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Predicting the impact of marine ecosystem warming on the timing and magnitude of phytoplankton production is challenging. For example,
warming can advance the progression of stratification thereby changing the availability of nutrients to surface phytoplankton, or influence the
surface mixed layer depth, thus affecting light availability. Here, we use a time series of sea surface temperature (SST) and chlorophyll remote
sensing products to characterize the response of the phytoplankton community to increased temperature in the Northeast US Shelf Ecosystem.
The rate of change in SST was higher in the summer than in winter in all ecoregions resulting in little change in the timing and magnitude of
the spring thermal transition compared to a significant change in the autumn transition. Along with little phenological shift in spring thermal
conditions, there was also no evidence of a change in spring bloom timing and duration. However, we observed a change in autumn bloom
timing in the Georges Bank ecoregion, where bloom initiation has shifted from late September to late October between 1998 and 2020—on
average 33 d later. Bloom duration in this ecoregion also shortened from ~7.5 to 5 weeks. The shortened autumn bloom may be caused by later
overturn in stratification known to initiate autumn blooms in the region, whereas the timing of light limitation at the end of the bloom remains
unchanged. These changes in bloom timing and duration appear to be related to the change in autumn thermal conditions and the significant
shift in autumn thermal transition. These results suggest that the spring bloom phenology in this temperate continental shelf ecosystem may

be more resilient to thermal climate change effects than blooms occurring in other times of the year.
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Introduction

There is a concern that climate change may alter the dynamics
of phytoplankton blooms in marine ecosystems, thus causing
phenological mismatches within oceanic food webs (Henson
et al.,2018). Many taxa, including important resource species,
time their reproductive cycles to best utilize the productivity
of the vernal seasonal bloom, a relationship that is expected
to erode over time (Asch et al., 2019). Blooms that occur ear-
lier than climatological norms may benefit some species (Kris-
tiansen et al., 2011); however, a delay in the spring bloom
can provide improved feeding conditions for resource species,
such as the larval life stage of the Japanese sardine (Kodama et
al., 2018). A bloom cycle composed of a single vernal bloom
cannot be generalized to all marine ecosystems; some systems,
like the subject system of this study, have an annual bloom cy-
cle that also includes an autumnal bloom. The autumnal sea-
sonal bloom plays a role in resource species reproduction by
providing provisioning nutrition to pre-spawning adults (Leaf
and Friedland, 2014). Hence, the phenology of all seasonal
blooms that are characteristic of an ecosystem have the po-
tential to affect species reproduction.

It is also important to consider the disruption that altered
bloom phenology can have on energy transfer among trophic
groups. In the Baltic Sea, early spring blooms were attributed
to taxa-specific responses of diatoms and dinoflagellates to
changing climate conditions, which in turn played an impor-

tant role in altering the transfer of energy to the benthos
(Hjerne et al., 2019). Bloom timing is expected to have a
mixed response to climate change in the sense that forcing
factors, which vary by latitude, may cause some regions to
experience advances in bloom timing, while others may see
delays (Henson et al., 2018). The syncopation of food webs
in both aquatic and terrestrial ecosystems will likely have
societal impacts, not least of which includes the erosion of
food security provided by marine fisheries (Stevenson et al.,
2015).

The Northeast US Continental Shelf (NES) marine ecosys-
tem has already experienced rapid and substantial warming;
however, there is evidence that warming may be seasonally
asymmetric. The change in NES temperature has been vari-
ously estimated (Kavanaugh et al., 2017), but what is clear
is that change in temperature has intensified in recent years
(Friedland et al.,2020a). Prominent in the time course of ther-
mal change in the NES has been a change point in both sur-
face and bottom water temperature, that may be a leading
indicator of a regime shift in conditions defining the oceanog-
raphy of the system (Record et al., 2019a; Gongalves Neto
et al., 2021). In fact, the NES is among the fastest-warming
marine ecosystems worldwide (Pershing et al., 2015, 2021).
However, this increase in temperature has not been uniform
across the annual cycle (Thomas et al., 2017), featuring an
increase in annual SST range caused by rapid warming in
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summer and the maintenance of winter temperatures (Fried-
land and Hare, 2007). There also has been an intensification of
the hydrological cycle, particularly in the Gulf of Maine (Balch
et al., 2012), with more anomalous drought and flood years,
which were associated with step changes in physical, biologi-
cal, chemical, and optical properties. While seasonally colder
winter temperatures have been noted for much of the North-
ern Hemisphere (Cohen et al., 2012), asymmetry in warming
and cooling can manifest itself in different latitudinal gradi-
ents of warming (Xu and Ramanathan, 2012) and is also the
case where cooling extremes seem to be intensifying compared
to warming extremes (Li et al., 2021).

The NES ecosystem is part of the western boundary of the
Atlantic basin and is characterized by complex bathymetry
with shelf areas of varying width, deep basins, and an ele-
vated bank (Sherman et al., 1996). The physical structure of
the ecosystem contributes to the phenology of phytoplank-
ton bloom patterns that are continuous with trans-Atlantic
patterns of either bimodal or a single autumn/winter an-
nual bloom cycle (Friedland et al., 2016). The northern part
of the ecosystem tends to have spring and autumn blooms,
with maximum chlorophyll concentrations temporally uncor-
related with maximum of primary productivity. The spring
bloom in the northern NES is driven by nutrient inputs from
deep, off-shelf waters that enter the ecosystem via the North-
east Channel in the Gulf of Maine (Townsend et al.,2010), and
which reflect variation in the source waters contributing to
this flow (Townsend et al., 2006). The relative proportions of
Labrador Current and shelf slope source waters set the nutri-
ent content and salinity in the region (Townsend et al., 2010).
During later winter, wind driven mixing replenishes nutrients
in surface waters, which along with increasing day length and
solar elevation, form the ideal conditions for a spring bloom.
Historical data recovery suggests that both spring and autumn
blooms in the Gulf of Maine have long-term trends of delayed
bloom start date on a century scale (Record et al., 2019b).
However, contemporary bloom timing may be associated with
other factors such as salinity, which in turn can be related to
the changing pattern of Arctic inflow into the Gulf of Maine
(Song et al., 2010). Despite a high degree of variability, there
does not appear to be a directional trend in spring bloom tim-
ing or magnitude in recent decades (Friedland et al., 2015a).
The occurrence of autumn bloom tends to be more variable
(Friedland et al., 2015b) and its initiation has been linked to
water column stability (Song et al., 2011). Though blooms in
the northern part of the NES tend to be dominated by diatoms
and dinoflagellates, Synechococcus spp. blooms are also of-
ten prominent in coastal areas and appear to be controlled by
temperature (Hunter-Cevera et al., 2016).

The annual production cycle of the southern NES is very
different from the north. The pattern of seasonal blooms ap-
pears to be replaced by an extended period of elevated surface
chlorophyll concentration starting in autumn and extending
into winter. As in the north, primary productivity does not nec-
essarily correlate with chlorophyll concentration. However,
unlike the north, waters on the Mid-Atlantic shelf are often
mesotrophic and rainfall in the region plays an important role
providing nutrients via runoff (Sedwick et al., 2018). The nu-
trients associated with runoff also contribute to new produc-
tion in the region. Though river discharge is important in the
southern NES, physical forcing such as wind mixing also plays
an important role (Xu et al., 2020). The Mid-Atlantic Bight
“cold pool” provides a cold refuge for many species (Chen et
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Figure 1. Map of the US Northeast Shelf Ecosystem with the GBK,
GOM, and MAB ecoregions indicated.

al., 2018), but the strong water column stratification neces-
sary to maintain it acts as a barrier to water column mixing
and nutrient replenishment; therefore, much of the primary
productivity of the Mid-Atlantic Bight is not new production,
but rather regenerated production supported by microbial nu-
trient recycling.

The goals of this study were twofold. First, to examine
more closely the seasonal asymmetry in ecosystem warming
occurring in the NES. The second goal was to test whether
any change in thermal conditions may be related to change
in seasonal phytoplankton bloom dynamics. To achieve the
first goal, we examined high-resolution temporal data on sea
surface temperature to test where, and when during the year,
changes had occurred within ecological subareas or ecore-
gions of the NES. The change in thermal environment was
also characterized with seasonal phenology indices. The sec-
ond goal was achieved by estimating bloom-timing metrics,
spatially aligned to the same ecoregions. We present findings
of significant change to some aspects of thermal and bloom
phenology on the NES, as well as signs for notable resilience
to change.

Methods

Study system

The thermal and phytoplankton bloom phenology of the US
Northeast Continental Shelf Ecosystem was analysed over
three ecoregions (Figure 1), the Georges Bank (GBK), Gulf of
Maine (GOM), and Middle Atlantic Bight (MAB). Ecoregion
partitioning is based on a multivariate analysis of physical
and biological parameters and is commonly used in various
ecosystem assessments. Sea surface temperature and chloro-
phyll concentration remote sensing products were extracted
from global databases based on the geographic shapes of the
ecoregions.
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Thermal asymmetry and bloom phenology

Seasonal trends in SST

Thermal trend and phenology were based on sea surface tem-
perature extracted from the Optimum Interpolation Sea Sur-
face Temperature (OISST) database version 2.1 for the pe-
riod 1997-2020 (see data availability statement). The dataset,
which has a spatial resolution of 1/4° and daily temporal res-
olution, is constructed by combining observations from dif-
ferent platforms (satellites, ships, buoys, and Argo floats) on a
regular global grid (Reynolds et al.,2007). Mean temperatures
and trends were evaluated by ecoregion and day of the year. In
addition to the analysis of the trend in SST data, thermal phe-
nology was also characterized by determining spring and au-
tumn transition days of the year (Friedland et al., 2015a). For
each ecoregion, the time series average SST was determined.
The SST data for a given year were smoothed with a 5-point
moving average filter and the first day of the year that ex-
ceeded the transition temperature, taken as the average SST,
was considered the spring transition date and the first day the
SST fell below that temperature was considered the autumn
transition date. The trend in the SST and transition dates was
estimated using the generalized least squares model selection
approach described in Hardison et al. (2019). This approach
fits trend models with Gaussian, AR(1), and AR(2) correla-
tion structures prior to selection by small-sample AIC, and
reduces estimation bias due to autocorrelated residuals when
compared to linear regression or the Mann-Kendall test alone.

Phytoplankton bloom phenology

Phytoplankton bloom phenology was based on bloom param-
eters derived from time series of chlorophyll concentration
(CHL) and using a change point algorithm of bloom detec-
tion. CHL data was retrieved from the Hermes GlobColour
website (see data availability statement) at a spatial resolution
of 4 km and temporal resolution of 8 d over the period 1998-
2020. The CHL data were a merged product using the Garver,
Siegel, Maritorena Model (GSM) that combined the data us-
ing a bio-optical model inversion algorithm (Maritorena et
al., 2010). The procedure combines data from Sea-viewing
Wide Field of View Sensor (SeaWiFS), Moderate Resolution
Imaging Spectroradiometer on the Aqua satellite (MODIS),
Medium Resolution Imaging Spectrometer (MERIS), Visible
and Infrared Imaging/Radiometer Suite (VIIRS), and Ocean
and Land Colour Instrument (OLCI) sensors. These passive
satellite remote sensing data provide a weighted average of
the chlorophyll concentration in the top two optical depths
of the sea, typically 5-15 m depth depending on water clar-
ity (Gordon and McCluney, 1975). The performance of this
CHL data product was compared to the OC5 CHL product
disseminated via CMENS (data.marine.copernicus.eu), which
is a product sensitive to case water types. The comparison was
based on in-situ CHL from the Would Ocean Database and
restricted to observations within the NES proper. The OCS
data performed better within ~15 km of the coastline based
on correlation analyses. However, over much of the NES, the
GlobColour CHL produced slightly higher correlations with
the in-situ data; hence, we elected to use the GlobColour in
our study.

Bloom phenology parameters, bloom start day of the year
and duration, were calculated using the same change point al-
gorithm used in both regional and global analyses of bloom
dynamics. Bloom periods were identified with the change
point algorithm sequential #-test analysis of regime shifts

(STARS) (Rodionov, 2006). A bloom was detected when
a change point from low to high CHL was detected with
the added condition that a change from high to low CHL
also could be found to demarcate the bloom period. The
STARS algorithm was parameterized following an extension
of the method intended to increase bloom detection sensitivity
(Friedland, 2021). The STARS « parameter was tested at the
values of 0.05, 0.1, and 0.15; length criteria at values of 4, 5,
and 6; and Huber weight at values of 2, 3, and 4. In previ-
ous assessments, blooms that exceeded a duration of nine 8-d
periods were considered ecologically different from discrete
blooms and were excluded from the analysis (Friedland et al.,
2015b). For each bloom detection, a bloom start day of the
year was determined along with a bloom duration expressed
as the number of 8-d periods associated with the event. The
same approach for the estimation of trend used in the temper-
ature data was used with the bloom data. Finally, the bloom
analysis was used to estimate mean bloom periods for each
ecoregion that were used graphically in the figures showing
mean daily SST and trend.

Results

Change in thermal phenology

The timing of seasonal thermal transitions is generally simi-
lar across the three ecoregions with higher temperatures and
slightly earlier transitions in the MAB compared with the GBK
and the GOM. The thermal cycle for the GBK ecoregion SST
has a winter minimum of ~5.3°C and a summer maxima of
19.1°C (Figure 2a). The winter minima generally occurred in
early March and the summer maxima occurred in late Au-
gust; both these periods are also associated with higher level
of interannual variability. The change in SST by day of the
year for the GBK ecoregion is sinusoidal with a winter min-
imum 0.20°C decade™! and a summer maximum of 0.82°C
decade™! (Figure 2b). The same patterns exist in the GOM
and MAB ecoregions. The GOM SST extremes are bracketed
at 4.5 and 18.1°C (Figure 2c¢) and change in SST ranges from
0.46 to 1.15°C decade™! (Figure 2d) and the MAB SST ex-
tremes are bracketed at 6.6 and 24.2°C (Figure 2e) and change
in SST at 0.13 and 0.69°C decade™" (Figure 2f). The dates of
winter minima and summer maxima in the GOM were sim-
ilar to GBK; however, these extremes tended to occur earlier
(by a week or so) in the MAB. For all ecoregions, the signif-
icant daily slopes were mainly in the summer portion of the
year, whereas non-significant slopes were concentrated in the
winter portion (Figure 2b, d, and f).

Seasonal differences in temperature change were reflected
in time series patterns of the seasonal phenology indices. The
spring thermal transition day of year tends to occur earlier in
the year now compared to the late 1990s in all three ecore-
gions, but only the trend in the GOM was significant (Figure
3a, ¢, and e). In contrast, the autumn thermal transition day
of the year trended to later days of the year in all three ecore-
gions and the trends were significant (Figure 3b, d, and f). The
change in transition timing was over twice as many days in the
GOM, where spring transition advanced by 12 d compared to
a delay of the autumn transit by >26 d. In the GBK and MAB
areas, spring advance was <10 d compared to autumn delay
on at least 2 weeks. Hence, from 1997 to 2020, the timing of
thermal events appears to be less impacted during the spring
period and may be significantly delayed in the autumn period.

€20z Arenigad 90 uo Jasn Jajua) 1yBi|4 90eds pIeppoD YSYN Aq 407820./L00PESYSWISSYEE0L 0 |/10p/a[ollE-00UBAPE/SWISE01/W0D dNO"DlIWSPED.//:SA)Y WOI) PAPEOJUMOQ



4 K. D. Friedland et al.

25 (@) Georges Bank |(c) Gulf of Maine |(e)Middle Atlantic Bight

201 ] :

SST, °C

()

-
N
L

o
©
n

o
o

©
w
!

A SST, °C decade™
o
o

S
w
"

.

.

100 200 300 O 100 200 300 O 100 200 300
Day of the year

o

Figure 2. Mean SST, with standard deviation range shown in light red, by day of the year for the GBK (a), GOM (c), and MAB (e) ecoregions during
1997-2020. Change in SST as slopes by day of the year for the same ecoregions (b, d, f, respectively); significant slope (p < 0.05) marked with black "+
otherwise in grey. Blue curves are LOESS smoothers with tension factor of 0.5. Vertical grey-shaded bars mark mean start and duration of seasonal
blooms (see Tables 1-3).
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Figure 3. Spring thermal transition as day of the year for the GBK (a), GOM (c), and MAB (e) ecoregions during 1997-2020. Autumn transition for the
same ecoregions (b, d, f, respectively). Theil-Sen slope and p-value for each scatter provided in the panel title; red lines are linear regressions (p < 0.05).
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Figure 4. Mean CHL by day of the year for the GBK (a), GOM (b), and MAB (c) ecoregions. Red curves are LOESS smoothers with tension a factor of

0.25. Vertical dashed lines mark inflection points of the LOESS curves.

Change in bloom phenology

The annual climatology of CHL was used to identify seasonal
bloom patterns that guided the analysis of bloom phenology.
The CHL in the GBK ecoregion varied from seasonal lows
of ~1.1 mg m~3 to seasonal highs of 2.1 mg m~3 (Figure
4a), which spanned the range related to a spring and autumn
blooms. The spring bloom was associated with a CHL maxi-
mum that typically occurred on 6 April (day of the year 97);
hence, the search window for GBK spring blooms was set to
9 January (day of the year 9) so the mean CHL would be in
the middle of the search window. The GBK autumn bloom
typically occurred on 23 October (day of the year 297) and
the search window set to 27 July (day of the year 209), ac-
cordingly. The GOM was also a two-bloom system, spanning
a range of CHL of 0.69-1.74 mg m~3 (Figure 4b). The spring
and autumn blooms for the period 1997-2020 were centred
on 22 April (day of the year 113) and 15 October (day of the
year 289), respectively; hence, the associated search windows
started on 25 January through 19 July, days of the year 25 and
201, respectively.

Seasonal blooms were observable in most years in all three
ecoregions. The spring bloom was observable in 20 of 23
years on GBK and in most years, there were multiple detec-
tions (Table 1). None of the bloom durations averaged more
than nine 8-d periods, so all the data were included in the
subsequent analysis. Similar to spring thermal transition tim-
ing, there were no discernible trends in either spring bloom
start day or duration (Figure 5a and b). The autumn bloom
was detected in 19 of 23 years; however, in two years, 2017-
2018, the bloom duration averaged more than nine 8-d pe-
riods, hence, these years were excluded from the subsequent
analysis. There were significant trends in bloom start date and
duration of the GBK autumn bloom (Figure 5¢ and d). The au-
tumn bloom started at around 20 September (day of the year
264) in early years and now tends to start around 23 Octo-

ber (day of the year 297). Autumn bloom duration was ~7.5
weeks and is now ~5 weeks long. Spring and autumn blooms
were detected in the GOM in 20 and 19 of 23 years, respec-
tively (Table 2). None of the detections of GOM blooms were
eliminated due to bloom duration. Neither the spring nor au-
tumn GOM bloom start day or duration contained any time
series trends (Figure 6). The autumn bloom in the MAB was
detected in 16 of 23 years and all blooms were of similar du-
ration (Table 3). Neither the MAB bloom start day nor du-
ration contained any time series trend (Figure 7). The only
change in seasonal bloom phenology appears in the autumn
bloom on GBK and there was no evidence of change in spring
bloom timing or duration. In referencing back to SST (Figure
2b, d, and f), the mean bloom periods associated with spring
blooms in GBK and GOM were dominated by modest and
mostly non-significant rates of change, whereas the autumn
bloom periods were associated with large and significant rates
of change. The MAB bloom period was associated with non-
significant rates of change.

Discussion

An asymmetry in temperature differentially
affecting autumn conditions

Though it is well established that the NES is rapidly warm-
ing (Friedland ef al., 2020a; Pershing et al., 2021), we demon-
strated that the warming has not been seasonally uniform,
with less temperature change in the spring. The thermal dy-
namics of the spring transition has not changed as much as the
autumn transition. Likewise, and perhaps consequently, we
observed little evidence for a change in spring bloom phenol-
ogy. In contrast, the autumn bloom in the GBK ecoregion has
become later and shorter, possibly due to more pronounced
summer warming (Thomas et al., 2017) that has changed
destratification timing known to trigger autumn blooms. In
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Table 1. Mean bloom start day of the year (Str) and bloom duration in the number of 8-d periods (Dur) for the GBK ecoregion in spring and autumn bloom

K. D. Friedland et al.

periods.
Spring Autumn

Year Str SD Dur SD N Str SD Dur SD N
1998 Non detection 281.9 12.4 8.4 3.1 27
1999 65.0 0.0 7.1 0.3 27 241.6 2.1 7.9 0.3 27
2000 74.5 3.2 4.0 0.4 22 276.0 4.0 5.2 0.6 21
2001 108.4 4.1 4.6 0.5 21 271.0 3.5 5.1 1.6 24
2002 81.0 12.0 8.3 4.0 9 261.4 4.1 6.5 1.4 27
2003 81.0 3.8 5.3 0.5 27 Non detection

2004 89.0 0.0 4.3 0.5 18 276.3 4.0 7.3 1.8 27
2005 76.2 4.1 4.8 0.4 15 Non detection

2006 70.3 11.3 4.3 1.4 18 273.0 0.0 6.7 0.5 21
2007 73.0 0.0 5.5 0.5 24 265.0 0.0 5.2 0.4 18
2008 78.3 10.2 5.4 1.2 27 305.0 0.0 4.0 0.0 9
2009 73.9 2.6 5.9 0.3 27 257.0 0.0 4.0 0.0 6
2010 85.0 7.1 5.9 1.2 24 273.0 0.0 4.5 0.5 27
2011 84.2 4.1 4.2 0.4 15 306.8 14.3 6.2 2.1 27
2012 81.0 0.0 4.0 0.0 15 289.9 9.0 6.9 1.1 27
2013 Non detection 289.0 0.0 4.6 0.8 16
2014 94.3 10.3 4.3 1.3 18 276.7 11.3 5.9 2.8 15
2015 79.4 3.3 52 0.4 15 278.3 7.7 6.2 1.3 27
2016 66.3 3.1 5.8 0.4 18 Non detection

2017 97.0 0.0 4.0 0.0 9 257.0 0.0 15.0 0.0 24
2018 89.0 0.0 4.0 0.0 24 273.9 6.0 12.8 0.7 27
2019 Non detection 307.0 3.6 4.0 0.0 12
2020 78.3 3.8 4.5 1.3 27 Non detection

Each mean reported with associated standard deviation (SD) and the number of blooms detected (N). Bloom means with a duration >9 indicated with italics.
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Figure 5. Time series of bloom start day of the year in the GBK ecoregion during spring (a) and autumn (c) and bloom duration for the same time periods
(b, d, respectively). Theil-Sen slope and p-value for each scatter provided in the panel title; red lines are linear regressions (p < 0.1). Error bars are 95%

Cls.

the GOM, we also have the ability to consider a long-term
and high-resolution in-situ sampling program called the GOM
North Atlantic Time Series or GNATS (Balch et al., 2012).
GNATS data demonstrate that surface waters have warmed

significantly in summer, fall, and winter between 1998 and
2018; however, during spring months, the surface waters
showed a significant cooling trend when averaged across the
GOM, corroborating the seasonal asymmetry also observed
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Table 2. Mean bloom start day of the year (Str) and bloom duration in the number of 8-d periods (Dur) for the GOM ecoregion in spring and autumn bloom

periods.
Spring Autumn

Year Str SD Dur SD N Str SD Dur SD N
1998 81.0 0.0 6.3 0.5 16 291.9 15.5 8.2 2.1 22
1999 98.8 3.4 4.3 0.5 27 265.0 0.0 8.5 0.5 18
2000 Non detection 279.0 3.6 4.0 0.7 12
2001 81.0 0.0 6.6 1.9 27 265.0 0.0 6.0 0.0 9
2002 105.0 0.0 5.1 0.3 27 246.3 3.8 6.2 0.8 27
2003 99.0 3.5 5.1 0.4 24 261.8 4.1 8.6 0.5 15
2004 105.0 0.0 3.7 0.4 27 247.2 11.4 6.0 1.8 27
2005 Non detection 245.4 7.8 5.4 1.0 27
2006 81.0 0.0 5.0 0.0 15 259.7 3.8 4.7 0.5 27
2007 89.0 0.0 8.1 0.3 27 264.1 6.0 5.4 0.7 27
2008 83.7 3.8 6.6 0.5 27 273.0 0.0 8.0 0.0 3
2009 90.3 3.1 5.2 0.4 18 251.2 3.7 5.7 0.5 25
2010 89.0 0.0 5.5 1.9 18 250.1 2.9 7.9 0.4 21
2011 89.0 0.0 4.8 1.3 24 297.0 0.0 8.0 0.0 3
2012 79.0 3.5 4.5 0.7 24 284.2 4.0 5.6 1.2 25
2013 Non detection 290.1 2.9 5.9 1.9 21
2014 97.0 0.0 4.2 0.4 18 267.7 3.8 5.4 0.5 27
2015 94.3 3.9 5.6 1.0 18 Non detection

2016 105.0 0.0 5.1 0.6 19 282.8 3.4 5.6 0.5 27
2017 97.0 0.0 4.0 0.0 24 Non detection

2018 89.0 0.0 4.2 0.6 27 Non detection

2019 121.0 0.0 7.5 0.5 18 265.0 9.4 6.9 1.6 27
2020 109.0 4.4 4.5 0.5 6 Non detection

Each mean reported with associated standard deviation (SD) and the number of blooms detected (N).
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Figure 6. Time series of bloom start day of the year in the GOM ecoregion during spring (a) and autumn (c) and bloom duration for the same time
periods (b, d, respectively). Theil-Sen slope and p-value for each scatter provided in the panel title. Error bars are 95% Cls.

in the remote sensing data (Balch et al., 2022). A logical pro-
gression would be to examine stratification dynamics with re-
spect to specific bloom events and determine, at least for the
autumn period on GBK, whether the stratification phenology

associated with the thermal phenology in the surface waters
has changed. This daunting task would require regional in-situ
data collected seasonally, over spatially varying sample loca-
tions; but perhaps future work could use model reconstruc-

€20z Arenigad 90 uo Jasn Jajua) 1yBi|4 90eds pIeppoD YSYN Aq 407820./L00PESYSWISSYEE0L 0 |/10p/a[ollE-00UBAPE/SWISE01/W0D dNO"DlIWSPED.//:SA)Y WOI) PAPEOJUMOQ



Table 3. Mean bloom start day of the year (Str) and bloom duration in the
number of 8-d periods (Dur) for the MAB ecoregion in the autumn bloom
period.

Year Str SD Dur SD N
1997 353.0 0.0 5.4 0.5 21
1998 317.0 4.2 7.5 0.5 12
1999 Non detection

2000 335.0 5.4 8.5 0.7 24
2001 313.0 0.0 8.0 0.0 25
2002 Non detection

2003 337.0 0.0 8.0 0.0 3
2004 329.0 36.7 4.6 1.0 27
2005 297.0 0.0 9.0 0.0 3
2006 Non detection

2007 377.8 22.8 5.1 1.4 10
2008 Non detection

2009 345.0 8.2 5.8 0.9 18
2010 321.0 0.0 9.0 0.0 3
2011 Non detection

2012 323.7 6.1 6.7 0.8 18
2013 Non detection

2014 Non detection

2015 352.0 2.7 5.4 0.7 24
2016 348.4 8.6 8.6 1.1 21
2017 332.2 6.6 7.0 1.1 15
2018 313.0 0.0 6.0 0.0 3
2019 329.0 0.0 9.0 0.0 3

Each mean reported with associated standard deviation (SD) and the number
of blooms detected (N).

tions of temperature at a depth that are becoming increasingly
more reliable in terms of bias corrections (du Pontavice et al.,
2022).

Basin scale effects on SST and CHL

Considerable attention has been focused on temperature
changes in the NES and the factors at play (Kavanaugh et
al., 2017), but these changes must be delineated by those oc-
curring in the surface layer vs. those changes to the benthos.
While both surface and bottom water temperatures are in-
creasing, there is evidence that they are doing so differentially
(Friedland et al., 2020a; Record et al., 2019a). Temperature
change in bottom waters of the NES appear to be driven by
the advection of different water masses associated with Gulf
Stream dynamics (Gongalves Neto et al., 2021). Surface wa-
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ter temperature appears to be more influenced by basin scale
drivers of atmospheric circulation, including the weakening
of the Atlantic Meridional Overturning Circulation and con-
tinued positive phase of the North Atlantic Oscillation (Kar-
malkar and Horton, 2021). Persistent warming or heat waves
thus develop in the NES depending on the latitudinal position
of the jet stream (Perez et al., 2021). The seasonal excursion
of summer continental temperature is beyond that observed
during winter, hence, the warming asymmetry we observe in
the surface layer of the NES.

Beyond thermal effects, differences in water mass nutrient
content have implications for productivity; the cool, fresher
Labrador slope origin water contains higher nutrient levels
than warmer, saltier Atlantic slope water (Townsend et al.,
20135). In parallel to the step change increase in surface water
temperature throughout most of the NES, the accompanied
change in nutrient loading would support an observed drop
in GOM primary productivity (Balch ez al., 2012, 2022). In-
terestingly, NES CHL has shown a linear decline rather than a
step change on the NES (Friedland et al., 2020b). This gradual
decline may be consistent with a more conservative decline in
nutrients in the system; hence, it suggests the possibility that
with each production year, more of the nutrients incorporated
by phytoplankton have been sequestered from the system via
the burial of particulates or migration of particulates off the
continental shelf.

Absence of a spring bloom effect

Many NES organisms, including those of commercial impor-
tance, time their reproductive processes to the spring phyto-
plankton bloom. Despite significant warming of the ecosys-
tem, we did not detect any long-term change in spring bloom
timing or duration. It is well established that increasing tem-
perature will increase the growth rates of marine phytoplank-
ton (Trombetta et al., 2019) and warming has been found to
be one of the principal agents triggering spring blooms (Almén
and Tamelander, 2020). In more northerly systems, direct ther-
mal effects can be superseded by the modulating effects of sea
ice retreat (Dong et al., 2020) and stratification that results in
shallower surface layer mixing. But also at higher latitudes,
in systems without ice, spring bloom timing was found to be
without trend, though interannual variability was impacted
by physical factors such as temperature and mixed layer depth
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Figure 7. Time series of bloom start day of the year in the MAB ecoregion during autumn (a) and bloom duration for the same time period (b). Theil-Sen
slope and p-value for each scatter provided in the panel title. Error bars are 95% Cls.
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(Silva et al., 2021). However, it is important to be mindful of
the range of other factors that can influence bloom timing in-
cluding light limitation, nutrient supply, and grazing impacts.

Evidence for light limitation is available in both labora-
tory trials and natural experiments. Mesocosm experiments
show that spring bloom timing may be impacted more by light
than accelerated warming, especially as photosynthetically ac-
tive radiation becomes more available during the spring (Som-
mer and Lengfellner, 2008). In the North Sea, delayed spring
bloom timing was related to water clarity, where greater tur-
bidity resulted in delayed blooms (Opdal ez al., 2019). In the
Labrador Sea, the regional differences in seasonal shoaling
appears to control spring bloom formation, which would be
consistent with mixed layer effects on light exposure (March-
ese et al., 2019). In the GOM, the absorption of light by
river-supplied, coloured dissolved organic matter (CDOM)
can also induce light limitation of phytoplankton productivity
by the absorption of blue wavelengths by humic material, thus
slowing phytoplankton growth (Balch et al., 2012). More-
over, there is asymmetry in the discharge of CDOM from
GOM watersheds, with more blue-absorbing, humic-rich,
CDOM discharged during autumn freshets, while spring
runoff is less absorbing to light used by phytoplankton for
photosynthesis.

The nutrient supply for the development of the spring
bloom is in part dependent on the rate of spring mixed layer
development and the origin and composition of source wa-
ter entering the ecosystem. The depletion of nutrients in water
masses destined to enter the NES is known to impact on bloom
timing (Ji et al., 2007). Water masses entering the NES have
differing nitrate and silicate concentrations, not always rec-
ognizable from temperature and salinity characteristics alone,
but can be generalized by either cold northern source wa-
ter or warm source water associated with the Gulf Stream
(Townsend et al.,2015). Variation in bloom development may
be related to the variability in key nutrients and their stoichio-
metric ratios within these dominant water masses.

Top-down control on bloom formation and duration may
play a prominent role in the NES ecosystem. A growing body
of evidence illustrates how decoupled zooplankton grazing
can initiate bloom formation (Rohr et al., 2017), control
bloom duration (Kauko et al., 2021), and shape long-term
bloom phenology trends (Guinder et al., 2017). The copepod
Calanus finmarchicus emerges from diapause in the GOM re-
lying in part on thermal triggers, and may shape the phenology
of the autumn bloom on the GOM (Ji et al., 2021). The taxon
is less abundant on GBK where there is a stronger signal in
bloom phenology. While the copepod, Centropages typicus,
has been a dominant taxon in the MAB, its centre of peak
abundance have changed both spatially and temporally, which
could affect its role in shaping bloom dynamics (Morse et al.,
2017). Efforts to model NES bloom dynamics underscore the
need for better information of the distribution and abundance
of grazing animals (Zang ef al., 2021).

Food web ramifications

Fisheries production on the US Northeast Continental Shelf
Ecosystem is mainly dependent upon the primary produc-
tion of phytoplankton communities, which also defines the
habitat extent of many key species (Friedland et al., 2021).
In some ecosystems, fisheries production can be traced to al-
lochthonous energy sources such as terrestrial vegetation, but

these are relatively minor contributions in the NES (Zinkann
et al., 2021). The trophic pathways fed by phytoplankton
tend to fall within two main paradigms. The first paradigm
is governed by the utilization of pelagic productivity directly
through pelagic food webs, classically viewed as energy flow
from phytoplankton to zooplankton to fish (MacKenzie er
al., 2019). In the second, fisheries production is the result of
particulate organic carbon flux from pelagic productivity to
the benthos, and then into demersal food webs (Stock et al.,
2017). Considering these two pathways, measurements asso-
ciated with primary productivity take on different meanings
depending on which food web is considered. While the rate
of primary productivity is associated with the rate of fixed
carbon entering pelagic food webs, chlorophyll as a metric
representing phytoplankton biomass may be a better indica-
tor of organic carbon flux to the benthos. Interestingly, these
production metrics—primary productivity and CHL—are not
always correlated because CHL blooms are often temporally
separated from the maxima of primary productivity. Hence,
in considering the phytoplankton communities of the shelf
ecosystem, it is useful to consider the distribution of both pri-
mary productivity and chlorophyll concentration in time and
space.

With these factors in mind, we examined the potential ram-
ifications of changing autumn bloom phenology, since we see
little evidence of changing spring bloom phenology. The au-
tumn bloom on GBK has been associated with the recruitment
of higher trophic level organisms such as haddock (Leaf and
Friedland, 2014). In this case, a shift to an earlier and longer
bloom would likely increase fish recruitment; however, a later
and shorter duration bloom would have the opposite effect. In
considering food web processes, shorter bloom periods would
be expected to decrease prey availability to zooplankton taxa
such as Centropages spp., thus impairing trophic transfer as-
sociated with the production of the autumn bloom (Steele et
al., 2007).

Consequences for species distribution

Climate change in marine ecosystems is frequently framed in
the context of poleward shifts. For example, “Tropicalization”
describes the poleward shift of environmental conditions and
associated species from tropical to temperate environments
(Kleisner et al., 2016). If the temperature range over a sea-
son is considered an important environmental property unto
itself, then the NES is becoming less tropical, with a greater
difference between summer and winter temperatures.

From the perspective of species’ thermal niches, the up-
per temperature bound constrains the poleward side of the
range, so warming summers should allow northward expan-
sion, something that has been observed across many taxa, par-
ticularly in the GOM (Kleisner et al.,2016). The lower bound-
ing temperature constrains the equatorward thermal range,
so the absence of warming winters could maintain the south-
ern limit of some species, preventing the poleward shift at the
equator edge of the range. For some subarctic species, such
as the key copepod C. finmarchicus, persistence has been ob-
served to some degree in the western GOM despite a warming
trend, due to a combination of the persistence of spring bloom
dynamics and the overwintering habitat (Runge et al., 2015).

At a first estimation, the geographic widening of thermal
ranges has the potential to increase species overlap, interac-
tion, and diversity. However, seasonal changes can have more
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nuanced consequences for species with seasonally dynamic life
histories. For many species, phenological dynamics and their
relationship with life history requirements can outweigh any
straightforward relationship with a species’ thermal envelope.
The high amplitude seasonality of conditions in the GOM,
in particular, means that the seasonal accumulation of energy
stores such as lipids are a foundational organizing feature of
the system (Pershing and Stamieszkin, 2020). In such cases,
the properties of seasonal cycles are just as crucial as temper-
ature in setting the structure of the ecosystem (Record et al.,
2018). Many climate projections focus on shifts in tempera-
ture as a means of predicting future ecosystem states (Pershing
et al.,2021). With shifts in seasonality working in asymmetri-
cal ways, counter to shifts in temperature, concepts like tropi-
calization and climate velocity might not describe the coming
changes adequately.

Consequences for protected species

Seasonal asymmetry has additional consequences for pro-
tected species, especially for those exhibiting phenological
changes and poleward distributional shifts. The case of North
Atlantic right whale (Eubalaena glacialis) offers an illustra-
tive example. Protective measures (e.g. restrictions on fish-
ing and shipping) designed to eliminate human-induced in-
jury and death to right whales are based upon the species’ mi-
gratory phenology. Over the past one to two decades, right
whale abundance in the southwestern GOM in winter and
spring has increased (O’Brien et al., 2022) and peak-habitat
use in this region occurs almost 3 weeks later (Pendleton er
al., 2022). Similarly, abundance in the summer and autumn
has shifted to a novel habitat north of the GOM—the Gulf of
St. Lawrence (Crowe et al., 2021). This northward expansion
of right whales has almost certainly result in decreased abun-
dance within historic feeding grounds in the eastern GOM.
This asymmetric expansion of habitat—stable yet increasing
habitat-use in the south during winter/spring while expand-
ing to the north in summer/autumn—is reflective of the ther-
mal asymmetry described here. Right whales must find and
consume ultra-dense concentrations of zooplankton, generally
Pseudocalanus spp., Centropages typicus, and to some extent
C. finmarchicus, in the winter and spring, and C. finmarchicus
in the late summer and fall (Pendleton et al., 2009; Mayo and
Marx, 2011). Persistence of right whales in the southwestern
GOM is likely due to enhanced production of small copepods
in the southwestern GOM during spring. While, the north-
ward expansion of right whales may be due to warming wa-
ters in the GOM that have reduced the supply and altered
the life-history of late-stage C. finmarchicus that right whales
were known to target during autumn in the eastern GOM
(Record et al., 2019a). To respond to these changes, US state
managers have expanded protections (MADME, 2021), while
federal managers have continued to issue spatiotemporally dy-
namic vessel slowdown zones (NOAA, 2008). In Canada, the
unexpected arrival of large numbers of right whales into the
Gulf of St. Lawrence resulted in many whale mortalities, as
protections were not in place (Davies et al., 2019), and man-
agers responded by closing (and later reopening) entire fish-
eries. This is one example of an unexpected challenge that re-
source managers face, partially due to asymmetric thermal and
productivity phenology, as they balance societal needs with
preserving an endangered species.

K. D. Friedland et al.
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