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Abstract

Biogeochemicalvariables collected in 2019 from coastal highfrequency monitoring stations and seasonal
sampling of standard oceanographic sections coverindAFO Subareas-2 are presented and referenced to
earlier periods when available. We review interannual variationsn phytoplankton spring bloom indices as
well as nitrate (50-150 m), chlorophyll a (0-100 m), zooplankton abundanceand zooplankton biomass
inventories collected during the 2019 Atlantic Zone Monitoring Program (AZMP). Spring bloom timing and
duration were near normal in all regions except on the Newfoundland Shelf and ti@&and Bank GB where
earlier and longerthan-normal blooms were observed. Bloom magnitude was below normal in all regions,
especially in the Gilf of St. Lawrence (GL) where spring production reached a record low after several
consecutive years of abovaormal production. In general, nitrate inventories increased orthe Newfoundland
and Labrador (NL) shelves and the FC in 2019 compared to the previous year, but remained low on the GB
and the fotian Shelf (§). Chlorophyll inventories were mostly above normal on the NL shelves, the GB, and
the GSL, and near to belowarmal on the SS. The abundance of copepod and roopepod zooplankton were
near to above normal in all regions although no data were available for the Labrador Shelf, the GB, and the
Southern Newfoundland for this report. Copepod abundance increased fronelow-normal to near or above
normal levels on the SS in 2019 compared to 2018. The abundance of la@ganus finmarchicugsopepods
was mainly near normal in 2019 which represented an increase compared to the previous year. The
abundance of smalPseudoalanusspp. copepods was near to above normal in all regions in 2019, continuing
an increasing trend observed since 199%ooplankton biomass was near to below normal in most regions.
The low biomass on the NL shelves and the GB in¥contrasted with above-normal levels observed in

2018. However, biomass indices for these regions were calculated on partial datasets and the general pattern
for 2019 may change when all data become available.
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Figure 1. NAFO Ecological Production Units (EPUs) used to summarize biogeochemical oceanographic
conditions and trends. The Gulf of St. Lawrence is also used as a grouping faattirough it is not an official
EPUs as defined by KOEAIONSO €t @l. 2010...........covveeeieeesmmmmmmmmr e e eeeeeeeses s smmmmmmmms s 252225222+ + s s 5555555505002 el s

Figure 2. (A) Location of the boxes used to derive spring bloom indices (initiation, duration, and magnitude)
from satellite Ocean Color imagery: (CLS=Central Labrador Sea, GS=Greenland Shelf, HS=Hudson Strait,
NLS=northern Labrador Shelf, HB=Hamilton Bank, SAB=%tnthony Basin, NENS=northeast Newfoundland
Shelf, FP=Flemish Pass, FC=Flemish Cap, HIB=Hibernia, AC=Avalon Channel, SES=southeast Shoal,
SPB=Greertt. Pierre Bank, NEGSL=northeast Gulf of St. Lawrence, NWGSL=northwest Gulf of St. Lawrence,
MS=Magdalen Sallows, ESS=eastern Scotian Shelf, WB=Western Bank, CSS=central Scotian Shelf,
WSS=western Scotian Shelf, GB=Georges Bank. (B) Location of Atlantic Zone Monitoring Program (AZMP)
oceanographic sections (black lines: Bl=Beachy Island; MB=Makkovik Bank; $§a9sland; BB=Bonavista

Bay; FC=Flemish Cap; SEGB=Southeastern Grand Bank; TBB+TCEN+TDC=Eastern Gulf of St. Lawrence;
TESL+TSI+TASO=Western Gulf of St. Lawrence; TIDM=Southern Gulf of St. Lawrence; LL=Louisbourg Line;
HL=Halifax Line; BBL=Brown Bank Line)and coastal highfrequency monitoring stations (red dots:
S27=Station 27; R=Rimouski; S=Shediac Valley; H2=Halifax 2; P5=Prince 5) where chemical (nitrate) and
biological (chlorophyll a and zooplankton abundance and biomass) data were collected....................cceeee. 13

Figure 3. Phytoplankton spring bloom initiation (A) and duration (B) for seven NAFO Ecological Production
Units (EPUs: Labrador Shelf, Ngfoundland Shelf, Flemish Cap, Grand Bank, Southern Newfoundland, Scotian
Shelf, and Georges Bank) and for the Gulf of St. Lawrence. Green boxes represent mean initiation/duration +
0.5 SD for the 19992015 reference period. Error bars represent mean iniation/duration = SD. Black dots
represent spring bloom initiation/duration for the year 2019. No data were available for the Labrador Shelf
region in 2019. See Figure 1 for EPUS [OCAIONS...........oiuuiiee s immmcmmmseeeeesetee e e s st e e evee e e s smnmmmmms e e e nnnees L

Figure 4. Annual anomaly scorecards for phytoplankton spring bloom initiation (A), duration (B) and
magnitude (C) for NAFO Ecological Production Units (EPUS)ain the Gulf of St. Lawrence. Red (blue) cells
indicate higher (lower) than normal conditions relative to the 19982015 reference period. White cells
indicate near normal conditions, i.e. £ 0.5 SD. Grey cells indicate missing data. Regions are listad forth
(top) to south (bottom). See Figure 1 for EPUs locations... . S— Y
Figure 5. Anomaly time series of 550 m integrated nltrate (A) and 0100 m mtegrated chlorophyll a(B)
inventories in NAFO Ecological Production Units (EPUs) and in the Gulf of St. Lawrence based on a-P29%
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reference period. White circle indicate the annual cumulated anomaly index, i.e. the sum of all anomafier a
given year. The black line is a loess regression fitted to the annual cumulated anomalies indices and
represents the general largescale temporal trend observed across NAFO Ecological Production Units (EPUS)
and the Gulf of St. Lawrence. See Figutdor EPUSs locations..............cc.eee e e .A86...
Figure 6. Comparison of seasonally corrected anomalies for 860 m mtegrated mtrate (A) and 9100 m
integrated chlorophyll a (B) inventories for each AZMP oceanographic sections and higtequency

monitoring stations in 2018 and 2019. Anomalies arealculated based on a 1992015 reference period.
Anomalies within -0.5 and 0.5 (vertical dashed lines) are considered near normal conditions. Sampling
locations are listed from north (top) to south (bottom). Asterisks (*) indicate highfrequency monitoring
stations. See Figure 2B for oceanographic sections and hiffequency monitoring station location.............. 17.

Figure 7. Anomaly time seriesof copepod (A) and norcopepod (B) zooplankton abundance (ind. rd) in

NAFO Ecological Production Units (EPUs) and in the Gulf of St. Lawrence based on a-P84% reference
period. White circle indicate the annual cumulated anomaly index, i.e. the sumalf anomalies for a given

year. The black line is a loess regression fitted to the annual cumulated anomalies indices and represents the
general largescale temporal trend observed across NAFO Ecological Production Units (EPUs) and the Gulf of
St. Lawrene. See Figure 1 for EPUs locations... . A8
Figure 8. Comparison of seasonally corrected anomalles for copepod (A) armh copepod (B) abundance

(ind. m2) for each AZMP oceanographic sections and higlequency monitoring stations in 2018 and 2019.
Anomalies are calculated based on a 1998015 reference period. Anomalies within-0.5 and 0.5 (vertical
dashed lines) are cosidered near normal conditions. Sampling locations are listed from north (top) to south
(bottom). Asterisks (*) indicate high-frequency monitoring stations. See Figure 2B for oceanographic sections
and high-frequency monitoring Station [OCALION.............c..eiii i e mmmmene et e rmmmmne e e srmmmmmnne e enee e LD

Figure 9. Anomaly time series ofCalanus finmarchicugA) and Pseudocalanuspp. (B) copepod abundance

(ind. m2) in NAFO Ecological Produon Units (EPUs) and in the Gulf of St. Lawrence based on a 198@15
reference period. White circle indicate the annual cumulated anomaly index, i.e. the sum of all anomalies for a
given year. The black line is a loess regression fitted to the annual culated anomalies indices and

represents the general largescale temporal trend observed across NAFO Ecological Production Units (EPUs)
and the Gulf of St. Lawrence. See Figure 1 for EPUS |0CAtIQNS............c.o . eecmmmmreeeeseveeee e e e neneeee e 00020

Figure 10. Comparison of seasonally corrected anomalies f@alanus finmarchicugA), Pseudocalanuspp.
(B) copepod abundance (ind. m) for each AZMP oceanagphic sections and highfrequency monitoring
stations in 2018 and 2019. Anomalies are calculated based on a 192015 reference period. Anomalies
within -0.5 and 0.5 (vertical dashed lines) are considered near normal conditions. Sampling locations are
listed from north (top) to south (bottom). Asterisks (*) indicate high-frequency monitoring stations. See
Figure 2B for oceanographic sections and higfrequency monitoring station location.................c.eee s eneceene 21

Figure 11. Anomaly time series of zooplankton biomass copepod (g dry weight-#iin NAFO Ecological
Production Units (EPUs) and in the Gulf of St. Lawrence based on a 19985 referenceperiod. White circle
indicate the annual cumulated anomaly index, i.e. the sum of all anomalies for a given year. The black line is a
loess regression fitted to the annual cumulated anomalies indices and represents the general laggale
temporal trend observed across NAFO Ecological Production Units (EPUs) and the Gulf of St. Lawrence. See
FIGUIe 1 fOr EPUS I0CALIONS........coiiiiiiiie i eecmmms ettt et 44412kt et 44441144+ 4 s 24+ 411000+ D

Figure 12. Comparison of seasonally corrected anomalies for zooplanktdrsiomass (g dry weight m?) for

each AZMP oceanographic sections and higlequency monitoring stations in 2018 and 2019. Anomalies are
calculated based on a 1992015 reference period. Anomalies within-0.5 and 0.5 (vertical dashed lines) are
considered near normal conditions. Sampling locations are listed from north (top) to south (bottom).
Asterisks (*) indicate high-frequency monitoring stations. See Figure 2B for oceanographic sections and high
frequency Monitoring StAtiON IOCALION. .........cuuiiiiiiei s meemn et e e+t s+« 2

Figure 13. Summary of relationships between climatic (North Atlantic Oscillation [NAO], air temperature, sea

ice cover, sea surface temperature [SST], cold intermediate layer [CIL] volume, and bottom temperature), and
biogeochemical (phytopkankton spring bloom initiation, duration, and magnitude; integrated deep nitrate
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[50-150 m]; integrated chlorophyll a[0-100 m]; abundance of copepod, neoopepod, Calanus finmarchicus
Pseudocalanuspp.; zooplankton biomass)cumulated anomaly indicedfor the period 1999-2018. Blue cells
indicate significant positive correlation, red cells indicate significant negative correlation, and white cells
indicate non-significant correlations. Numbers in cells are Pearson correlation coefficients (r). Significee
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Figure A.1. Comparison of annual zooplankton anomalies between necorrected (left panel) and corrected

(right panel) biomass data for the coastal higHrequency monitoring station (S27) and the oceanographic

sections (Sl: Seldsland, BB: Bonavista Bay, FC: Flemish Cap SEGB: Southeast Grand Bank) See figure 1 for
geographical location of the sampling station and sections.. ettt m— 1ttt 441t £+ 14t D)

1. Introduction

Here, we review thebiogeochemtal oceanographicconditions in Northwest Atlantic shelf waterswithin
NAFO Subareas 2, 3 and ¥e present results collected irR019, and reference earlier periodsvhere dataare
available.Directed seasonalsampling on oceanographicsectionsby the Atlantic Zone Monitoring Program
(AZMP) and at coastalhigh-frequency monitoring stations by ships of opportunity provided reasonable
spatial and temporalseriescoverage. Annual ollection of standard variables (temperature, salinity,
nutrients, chlorophyll, zooplankton abundance biomassand composition) since 1998/1999 allows to
compare patterns of variationand trendsamong ecologically relevant chemical and biological indices in the
Northwest (NW) Atlantic. We use NAFO Ecologic&roduction Units (EPUs)and the Gulf of StLawrenceas
grouping factors to summarise biogeochemical oceanographic conditions and trendd a scale deemed to be
best suited for integrated ecosystem management plars the Northwest Atlantic (Koen-Alonso et al. 2019;
see Figure 1 for EPUs locationpdditional details on physical,chemical and biologicalbceangraphic
conditions in the NWAtlanticin 2018 and earlier years @an be found inBlais et al.(2019), Cyret al.(2020),
Galbraith et al.(2019), Hebert et al(2018), Johnson et al(2018), Malillet et al.(2019), Yashayaev et al.
(2014).

2. Methods

Surfacephytoplankton biomass was estimated from ocean colour satellite data collected by the Saawing
Wide Field-of-view Sensor (SeaW|FSjj£tps /loceancolor.gsfc.nasa.gov/SeaWiFS), Moderate Resolution

I ACET ¢ 3DPAAOCOI OAAET I A Ohltd/mpdis.hstcn@agowd)! aNddnkisib@-fkira@d O
Imager Radiometer SuitgVIIRS) sensor fittps://oceancolor.gsfc.nasa.gov/data/viirs-snpp/). The SeaWiFS
time series began in September of 1997, MODIS data stream began in July 2002, and VIIRS availability is
January 2012 to present. Satellite data do not provide information on the vertical strture of chlorophyll (chl

a) pigments in the water column but do provide large scale, highly resolved (~1.5 km) data on their
geographical distribution in surface waters Eight-day composite images of chh surface concentrations for

the entire NW Atlantic(39-62.5° N Latitude 42-71° W Longitude) were routinely produced from
SeaWiFS/MODIS/VIIRS dafaBasic statistics (mean, range, standard deviation, etc.) were extracted from the
composites for selected subregionsKigure 2A) and used to calculate phytoplanktorspring bloom indices.
Time series of bloominitiation, duration , and magnitude from 1998 to 2019vere constructed by applying

the calculation method developed by Zhai et al. (2011) to available satellite data from tiSseaWiFS (1998
2007), MODIS (20082011), and VIIRS (20122018) sensors.

Collections ofstandard AZMP variables are based on sampling protocols outlined by Mitcheti al. (2002).
Observationsfor 2019 and earlier yearspresented in this document are basedn seasonalsurveys conducted
during spring, summer and fall(typically March through Decembej)). The coastalhigh-frequency monitoring
stations are typically sampledat twice monthly to monthly intervals during ice-free conditions. The location

of the standard oceanographicsections and high-frequency monitoring stations are shown in Figure 2B.
Sandardized anomalieswere used tosummarizethe variables selectedto represent the state ofnutrients

and lower trophic levelsin the NW Atlantic. Annual standardized anomalies were calculated for each variable

1 http://www.meds -sdmm.dfo-mpo.gc.cal/isdmgdsi/azmp-pmzal/index-eng.html
2 http://www.bio.gc.ca/science/newtech -technouvelles/sensingteledetection/index-en.php
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by subtracting the mean of the longerm reference period (RP: 1998-2015 for satellite ocean colour data, and
1999-2015 for AZMP survey data) from the annuaiheanobservation and by dividing the result by the
standard deviation (SD)for the reference period (Jobservationz meanRHF/SD RP). Annual standardized
anomalies for Ocean colour satellite data (spring bloom magnitude, initiation, and duration) were calated
on non-transformed data. Annual standardized anomalies for integrated nitrate (550 m) and chlorophyll
(0-100 m) inventories; copepodnon-copepod,Calanus finmarchicusand Pseudocalanuspp,abundance and
zooplankton biomasswere calculated fran least square means dfnear models with the fixed factors Year,
Season and Station (standard oceanographic sections) ¥ear and Season (coastal higliequency monitoring
stations) applied to log transformed data (In (¢1)). The result of this standardization yields a sees of

annual anomaliesthat illu strate departures from the longterm average conditions or climatology,across the
range of variables.The differencebetween a given year and thelimatological mean represens the

magnitude of that departurefrom the long-term reference period Valueswithin + 0.5 SDfrom the
climatological mean indicate near normal conditions. &sitive values >0.5 SDindicate conditions abovethe
climatological mean. Ngative values <0.5 SDindicate conditions belowthe climatological mean Annual
standardizes anomalies were calculated for each oceanographic sections and higtguency monitoring
stations and average over NAO EPUs (Labrador Shelf, Newfoundland Shelf, Flemish Cap, Grand Bank,
Southern Newfoundland, Scotian Shelf, and Georges Bank) and the Gulf of St. Lawrdreestandard
variables selected werespring bloom initiation (day of year), duration (days) and magritude (mg nr3); 50-
150 m integratednitrate (mmol m-2); 0-100 m integratedchlorophyll a (mmol m-2); copepod, norcopepod,
Calanus finmarchicusandPseudocalanuspp.abundance (ind. n?); and total zooplankton biomasgg dry
weight m-2). To estimate largescale spatial trends in the chemical and biological in situ observations across
the NW Atlantic, a cumulated anomaly index was calculated for each sampling year by summing the annual
anomalies of each AZMP oceanogrhjt sections and highfrequency monitoring stations.

3. Annual variability in nutrient, p  hytopla nkton, and zooplankton ¢ onditions in NAFO Subareas 2-4

3.1. Phytoplankton Spring Bloom

The initiation of the phytoplankton spring bloom along the eastern Canadian Shelf occurs earlier in the south
compared to regions to the north (Figure 3A)Spring bloom typically startsin late March to early April on the
Georges Bank, during the las two eeks of March on the Scotian Shelf, and during the first two weeks of April
in the Gulf of St. Lawrence and Southern Newfoundland (Figure 3Ahe bloom starts between the last week
of March and the first week of April on the Grand Bankround mid-April on the Flemish Cap and the
Newfoundland Shelf and during the third week of May on the Labrador SheFigure 3A). Extensive sedce
coveron the Labrador Shelf irthe spring delays tte initiation of the bloomis this region.

Phytoplankton spring bloom initiation (Figure 4A) did not show clear spatial or temporal trends throughout
the 22 years time series. Early blooms (negative anomalies) observed across most of the eastern Canadian
Shelf in 1999 were followed by a periodf mostly near-normal or late (positive anomalies) timing across the
region between 2001 and 2004. Early blooms occurredn the GrandBank to the northin 2005 and 2006 but
timing returned to normal in 2007. Notably early blooms occurred in the Southern Newfondland and the
Gulf of St. Lawrence in 2010. There was seven consecutive years of normal to late blsomthe Grand Bank
and Southern Newbundland between 2011 and 2017while bloom initiation oscillated between late and
early in the Gulf of St. Lawrencand on the Scotian Shelf during theameperiod. In 2019, bloom initiation
was near normal in most regions except on the Newfoundland Shelf and the Grand Bank where blooms
occurred slightly earlier than normal (Figures 3A, 4A)Limited satellite coveragecaused byextensivecloud
cover over the OC boxesrothe Labrador Shelf (see figure 2A for box locations) prevented the calculation of
spring bloom indices (initiation, duration and magnitude) for that region.

The duration of the spring bloom increase with latitude on the eastern Canadian ShelBlooms typically last
~30 dayson the Georges Bank, the Scotian Shelf, and in Southern Newfoundlag8,days in the Gulf of St.
Lawrence and on the Grand B# and the Newfoundland Shelf45 days on the FlemisiCap and 50 days on
the Labrador Shelf (Figure 3B)The duration f the bloom varied more on the Labrador Shelf and the Flemish
Cap compared to other regiongFigure 3B). The lower satellite coverage due to sea ice and clouds over the
Ocean Color boxes alanthe Labrador shelf may increase the uncertainty aroundloom duration (see figure
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2A for box locations) Bloom duration was mainly near to above normal from the beginning of the time series
until the mid-2000s,and decreasedo near or below normal through the mid-2010s with the exception of few
longer than normal blooms including a record high duration in Sathern Newfoundland in 2010 (Figure 4B).
Bloom duration then increased again since the mid 2010s, especially in the Gulf of St. Lawrence and on the
Scotian Shelf and the Georges Bank (Figure 4B). Bloom duration was mostly near normal in 2019 for a second
consecutive year with the exception of the longer blooms observed dhe Grand Bank and the Newfoundind
Shelf (Figures 3B, 4B).

The magnitude, i.ethe total production, of the spring bloom showed an overall decrease since the beginning
of the monitoring program in 1998. Although no consistent temporal trends could be observed between 1998
and 2006, the positive anomalies frequently observed acrosseiregions during that period gave place to
mainly near normal conditions through 2014, and to belownormal spring production from the mid-2010s
onwards (Figure 4C). The Qulf of St. Lawrencewhere abovenormal production has been observed in most
years since 2012, including a record high spring production in 2017, is an exception (Figure 4C). Bloom
magnitude in 2019 was below normal in all regionsncluding a record-low production in the Gulf of St.
Lawrence (Figure 4C).

3.2. Nitrate and c¢ hlorophyll a

Integrated (50-150 m) nitrate inventory anomalies shifted from mostly positivein all EPUs during the 200s,

to mostly negative during the 2010s (FiguresA). The cumulated anomaly index was positive in 2019 for the
second time only since 2010. Mean nitrate anomalies were positive for the Flemish Cap and the
Newfoundland and Labrador shelves, negative faérand Bankand the Scotian Shelf, and near zero ftine

Gulf of St. Lawrence (Figure 5A)The Southern Newfoundland index was not available for 2019. Nitrate
inventories increased from below normal in 2018 to above normal in 2019 on most AZMP oceanographic
sections and highfrequency monitoring stations onthe Newfoundland and Labrador shelves (2GHJ3K) and in
the Gulf of St. Lawrence (4RST), but remained near or below norn@i the Grand Bank (3LMNO) and the
Scotian Shelf (4VWX) (Figures 6A).

The overall, Brge-scale temporal trend in integrated (3100 m) chlorophyll a inventories was similar to that
of nitrate with mostly positive cumulated anomaly indices throughout the 2000s, followed by negative
cumulated indices from 2010 to 2016 (Figure 5B)However, contrary to nitrate, chlorophyll concentration
hasincreased in recent years after reaching a time series record low in 2016. Cumulated indices have
remained positive since 2017 although lower chlorophyll inventories persisted on the Scotian Shelf during
that period (Figure 5B). The general spatial patten of variation in chlorophyll concentration along AZMP
oceanographic sections was similafor 2018 and 2019 with mostly near to abovenormal levels on the
Newfoundland and Labrador shelves (2GHJ3kihe Grand Bank (3LNO)and in the Gulf of St. Lawrence
(4RST), and near to elow-normal levels on the Scotian Shelf (4VWX) (Figure 6BJhe decline in chlorophyll
concentration from above to belownormal levels along the Flemish Cap section (3LM) in 2019 was the main
exception to the overall continuity in chlorophyll trend (Figure 6B).

3.3 Zooplankton Abundance

The abundancegind. m2) of copepods showed an ovell increasing trend acrossall regionssince the
beginning of the AZMP in 1999 (Figure 7AJCopepod abundance increased consistently during most of the
2000s, leveled off during the late 2000s and early 2010s, before increasing again until 2019. The cumutate
index for 2019 was not calculated because data for the for the Labrador Shelf, the Flemish Cap, and Southern
Newfoundland were not available for this report. Howevercopepod abundance anomalies were positive in
all presented regions, i.e. the Newfoundtad Shelf, the Grand Bank, the Scotian Shelf, and the Gulf of St.
Lawrence (Figure7A). The comparison between 2018 and 2019 indices showed that copepod abundance
remained near normal along the Seal Island (2J), and westef4ST) and southern (4T)Gulf of St. Lawrence
AZMPsectionsand at the Shediac Valley (4Thigh-frequency monitoring station, and above normal at Station
27 (3L) and Rimouski (4T) stations (Figure 8A)Copepod abundane increased from below to abovenormal
levels along the eastern Gulf of St. Lawrence sections (4RS) and at the Prince 5 station in the Bay of Fundy
(4X), and from near normal to abovenormal levels at the Halifax 2 station (4W) (Figure 8A).
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The abundance on nofcopepod zooplankton remainedstable throughout the 2000s, anddrastically
increasedduring the 2010s (Figure 7B). The cumulateéhdex has constantly increased since 2011 and
anomalies haveremained positive across all regions since 2016As for copepods, the cumulated index was

not calaulated for 2019 due to the nonavailability of data for the Labrador Shelf, Flemish Cap, and Southern
Newfoundland regions Spatial anomaly pattern for noncopepod zooplankton in 2019 was similar to that
observed in 2018 with near to abovenormal levels acoss nearly all AZMP oceanographic sections and high
frequency monitoring stations (Fig 8B).The increase in mn-copepod abundancevas higher on the
Newfoundland and Labrador shelves (2GHJ3K) and the Grand Bank (3LMNO) than in the Gulf of St. Lawrence
(4RST) and on the Scotian Shelf (4VWXJigure 8B). However, large increase were observed in 2019 along

the western Gulf of St. Lawrencé4ST) and Cabot Strait(3Pn4Vn) sections(Figure 8B).

Calanus finmarchicuss a large high-energy content,widely distributed grazing copepod dominating the
mesozooplankton biomass in the North Atlanti¢Plank et al. 1997) Large-scale trend showed that he
abundance ofC. finmarchicusncreased in the early 2000s, leveled off during the rdi and late 2000s, and
decrease throughout the 2010s (Figure 9ANon-availability of data for the Labrador Shelf, Flemish Cap and
Southern Newfoundland in 2019 prevented the calculation of the cumulated anomaly index for that year.
Anomaly pattern for C.finmarchicusabundance in 2019 was similar to that obseved in 2018 with near to
below-normal levels along most AZMP sections and higlhequency monitoring stations (Figure 10A).
However, C. finmarchicusbundance markedly decreased at Station 27 (3L), increased from belavormal to
near-normal levels along the eastern Gulf of St. Lawrence (4RS) and Brown Bank (4Xgtissis, and from
below-normal to above-normal levels at the highfrequency monitoring station Prince 5 in the Bay of Fundy
(Figure 10A).

Pseudocalanuspp. are highly abundant, widely distributed copepod¢Pepin et al 2013. They are important
prey items often dominating the diet of ecologically important fish species such as herring andpedin
(Mollmann et al. 2004 Wilson et al. 2018. Large-scale trend in the abundance oPseucalanuspp. copepods
indicate a constant increase throughout the 24year time series(Figure 9B). However, the increased
Pseudocalanuspp. abundance has leveled off since the mRD10s with negative anomalies observed in four
consecutive years between 2015 and 2018n the Scotian ShelfFigure 9B).Spatial patternsin Pseudocalanus
spp. abundance weresimilar for 2018 and 2019 with mainly near to abovenormal levels on the
Newfoundland and Labrador shelves (2GHJ3K), the Grand Bank (3LNO), and in the Gulf of St. Lawrence
(4RST), andhegative anomalieson the Scotian Shelf (¥WX) (Figure 10B). HoweverPseudocalanuspp.
abundance increasd from below-normal to near normal levels in most sections on the Scotian Shelf, and
from below-normal to above-normal levels at the Prince §4X) station in the Bay of Fundy (Figure 10B).

3.4. Zooplankton biomass

Archiving errors in the DFO NL zooplankton database were discovered in 200\rongly corrected biomass
led to an underestimation of the zooplankton biomas$or the 2015-2018 period. Also, the addition to the
database of omitted biomass samples for the perd 2013-2015 affected theclimatological mears for the
1999-2015 reference period and, therefore, the biomass anomalies reported in previous NAFO SCR reports
by and Bélanger et al. 2018 and 201&ee Appendix 1 and Figure Al for more detailsyWe wish to hghlight
that this issue only concerns zooplankton biomasand did not affectpreviously reported zooplankton
abundance indices

Large-scaletrend showed an increase irzooplankton biomassduring the early 2000s followed by a constant
decrease from 2004through 2014 (Figure 11). Zooplankton biomass started to recovesn the Newfoundland
and Labrador shelves, the Flemish Cap and the Grand Bankhe mid-2010s, but remained low on the
Scotian Shelf and in the Gulf of Stawrence (Figure 11).Again, zooplakton cumulated index was not
calculated in 2019 due to data unavailabilityfor the Labrador Shelf, Flemish Cap, and Southern
Newfoundland regions.Comparison of noplankton biomass comparison between 2018 and 2019 showed
similar trends of near to below-normal levels on Scotian ShelfAVWX), but contrasting results for most of the
Newfoundland shelf, Grand Bank, and Gulf of St. Lawrence regions (Figure.l2pmass decreased from
above-normal to near and belownormal along the Seal Island (2J) seich and at Station 27 (3L), respectively
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contrasting with the increase from belownormal to above-normal levelsalong the western Gulf of St.
Lawrence sections and at the Rimouski statiofFigure 12).

4. Large-scale relation ships between climatic and b iogeochemical indices

Pearson correlationsapplied to cumulatedphysical and biogeochemicaindices were used to investigate
relationships amongclimatic (North Atlantic Oscillation [NAO], air temperature, sea ice cover, sea surface
temperature [SST]cold intermediate layer [CIL] volume, and sea bottom temperatur¢ and biogeochemical
(phytoplankton spring bloom initiation, duration and magnitude; 50-150 m integrated nitrate inventories; 0
100 m integrated chlorophyll a inventories; abundance of copepod, noitopepod,Calanus finmarchicusand
Pseudocalanuspp.;zooplankton biomass) indices across NAFO subareas 2, 3, andBigure 13). Negative
correlations between springbloom initiation air temperature (r = -0.76, p < 0.01 ) SSTr =-0.51, p = 0.02)
and bottom temperature (r = -0.53, p = 0.01highlights the role of environmental conditions in controlling
the timing of the bloom in temperate seas. Higher air temperature igpring favor early onset of thermal
stratification of surface waters which is critical to phytoplankton buildups (Chiswell 2011, Rumyatseva et al.
2019). Interestingly, there was no significant correlation between nitrate inventories angrimary production
indices despite themajor limiting effect ofnitrate on ocean primary production (Holt et al. 2012).
Nonetheless, bhe direction of the correlations between nitrate inventories and bloom and magnitude as well
as with integrated chlorophyll inventories were positive as expected.

Zooplankton plays a critical role in the oceanic food chain and represents one of the main mecharsoh
energy transfer from phytoplankton to higher trophic levels. Their abundance and distribution in marine
ecosystems directly or incidentally impact the state of several ecologically and economically important stocks
ranging from forage fish to whalegPendleton et al. 2009) In the NW Atlantic, both abundance and biomass
of zooplankton are dominated by copepods but other nogopepod organisms such as euphausiids,
amphipods, pelagic gastropods, larvaceans, and chaetognaths are also diifizant ecological importance.
The abundance of copepod and noitopepodzooplankton were positively correlated (r = 0.56, p=0.01) which
suggestlarge-scale community response to changing environmeat conditions in the NW Atlantic.The
positive and negativecorrelations betweenthe abundance ohon-copepodzooplanktonand NAO(r = 0.49, p
=0.03),and SST(r = -0.53,p = 0.02 indices, respectivelysuggest that the large increase inon-copepod
abundanceobserved since the mid2010sis associated with the cooleclimatic conditions during that period.
(positive NAOphase =cooler climatic conditionsin the Northwest Atlantic, and vice versaCyr et al. 2020)
Conversely, the negative correlations between the abundance ©f finmarchicusand NAO (r =68, p< 0.01)
and see ice cover (r= =0.46, p= 0.04)along with the positive correlations with air temperature (r = 0.5,p =
0.02) and SST (r = @9, p = 0.01)suggest that lowC. finmarchicusabundance may be associated cooler
climatic conditions.

The strong positive correlation between zooplankton biomass andC. finmarchicusbundance (r =0.79, p <
0.01) confirmed the important contribution of this speciesto the total zooplankton biomassin the Northwest
Atlantic. Both zaplankton biomass (r = 0.66, p< 0.01) andC. finmarchicusbundance(r = 0.61, p< 0.01)
were positively correlated to spring bloom magnitude Studies showed that egg production ir€C. finmarchicus
copepods is positivelycorrelated with phytoplankton biomass in the North Atlantic (J6nasdéttir et al 2002)
C. finmarchicusecruitment in the Northwest Atlantic may have been affectedhe overall decline in spring
bloom production that started in the late 2000sleading to a decline irzooplankton biomass(see Figures 4C,
9A and 11).The positive correlation betweencopepod abundance andPseudocalanuspp. (r = 0.64, p< 0.01)
highlights the importance ofthe latter as an indicator of the general trends in total copepod abundance
Significant correlations observed between NAO andpplankton biomass (r =-0.47, p = 0.03, C. finmarchicus
abundance, and norcopepod abundance indicate thatdrge-scale variatiorsin climatic conditions are
important driving forces controlling the zooplankton community structure and composition in the Northwest
Atlantic.
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5. Biogeochemical oceanographic highlights in 2019

1 Spring bloom initiation was near normal in most regions except on the Newfoundland Shelf and the
Grand Bank where blooms occurred slightly earlier than normal.

1 Bloom duration was near normal for a second consecutive year with the exception of the longer
blooms observed on the Gran@ank and the Newfoundland Shelf.

1 Bloom magnitude (i.e. total production) was below normal in all regions including a recortbw
spring production in the Gulf of St. Lawrence.

1 Integrated (50-150 m) nitrate inventories were mostly above normal on the Newfandland and
Labrador shelves and in the Gulf of St. Lawrence, but near or below normal on the Grand Bank and
the Scotian Shelf .

91 Integrated (0-100 m) chlorophyll inventories were mostly near to abovenormal levels on the
Newfoundland and Labrador shelveshe Grand Bank, and in the Gulf of St. Lawrence, near to below
normal levels on the Scotian Shelf, and beleowormal on Flemish Cap.

1 Copepod abundance remained above normal at Station 27 (3L), in the eastern Gulf of St. Lawrence
for a second consecutivegrear, and generally increased on the Scotian Shelf.

1 Non-copepod abundance was above normal in most regions across the eastern Canadian Shelf.

I The abundance ofCalanus finmarchicugsopepods was mostly near normal across the eastern
Canadian Shelf with theexception of the strong positive and negative anomalies observed at the
Prince 5 (Bay of Fundy, 4X)) and Station 27 (3L) higliequency monitoring stations.

1 The abundance oPseudocalanuspp. copepods was above normal in Gulf of St. Lawrence and in the
Bay of Fundy (4X), and near normal on the NL shelves, the Grand Bank, and the Scotian Shelf.

1 Total zooplankton biomass was mainly near to below normal in all regions except for the abeve
normal levels observed in the western Gulf of St. Lawrence (4ST)dat the Rimouski highfrequency
monitoring station (4T).
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Figure from Koen-Alonso et al. 2019

Figure 1. NAFO Ecological Production Units (EPUs) used to summarize biogeochemical oceanographic
conditions and trends. The Gulf of St. Lawrence is also used as a grouping factor although it is not
an official EPUs as defined by KoeAlonso et al. 2019.
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A) Satellite ocean colour boxes B) AZMP oceanographic sections
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Figure 2.  (A) Location of the boxes used to derive spring bloom indices (initiation, duration, and magnitude) from satellite Ocean Catoagery:
(CLS=Central Labrador Sea, GS=Greenland Shelf, HS=Hudson Strait, NLS=northern Labrador Shelf, HB=Hamilton Bank, SAB®8¥§ Anth
Basin, NENS=northeast Newfoundland Shelf, FP=Flemish Pass, FC=Flemish Cap, HIB=Hibernia, AC=Avalon Channel, SES=soutlleast Sho
SPB=GreerSt. Pierre Bank, NEGSL=northeast Gulf of St. Lawrence, NWGSL=northwest Gulf of St. Lawrence, MS=Magdalen Shallows,
ESS=eastern Scotian Shelf, WB=Western Bank, CSS=central Scotian Shelf, WSS=western Scotian Shelf, GB=Georges Banko(BjfLocati
Atlantic Zone Monitoring Program (AZMP) oceanographic sections (black lines: BlI=Beachy Island; MB=Makkovik Bank; SI=Sealdsla
BB=Bonavista Bay; FC=Flemish Cap; SEGB=Southeastern Grand Bank; TBB+TCEN+TDC=Eastern Gulf of St. Lawrence;
TESL+TSI+TAS=Western Gulf of St. Lawrence; TIDM=Southern Gulf of St. Lawrence; LL=Louisbourg Line; HL=Halifax Line; BBL=Brown
Bank Line), and coastal higHrequency monitoring stations (red dots: S27=Station 27; R=Rimouski; S=Shediac Valley; H2=Halifax 2;
P5=Prince5) where chemical (nitrate) and biological (chlorophylla and zooplankton abundance and biomass) data were collected.
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A) Bloom inititation
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Phytoplankton spring bloom initiation (A) and duration (B) for seven NAFO Ecological

Production Units (EPUs: Labrador Shelf, Newfoundland Shelf, Flemish Cap, Grand Bank, Southern
Newfoundland, Scotian Shelf, and Georges Bank) and for the Gulf of St. lemwee. Green boxes
represent mean initiation/duration £ 0.5 SD for the 19992015 reference period. Error bars
represent mean initiation/duration £ SD. Black dots represent spring bloom initiation/duration

for the year 2019. No data were available for th Labrador Shelf region in 2019. See Figure 1 for
EPUs locations.
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A) Initiation
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Figure 4.  Annual anomaly scorecards for phytoplankton spring bloom initiation (A), duration (B) and
magnitude (C) for NAFO Ecological Production Units (EPUs) and in the Gulf of St. Lawrence. Red
(blue) cells indicate higher (lower) than normal conditions relativeto the 1998-2015 reference
period. White cells indicate near normal conditions, i.e. = 0.5 SD. Grey cells indicate missing data.
Regions are listed from North (top) to south (bottom). See Figure 1 for EPUs locations.

Northwest Atlantic Fisheries Organization www.nafo.int



16

A) Nitrate (50-150 m)
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Figure 5.  Anomaly time series of 50150 m integrated nitrate (A) and 0100 m integrated chlorophyll a
(B) inventories in NAFO Ecological Production Units (EPUs) and in the Gulf of St. Lawrence based
on a 19992015 reference period. White circle indicate the annual cumulated anomaly index, i.e.
the sum of all anomalies for a given year. The black linge & loess regression fitted to the annual
cumulated anomalies indices and represents the general larggeale temporal trend observed
across NAFO Ecological Production Units (EPUs) and the Gulf of St. Lawrence. See Figure 1 for
EPUs locations.
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Figure 6.  Comparison of seasonally corrected anomalies for 5050 m integrated nitrate (A), and G100
m integrated chlorophyll a (B) inventories for each AZMP oceanographic sections and high
frequency monitoring stations in 2018 and 2019. Anomalies are calculated based on a 1999
2015 reference period. Anomalies within-0.5 and 0.5 (vertical dashed lines) are considered near
normal conditions. Sampling locations are listed from north (top) to south (bottom). Asterisks
(*) indicate high-frequency monitoring stations. See Figure 2B for oceanographic sections and
high-frequency monitoring station location.
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