary 186/ to

1972, and from 1991 to 2018 (8,915 data points, DE9; Devine et al., 2014). A detailed
description of data sampling techniques and quetitytrol can be found in Devine et al. (2014) and
Mitchell et al. (2002). We applied an additionahtity control to the two datasets, removing ouslier
based on T-S or property-S diagrams and correatic@nsistencies in units.

2.3 Observations on the Labrador Shelf

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

2.4 Climatologies of the North Atlantic

The hydrographic properties of LCW and NACW ararted based on the World Ocean Circulation
Experiment (WOCE; Gouretski, 2018) climatology efnperature, salinity, as well as oxygen and
nutrient concentrations re-gridded td’a<I grid. The World Ocean Database World Ocean
Database (WOD, Boyer et al., 201Bx T climatology is used for total alkalinity andt®O.

2.5 Atmospheric and oceanic products and indices

To investigate the influence of the North Atlarficean circulation on the origin of waters entering
the St. Lawrence Estuarine System, we use theamitpatmospheric and oceanic products.

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

2 Position through time of the Gulf Stream NorthIMdad of the Shelf-Slope Front, computed
from sea surface temperatures (SST) by the Bedifstdute of Oceanography using the methodology
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described in Drinkwater (1994), and availablétt p: / / www. meds- sdnm df o-

npo. gc. cal al phapro/ znp/ cl i mat e/ Gul f S| ope/ odf _data_fil es/ GSMNTHVN Mon
thly Averages. odf andhttp://ww. meds- sdnm df o-

npo. gc. cal al phapro/ znp/ cl i mat e/ Gul f S| ope/ odf _data_fil es/ SSMNTHVN Mon
thly_Averages. odf;

3 Time series of (a) the Gulf Stream delta indepraxy for Gulf Stream intensity computed
from SST differences across the Gulf Stream Nor#il Wont (Watelet et al., 2017), (b) the Gulf
Stream index, a proxy for the variability in thesfimn (latitude) of the Gulf Stream based on sea
surface height (SSH) anomalies obtained from sistelltimetry (Pérez-Hernandez & Joyce, 2014;
Joyce & Zhang, 2010), and (c) the Scotian sheléb@urrent and Labrador Current transport
indices, also derived from satellite altimetry aagdresentative of the volume flux per unit of tiofe
those currents (Cyr et al., 2020; Han et al., 2014)

4 Time series of the subpolar gyre index (SPGijivdd from the first principal component of
SSH anomalies obtained from satellite altimetryt(idé& Chafik, 2018), available at
htt ps://bolin.su. se/datal/chafik-2019-2;

5 An index of the North Atlantic Oscillation (NA@ublished by the National Oceanic and
Atmospheric Administration (NOAA) and available at
htt ps://ww. cpc. ncep. noaa. gov/ dat a/t el edoc/ nao. shtm .

2.6 Method: Extended Optimum Multiparameter (eOMPalysis

Changes in the oxygen concentrations in the de¢grsvaf the Gulf and St. Lawrence Estuary over
the past 50 years result in part from changesdrretative contributions of two parent-water masses
entering the St. Lawrence Estuarine System thr@aghot Strait: LCW, NACW, and a third water
mass partly formed in situ and partly advectedubhothe Strait of Belle-Isle, the Cold Intermediate
Layer (CIL). We investigate these changes and loidgemical changes through an extended
Optimum Multiparameter (eOMP) analysis method,ddtrced by Tomczak (1981) and extended by
Karstensen and Tomczak (1998) and Tomczak and I(a889),, that we applied to hydrographic
data from the St. Lawrence Estuarine System. Frenphysico-chemical properties of parent-water
masses, the eOMP method determines the relatielmations of each parent-water mass to the
parcel of water whose properties are describedydydgraphic data. To do so, the eOMP fits the best
solution to an overdetermined linear mixing modieiits original configuration, the method used
conservative properties upon mixing. In the extenekrsion, "semi-conservative” properties affected
solely by respiration and photosynthesis are abeed for, assuming they co-vary according to a set
stoichiometry, providing an estimate of biogeochehactivity.

2.7 the eOMP method

The system of linear equations used in the eOMB/sisds:
XA +. . +X A +0=A _+R , (1a)

¥B ... +%,B,+0=B, + Ry (1b)

XK +...+x K, +AK =K+ R (1c)

XL, +...+x L +r  AK =L +R  (1d)

X +..t% +0=1+R, (1€)

Equations la-d describe the mixinghofariables, or water properties, referred to wittapital letter.
Eqg. 1e accounts for volume conservation (the foastof all water masses must add to 1). On the left

hand side of the equationx, (i =1,...,n) are the mixing fractions of theparent-water masses. On

the right-hand side of the equations, . and R, are, respectively, the measurements in the child
water mass and the residuals associated with ea@bleX (orV for volume; Eq. 1e). Equations for
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semi-conservative variables have an additional (gt term on the left-hand side of Eq. 1c-d) that
corresponds to sources and sin¥ is the change in the semi-conservative biogeootednariable
K that co-varies with other semi-conservative vdealhrough the stoichiometric ratigs, . The
standard stoichiometric ratios are used (Hedgak,e2002), except for th&l : P ratio which is

affected by strong denitrification in the Lower Bawrence Estuary (Thibodeau et al., 2010). That
ratio is determined from the correlationshbndP measurements in the Laurentian Channel from the

Biochem database. The ratios we use are as follOw$ 0O, :NO,:Si = -150:1:12:40.

We solved the linear set of equations describdehinl with an adaptation of the Geomar OMP
Analysis Package for MATLAB (Karstensen & TomczaR99) available abnp. geomar . de/ .

The fractionsx are the main result of the eOMP, but two additiangdputs are also provided: the
residualsR; and the change in the biogeochemical varithlAK . The algorithm solves the system

of equations by applying a least-square minimizatio the sum of residualizilRj +R,.To

allow for this minimization, the system needs tamberdetermined (more equations than unknowns).
In other words, we need at least one more varididle the number of parent-water masses. Water
mass definitions are given as a range of valugs, fer salinity,34< S, < 35; Table 1) and hence

each water mass is described with two terms inLEgihe number of variables have to be adjusted
accordingly (Karstensen & Tomczak, 1998). Altervediy, to reduce the number of required
variables, the parent-water masses can be defsiad a single water type (single-value definition;

e.g.S, =34.5).

Variables do not all have the same level of relighidepending on measurement accuracy and
variability in the region of water mass definitidtach equation is therefore assigned a weight
(Tomczak & Large, 1989). For a given varialjle{l,..., N} , the weightw; is calculated from the

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

1

1 L
: L 1=1 0|2

)

where we sum over tHepoints participating to the water mass definitfeee spread around black
lines in Fig. 3b-c).

Whereas the eOMP has a number of advantages @/&r$hdiagram method, it still has some
limitations. Three assumptions can cause systeraatics: identical mixing coefficients for all
variables (Klein & Tomczak, 1994), linearity of tequation of state, and straight line water-mass
definitions (Tomczak, 1981). The first assumptiounld be problematic when double diffusion
contributes to the mixing, but the induced erran@gnificant most of the time (Klein & Tomczak,
1994). The second assumption induces an errordéb 2well within the uncertainty from other
sources (see below). The impact of the third assompan be minimized by constraining the
analysis to a range of densities over which thendefns are close to a straight line, or by usingre
than two water types (see next section). Rathemyibst significant sources of error of the eOMP
method are uncertainties in water mass definitaoms sensitivity to measurement errors (Tomczak,
1981). These errors can be minimized by runningtiadysis on multiple measurements close in
location and time, as we do in this analysis. Wantjfy these errors with a sensitivity analysis by
perturbing the parent-water mass definitions by staadard deviation. Fractions are robust, with
deviations< 5% except near the sill at the head of the Laurer@bannel, where the imposed
perturbations produce large variations of up to 4B%nce, results near the sill should be given towe
confidence than those in other regions. The reanéislso robust to perturbations in the
stoichiometric ratios I(110% deviations for a 50% perturbation on the weidbt half of the
variables) and weights (3% deviations for a 10% perturbation on the ratbosalf of the variables).
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The data points for which the eOMP yielded a tcgaldual QRJ. +R,) larger than 5% were
discarded.

2.8 Parent-water mass definitions

This section presents the rationale leading t@#rent-water mass definitions provided in TablAtl.
the surface, the physico-chemical properties oewean be altered by multiple processes in addition
to mixing, including gas and heat exchange, atmaspldepositions, precipitation and evaporation,
as well as river inputs. Waters with depthd00 m are thus discarded from the eOMP analysis.
Three parent-water masses compose the waters Giulfi@nd Lower Estuary below 100 m. The cold
intermediate layer (CIL) is a remnant of the winkeil-oxygenated mixed layer formed in the Gulf
and of Labrador shelf waters advected via the Stfdelle Isle (Galbraith, 2006; Gilbert &
Pettigrew, 1997). What we refer to as the Labr&imrent Waters (LCW) are a combination of
waters from the main branch of the Labrador Curnehtch flows along the Labrador slope and
around the Grand Banks, and waters from the inrardh of the Labrador Current, which flows on
the Labrador Shelf and through the Avalon Chartmeth feeding a range of isopycnals in the
Laurentian Channel (Brickman et al., 2016; Townseinal., 2015; Wang et al., 2015; Fratantoni &
Pickart, 2007; Loder et al., 1998, and Fig. 1). Nogth Atlantic Central Waters (NACW) also
originate from the North Atlantic where they arerigal north by the Gulf Stream.

Prior to running the eOMP analysis, the three pangier masses need to be defined in terms of their
physico-chemical properties. The definitions arsdobon in-situ observations in the Gulf for the CIL
and on the WOCE and WOD climatologies for the LOWl IACW, by averaging the values within
the regions and depths ranges where each waterisrlasated (Fig. 8). The regions and depth

ranges are identified based on the literature (Bteto & Gruber, 2012; Emery & Meincke, 1986) and
by choosing areas with relatively uniform propestierough visual inspection. The definitions are
then given as a range of values (described withvaier types), except for the NACW. The latter is
best described by three water types, given thelape in salinity-property space (Fip-§. Due to
discontinuity in the data availability, the CIL ss& range or a single-value definition depending on
the year (see section 2.9). The definitions arergior four conservative variables: temperatiie (

practical salinity &), the stable oxygen isotopic composition of w@t&FO(HZO)) and total

alkalinity (TA), and for four semi-conservative variables: digsdloxygen (,), nitrate (NO; ),
soluble reactive phosphat&RP ) and dissolved silicatedS ) concentrations.

Figure 3: Definition of the parent-water masseslusghe eOMP analysis. (a) Regions and depth
ranges used for the definitions. Property-salidiggrams of (b) T versus&nd (c) O, versus & In

(b-c), colored dots show the values from WOD and@#Qridded climatologies for LCW and
NACW, and from BioChem data for the CIL, in theiteg and over the depth ranges given in (a).
Black segments show the range of values used éowétter-mass definitions (Table 1). For the CIL,
we also use a single value definition for some yéalack circle in b and c¢) (see Section 2.7)bn (
grey lines show isopycnals, and black dots reptaserhydrographic data within the Laurentian
Channel. The zones delimited by the green and ottddilines represent, respectively, the Cold (or
Labrador) Slope Waters and the Warm Slope Waterigleatified 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
(°C) (£ 1.2) (£ 0.2) (x 0.2)
S 31.8-33(32.2) 35.0-35.2-36.5  33.4-35)0
(psu) (* 0.5) * 1.2) (x 0.5)
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NO4 1.7-12.0 (5.8) 17.5-22-4.8 10-17
(xmol/kg) | (= 3.8) (* 4) (x 1.4)

SRP 0.6-1.2 (0.8) 1.15-1.38-0.24, 0.4-1.1
(umol/kg) | (= 0.2) (x 0.2) (* 0.2)

dsi 1.0-13.0 (4.8) 125-14.8-19 | 1.6-11.0
(xmol/kg) | ( 5) ( 3) (x 4)

o, 366-266 (348) | 250-155-105 | 310-28(
(umol/kg) | (+ 38) (£ 47) 7

590 -15--15(-15) | 0.29-0.35-1.00 -0.55-025
(5°0%) | (£ 0.7) (x 0.09) & 0.13)

TA 2200—2180 (2188) 2310—2320—2400 22402280
(umol/kg) | (+ 50) (£ 14) (£ 45)

Definition of parent-water masses based on availahatiables: temperatur€), practical salinity

(So), nitrate NO 3 ), soluble reactive phosphateRP), dissolved silicatedSi) and dissolved oxygen
(O, ) concentrations, stable oxygen isotopic compasitibwater GSO(HZO)) and total alkalinity

(TA). For each water mass and variable, the rangaloés used in the definition is given in the first
row and the corresponding standard deviation ai detund the definition (spread around black lines
in Fig. 3b-c) in the second row. The range of valaee chosen based on property-salinity diagrams
(see Fig. 3 for two examples). The NACW definitmonsists of three water types, given the v-shape
of the property-salinity diagrams (see Fig).3-or the CIL, a single-value definition (see $&tR.7)

is also given in parentheses and is obtained fremrtean value of observations.

The definition of our three parent-water massekapt constant throughout the whole eOMP
analysis period (1970s to 2018). Previous studiesved that the oxygen content of NACW did not
change significantly over the last 50 years (Stetml& Gruber, 2012), nor did nutrient
concentrations during the 1980s (Garcia et al.8198dditionally, an analysis of historical data on
the Labrador Shelf reveals no statistically sigwifit trends in time series of dissolved oxygen and
nutrient concentrations, salinity and temperatuir@ng given station over the past 20 years (Fiquo4;
trend with p-value<0.01). The historical data used to define the CIL alsow no statistically
significant trend over the 1995-2018 period (p-eat0.01 for all variables), and no significant
difference between the 1970s and 2018 (Figuresn8%4a0). We tested whether the observed small

year-to-year variations in LCW properties (at ma€d, [1 20,.mol/kg; Fig. 4) would affect the

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

Figure 4: Time-stations plots of summer averagda)ppractical salinity, (b) temperature, (c)
oxygen concentration, and (d) nitrate concentrdiorstations along the Seal Island section shown i
Fig. 1, from the shore (left) to the open oceaghi)i. The thick black lines show the edge of the
continental shelf, where the seafloor drops fro200 m to more than 1000 m deep. Data are
corrected for vertical sampling biases (see se@i8h

2.9 Set-up

The eOMP analysis is run from available observatioglow 100 m along the Laurentian Channel for
each year. Results for per season runs are awailatihe supplementary material (Fig. S3). At Cabot
Strait, enough variables are available to perfdrend@dOMP analysis for 1969-1970 and 1995-2018.
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JlSO(HZO) is a strongly conservative hence reliable traoerjs absent from the BioChem dataset.

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

Table 1) in years for which alkalinity andf®0 data are missing (see Table S1 for a summaryeof th
runs for each year).

2.10 Method: oxygen budget

While the contribution of the CIL is important fiire intermediate waters of the Laurentian Channel
(100-150 m depth), the deep waters (below 150 smpamposed almost exclusively of a mixture of
LCW and NACW (see Section 3.1). Provided deep waternot mix with surface or intermediate
waters, oxygen concentrations in the deep watdtsediead of the Laurentian Channel can be
expressed as,

Ozhead = chwO;CW +(1_ chw)Og‘ACW -ou™-oute (3

where O, is the oxygen concentratiofy,.,, is the relative contribution of LCW to the deepteva

and OU is the oxygen utilization divided in two term®U from the definition sites of parent water
masses in the North Atlantic (Figaj&o Cabot Strait QU™ ), and during the transit along the
Laurentian Channel from Cabot Strait to the heatth@fchannel QU “©). The change in oxygen
concentration at the head of the channel betweerdifferent times,AOQead , can be expressed as

head LCW NACW NA LC
AO* = Af ,,O;7" —Af ., O -  AOU - AOU 4
2 LCW ™2 LCW ™2 — . ( )
Change in LCW:NACW ratio O, consumption in NA  Biogeo change along

Eq. 8 can be used to partition the deoxygenatiaeied at the head of the Laurentian Channel (
Aogead) into its different causes. Hereafték, always refers to a change between two set times. T

first two terms on the right hand-side of Eq. 8rement the response of oxygen concentrations to
changes in the relative contributions of LCW andQ¥X to the Laurentian Channel, while the third
and fourth terms represent the response of oxygeecentrations to changes in
respiration/photosynthesis in the North AtlanticAjNand in the Laurentian Channel (LC),

respectively.AO£1ead is computed from observations in the zone of thgen minimum near the

head of the Laurentian Channel. The first and se¢¢temnms on the right-hand side of Eq. 8 are
computed using the LCW fractions at Cabot Stravjated by the eOMP analysis and the mean

oxygen concentrations of the parent-water massasl€Tl). Oxygen utilization@QU) is a secondary
output of the eOMP analysis, derived from the cleanghe semi-conservative variable oxygen
between the parent-water mass definition regionthedite of observationg\K in Eq. 1). The third
and fourth terms are computed from this outg@U ™ from the change ifOU in the North
Atlantic, and AOU “° from the change ifOU in the Laurentian Channel taking into account a
transit time of 2 years (Bugden, 1991).

As temperature affects the rates of organic magt@ineralization and oxygen utilization, we can
further partitionAOU into contributions from temperature change anthfeutrophication:

AOU =AOU,; +AOU oy (5)

We apply this partitioning only to the Laurentiahanel. The temperature dependence of the
bacterial respiration rate is commonly expressadivfo temperature$, to T, , using the empirical

change relative to a 1@ variation,Q,,:
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Qo =%[HJ (6)

where R, and R, are the rates of a given biological process apteaturesl, and T, , here oxygen

utilization rates QUR) such thatOURX At =OU for a time intervalAt . Typically,
1.8<Q,, < 3.3 (Genovesi et al., 2011; Bailey & Ollis, 1986). lden

AOULE =0U, {1—ex{% Ierﬂ ™

and the balance is attributed to eutrophication as

AOULE ., =OU,_, —AOU S 8)

eutroph

whereOU,_; is the OU at temperatures, . We obtainAT 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 theukentian Channel

The eOMP analysis provides the fractions of LCW,QNM and CIL that make up the waters below
100 m in the Laurentian Channel between the hedaeathannel and Cabot Strait (dotted line on
Fig. 1). In agreement with the traditional descoiptof the system (Dickie & Trites, 1983), the CIL
dominates the composition of the water column bebwEO0 m and 150 m while waters of North
Atlantic origin (LCW and NACW) compose the waterddw (Fig. 5). The eOMP analysis
reproduces the uniform stratification along theroted and the relaxation of that stratification as w
approach the head of the channel.

The exact distribution of LCW and NACW fractionstire water column has not been previously
described. Here, we find that waters between 150dh300 m are fed atl 75% by the NACW,
while below 300 m the LCW predominate, contributit360% (Fig. 5). NACW and LCW partially
mix vertically as they flow towards the head of gmannel (Fig. 5 and Fig. S3). This vertical
distribution is different than the one obtainechira T-S diagram analysis (see supplementary
material S1 and Fig. S1), which implies that dia@lanixing contributes to the mixing of LCW and
NACW.

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

lines show the 1027.0, 1027.3 and 1027.5 Kg isopycnals. The oxygen minimum lies

approximately along the 1027.3 kg Thisopycnal. Distance is reported from Quebec Cith the
black triangles showing the position of importaabgraphical features along the Laurentian Channel
(see Fig. 2).

Given their different levels of oxygenation, thé&ate contributions of LCW and NACW to the deep
waters 150 m) of the Laurentian Channel modulate the erygpncentrations in the channel. We
examine the time series of these contributionggure 6 by averaging the fractions obtained from th
eOMP analysis at and east of Cabot Strait (redi&xg. 1) across each season and density bin.
Overall, the NACW fraction increases with timela expense of the LCW fraction, in agreement
with conclusions of previous studies (Claret et2018; Gilbert et al., 2005). The relative
contributions of LCW and NACW vary with depth (Figsand 6). Thereafter, we focus the analysis
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on the 1027.30 kg i isopycnal that lies close to the oxygen minimung.(Ea). At that depth, the
relative contribution of NACW increased from40% in 1970 toL160% in 1997, and t@180% in
2018.

The contribution of the CIL to the deep waters reimamall & 0.1 fraction) throughout the time
series (not shown). Yet, in 2016 and 2017 we figgapening of CIL of 120 m. The 2016 and 2017
results are associated with very large uncertaraiel hence a low reliability due to the scarcfty o
data. Because the contribution of the CIL to thepdeaters is small, and because the increase in CIL
contribution is uncertain, limited in time, and d&lthe uncertainties of the oxygen budget (

< 5.mol kg™), we do not include the contribution of the ClLtke oxygen budget. The relatively
constant contribution of the CIL to the deep wateglies that vertical mixing rates along the
Laurentian Channel did not vary significantly otlee study period.

The increase in the NACW fraction is not continuder®m the late 1990s to 2008, the NACW
contribution to the deep waters is statisticallyairiant (Fig. 6). Between 2008 and 2018, it shows a

statistically significant increase of 0.02 yr(according to a student t-test, p-valsi®.001). In 20186,
the NACW fraction reached its highest contributomer the whole record (concurrently, the LCW
reached its lowest contribution). A comparison viite NACW contribution based on physical
properties (supplementary material S1 and Fig. ®t)vhich data goes back to the 1930s, suggests
that this value represents a historical maximunis Teximum in the contribution of salty NACW
precedes a strong salinity anomaly observed in 201Ye Gulf of Maine (Grodsky et al., 2018). This
high salinity event supports our results, sincelffagrentian Channel and the Gulf of Maine are both
fed by the same Slope waters.

Figure 6: Time series of LCW (top) and NACW (botjaralative contributions (fractions) to the

deep waters at Cabot Strait, along the 1027.3@)lalnd 1027.50 kg i (red) isopycnals. Each
point is the average of data points in the vicinifyCabot Strait (red box in Fig. 1). The signifita
trends from 2008 to 2018 are shown in grey (p-val@e0002 along both isopycnals), and the non-
significant trends from 1995 to 2008 by a dotteghtigrey (p-value> 0.1). Error bars represent the
sum of the standard deviation associated with guegaand the systematic 5% error of the eOMP
analysis (see section 2). Data are available fidy €870s and from 1995 to 2018.

3.2 Biogeochemical changes

Here, we examine the contribution of biogeochensbanges to the oxygen decline observed in the
St. Lawrence Estuarine System. The eOMP analysigges an observation-based quantification of
the change in biogeochemical variables (see Se2tif), expressed as oxygen utilizatidd ,

right panel on Fig. 5). Results reveal that thetorx of LCW and NACW that enters the Gulf of St.

Lawrence at Cabot Strait along the 1027.30 Kg fsopycnal has lost abo&0 2z mol kg™ of

oxygen compared to the parent-water mass defisitibhis amount goes from 3 20xmol kg™ in

the 1970s, to close to 50 20.mol kg™ in the 1995 to 2010 period, and 4116 mol kg™* from
2010 to 2018 (blue in Figcy. These variations imply changes in biologicahaist in the North
Atlantic over time.

The oxygen utilization along the transit of deepessfrom Cabot Strait to the head of the Laurentia

Channel QU ¢ = 0OU “®* - OU ") has been relatively invariant at 135 Q0)xmol kg™ over

the last 20 years (black in Figc)7 This value is supported by experimentally meaduurbulent
oxygen fluxes (see supplementary material S2)dditen, this value agrees well with that from
Bourgault et al. (2012)’s model, which providesestimate of the sum of the benthic and pelagic
respiration along the channel of 63 or 1@8ol kg™ depending if the transit time is taken to be 2 or
years, respectively. ThOU we obtain falls near the upper boundary of thelineate, suggesting
that the transit time is closer to 2 years thaedry.

3.3 Partitioning of the oxygen decline
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Between the early 1970s and 1995, deep watere &tethid of the Laurentian Channel experienced a
decline in oxygen concentrations of @@ol kg™ (Fig. 7a). After some fluctuations from 1995 to

2008, these deep waters lost an additionalr@al kg™ from 2008 to 2018. Causes of this decline in
oxygen concentrations can be examined with a simpfgen budget. To do so, we partition the

measured oxygen change at the entrance of the(@(Dfab"‘) and at the head of the Laurentian

Channel @o;ead) into contributions from physical and biogeocheshithanges (Fig. 8 and Table S2,

and Fig. 7 for time series of the drivers). As digsx in Equations 8 and 9, physical changes tefer
the variations in the LCW and NACW relative conttions to deep waters, and biogeochemical
changes refer to variations in oxygen utilizatiare do changes in nutrient cycling and increased
temperature. Three periods are investigated: 198%;11995-2008 and 2008-2018.

The 1995 cutoff year marks the beginning of thetiooiity in data availability. Choosing 1995 as the
end of the first period does not affect the ressitsce using any year within the 1995-2000 period
results in the conclusion that biogeochemistry dhatds the changes in oxygen concentrations since
the 1970s. The choice of the 2008 cutoff maximthessignificance of the declining trend in the

LCW contribution. Year-to-year LCW contributionsnche computed from 1995 to 2018, with one
additional value in the 1970s (Fig. 6). Given thekl of information on the evolution of oxygen
concentrations and LCW contributions between 19#D1®95, we can only consider the net
difference between these two years. This differgmelels valuable information on the long-term
changes that occurred between the 1970s and €h&980s, provided that 1970 is not an anomalous
year. Water properties over years 1968-1972 andtsesf an eOMP analysis for the years 1969 and
1971 reveal that 1970 is representative of thabgdFigures S7 and S8). Note that years 1968-1969
and 1971-1972 cannot be included in the LCW coutidln time series (Fig. 6) because data are not
available at Cabot Strait at the depth of the orygéimum.

Figure 7: Time series along the 1027.30 kg risopycnal of (a) oxygen concentration at Cabot
Strait (blue) and at the head of the Laurentiann@bb(black, same as in Figa)7 (b) LCW fraction
at the entrance of the Gulf (Cabot Strait, sameigs6), (c) in black, oxygen utilization between
Cabot Strait and the head of the Laurentian Char@el®®*'— OU ") and, in blue, oxygen
utilization between the parent waters initial Iocatin the North Atlantic and Cabot Stra®{
as obtained from the eOMP analysis, and (d) néirapbgenic nitrogen input to the St. Lawrence
watershed, reproduced from Goyette et al. (2016pribars in (b) and (c) show the sum of the
systematic error in the eOMP analysis (5%) andsthedard deviation associated with averaging.
OU is not available at the head of the Laurentiann@khin the 1970s due to the lack of nutrient
data. Hence, oxygen utilization in the 1970s (bldokin panel c) is estimated from the loss of

oxygen from Cabot Strait to the head of the LaudaenChannel Q;* — O$**") considering a 2 to 4-

year transit timeQ}*® — 05" does not directly yield the oxygen utilization ithgr the transit, since

vertical mixing brings oxygen from the oxygen-sated surface waters to the deep waters of the
Laurentian Channel. To calculate the 1970 estimeteassume that the turbulent fluxes were
invariant over the 4 to 7-year transit time frora ttlantic to the head of the Laurentian Chanmel, i

which case the difference i@, — O between two times is equivalent to tG&) .

Cabot ) ,

Figure 8: Partitioning of the oxygen decline at tiead of the Laurentian Channeﬂ(()?ead , red

bars) into its various contributions (multicolorasee Section 2.10 for details on the methodd; ov
the 1970-1995 and 2008-2018 time periods. Sincg@xyoncentrations and their various
contributions do not vary in the 1995-2008 period,do not plot the partitioning for that period.eTh
contributions are grouped into those taking platthiwthe Laurentian Channel and in the North

Atlantic. Biogeochemical contributions to the oxgg#ecline are eutrophication within the Laurentian
Channel (greenAOU';ftm; Eq. 9), increased oxygen consumption rate d@erise in water

LC.

A7+ EQ. 9), and the change in oxygen consumptiors iatéhe North

temperature (orangéyOU
Atlantic (yellow, AOU ™ : Eq. 8). The one physical contribution to the axyglecline is the change
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in the relative contributions of LCW and NACW (bjugfO;“" — AfO}*“" ; Eq. 8). The observed
oxygen decline and sum of contributions are notkduwt the difference falls within the

uncertainties. Values are given in Table S2. Therdrars correspond to the sum of the uncertainties
of each variable used in the calculation of eaoin {@ee Table S2).

1970-1995

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

along the Laurentian ChanneAQU S +AOU ¥ = 24umol kg™). The increase in eutrophication

is substantiated by an increase in nutrient inputhe St. Lawrence watershed over the same period
(Fig. ™, reproduced from Goyette et al., 2016), We foaushe nitrogen input because nitrate is the
limiting nutrient in the Estuary and Gulf (Jutrdsak, 2020). The increased oxygen utilization el
from the eOMP analysis is consistent with previ@ports of increased organic matter flux and
eutrophication (Thibodeau et al., 2006) as webrsanced respiration rates due to increased bottom-
water temperatures (Genovesi et al., 2011) in the&@vrence Estuary. The remaining half is due to a
reduction in the oxygen content of waters entetitggchannel at Cabot Strait from the North Atlantic

(AOSabOt = -28umol kg™ based on observations), most of which is duedioaage in oxygen

utilization along the path of the parent waterthia North Atlantic AOU ™ = -20.mol kg™), with
a smaller contribution from the reduced contributid LCW to the deep waters of the Laurentian

Channel AfO;<" — AfO)**" = -14umol kg™, 25% of the total oxygen decline). The biologigall
driven oxygen loss within the Laurentian Channeittsibuted at 80% to eutrophicatioAQU-S

EUtI’O)’

while the rest is ascribed to the increased mei@hotivity resulting from the warming of the deep
waters (AOU ).

1995-2008

Over the 1995-2008 period, oxygen concentratiodsl&W and NACW contributions to the deep
waters at Cabot Strait do not show any statisticafinificant trend, but display relatively large
fluctuations (Fig. @b). The LCW fraction decreases slightly from 1995 t»000, then increases
from 2000 tol 12005, before remaining relatively stable from 2002008. The amplitude of the
fluctuations in the LCW fraction is larger in theapest waters.(0.23 at 1027.5 kg thvs 110.13 at

1027.3 kg mi, Fig. 6).

From 1995 to 2018, oxygen utilization within theutentian Channel and in the North Atlantic
remain relatively stable (Figcy. This stabilization in oxygen utilization is castent with a levelling
off of the nitrogen input to the St. Lawrence wakerd over the same period (Fid, feproduced

from Goyette et al., 2016). A change in the tramsitcity of deep waters could also influence the
biological oxygen demand within the Laurentian Gelnbut that hypothesis was refuted by Bugden
(1991). The increase in bottom-water temperattiree<s 995 ¢1.02 C, Fig. S6) would have

resulted in a small increase in oxygen utilizatiout, the uncertainties in t®U time series are
larger than the expected increase.

2008-2018

Over the 2008-2018 period, between 75 and 100%eobxygen decline at the head of the Laurentian
Channel is due to a reduction in the contributibh@W to the deep waters of the Laurentian
Channel AfO;<" — AfO}*“" = -22.mol kg™, the percentages are presented as a range, tattula

relative to the measured change in oxygen cond@nissand to the sum of the contributions
computed in Eqg. 8). The reduction in the LCW frawtrepresents a 200% increase in the oxygen loss
rate at Cabot Strait compared to the 1970-199%@ehh contrast to the 1970-1995 period, oxygen

utilization (Fig. %) remains stable in the North Atlantic from 200218 (AOU™ = -1.mol kg™
). What caused the variations in oxygen utilizafiothe North Atlantic between the two time periods
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is unknown. Oxygen utilization along the Laurenti@mannel also remains relatively stable or
decreased slightly from 2008 to 2018QU S~ +AOU 7).

eutro

3.4 Drivers of the change in parent-water masswtb the St. Lawrence

Our analysis reveals a shift to a gradual decrefde relative contribution of LCW to deep waters
of the St. Lawrence Estuarine System starting 082Fig. 6). In the following, we focus on the

LCW fraction as the timeseries of the NACW and L@&@®¢tions mirror each other. Here, we
investigate the possible controls of the LCW anddWAfractions by calculating correlations between

the fraction of LCW at the 1027.30 kg thisopycnal at Cabot Strait and indices of the nozivers
of ocean and climate variability in the North Atliarbetween 1995 and 2018 (Fig. 9).

The predominance of NACW over LCW in the Cold Sl&gaters is thought to be associated with a
northern shift of the Gulf Stream and a concurretreat of the Labrador Current (Townsend et al.,
2015), likely driven by the contraction of the solgr gyre under a positive phase of the North
Atlantic Oscillation (NAO) or a slow-down of the ADC driven by climate change (e.g., Claret et al.,
2018). We find no significant correlation betweba t CW fraction at the mouth of the Laurentian
Channel and the Gulf Stream transport index (r.£60Fig. 9) or the Gulf Stream Front positidgn (

|< 0.3, not shown), regardless of the metrics used #ifribnt position. We also find no statistically

significant correlation between the LCW fractiorddahe NAO index over the late 1990s to 2018
period (Fig. 9). Previous studies showed that] timi 1990s or 2000s, the NAO was correlated with
water properties on the shelf, but that this retatiad weakened since (Peterson et al., 2017,
Townsend et al., 2015). Whereas the NAO influetaege-scale winds in the North Atlantic, local
high-frequency winds can also affect circulatioamthe shelf, and we find that winds blowing
eastward on the outer Labrador Shelf favor a lomtrifoution of LCW to the Laurentian Channel (see
supplementary material S3 and Fig. S2).

In contrast, the LCW fraction is strongly and piesily correlated (r = 0.81) with the volume trangpo
of the Scotian shelf-break current (Fig. 9). Thgibeing of the rapid decline of the LCW fraction
identified in 2008 is concurrent with the beginnofga LI10-year decline in that transport. The
Scotian shelf-break current is formed from the iparbf the main branch of the Labrador Current that
hugs the shelf-break downstream of the Grand Batsce, the correlation between the LCW
fraction and the volume transport of the main bhaofcthe Labrador Current is significant but smalle
than that with the volume transport of the Scoshelf-break current (r=-0.61). The negative
correlation is consistent with the Scotian she#fahr current transport being anti-correlated with th
strength of the main branch of the Labrador Curt€nt et al., 2020; Han et al., 2014). The portion

of the main branch of the Labrador Current thatsdue feed the Scotian shelf-break current is
deflected towards the open ocean to supply thehNttantic Current, the extension of the Gulf
Stream (Fig. 1). The main branch of the Labradar€u also forms the western branch of the
subpolar gyre (Fig. 1). Accordingly, we find a sigrant correlation between the LCW fraction at
Cabot Strait and the subpolar gyre index (SPGIiQ48; Fig. 9). The contraction and extension ef th
subpolar gyre affects the offshore Labrador Curreut what controls the fate of Labrador Current
waters at the Tail of the Grand Banks is unknowaollfeiay et al., 2020). The positive correlation
between the LCW fraction at Cabot Strait and thengith of the subpolar gyre obtained here suggests
that when the gyre index is positive, more LCW twest to feed Slope waters, and when the index is
negative, more waters are diverted towards the éplantic Ocean. For all the above indices, the
correlation is highest for a zero time lag. Clasethe coast, the Shelf-Slope Front isolates Slope
waters from coastal (shelf) waters. Its positiodésermined by the extent of LCW intrusions along
the slope, and hence has been shown to influeniss waperties on the shelf (Austin et al., 2019)
and in the Laurentian Channel (Bugden, 1991). Ai@ant correlation is found between the LCW
fraction and the latitude of the Shelf-Slope Frgnt -0.74, Fig. 9), with a maximum reached with a
lag of one year.

The indices presented above are not independeatpfi&se of the NAO influences the strength of the
subpolar gyre, the western boundary of the submylae forms the main branch of the Labrador
Current, and that branch feeds the Scotian sheldkocurrent. The latter, as we showed, correlates
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with the intrusions of LCW along the continentals and the position of the Shelf-Slope Front. The
magnitude of the correlations between the LCW foacand the various indices investigated reflect
these causal relationships. Overall, our resulistfgo the Labrador Current, through its extension
the Scotian shelf, as the main determinant of B&/tNACW ratio in the deep waters of the
Laurentian Channel.

Figure 9: From top to bottom: time series of thaA.@action along the 1027.3 kg thisopycnal
at Cabot Strait (dark blue, same top panel of &igScotian shelf-break current (SSBC) transport
index (magenta), subpolar gyre index (SPGi, orgr@alf Stream index (black), Shelf-Slope Front
mean latitude (light grey, and moving averageghtiblue), and NAO index (green/red). Details
regarding each index are provided in Section 2atrelation coefficients (CC) and associated p-value
between the LCW fraction and each climate indexgaren below each curve.

4 Discussion and conclusions

The causes of five decades of oxygen decline ini¢lep waters of the Lower St. Lawrence Estuary
are examined using an extended Optimum Multiparanm{eOMP) analysis. This method is applied
to a continuous time series of in-situ measuremainpdysical and biogeochemical variables taken
along the Laurentian Channel in the Gulf and Estoathe St. Lawrence since 1995, with additional
data from the 1970s. The use of the eOMP methpsbtisied by evidences of diapycnal mixing along
the path of the deep waters. We find that the dserén oxygen concentrations in the Lower Estuary
is driven by a combination of physical and biogemultal changes, but that the relative importance
of these drivers to the observed oxygen decreasedraed significantly over the last 50 years

(Fig. 10). Between the 1970s and late 1990s, bidlgamical changes explain 85-90% of the 1.7 (

+ 0.3)umol kg™ year" oxygen decline, through an increase in oxygetatibn rates in the deep
waters of the Laurentian Channel and in the Notthraic (Fig. 7). Between 2008 and 2018,

circulation changes explain 75-100% of the 2:21.0)umol kg™ year oxygen decline, through
the increased inflow of oxygen-poor North Atlan@lentral Waters (NACW) into the Laurentian
Channel at the expense of oxygen-rich Labradorebtimaters (LCW, Fig. 6). In 2016, the relative
contribution of LCW reached a record low sinceltbginning of measurements in the 1930s. The
relative influence of biogeochemical and circulatdhanges to the oxygen decline differs from that
found by Gilbert et al. (2005), probably due toithese of the T-S diagram mixing method that
overestimates the relative contribution of LCWret tepth of the oxygen minimum (see
supplementary material S1) and to the differenéetperiods used in each study.

Modelling studies have attributed the recent chargehe relative contributions of LCW and NACW
to deep waters entering the St. Lawrence Estu&yséem to a slow-down of the AMOC driven by
climate change (e.g., Claret et al., 2018). Ouenlation-based analysis shows that a low frequency
variability (multi-year) dominates the time serggdghe LCW fraction, overlying a weak inter-annual
and seasonal variability (see Fig. 6 and Fig. B8)ereas the AMOC slow-down expected under
anthropogenic climate change would cause a decredise LCW contribution to the deep waters, the

LCW contribution was stable from 1995 to 2008 ardrdased at a rate 60.02-LCW fraction yr™
from 2008 to 2018, which suggests a predominancetfral variability over the past decades. A
longer time series would be required to determigentature of the low frequency signal detected in
the LCW fraction time series, and models could $eduto investigate the role of natural variability
the fluctuations of the LCW inflow.

The variability in the relative contributions of MCto the deep waters of the Laurentian Channel is
found to be well correlated with the volume transpd the Scotian shelf-break Current, an extension
of the main branch of the Labrador Current overSbetian shelf. In contrast, the position and
volume transport of the Gulf Stream are weakly @ated with the LCW fraction at the entrance of
the channel. In the commonly used description @utation in the region, anomalously warm
(Peterson et al., 2017; Pershing et al., 2001; tedal., 2001) and poorly oxygenated shelf waters
(Claret et al., 2018) are attributed to a retréahe Labrador Current and a concurrent northwaifd s

of the Gulf Stream leading to an increased infléwubtropical waters. Our analyses suggest that the
Labrador Current, rather than the Gulf Stream, rodsithe variability of North Atlantic waters inflo
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to the St. Lawrence Estuarine System and of thd Stpe waters that feed that system (Hameed &
Piontkovski, 2004; Rossby & Benway, 2000). In otiverds, through the Scotian shelf-break
Current, the Labrador Current would be able to ghshGulf Stream away from the continental slope,
and the Gulf Stream would not be able to blocklii&V intrusions from flowing south along the
slope. The strength of the Scotian shelf-break &uris modulated by how much Labrador Current
waters are diverted towards the open ocean wherfldhwe around the Grand Banks (Holliday et al.,
2020). Additional work is required to identify whadntrols the variability of the Labrador Current.
Such an understanding is critical to improve odilitglio predict the oxygen decline in the St.
Lawrence Estuarine system and the composition &f Slmpe waters.

Figure 10: Summary of the contributions of physeadl biogeochemical causes to the oxygen
decline at the head of the Laurentian Channelworperiods of time (1970-1995 / 2008-2018). The
contributions are expressed as range of percentegleslated relative to the observed change and to
the sum of causes (see Fig. 8). The names andsagfithie causes are the same as in Fig. 8.

Open Research

The two main datasets for this research are th€m database compiled by the Department of
Fisheries and Oceans Canada and the Coriolis dat@spiled by Alfonso Mucci’'s research group.
The BioChem database can be accessed at https:/dfevimpo.gc.ca/science/data-
donnees/biochem/index-eng.html and the Corioliasidtcan be accessed at on the Open Science
Framework data repository at osf.io/576tj/ andctitsing the following DOI:
10.17605/0SF.10/576TJ. Additional dataset like dienindices are available at the websites
indicated in Section 2.1. NCEP Reanalysis data wereided by the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA, from their websitetdtt ps: / / ww. esr | . noaa. gov/ psd.
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