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Abstract. Ocean-productonamtiophictmnsfer mias-inoluding NetCommuninBEraducion R Ner Peimary
i’ﬂ\dﬂ:‘-mm AR Cirags- O )-:en-PﬁummmeGC)P-;—nml»m:emﬂmp#an!dw-«-mmw rates-are-hevapetries-for
f-mare-cersestep-dratesandmpactionb hesvieatoveles—Because of its temperate location
ﬁmd hlgh dynamtc range of envnronmemnl conditions, and k\mﬂerm{.\lcn\u\ human wieasionaciivity, the long-
term ecological research site in the coastal Northeastern UL.S. Shelf (NES) of the Northwestern Atlantic Ocean offers
an ideal opportunily to understand how productivity shifts in response to changes in plankionic community
composition. WhieQOceuan production and traphic transfee mies, including Ne: Community Production (INCPE, Net
Prisry Production {(NPIY). Gross Qxveen Praduction (GOP), and microzeoplankion gmzing tates arg key metrics
forunderstanding marine eqsystem Lhzmmic and a\\m'nud impums on hlr:m nchr:mk .;I cye Ies ’\]thnnuh small

during the summer. in August 2019, a bloom of the large dlatom genus He:manins. with Nz Fxmg symbionts, was
observed in the mid-shelf region during.—lhe-summer-of-!{) H:. NCP was 2.5 to 9 times higher when Hemiaulus
dominated phiyioplankion cirbea compared to NCP throughout the same geographic area during the summers of
2020-2022. The Hemianlus bloom in summer 2019 also coincided with higher trophic transfer efficiency from
phytoplankton to microzooplankton, higher GOP and NPP, and-highersen-sueface-tenperaiures-than 1 the summers

2020-2022. This study shewssuggests that the presencedominance of an atypical phytoplankton community that
alters the typical size distribution of the-primary producers can greathrsiznificanily influence productivity and
trophic transfer, highlighting the dynamic nature of the coastal ocean. Notably, summer 2018 NCP levels were also
high although aefhe sixe distribution of Chl-a was 1ypical and an atypical phytoplankton community was present)ot
observed. A better understanding of the dynamics of the NES in terms of biological productivity is of primary
impornance, especially in the context of changing environmental conditions due to climate processes.

1 Introduction

Oceans regulate atmospheric carbon dioxide (CO;) concentrations and support life on Earth via several mechanisms
(Friedlingstein et al., 2022). One of these mechanisms is the biological pump, which involves biological, physical.
and chemical processes that aid in transporting and sequestering organic carbon from CO; (Boyd et al., 2019). As
the main primary producers in the ocean, phytoplankton play a major role in the biological pump (Field et al., 1998}
Diatoms, a type of photosynthetic algae, are believed to account for nearly half of net marine primary preductivily
globally and are important contributors to the biological pump {Jin et al., 2006). Diatems characteristically thrive in
nutrient-rich serface layers and turbulent conditions, and are thus typically found at high latitudes and in coastal
upwelling regions (Armbrust, 2009). However. new technology (e.g.. molecular biology and imaging) has revealed
that diatoms may be more prevalent in low nutrient, oligotrophic systems than traditionally considered (Malviya et
al., 2016), likely due to unique metabolic capabilities involving nutrient acquisition strategies that enable their
survival in low nutrient regimes: 1 Margalel, [975).



One specific metabolic capability within diatoms 15 the ability to form a symbiosis with nitrogen-fixing
cyanobacteria. This symbiosis, known as a diatom-diazotroph association. has been observed around the globe,
mostly in oligotrophic regions (Foster and Zehr. 2019). but also in lemperate continental shelf waters (Wang et al.,
2021). Furthermore, some diatom-diazotroph association have the capability to grow- very quickly.- forming
localized blooms (Villareal et al., 2011). Diatom-diazotroph blooms, specifically involving the diatom genus
Hemidaielus and the symbiont Richeliu, bave been found in warm. stratified waters tn various regions around the
globe and have been associated with high carbon expon observed via a combination of modem oceanographic
measurements and paleo-flux case studies-tiempund-i ilarenl, - 20EL Madviya et-ih-2046+. Examples include
blooms in the eastern Equatorial Atlantic (Foster and Zehr, 2006), tropical North Atlantic (Carpenter et at., 1999.;
Subramaniam et al., 2008), Nonh Pacific Subtropical Gyre (Dore et al ., 2008-. Villareal et al., 2011), and South
China Sea (Grosse et al.. 2010). Furthermore, at the ALOHA site in the Pacific Ocean north of Hawaii. blooms of
the Hemiaulus-Richelia association can last as long as 30 days and contribute significantly (20%) to annual carbon
ﬂux in thls reglon (K-ﬂH—ei—aJ—E{HJ—Kemp and Villareal, 2018; kart a1 "I 200 2y rl—-,. sertl by her“-e«maplf‘r

export, espccmlly at times “hen surface waters are depleted of dissolved inorganic mitrogen tPyle-et-al—2020 Fang
ekl 20200 Tang e al., 2020

An intense bloom of Hemiaulus and its symbiont Rickeliu was observed in summer 2019 in temperate
Northeast U.S. Shelf (NES) surface waters. The NES region in the Northwestermn Atlantic Ocean is panticularly
productive, favoring enhanced inorganic carbon sequestration by the biological pump, and supports an ecologically
and economically important ecosystem (Townsend et al., 2006). Like other marine regions, the NES ceaswssermfom]
weh is fueled by phyteplankton whieh-are, the main primary producers-asd, which play o fundamental components
tarole in (he ecosystem funeton(e.g. Mouw and Yoder, 2005-9Reilly, Oreilly and Zetlin, 1998 Yoder et al,,
2002). Productivity is heavily influenced by abiotic factors in the NES region. For inslance, strong seasonal
variations in water lemperature, stratification and cross-shelf advection on the NES affeet nutrient supply and lead to
seasonal shifts in phyvoplankton productivity and species composition (Li et al., 2015 Oliver et al., 2022; Zhang et
al.. 2023). Funthermore. the water temperature of the NES is nsing faster than the global average (Chen et al., 2020
Karmalkar and Horton, 2021-; Shearman and Lentz, 2010), leading to unknown consequences for phytoplankton
community com:position and productivity within this important and dynamic coastal region,

To further understand phytoplankion population dynamics and their influence on the ocean's biological
pump, thé NES Long-Term Ecelogical Research (NES-LTER. hitps://nes-lter.whoi.edw/) project investigates
primary productivity, food web structure and ecosystiem dynamics with a focus on southem New England coastal
waters. As part of the NES-LTER project, phytoplankten and zooplankton community composition, phytoplankton
growth rates, microzooptankton grazing rates, and productivity rates are determined on week-long research cruises
which have occurred quarter-annually since 2018. To quantify produchivity. several different rates are estimated
from data collected on these cruises. including Gross Oxygen Production {GOP}, Net Primary Production (NPP).
Net Community Production (NCP) and expon efficiency ratios (NCPAGOP}). GOP is similar to Gross Primary
Production; it represents total photosynthesis in oxygen units and alss includes photoprocesses that produce oxygen
(Juranek and Quay, 2013). NPP is photosynthetic production minus autotrophic respiration and thus represents the
net production activity of the phytoplankton community. NCP is the balance of photosynthesis and community *
respiration (autotrophic plus heterotrophic) and is equal, on long enough spatial and temporal scales, to the amount
of carbon exported out of the surface of the ocean {Emerson, 2014). The NCP/GOP ratio. analogous to the f-ratio
(Dugdale and Goering, 1967}, is indicative of expont efficiency. with a high ratio implying that the community is
exporting most of the carbon (organic matter) produced and thu- recycling only a little (Juranek and Quay. 2013).

The composition and size structure of the phytoplankton community in the NES-LTER study are
investigated concurrently from automated imaging and size-fractionated chlorophyll-a (Chl-a). In winter, the NES
waters tend to be nutrient-rich due to enhanced venical mixing and input of river and estuary waters that promeote
high levels of surface Chl-a, with a dominance of large phytoplankton cells é>+-um) that are-growinagrow slowly
(Mamec et al., 2021). Conversely. during a typical summer, nuirients become depleted in the surface mixed layer,
leading to low Chl-a concentrations dominated by fast-growing small phytoplankton cells tet0-pin3-Bdusree-ctal-
20H0Reilv-and-Zetin 08 Marrec o1 al., 2021; O'reilly and Zeilin, 1998),

To complement production estimates and phytoplankton community structure observations, the Now of
carbon from primary producers to higher trophic levels ssun the NES has also been investigated. Microzooplankion,
protists smaller than 200 pm, are a crucial link between primary producers and higher trophic levels because they
often consume 60-70% of daily primary production (Landry and Calbet, 2004:; Schmoker et al., 2013). [n the NES,
while phytoplankton grow faster during the surmer than in winter, microzooplankton grazing rates tend to stay
relatively constant across seasons (Marrec et al., 2021). Thus, duting winter, phytoplankton growth rates and
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microzooplankion grazing rates are typically well coupled and show a close 1:1 ratio. with microzooplankton

consuming most of the primary production (Marrec et al., 2021). During the summer, tha-phytoplankion growth and
microzooplankton grazing rates are typically decoupled, with-highrasssth-tntes-thas Hi-wite i Brt-giasHe-riesH

thesesreroge-leading to less than 50% of the primary produciion consumed by microzooplankton, The degree of
coupling between microzooplankton grazing and phytoplankton growth rates is associated with phytoplankion size
structure (Marrec et al., 2021} and likely specivs composition. and is an important indicator of the trophic transfer
efficiency from phytoplankton to microzooplankton: at the basssbase of the planktonic food web.

Here, we examined the association between productivity. phytoplankton composition and
microzooplankion grazing, key components of trophic transfer efficiency and thu<-ecosystem function. During a
NES-LTER cruise in summer 2019, we observed an anomalous relationship between growth and grazing rates. as
well as dramatically different productivity rates and community composition compared to other summer cruises n
the NES region. We thus investigated how a diatom bloom of Henticulus, with diazotrophic symbionts, affected
metrics of productivity and grazing on the NES during the summer of 2019, Gur resulis provide insights into the
effects of community composition on productivity rates.

2 Methods

Measurements of environmental conditions, chemical and biological stocks, and productivity and grazing rates were
conducted on multiple cruises within the framework of the NES-LTER program (Table 1), Measurements from three
other cruises from different projecls on the NES were also :ncluded in lhlS anal)sm for comparison (pmject names in
Table 14} and femi NES

From Hsisthe time series, we were able 10 better undersland an event that was obsened on the 2019 NES-LTER
summer cruise (EN644) which occurred fron-August +920 to 25 (Table 1). Some data during that event, such as
surfnce seawater temperature (SST), salini!y (SSS). NCP mtes. and phymplankton composition were collected

type and ship speed), while other pammeters (e 8- NPP grazing rates, Chl -a, nutrients) were measured dnscrelely at
the NES-LTER stations: {Fig. |, Tuble 82} Main stations were located with - 19 km spacing on a north-to-south
transect primarly along ?(Fé&'«?l) BR3¢ W Fig, H-’i-HH I sho\\s Ilu. (.ruiSL ek f(‘l the Ay st 2019 NI.S- | JER

whlch is where the H Henuun!m bloom pnmanly occun'ed corresponds to 50 100 m waler depth + irld wis hugm_d::_m_l
by latitudes 40,980°N 1o 10,327 “N, The mid-shelf gegion containg four stations. Exact lecations aad Jates of when

the mid-shell stations were ocenpied is provided in Table $2,

EigeHrundeontains—Hsttons— Al each station, water was collected via Niskin bottles mounted ona CTD- «

rosette (conductivity-temperature-depth, Seabird SBE32 Carousel Water Sampler). The CTD-rosette system

consisted of a 24-bottle rosette frame with 10-L Niskin bottles. Depth, tlemperature, and salinity were collected with

a SBE91 | CTD (Seabird Electronics) equipped with additional sensors for chlorophyll Auorescence (WET Labs
ECO-AFL/FL), photosynthetically active radiation (PAR. Biospherical Instruments® QSP2000}, and beam
attenuation {WET Labs C-Star 25<m transmissometer). The Niskin bottles were closed at various depths ranging
from surface to near bottom, based on the depths of the mixed layer, euphotic zone. and Chl-a maximum. Mixed
laver d& mhs were Ldicululul from thu Iunnx rallie Jnd s.zlinit\ d.m i'mm l] e CTIY with lhu. thn.shnlci lehf\d w hcn.

layer was gI‘L‘ ater lh'ln Ady = O I h] l.;z m {l)» Iimu Mumwut ctal. 200-!: ,P-ll'cc\l,la)u,dwlhs wcn,,conhrmcd I.Q

. be similar.when a.geadient criterion.with.a difference of 0.01 25 ke m: was used.instead.t Karn et.al.. 20001

Euphotic Zone was taken o be the depibh 11 which lisht was F of the surface value. Chi-a ks was chosen based

an the depth w
number of pal

+

Water from the Niskins was used to quantify a

The underway system consisted of continuous surface seawater pumped throughout the ship by an impeller pump

anda diaphragm pumplocated neartheship.s bow, Using water from the impeller pumy, continuous measurements

of surface temperature and salinity were obtained from a Seabird SBE38 (lemperature) sensor installed at the water

intake and by a Seabird SBEAS sensor (emnperavre and salinity) located futther away. intheundenvay system.

Bt‘\"lust’ ﬂw (Iigphrmm punip is h.ss Iﬂu..h, 0 d: anage gl nl\mu (Cetinic 1 at. 21 8), its underway fiow was used o7

M

(.\.L‘_ﬂﬂﬂﬂ_

2.2% and phyteptanhton community composition

. I‘hL slup s[et :mn.d hmh soulh

.md nnrlh ‘llono thL_h_ eitnde 70,883°W and thuy over ihe $-day cruise,
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Table 1. Dates of the summer cruises, as well as project and ship names and cruise numbers, that are presented in
this paper. Project name abbreviations are as follows: OTZ— Ocean Twilight Zone. SPIROPA-Shelfbreak
Productivity Interdisciplinary Research Operation at the Pioneer Amay (Qliver et al., 2021}, and EcoMon-
Ecosystem Monitoring program run by the National Oceanic and Atmospheric Administration, Cruise tracks for the
MES-TTIR 1ransects are showp in Fig, 1, The SPIROPA and OT cruises followedE the same Jonpituds TOHR3 "W
cion and thus duta ysed From 1lose cruises is collovmed with the NES-LTER Jaw,

Cruise Name  Start date/End date Project name  Ship nainie

EN617 20 July 2018 - 25 July 2018 NES-LTER  R/V Endeavor -
TN368 05 July 2019 - 18 July 2019  SPIRCPA R Thomuas G. Thompson
HBI1907 25 July 2019 - 08 Aug 2019 OTZ NOAA Ship Henrv B Bigelow
GU1902 16 Aug 2019 - 29 Aug 2019 EcoMon NOAA Ship Gordon Gunter
ENG44 20 Aug 2019 - 25 Aug 2019 NES-LTER  R/V Endeavor
EN635 25 July 2020 - 28 July 2020 NES-LTER RV Endeavor
EN668 16 July 2021 — 21 July 2021  NES-LTER RV Endevor
EN687 29 July 2022 - 03 Aug 2022 NES-LTER  R/V Endeavor
FPhespodenun s e Lo

- '::_Formaned Table
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mnhm%eﬂmmwhﬂwwmh&mmmagmmmmmlqhwmwnhe
United-States.

Breeavse-the-disphracm-pump-tslessdikebeto-damage-plankion. samderay-Hows wacused-fo FHnensuements te
quiett e NER-Rieetion 2 GO Section 2 D-and-phviaplenkion commumtycomposition (Section-16,

2.1 Net Community Production

Net community production rates were calculated from Oy Ar ratios measured by an at-sea Equilibrator Inte+
Mass Spectrometer (EIMS) (Cassar et al., 2009) analyzing water from the ship’s underway system and from discrete
samples collected from both CTD Niskin bottles and from the underway system. The EIMS was used to collect
continuous data on QyfAr ratios via the diaphragm pump of the underway system that, on the RV Endeavor, pumps
seawater from a depth of 5 m. The underway system seawater flows through a debubbler into 2 bucket at a constlant
rate that allows for continuous overflow for consistent head pressure, Water is then pumped from the bucket at ~1.1
L min"' by a gear pump lhrough two filters: a bag with a 25-pum pore size, and a 2-layered sock with a 5-pm inner
and 100-um outer pore size. The gear pump then pushes the water through an equilibrator membrane contactor
cartridge (Liqui-Cel Extra-Flow 2.5x8 model G540}, The equilibrated headspace gas from the cartridge is then dried
by fMowing through the dessicants Nafion and Drierite and then passed via a fused silica capillary into a Hiden
Residual Gas Analyzer (RGA) (HAL 7) quadrupole mass spectrometer. Details of the equilibration method can be
found in Manning ¢t al, (2016}, but in this instance were modified to not use SAES getters as they would have
removed the Oy, The EIMS was operated throughout the whole cruise (starting one hour after the ship left port and
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ending a few hours before return to port). To calibrate the mass spectrometer, the capillary was switched 1o an air
inlet for twenty minutes approximately every six hours as the ratio of O»/Ar in air is stable and well-known.
Additionally, bottle samples were collected from the underway system at least once per day and were subsequently
measured on an isotope ralio mass spectrometer at Woods Hole Oceanographic Institution {see Section 2.2). These
bottle samples were used to provide additional calibration as necessary-such additional comections changed the

O/ Ar ratios by at most 0.67%., ’{ Formatted: Font color: Black

./

The O/ Ar ratios were then used to caleulate NCP (Hendricks et al., 2004;; Juranek and Quay, 2005:,
Stanley et al., 2010}. With data from the ETMS and the bottle samples, the biological oxygen satration A{GyAr)
was calculated via the equation below:
() cmpr

A(%)=—(ﬁl—1 %)

¥ eq
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Fig 1. Map of the NES-LTER August 2019 emise track colored according to mees of NCP as measured
continugusky by an at:zea mass spectrometer fou the sceond half of the endise. Siation Jocations are marked
with circles or squares and ane ~19 ke apart. Rates of NCP. GOP. andd phytopkankign eommunity
comgosition were quantified at all stations. Grazing rates and NPE in 2019 w0 2022 were caleykated only at
stations marked by squares. Other NES-LTER cruises have a sinyjlac track, althongh issues such as wep L
sumetimes change the unch slightly and in 2018, The inset shows the location of the gruise (rectangular bos)
in the context of the east coast of the United Stles.

where {O:/Ar),e represents the ratio of O: o Ar ion currents detected by the EIMS afier being calibrated with
bottle data, and (Oy/Ar), represents the ratio of equilibrium concentrations of the gases determined from the gases’
solubility toareinand-Gorlos— 992 Hinmeasd-Bmeson-200-H Garcia and Gordon, 1992: Hamme and Emerson,
20014} at the seawater temperature and salinity.

The NCP integrated over the mixed layer, in units of mmol O; m™? d'!, is calculated as

NCP = 8 (%) 10,)ugkp @)
where [(].; represents the equilibrium concentration of O: 2t the relevant temperature and salinity (mmol kg'). k is
the weighted gas transfer velocity (m d"'1. and p is the density of seawater (kg m™) (Millero and Poisson, 1981, The
weighted gas transfer velocity is a time-weighted average from over the past 30 days calculated as described in
Reuer et al. (2007), with the gas exchange parameterization of Stanley et al., (2009) and wind speeds from NCEP
Reanalysis (Kalnay et al.. 1996.; Kistler et al,, 2001). Many physical considerations altering O- sarations. such as
changes in temperature and bubble injection, do not need to be considered due to the inclusion of Ar which has
similar solubility and diffusivity as O however, a few assumptions were made for these caleulations. Firstly, this
equation assumes sieady state within the mixed layer, i.e. no change in OAr in the ocean with time, While Oy/Ar
was likely changing in actuality, assuming steady state simply means that the rates calculated reflect an
exponentially weighted average of NCP over the past few residence times of oxygen (residence time equals a few
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days in these conditions) (Teeter et al.. 2018). Thus, the assumption of steady state does not majorly impact our
conclusions. We were not able to calculate the time rate of change term in O¥Ar (Manning et al., 2017b) because
the cruise was not Lagrangian, and even though the ship retumed to the same geographic location, the water at that
location changed due to ocean currents, To check the assumption that there is negligible respiration within the ship's
lines {Juranek et al., 2010), bottle samples were collected in duplicate from Niskins at the same time as samples
were collected from the underway system several times during every cruise: gas concentrations in the betile samples
from the underway and Niskin were identical within measurement errors, confirming there was no detectable
respiration in the ship's line.

2.2 Gross Oxygen Production

Discrete samples of triple oxygen isotopes (TOI) were collected from the surface Niskin bottles on the CTD-rosette
system at all stations as well as from the underway system between stations. Samples from the CTD-roseute system
were also collected from bottles fired at ~ 5 m below the mixed layer and ofien one greater depth to provide
information for assessing whether vertical corrections to Oy/Ar ratios were significant. Samples were collected in
custom-made ~500-mL sample bottles which were pre-poisoned with 100 pl of sawrated mercuric chloride solution
and filled with around 300 mL of seawater from the underway system or from the Niskin at each station (Stanley et
al., 2015). Samples were brought to Woods Hole Oceanographic Institution where they were analyzed for TOI with
a custom-made processing line and a Thermofisher MAT 253 isotope ratio mass spectrometer as detailed in Stanley
etal (2015). The same samples were also analyzed for O¥Ar which yielded rates of NCP from discrete data as well
as an independent method for calibrating the EIMS (see above). Corrections for the effect of argon on the triple
oxygen isotope ratio and the effect of varying sizes of the sample vs. reference standard were made for every
sample. Reproducibility from duplicate samples collected on these cruises ranged from 4 1o 8 per meg for 7A. 0.008
10 0.03 per mil for 8470, and 0.008 10 0.05 per mil for "°0 depending on the cruise.

From these samples, GOP is calculated in units of mmol O: m? d"! following Prokopenko et al., (2011)

according to:
xl?_x37 x"—x;
X7 - x1¥
% -

E XI’_AXIA %58 {3}

i Xais

GOP = kOcq

where & again represents the time-weighted gas transfer velocity (m d''), O represents the equilibrium
concentration of oxygen. A represents the respiration slope factor =0.5179, Xais* represents the ratio of isolopes
(*0'"%0) dissolved in the sample, X.4* represents the ratio of isotopes (*Q7'%0) dissolved in seawater equilibrated
with the atmosphere, and Xe* stands for the ratio of isotopes (*Q/'°0) in oxygen that was produced via
photosynthesis. The photosynthetic end member used was the average of the phytoplankton value determined by
Barkan and Luz (201 1}-=+; Vienna Standard Mean Ocean Water (VSMOW) was used for the isotopic composition
of oxygen in H:0. The actual isotopic composition of H:O was measuzed in a subset of samples to see if corrections
needed to be made (Manning et al., 2017a). It was found to be very similar to VSMOW, leading to an error of less
than 10% in GOP due to isotopic water variations

Confirmation that the water from the underway system was representative of the oceanic TOI signature of
dissolved oxygen was obtained by comparing samples collected from the underway system to those collected
concurrently from the surface Niskin bottle. All cruises, other than 2019, showed that there was statistically no
difference in TOI between water from the underway system and the CTD and thus that the water from the underway
system was representative of the mixed layer at that location and time. During the summer of 2019, the water from
the underway system had TOI values 4.1 per meg lower than that from the CTD — this is within measurement errors
but since it might have led to systematic biases. we correcied for this offset before calculating GOP from: the data.
The GOP rates, along with the NCP rates, represent productivity integrated throughout the mixed layer.

2.3 Net Primary Productivity

Water samples for NPP were collected at 4-7 stations (cruise dependent) from 3-4 depths (station
dependent) from the Niskins on the CTD-roserte system _during the swipners of 2099 to 2022, During collection.
water was pre-filtered through 200-um mesh (to remove mesozooplankton) into acid-washed 2-L polycarbonate
bottles. Water collection and associated incubation occurred in triplicate for surface samples at each station. Bottles
were spiked with a solution of 99% NaH'*CQ: (Cambridge Isotope Lab, Tewksbury, MA) for a final 10%

9



261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284

285

|286
287
288
289
290

293

292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313

enrichment of the dissolved inorganic carbon (DIC) pool and placed in various mesh bags to simulate in situ light
levels. Bottles were incubated for 24 h in clear deck-board incubators with flowthrough seawater and Onset HOBO
data loggers monitored tank water temperature. At each station, the naturat "*C in the water was determined from an
un-spiked sample and dark carbon assimilution was determined from a spiked dark bottle sample. Dark carbon
assimilation was negligible (<1%) so no correction for dark carbon assimilation was applied to this dataset.

The corresponding light levels at collection depths were determined using either PAR or beam auenuation
from the CTD cast for each station. When PAR data were not available {e.g.. night-lime casts). a relationship was
established (eq. 4) with previous daytime cast information between beam attenuation {¢, measured by
transmissometer. m'') and the light extinction coefficient (Kg, m™) for each cruise. During night-time casts, Kg was
estimated from the average c- in the upper 10 m during the cast with the slope (m) -and intercept (h) from the
daytime plol, according o equation 4:

Kg={m=At)+b ()
The appropriate shading in incubations (% PARY) for each depth of sample collection (z) was estimated as:

%PAR = 100e~%a%z [63]

At the end of each incubation, botles were filtered under low vacuum (5-10 in. Hg) over pre-combusted
Whatman GF/F filters (450°C; 6h). Filters were stored at -20°C until further analysis on shore. NPP rates were
quantified by measunng the incorporation of isotopically heavy carbon into phytoplankton biomass. Prior to
measuring '*C in the samples. filters were acid fumigated with concentrated HCI in a desiccator overnight to remove
inorganic carbon. They were dried in an oven at 60°C for 24 h, individually wrapped in tin capsules and analyzed on
a Carlo Erba NC2500 elemental analyzer interfaced with a Thermo Delta V+ isotope ratio mass spectrometer. The &

C values were reported relative to the intemational standard Vienna PeeDee Belemnite (Coplen, 1995) and
converted 10 atom percent values.

NPP rates were calculated from atom percent values with the equation from Hama et al. {1983)

NPP = POC-(ais~ ans) &)
£ (aj:= ans)
where NPP is the net primary production rate (ng - L' - day™"), POC is the particulate organic carbon; { pg - L"), ris
the incubation time (h), wi is the atom % of "*Cin the incubated sample, g.. is (he atom % of “C in the natural
sample (un-spiked sample described above) and aiis the atom % of 1*C in the 1otal DIC pool, POC measurenients
were blank corrected with the mean value of triplicate combusted filter blanks. The DIC concentration was
delermined from salinity (S} according to the following equation from Parsons et al. (1984):

DIC = ((§ » 0.067) ~ 0.05) = 0.96 a

NPP rates were integrated (o the depth of the mixed layer (Table 8§43 to-thgrewih-NCPand GORntegrted e
eileulations=—Fhe-mixedayerdepths-were epleplated romthe temperaure-and-sabinity dita-fron the- GTE wwith-the
threshehd-method- where themiveddayerwas declorcdo-be the deptirwhese-the-density-difference-bepwsen the
susfnee-density-and-the-mived-fnyer was-grester that-d ey m- 0425 dop-m tde-Bover Montesuteral=200-05 1) 1o
ig_: with \(‘I’ and GOP mleemte(l rate enleulations, [n summer, NI'P raees helow 16 m (deepestmized laver

No discrete measwements nl nel primiry productivity INPP) were conducted dusing the semmer of 2018,
However, wewere able 1o estimate 2018 NPP rtes as follows: For each summer, we compaied phytoplankton
biomazss production (PP, g C o *d 1 based on surlice diserete Chil-a concenuation and growth/grazine mies
foltowing the methodelogy outlined by Landrey eval. (2003), Chi-a_congentrtions were transformed ingo blomsss
using a consl'uut" Ch] - r.llin vl ‘*0 in th supers ITom 2I’JI‘J m 2022, whery dm i NI’P Ll g were 'nall lhk we

NPP(mpgCmtd . \ul\\egucnll\ we integrated NP over the miaed h\crlu ﬂhldlﬂ uuwmlxd NPF' (g C - \I 2
i razing rales were available, Whike the C:Chl ratios in coastal systeins mhmn:
high seasonal \'\n”&hlhly_.hkuhicn and Markager, 20H6), we used a consiant C:Chl mtio when conventing Chloa into
h Lo lmklon biomass. Since ouc compadson of derived PP wis linvted to lln, Sul]'ll'llx,r REHsON, itis Tt.lS\\li’!bll. )

§ ". hl ra m: n.m.um wi !nn a mn:i.trl anae, A ditionali N
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2.4 Autotrophic and Heterotrophic Respiration

Assuming a photosynthetic quotient (O:C ratio) of 1.4. respiration rates were calculated from the productivity values

(GOP, NPP, and NCP) and following the relationships below:, _

NPP = GOP — R,
NCP = NPP — Ry

where R 4 is autotrophic respiration and Ry; is heterotrophic respimtion.

2.5 Growth Rates and Grazing rates

Rates of phytoplankton growth and protistan grazing were quantified with a Z-point modification of the dilution
method (Ches-2645-Landry et al., 2008-: Chen. 2015; Morison et al.. 2020) following methods in Marrec et al.
(2021). Briefly. surface samples were collected at 4 to 7 stations throughout the cruise. For each sample, whole
seawater (WSW) from the Niskin bottles was transferred into a 10-L polycarbonate carboy through a 200-um mesh
filer to remove mesozeoplankton predators. Diluent was prepared by gravity filtration through a 0.2 ym membrane
filier capsule {(PALL*) from the Niskin to the carboys and mixed with WSW 1o obtain a 20% WSW dilution. A to1al

(8)
9}

of 6 bottles per experiment were prepared: 2 bottles with nuttient amended 20% WSW, 2 battles with nutrient-

amended WSW, and 2 bottles with unamended WSW to assess nutrient limitation. Incubations took place for 24 h in

aclear, Im* deck-board incubator. Paired bottles were placed into mesh bags that simulated the effective light

availability in the surface mixed layer. which corresponded to 65% of sea surface irradiance. Phytoplankton growth

and grazing mortality rates were then estimated from changes in Chl-a over the 24 h incubation. Fer dilution

experiments, Chl-a concentrations were oblained from triplicate 150-mL subsamples filtered on GF/F filters, after a

12-h dark extraction-period at room temperature in 95% ethanol and measured on a calibrated Tumer 10 AU

fluzrometer. The full extraction method is detailed in Marrec e al. (2021),

2.6 Discrete Chlorophyll-a sample collection and processing

Samples for Chl-a analysis were collected into brown amber bottles from Niskins on the CTD Rosette system. A
knewn sample volume (250-500 mL) was filtered at low pressure {5-10 in. Hg) through either a GF/F filier or 2 20
wm polycarbonate Sterlitech filter, Filters were transferred to either tissue capsules (GF/F) or eryogenic vials (20
wm) and then flash frozen in liquid nitrogen until extraction. Later, filters were extracted in $ mL of 90% acetone for
24 hours in a dark refrigerator. then tubes were vortexed and centrifuged (only GF/F filters), and the solution was
measured on a calibrated Tumer Designs Handheld Aquaflor fluorometer, acidified with 2 drops of 10%
hydrochloric acid and measured again, Chl-a concentrations for different size fractions were calculated by
difference. Nute that in this study we consider laree phyioplanhion are as >

20 e

2.7 Satellite and radar data

To look at variability in SST and surface Chl-a, a proxy for phytoplankton biomass, throughout the surmmers over
muliiple years, on a wider spatial and temporal scale than the at-sea chlorophyll data permitted, SST and surface
Chl-a concentrations from remote sensing sources were retrieved and analyzed. [n panticular, both snapshots and
monthly averages of MODIS (Moderate Resolution [maging Spectroradiometer) SST and chlorophyll data with a
horizontal resolution of | km were used to examine the spatial coverage of the Hemiaulus bloom in summer 2019
(when it dominated phytoplankion biomass) and compare the surface temperature and chlorophyll in the NES region

in summers 2018-2022.
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To examine possible origins of the bloom water, backward paricle trajectory simulations were carried out
with the OceanParcels Python package hipsoceanpansis.orsindex huml Hosmpeancdvm-Selalbs 30200 L ange
and Yan Sebille, 20175 High frequency (HF) radar-measured sea surface velocity data in the NES region in Jul-Aug
2019 with 6-km spatial resolution and hourly temporal resolution were used as the background flow. Particles were
released at mid-shelf sites along the NES-LTER transect on Aug 21, 2019 and advected backward for 30 days until
Jul 22, 2019

2.8 Imaging FlowCytobot

Composition of the phytoplankton community was assessed with Imaging FlowCytobots (IFCB; McLanc Rescarch
Laboratories, Inc.). IFCB uses a combination of video and flow cytomelry technology to capture images of plankton
and other particles in the size range ~5-150 pm (Olson and Sosik, 2007). During the cruises reported here, IFCB
instruments were configured 10 record images of panticles with laser-based chlorophyll fluorescence or light
scaltering signals above trigger thresholds and samples were pre-screened with 150 pm Nitex, IFCB instruments
were operated two ways, First. on all cruises, an [FCB was configured 1o sampte 5 mL automatically from the ship’s
undetrway system every 25 minutes. Second, al stations occupied on the NES-LTER and SPIROPA cruises, IFCB
instruments were used to analyze depth profiles from discrete samples collected with Niskin bottles. Typically, three
3-mL subsamples were measured for each depth. The fraction of each 5-mL sample imaged by IFCB decreases with
increasing trigger rate but is recorded precisely during samiple acquisition enabling calculation of concentrations.
IFCB image data were automatically analyzed following approaches developed for the IFCB time series at the
Manha’s Vineyard Coastal Observatory (MVCO) (Brownlee et al.. 2016). In paricular, cell biovolume was
estimated from IFCB images (Moberg and Sosik. 2012) and converted to cell carbon following the relationships
described by Menden-Deuer and Lessard (2000). FECR-hmmzeswere elassited-with-neonvoltomab-reussaeivnd:
(ENMHreinedo-separte- S S-catecorieroFplunktonand-sther particheobserved at MV CQand across the NkS
regiondFOB images were clossified with a convolutivnal nearnl network (CNN) (Catlewr eral.. 2023 trained 1o
separgte |35 categories of plankion_and other pagticles observed at MY CO and acress the NES region. We used the
Inception v3 (Szegedy et al.. 2016) CNN architeciure as implemented in PyTorch. pre-trained with lmageNet
(Russakevsky et al., 2015) and fine-tuned with an NES IFCB training set {97026 images. 155 classes. 80-20 split for
training and validation). In addition, an independent test set of manuaily annotated images in 51 IFCB samples from
EcoMon cruises was used to evaluate Hemiaulus quantification as a function of classifier score threshold. From this
independent analysis, classifier predictions with scores above 0.9 performed very well for Hemiaulus (class-specific
Fl-score = 0.936; CNN-¢ount vs. manual-count: r* = 0.999, slope =0.915: intercept =0.005).

2.9 Nutrients

Dissolved inorganic nutrient concentrations (anwnonium, phosphate, silicate, and nitrale + nitrite) were obtained
from CTD bottle samples with duplicates. Seawater was passed through an EMD Millipore sterile Sterivex 0.22 um
filter with filtrate collected into acid-washed 20-ml scintillation vials {afiter triplicate rinses), which were then swored
at -20 “C until analysis. Samples were processed at Woods Hole Oceanagraphic Institution’s Nutrient Analytical
Facility with a four-channel segmented flow SEAL AA3 HR Autoanalyzer, Detection levels are as follows: 0.01

wmol L' for silicate, 0.03 umol L' for phosphate, 0.04 umot L' for niteate + nitrite, and 0.03 pmol L for
ammonium.
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the Hemiculus cells (Fig, 2b).
Additionally, Hemiculus carbon was
highest in the mid-shelf waters belween
latitudes of 40.1° N and 41.1° N, a span of
111 km {Fig. 3a). with concentrations
ranging from 6.8 10 68.3 pg L. This
bloom was onty observed in the surface
waters of the mid-shelf region. as can be
seen by discrete IFCB measurements from
Niskin samples (Fig. 3b). Hemiaudus
carbon concentrations observed in other
years on NES-LTER transect cruises never
reached values above 030 ug L7 50

gpproaimately two orders of maenitde

snaller than was ehserved on the 2040

shservations made on i broader scale lrony
the mid-Atkantic bizht 1o the Gull of Mauine

in the period front 2013 1o 2023, show that
only in Aupust 2009 is Hemtiedins prosent
i large quantities (Fig. 813, confinmine the
estraordinary nature of the 2014 hlopns.
The presence of the diaom bloom
was consistent with the size-fractionated
Chl-a data. Surface Chl-a concentrations in
the mid-shelf region in summer are
typically low (< 0.50 pg L', Fig. 4a) and
progressively decrease with decreasing
latitude—Heoweverdusine, Diing the
NES-LTER summer 2019, hywever, Chl-a
concentrations were ehserved up-toas hish
25 3.50 pg L' in the surface waters of the
mid-shelf (mean Chl-a of 1.9697 pg L/,
Table 2) with up to 80% of the Chl-a
associated with the > 20 pm fraction (Fig.
4c). This is in contrast to other summers
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Fig 3. Cross-shelf distribytion of Hemicidin carbon CONCENtrtion
in_Avsust 2019 showing the mixed-laves bloom in the mid-shelf
repion,_Results ase derived from [FCB abservations inia)
surface waters and () discrete samples from depth profilss with

symbols colar-coded by Hemiedns carbon concentron {open
syimbuls jndical e samples where Hemiaedies was not deteeted)
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when most of the Chl-a was
associated with the < 20 pm
fraction (Fig. 4b, d-f).
Concentrations of Chl-a in the >
20 pm size fraction and
concentrations of Hemioulus
carbon in the NES-LTER
summer 2019 cruise were larger
at co-located sampling locations
in the beginning of the cruise
thanat the end, suggesting that
the bloom may have peaked
before the cruise started and thus
was in decline during the cruise
period.

Monthly mean surface
Chl-a concentrations from
remote sensing were used to
investigate if the observed

differences in Chl-a and Fig-A-ta)Surfove Chb-aconcentration-verustetide For NES-LTER-summer-creises
productivity between the 20482022 (b-P-Percentngecolsudues Chl-n-assoointed with the—-20 g

LU L l'Cla"C‘! to phateplakton-Hightershade)-amb<20-nar-phvtoplonkion-fdarker-shadelversus
differences in the timing of the lnﬂmek'—hsf enel-yeunNote Hmfﬂw’\u»us&d(}m eruise-hud ihe—laree-«l—rmim e Eitka

cnise as opposed to differences Fabserihet bt

in in community composition

(Fig. $153). In many of the

summers (2018, 2021, and 2022). Chl-a in July was actually higher than in August, suggesting that the timing of the
2019 cruise (end of August instead of end of July) was not a factor in explaining the snomealous-reselis: 203940
stg-ebservation-fram-hoth-Julrand-Anpusteonfinn-the conchisisn-tronrthomtelite dat-tha-the-transvet-area-had
hrgerChl-aeonventmtions-in-August-han-in-Jub—ta-parictlaro-paich-oFhish-ehlorophylbin-the mideshelf
between-402N-und 40N 0 -he-mmedisiewest-ofthe ransevt-war-prosent-i- A»gu-e-?ﬁl&-&kelﬁesﬁkmg—&wn
the-ﬁbﬁened-#ﬁnmnﬂwvﬂemn—gﬂqnmalomﬁl) hivh productivity observed in August, 2089, If anything, the change
tirning of the 2019 NES-LTER cruise would lead us ko expect ll!u Chl -a to be hm er il ;‘\ut (131} lh in in July aud lhu~
the high Chl-a observed in Avaust, 2009 is even more stantling
orabsenve of Hemielns. However, IFCB data from NES hm.;dswlc M) \A LmMun surveys frem summer "0]‘; v
2023, many of which occuryed in August always showed minimal presence of Hemivalus. susgesting the observed
bloom in August 2009 was indeed exirmrondinary and not simply, related to the timing of the 2019 LTER cruise (Fig
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Fig 4. (1) Surfuce Chl- concenigtion versus latitede for NES-LTER sumumer cruises
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phyteplanhion diglier shade and < 20 wen_phytoplankton 1darker shadel versus
Latitudy for each vear. Noge thi the August 2019 cruise bad the largest surface Ch
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3.2 Physical properties

During the NES-LTER summer 2019 cruise, SST wasin the mid-shell resion wis anly_shizhtly higher than during
most of the other summer cruises r-the-td-shelfregion (Table 2-Furthernare, iz, 51 In conirast, SST in
summer 2019 on the outer-shelf region in pariicular was subsiantially higher than on any other summer cruise (Fig.
Safir). Notably, the 2019 cruise occurred later in the summer season (August) than the NES-LTER cruises in other
years (fuly). Along the NES-LTER transect specifically. SST in July 2019 was lower than in August 2019 and was
similar to other years. In general, monthly-averaged satellite SST data in the broader NES region vsually
shoveshowed lower SST values in July compared 16 August (2018, 2020-2022) (Fig. 8253). Interestingly, however,
in summer 2019, the monthly averaged satellite data actually showshowed higher SST in July. because of
impingement of a Gulf Stream warm-core ring on the shelf edge (Zhang et al., 2023} and the subsequent onshore
intrusion of the ring water in July 2019. The fact that monthly averaged satetite SST was higher in July than August
but the local NES-LTER transect data shewshad higher temperature-hisher in Au gust than July suggests that the
high SST observed during late August 2019 reflected an ephemeral event and not a mean condition during that
month. Despite the oceurrence of the NES-ELTER summer 2009 croise during a spetific week of Auvuest and
conditions that supeest an ephemeral event, for simplicity, we will refer 10 3 as August 20119 in this paper. During
the NES-LTER August 2019 cruise, surface salinity was lower than on 2018, 2021, and 2022 summer cruises. but
similar to surface salinity during the July 2020 cruise (Fig. 3b3, Fiv. 6h) and 10 salinitics observed in July 2019
along the NES-LTER transect Despite the- NES-EFERsummer-20H U-casise-bein n-fropeotfieweek-of-Augtstand
Hiewondrtions-seggesting-nrephemteral- eventorsimpheiy, we willreforto dtos Angust-2H S -
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Fig 56. (a) Temperature and (b) salinity 5 m below the surface versus latitude for NES-LTER summer cruises
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3.3 Nutrients

Nautrient concentrations differed between the August 2019 cruise and other summer cruises, Specifically, phosphate
and silicate concentrations in surface waters were lower in August 2019 compared to most other summers (Table 2
tig. 5. Yig. ). In other summers, silicate decreased with distance from shore, but in 2019, silicate was depleted
between 41°N and 40.4 °N (Fig. 6174) coincident with the location of the Hemiardus bloom. Additionatly. higher
levels of silicate were found around depths of 50 m to 140 m in August 2019 than during other summer NES-LTER
cruises (Fig. &35.1). which may be associated with diatoms that had sunk and were starting 1o be remineralized,
releasing silicate back into the water column. Surface water phosphate concentrations in August 2019 were depleted
south of 41°N (Fig. 6b7k). However, low concentrations of phosphate were also found in semwpnerssugnner of 2020
and-2021. Lastly. while nilee plus nitrile wers measured on e same samples a< phosphate and silicate, nitrate +
nitrite concentrations were close to the detection level in the surface samples for all summer cruises except a few
stations in 2018; and thus are not shown here. Ammonium levels are not discussed because the samples were frozen
at sea and thus may not be reliable: additionally. ammonium levels showed no clear relationship over the transect
cruises.

3.4 Productivity and grazing rates

In August 2018 NCP was
elevated in the mid-shelf waters,
coincident with the location of the
Hemiawdies bloom (Fig. 13, NCP
peaked in the first half of the
cruise and decreased during the
second half, supporting the earlier
supposition that the Hemianlus
bloom was likely in decline-flig.
32}, Additionally, the area of
maximum NCP moved shoreward
in the second half of the cruise.
The high NCP was primarity
constrained to the main longitude
sampling line and usuatly did not
extend, at least at those points in
time, spatially off the main

i [
transect. 41 408 408 404 402 40 303 41 408 408 404 402 40 3BE

During August 2019, Latitude (N
waters with high carbon
concentrations of Hemianlus

Feds), NCP/GOP (Fig. #b3k), cruises—Valuesare-averaged i 0025 degree-daptude hands to-avemge multiple

GOP (Fig. F¢8¢), and NPP (Fig. ﬂeeuﬁmwﬂmﬁmn&meﬂ%mmﬂmﬂﬁmmmnd—mdw—ﬂm
Fdid) compared to these rates at averaginpwibitheredotinndebands- {d 1 Averge-NEPvlue—namted-to-the bottem

mid-shelf waters in most other
years: (¥ig. 5). More specifically,
the mid-shelf waters where

Hemiculus was present in Aug ph&qﬂwhm&w&%mr&h&emwbmmﬁﬁem\m%ﬂreﬁk*¥

Fig 3o ta}- NCR-hNCHGOR—md -t GOPFateintegrvied-thesdrout-thre mised-lover
showed higher rates of NCP (Fig. | forMESHHR-summereitnses-H204H8-2022) and SRIRORA und O Lsominer 2019

2019 displayed NCP values
appmxirnalely 2.5 to 9 times [ S CTC TR OICCE Y BICA e TOL_STTHICT 20 TS DU WLt TS O R CTTa T EToiIT

larger than in the same mid-shelf =
latitudes in summers of 2020-22 mid-shelf vegion is denoted by o dashed hne.

plivioplanhion srowth rate in the grazme meubation experiments iblack circles), The

{Table 2). Furthermore, we
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Fig, 9. a3 Hemiaudies carboy concentration ¢hlue), as estimated fron: (FCH data. showing a strons positive
correspondenve with NCP ommee) (R2 = 0.54, p < 0.0011 and 3 weak negative correlation with S8T (black)
(R=0.07, path002) during one of the times during the_ August 2009 NES-LTER cruise thar_the ship wits

transiting the mid-shell region, and (1 the luitade of e ship during the time perod ceflecred in pane] o,

observed a correlation between NCP and Hertianlus carbon between Aug 21 and Aug 23 (Fig. 9: R? = 0,54, pe
0.001). The patchiness of the diatom bloom corresponded to the patchiness in NCP. Additionally, one ean-see that
the cooler shelf water was associated with higher abundances of Hemialus than the warmer slope water {Fig. 89,
suggesting a water mass dependence on the location of the Hemiauius bloom. Thus. the patchiness in the bloom and
NCP is likely a result of the ship crossing different water masses.

GOP rates were only slighthy higher in summer 2089 than in other summers (g, 3 and 8¢, In particular,
GOP rates were higher by a factor of 1.1 in waters with the Hemigulus bloom in 2019 than during the summers of
2020-21: GOP rates were much higher in August 2019 than in summer of 2022 by a factor of 2.75. Adlditienathv
desn-Anpust-20HNEENomb b, NCE, GOP. and NCP/GOD rates in swemer 2018 were eenerthy-hisher
thraughout-the-crsse camparedeomparable (o these rates-from-July2020—_in Aupust 2019 (discussed below in
sevtion 4.1}
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location of the He:mau!uv bloom NPP rates in 2019 were ~1, 5 2.5 times higher than NPP rates during other
summer cruises. {(Fig. 7d8d; Table 2). More specifically, NPP at 40.7 °N was approximately double the NPP
measured in 2020 and more than double the rate measured in 202 1. Furthenmore, at 40.4 N, NPP in 2019 was about
40% higher than in 2021 (no data for this station in 2020) (Fig. 7d3:8d).

A larger difference between NCP in the various summers than between GOP in the summers suggests that
the increase in NCP in August 2019 was due to both increased photosynihesis and decreased community respiration.
Asln a fiestapprosehioue) approximation, we calculated autotrophic respiration and heterotrophic respiration: to
show that awtotrophic respiration was lower than average in August 2019 (R = 308 me@Cmp C mi’d™ in August 2019
versus 496 mgC m’d! average for the other summers). This approach also showed that heterotrophic respiration was
higher than average in August 2019 (431 mgC m2d " in August 2019 versus 247 meCmyg ( m?d ' average for the
other summers). Note this estimation is highly uncertain due to the different time and spatl scales assoveated with
tl1e gas tracers used o quaniify NCP;_and GOP-and - NGRIGOP-rates-inswinme -0 8-were eofnparable 1o these
riivs—int-hpeust 201 fdiserssed- balow-in-seetioad-H-_and (he incubation wehrigues used for NPP.

Since the summer 2019 NES-LTER cruise occurred in the middle of August rather than in mid to late July
as was 1ypical for most other summers, the physical conditions were inherently different in 2019, We compared
NCP and GOP data (NPP not available) from two earlier cruises in summer 2019 {cruise details in Table 1} whose
stationscruise wrack in the mid-shetf region overlapped with those of the LTER cruise-tbige7- i.c. followed the
same lonpitude 70.853° W, These cruises occurred before the Hemriaudus bloom and whils their IFCB records did-ror
show highghowed a detection of Hemiaulus. the abundance of Heminmdesthis diatom was very low (< I ugC L'
althovah-it-was-deteeted-at- thattimwe: ). These two July 2019 cruises had much lower NCP rates compared to August

23



645
646
647
648
leag
650
651
652
653
654
655
656
657

% Primary Production consumed by Microzooplankten
16 X i e 3 F

754 _—_— e - - - - - -+

YPP consurmed
2

254

July 2018 Aug 2019 July 2020 July 2021 Julyr2022 er.ltar

Tig 10. Percentage of primary production 17 onsushied by migrozoaplinkton i surface waters i th
region during NES-ILTER cruises for each sumnier ang the ov from NES:1 TER winter
2022, %P1 conswmed By miicrozonplankion is caleudated as the s of ietozooplanhton erazige e il w
phytoplankton growth rate (d-),

» mid-shiet!

2019ME - ratess, and specifically withhad rates similar to those observed in summer 2020-22 NES-LTER transect
cruises (Fig. 7agu & b). Together, these data siggest that higher production rates_in 2019 wene uniquely tied to the
presence of Hemicaulus rather than representing deviations in timing or environmental conditions.

The ratio of protistan grazing 10 phyloplankton growth rates provides an estimate of the percent of primary
production (%PP) consumed by microzooplankton (Fig. 9103 In contrast to typical summer conditions (> 0.6 d''.

Table 2). during August 2019, phytoplankton growth rates during the Hemiaufus bloom were low (< 0.2 d'', Table

23-hikelv-bhae thehl 1 e ey moar e o b et | IR TOTICINY |5 NTRTTH Innk
Frikely-because-the hloom-was-fenr-it endowhl-most-of-the-prmaryproduetivi-eonstned by-microrasphankton
PR 345 TFable 2 Thusin-August 204 9-the) compared Lo other swmmess, with most of the printary roduction

cunsumed by microgoeplankeon (%P = §4%. Table 1), Notably, these fow phytoplankion srowd rates are in the
same range as other distows with Richelin syvmbionts, namely 0.3 o ¥ for Riizosolenia-Richeliv cultured at o similar
teniperatie Yillareal. 19900 Thas in Aucus) 2019, phytoplankton growth and microzooplankion grazing were
well coupled {though only in the pan of the transect where Hemiaulus bloomed), like typical winter conditions,
when the phytoplankion community structure is dominated by large cells, instead of the decoupling typically
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observed in most summer conditions dominated by picoplankion (Marrec et al., 2021). We note that coupling
bewween phytoplankton growth and microzooplankton grazing was occasionally observed during other symmer
cruises, but mostly in inner-shelf waters (except one mid-shelf station in July 2021). Overall. most of the primary
production during the Hemiaulus bloom was grazed by microzooplankton indicating high trophic transfer efficiency
from phytoplankton 10 microzooplankeon,

4 Discussion
4.1 Change in community composition altering biological rates

A bloom of Hemiailus has not been observed on any previous NES-LTER cruise and to our knowledge.,
has not been reported in the broader NES region before. Additionally, only in August 2019, compared to summers
2018 and 2020-22, was-most of the Chl-a w1 associated with the > 20 pm size fraction. Thus. the presence of the
diatom bloom found in August 2019 i=v:1= a major change in phytoplankton composition observed in this region of
the NES that |ikely led tothe observal Jarge changes in productivity rates and 4#-th= coupling between
phytoplankton growth and grazing.

It is likely that the nitrogen-fixing symbionts in Henriunfus allowed the diatom to thrive in the stratified,
low nutrient surface waters of the summer shelf, This is supported by phosphate being-dsawen-draw -down to levels
below detection-esty in August 2019; the nitrogen-fixing symbionts in the Hentiandus likely made phosphate a
limiting factor for growth (Tang et al., 2020) in August 2019 whereas nitrate limitation is typical for NES summer
conditions. Addigenally—sthente While the summer of 2021 also had very low phosphate, smnimer 2021 was
different in that it alse had bow productivity rtes 2nd mare Uypreal levels of silicate, suseesting the low phosplite
cccurred for fundamentally different reasons in 2019 and 20231

Silicate is especially important for diatoms because it is required for formation of their cell frustules,
Moreover, previous studies show that the availability of dissolved silica seems 1o be an important control for many
diatom-diazeiroph blooms by affecting the growth rate and size of the diatom’s frustules  Kemp-amd-Villareal 20 13.
Spitzer-2015-The observed-depletion-of-silicate-and-phosphme-in-the surfaee witebduang-the-August 2% vivize
QWHMMMMMWMWMMMM&MM
phvivplankton-growih-rates-sight-also-suppor-the-dden-thut-the-bloom-had-peaked-bur-also arighe-be attributed to-the
inverserelationship-between-phytopluniioneelbrireand-prowth-rtetess koot ob 204 0 The-hizher-fevels-of
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siheateshserved-atdepth--Aupusi- 20 G are-Bkeby due to-the-Hemiardiresinking-vut-oRibe cuphove sone-and-their
fristidesre-minemtztae Kemp and Vilkeeal, 201 3, Spitzer. 20153 The observed depletion of silivate and
Diosphate 10 suHace walery (Iulm‘ thc .v‘\u 251 20 l9 criise sugeests that, at the umc of the cmlm l!w Hrmium'u\

achieve “m\\:lh ates 0f0,7-0.9 tl 'in Ialmmlm\ culiurm {Pyle et .1I 2()"0) Low srow lh rates alvo could hL
aerbuted 1o the inverse el mrm\hlp h..i\\u:l nh\mniﬂni\lun wll size and Lru\\[h mile, Th; H nmmlu\ Py pl.ll wion

Henpardte—popalatic
The strong coherence between the high sp:mal resoluuon dala on Hemiaulus carbon concentrations and
NCP (Fig. 89}, as well as the other data presented here and a clear potential mechanism. strongly support the idea
that the high productivity rates observed in August 2019 are direcily due (o the presence of Hemieuelus. In particular.
the high NCP rates observed during the August 2019 NES-LTER cruise and their overlap with the location of the
diatom bloom, suggest a high expon ecosystem developed due to Hemtienrlus™ influence on productivity and
biological rates. Here, we wredefiinadeiing export as a fux away from the local biological production
compartment, which can include losses of carbon (or oxygen) to depth or transfer to higher trophic levels. While the
Hemiaulus bloom slightly increased total photosynthesis, as seen from the GOP rates, the bloom presence affected
NCP, and thus by extension, export production-eves-more (o a hicher dogree, potentially due to the large size of
Hemiaulus cells and chains. The NCP/GOP ratio in August 2019 was double the ratic observed in the summers
2020-22 (Table 2, Fig, 5). Other studies have shown links between variations in NCP/GOP and changes in
planktonic community composiiion (Palevsky et al., 2016). Bigger phytoplankton cells sink aster than smali ones,

making them less likely to be grazed before sinking out of the euphotic zone, atlowing for a mgher expont efficiency.

Ashditonably, a higher tropfic rnsfer efficiency (<o neat pamgraphy wiouk
Hence, the NES-LTER summer of-2019 ermse appears to representiipyy 1]
system.

Not only did NCP and GOP rates change because of the Hemianins bloom, but so did NPP, phytoplankion
growth rates, chl-a concentrations. and the trophic transfer efficiency within -the planktonic food web. The presence
of Hemiaudus in the mid-shelf region likely led to the observed higher NPP rates dunng August 2019 compared to
all other observed summers in the mid-shelf region of the NES (Fig. 75 aad 8). High NPP rates associated with
diatom blooms have been observed in other systems such as on the Eastern Bering Shelf (Lomas et al., 2012) and in
the Gulf of Califomia (Puigcorbe et al., 2015)~{n-patienlar. including during blopms of, diatom-diazotroph
associations such as Hemiaulus-Richeliu-are-kienwirto-signifieantb-inereasaBRR (Gaysina et al, 2019), For
example, Tang et al. (2020) reported a high contribution of nitrogen fixation to NPP off the coast of New Jersey
during their 2015-2016 survey in the Western Nonh Atlantic. Even though high NPP was associated with the
location of the Hemiandus bloom in our study. phytoplankion growth rates were low (< 0.2 d'). This decoupling
between NPP and growth was likely due to the order of magnitude higher chl-a concentrations observed during
August 2019 (1.37 pg L") compared 10 other summers {0.01 - 0.03- pg L s Table 2) since NPP is roughly the
product of phytoplankton growth and biomass (Marchetti et al. 2009). Thus, although growth rate was low. biomass
was so high that NPP was also high. Furthermore, most of the primary production was directly consumed by
mucrozooplankton, which we have not observed during any other summer NES-LTER cruise, suggesting the
presence of Hentianhies led 10 more efficient trophic transfer during August 2019. While conditions with high NCP
(1.e. low communily respiration) and high grazing pressure as observed in August 2019 may seem counterintuitive,
they are not contradictory since grazing cannol be equated with respiration. First, much of respiration is bacterial
and therefore not reflected by the grazing rates (Robinson and Williams, 2005). Second. it has been observed that
after starvation, protozoan grazers increase their organic matter production by accumulating lipids and increasing
their cell size (Anderson and Menden-Deuer, 2017-, Morison et al., 2020}. Thus, high grazing could suggest a
buildup of organic matter through secondary production, which s consistent with the higher than average
microzeoplankton biomass and would be reflected as large NCP. Third, microzooplankton can produce fecal pellets
{Buck and Newton, 1995), semosingwhich remoses carbon from the system without respiration and tiss-bemdleads
to- high NCP. The dominant presence, and slow growth, of large Hemiwulus cells within the phytoplankton
community was likely a main factor promoting -the higher 1rophic transfer efficiency from phytoplankton to
microzooplankton, as is typical during winter (Marrec et al., 2021).

Interesuingly, NCP and GOP values in summer 2018 were similar to those in August 2019 (Table 2. Fig. 35
ail £ and also much higher than during subsequent summers {2020-2022), 1n spite of no Henriaulus being present

alen bead o bireer N PAGOI s
ssented a high carbon expont efficiency
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in sutnmer 2018. Additionally, the ratio of NCP/GOP in summer of 2018 was also significontly larger than in 2020-
22 (Fig. #5 and 8 3. Remote sensing shows an elevated Chl-a patch (less concentrated than the patch in August 2019}
in summer 2018 west of the transect that could be the driving factor behind the high NCP and GOP values (Fig.
$1—83). The summer of 2018 was dominated by small phytoplankton similar to observations in summers of 2020
and 2021, although the summer of 2018 had a particularly high concentration of dinoflagellates over parts of the
shelf. The summer 2018 data did not show an increase in trophic transfer efficiency due to coupled
microzooplankton grazing and phytoplankton growth peedid-t-show-dpereased- NP The fiigh-NCR, High NCP
ey in summer 2018 could be due 1o a variety of environmental (biotic and abiotic) factors that were -different from
other cruises. For example, in the summer of 2018, saline waters from offshore intruded much farther inshore than
during most of the other summers and these high-salinity mid-shelf waters were particularly productive {Mehta,
2022). -Additionally, correspondence was seen between NCP and dinoflagellate biomass in summer 2018, although
this correlation wis not as signifieantbvsignificant as vasseen-witlr-theiline betw con Hemianlus and NCP in 2019
{Aldrett, 2021). Thus. this study shows that a change in community composition, such as the Hemiaufus bloom in
August 2019, can dramatically change the productivity rates of the ecosystem snd-yel-productiviey-ratesvmralye be
simiar-highawitheven though a very different _phytoplankton community struciure— can someiines lead 1o
similarly high productivity,

4.2 Aggregate vs Compositional Variability
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The changes in community composition. productivity rates, and chlorophyll in August 2019 compared to the other
summers shed interesting light on the question of synchrony or compensation between aggregate and compositional
variability at the NES-LTER site (Micheli e1 al., 1999.; Shoemaker et al., 2022}, The resilience of an ecosystem may
be related to the compensation or synchrony between different types of vanabiluy (Lindegren et al.. 2016). During
August 2019, the phytoplankion composition in the NES changed dramatically due to the bloom of the diatom
Hemiaulus. This change was associated with increases in Chl-a, higher productivity rates, tighter coupling between
microzooplankton grazing and phytoplankton growth, and increases in export efficiency. These latter terms are all

metrics of aggregate properties and thus this
bloom event exhibited high compositional and
high aggregate variability compared to the
ecosystem in July of 2020-22. Thus, during
this event, a ehange-innretric associaed with
coempasitional variability {e.g., the change in
phytoplankton community composition) was
synchronous with ¢-change-tametrics
associated witl aggregate variability.
However, when NCP rates are compared from
the summer 2018 to summer 2019, the
cesnpisitiveid-wretability-composition is siill
quite different (Hentiandies in 2019, compared
to mostly small phytoplankton in 2018) aud
thus theve is still birpe compositional

waribiltypropentios in terms of NCP is the
saresimilac in both years—ihuscomparing
Hosetwe-sibe st ease-whess
eomposiionl-varisbiin-ehanged-nmd-ver
aggregate-varinbiliey-eot-least-For-NGHs did
Het—Why-dees showing that sometimes
compensation geeurs in which the community
COMPOSILION sumetines-affect-NER

2320~ and-someties-it does-nattduly
ppy2 Ve rativered-more by the
ubuiideneenleerninspevies-inchanges but the
eammanitv-aeresate produglivity dogs pot,
This concurrent investigation of plankton
community composition and production rates
within a well-studied ecosystem highlights
how shifts in community size distribution can
greally affect productivity, However, it also
shows that multiple factors change from year
to year, leading to different effects.

4.3 Origin of Bloom

The Hemieanlus bloom was likely more
widespread than what was observed in the
NES-LTER 2019 summer cruise. For
example, satellite imagery from August | |
shows a filament of warm, high Chl-a waters
oriented southwest-nonheast and ending in the
region where Hemiaulus was abundant (Fig.
Ha]1 14 & b); the advective continuity of the

a2y
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Fig 1-3mapshots of sitelite-rioastred (m-Chl--apid-tb1-SST an-bt
Agtst - The-G:5p-l ehloroph vk eontour-to-plotted-as - solid
Vit Hemicielies-carbon-Tronrunderver surkce somples-tuang the
FES-EFRR-Aug 20 M -crnise-is-overlaid-withreolired- dots-Fhe-nrontlly
eomposite-te} El-annd LSS tor-Avuaust-2040Hemigsley-carbon
Fromronderay-sufuee-sumples during BOCOMON-aruise GLIO0 i
overlard-with colared dots. Daily-ship positions are indicaled in the left
panel-Animated-vesivns-olindividueh Ghl-a-and-S5T-images are

filament with the Hemianfus patch suggests the filament may have had high Hemiairlus as well. Direct support for a
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widespread bloom comes from IFCB data collected on the NOAA EcoMon Cruise (G 1902) that occurred at a
similar time as the August 2019 NES-LTER transect cruise. The IFCB data shows that Hemianfus was present both
farther east as well as to the southwest of where it was observed on the LTER transect cruise and that some of the
points in the high chlorophyll filament observed from satellite chlorophyll contained Hemiauelus (Fig. +9e] 1¢).
Backward particle trajectory analysis based on HF radar-measured sea surface velocities show that the
water with high Hemiaulis biomass during the August 2019 transect cruise could have been advected from the
inner-shelf around Narragansett Bay and Georges Bank rather than from the mid-shelf further south (Fig. $436). In
panicular, coastal upwelling probably brought the inner-shelf water into the mid-shelf transect area where it was
observed 1o have high Hemiarlus. The salinity of the water with the high Hemianfus biomass is consistent with the
water having originated from the shelf. -The water with high amounts of Hemiaulus carbon was associated with
salinity ranging from 31.6 to 34 psu and temperatures of 22° C 10 27° C (Fig. ++2 121 & b). T-S plots of dala from
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823 other years (Fig. 1-te12c)

824 suggest that several other

825 summers also had similarly
826 warm, low salinity water (in
827  particular July of 2020 and

828 especially 2022) but

829  interestingly Hemianlus were
830 not observed on those cruises.
831 Alrough multiple lines
832 of evidence suggest that the
833 water containing the high

834 biomass of Hemiclus initially
835  orginated from the inner-shelf,
836 Hemiaulus is typically found in
837  wamm, low nutrient warer —

838  characteristics that are not

839  present on the inner-shelf, where
B840 wateris instead colder and eftes
841 rher i sHEeRts:nutAient-fich
842 In this case, the inner-shelf

843  water warmed as it was

844  ransported offshore and thus it
845  reached temperatures warm
846 enough for Hemiantus to thrive
BA7 by the time it reached the mid-
848 shelf (the timing of warming is
849 not known). But how did this
850  inner-shelf water acquire

851 Hemicurdus as it was transported
852 offshore in August 2019? One
853 possibility is that it was seeded
854 by the warmer low nutrient

855  surface slope and ring waters; in

e r—— -]
1T B2 B 04 Ok Q4 QYO I 22 13 ¥ 2 Iv @
Cotaggl’s 8T

L4 10 n n
856 particular, these slope and ring R
857  waters were observed earlier in
858  the summer of 2019 to have a Fig 11. Snapshots of sptellite-measured 40 Chl-o and (b SST on L3
859  small population of Hemiautltes Ategyst 2089, The 0.5 ug 1. chloraplyll contour is plotted as a salid

860  that could have served as a seed
861  population (Oliver et al., 2021},
862  However, there is no evidence
863 of surface transport from slope-
864  water to the Hemianlus paich,
865  Another possibility is that

866  Hemianlus were already presemt
867  inthe deeper coastal water and
868  then thrived as the deep water
869  was mixed upward, warmed and
870  meached the higher light surface
871  waters. However, the vertical distributions of Heniauhs (Fig. 3) do not support this hypothesis. since a deeper

872 population was not observed. Linally. the modeled backward paricle \mjectorics sugpesiing an inner-shelf engimn
873  may be ingccunse as shelf water eireulation is comples, as seen by (e conflicting origins of the femicndus waler 1o
874 both the east and west of the transect prd an inconsistency between conclusions {rom the particle krajeclory analysis
375 with the hizh Chl-a, high wperatere filament observed in o ellite imagery £ L $6). Thus, the reason

876 Hemiauius bloomed in 2019, and net in other years. remains pic for future research and continued speculation,
877 Fuwre years of the NES-LTER program may shed light on the variable effects of disturbances, such as this

IB78  Hemiantus bloom. as more factors that lead 1o high or low export in summer are determined and explored,

bine. fieminuhies carbon from undgrway surfice sanples dunng the

2 saiples duting Loodd o
overlatd with evlored dots. Daily ship positons &
panel.
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5 Conclusions

An unusual bloom of the diatom genus Hemiaudus with nitrogen-fixing symbionts in the mid-shelf region of the
Northeast U.S. shelf in August 2019 led-towas obseryed concomitant with increases in NCP. GOP, NPP, higher
export efficiency, and higher trophic transfer efficiency from phytoplankton to microzooplankton. Very right
coupling observed between kilometer-scale changes in NCP and the carbon biomass of Hemiaulus showed haws
substantial mireffect (roan the Hemialies bloom hed-on hesegresatevarabibtdmpanant hipgeochemical mies aml
sivcks of the Northeast U.S. sh=ibhell. While the source of the Hentiaulus on the inner-shelf remains unknown, the
bloom was associated with warmer temperatures than usually observed on the shelf which may have been an
important factor that facilitated the bloom when it was transported from the inner-shelf,

The Hemianlus bloom., which was associated withgbserved at a time whan tiere w gre warmer =g surlace
temperatures cspocially in the outer-shelf reejon, was intriguing in that it led to unusually high productivity rates,
increases in Chl-a concentrations, and tighter food-web coupling. While the warm $ST may have contributed to the
Hemiaulus bloom, the SUMMEr eftses IS0 of 2020-40:-2022 abwr-badshiower] Iy as high water fempperature g3
21 i e puater-s i Wb senmirs of Doy 20020 pnd 2022 o anessabsash il hagh waler lemperalures.
bugk o 2002 in the wrid-shelt pegion. However, sumaners 20000 and 2072 harl relnmely low {i.e., average summer)
productivity rates and Chl-a mm:d\senuldunne Ahise-tipes.. So, these summers of 2020 and 2022 had Fairly
similar physical conditions to that of 2019, but no significant bloom was observed, and no high-carbon export
system was present. Thus, higher temperatures are not enough 10 explain higher productivity rates, a shift in
community composition is also necessary. A mixture of the right physical conditions and community composition,
like this special case of 2019, are needed for a high-carbon export system to be supported on the mid-shelf during
summer.

With climate change, the oceans are warming at a rapid rate, and are likely moving towards warmer more
stratified conditions (e.g.. lower nitrate stock in surface waters) (Li et al., 2020) which may lead to less productivity
and thus Jower export efficiencies. However, these conditions may also lead 1o unusual phytoplankton composition
as species shiftand the-werkdistnbuuon shilis, The resulrs presented here showsshow thatthese unusual events can
lead to large locally and episodically enhanced productivity and export: despite the-ecosysiema commonly becoming
nitrate-limited vcosystem during the summer season, an intense phytoplankton bloom in summer occurred due to a
symbiotic diatom-diazotroph relutionshifs. relasonship, These observalions lead to further questions about how the
NES ecosystem is responding to the effects of climate change such as enhanced stratification. Monitoring future
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disturbances and their effects will provide new insights into relationships. mechanisms, and patterns of composition
and productivity that may be only occasionally occurring now but are likely more prevalent in the future.

6 Data Availability

All in situ data are available at the EDI data repository. In particular, the raw gas tracer data used for calculating
NCP and GOP i is avallable al

hupsﬂponal edlreposnor) orglmsimeladulavlewer"’packageld:knb -lter-nes. 16 4 szmg rate dawa is available at
ository.or nisfmapbrowse? ack1 cnd:l».n -lter-nes. S L. Chlorophy]l dnta is available al

at humﬂllcb-dala whoi. edw’umelme ’(hmset—NFSl.TER transect: and htxp~ Oieh-

pftimetine Mdatasei=NESLTER broadscale, ,

The MODIS SST and chlorophyll snapshot data were produced by NASA Goddard Space Flight Center, Ocean
Ecology Laboratory. Ocean Biology Processing Group. and the data are publicly available at
https:Hfoceancolor.gsfe.nasa.gov/. The 8-day composite data were setrieved from the public-accessible University of
Delaware ERDDAP server (hitips #/basin ceoe.udel eduierddapfindex.htmly maintained by the Ocean Exploration,
Remote Sensing and Biogeography Laboratory led by Dr. Matthew Oliver at University of Delaware. The HF mdar-
measured sea surface velocity data in July-August 2019 was obtained from the public-accessible Rutgers University
Center for Ocean Observing Leadership ERDDAP server (hutp/fhfr.marine.rutgers eduferddap/griddap/).

Author Contribution

SAC, RHRS, Z0OS, and DA measured and calculated rates of productivity from gas tracers. SMD and PM measured
grazing rates. TAR and DNF measured and calculated rates of net primary productivity from boutle incubations.
HMS, ETC and EEP imaged and quantified phytoplankion abundances. DIM and WGZ analyzed remote sensing

data. Everyone participated in study design. SAC and RHRS prepared the manuscript with contributions from all co-
authors.

Competing Interests

The authors declare (hat they have no conflict of interest.

Acknowledgements

This work was funded by the Nationa! Science Foundation (LTER-1655636, OCE-1657489, OCE-1657803. OCE-
2227425%) and the Simons Toundation (561 126 to HMS), S. A, Castillo Cieza was supported by the Clara Boothe
Luce Fellowship program al Wellesley College. We are thankful for the scientific input. discussions and help from
the entire NES-LTER seience team. We are grateful to the Captain and crew of the RV Endeavor. We thank Harvey
Walsh, Jerome Preziose. Audy Peoples and Tamara Holzwarth-1avis for their cooperation and gnthusiasm for IFCE
opentions on NOAA survey cruises, We recognize the contributions of Kevin Cahill (WHOI), who ran some of the
samples for triple oxygen isolope measurement, Elizabeth Lambert (Wellesley College) and Helene Alt (Wellesley
College) who helped collect some of the EIMS data, and Danielle Aldrett (Wellesley College) for doing some initial
analysis on connecitons between the IFCB and NCP daia. We thank NES-LTER data manager Stace Beaulieu and
Kate Morkeski (WHOD) for their help in data management. We thank URI-GSO undergraduate and graduate
students and postdoes who helped collect samples and conduct experiments 1o obtain chl-# concentraliens, and
phytoplankton growth and microzooplankion grazing raes. We thank Sam Seua for pointing out HemprehesRecheli:

32



los2
953

954

955
956
957
958
959
960
961
962
963
964
965
966
967
968
569
970
971
972
973
974
975
976
977

in IFCB images during the 2019 sumimer cruise. DIM gratefully acknowledges NSF support of the SPIROPA
program, and technical assistance by Olga Kosnyrev in satellite data analysis and visualization.

References

Aldrett, D—202)-: Understanding the relationship between photosynthetic organisms and oceanic i

productivity in the Northeast U.S. Shelf-B-, undergraduate thesis, Clien
Wellealey, MA USA, 58 pp.. 2021,

Anderson, 8. R. &and Menden-Deuer, S264+.: Growth, Grazing, and Starvation Survival in Three
Heterotrophic Dinoflagellate Species:. Journal of Eukaryotic Microbiology, 64, 213-225.
iAot org/ 10,0011/ jeu 12353, 2017,

Armbrust, E. V2009 ; The life of diatoms in the world's oceans-, Nature, 459, 185-192,

10. 1038/natureOROST, 201019,

Barkan, E. &und Luz, B-2444 : The relationships among the three stable isotopes of oxygen in air,
seawater and marine photosynthesis-, Rapid Communications in Mass Spectrometry, 23, 2367-2369,
10. 100 rem.5 125, 2011,

Boyd, P. W., Claustre, H., Levy, M., Siegel, D. A&, and Weber, T2, Multi-faceted particle
pumps drive carbon sequestration in the ocean:, Nature, 568, 327-335 100, i 038 | 38600 5 | (953,
2019,

Brownlee, E. F., Olson, R. J-&.. and Sosik, H. M=-2616..: Microzooplankton community structure
investigated with imaging flow cytometry and automated live-cell staining-, Marine Ecology Progress
Series, 550, 65-81, 10.3354/meps 11687, 2016,

Buck, K. R. &and Newton, J-445..: FECAL PELLET FLUX IN DABOB BAY DURING A DIATOM
BLOOM - CONTRIBUTION OF MICROZOOPLANKTON,, Limnology and Oceanography, 40,
306-315, 10.4319/10.1995.40.2.0306, 1995,

Carpenter., E. J., Montoya, J. P., Burns. J., Mulholland. M. R., Subramaniam, A~&,, anul Capone, D. G-
1909 Extensive bloom of a N-2- ﬁxing dialomlcyanobacten‘al association in the tropical Atlantic

v. Wellesley College,

Cassar, N Barnett, B.A. Bender, M: L., l\alser..l Hamme,R Cm& _jn_d_ lerook B—Zt%“):.
Continuous High- Frequency Dissolved 0O-2/ Ar Measurements by Equilibrator Inlet Mass

Catlett, 1. Peauxk E E. Crockford. l- I iutu.llc 1 B llLElLl{i\-F Se Stucns. B. L. F., Gast, R,
Zhanz, W, G, and Sesik, H. M.: Temperature dependenee of parasitoid infection and abundance of a
digtom revealed by automated imaging and classification. Proceedings of the National Academy of
Seience, U S A 120, ¢2303356120, doi:10.1073/pnas. 2303356120, 2023,

etinie, L, Popbton, i, and Slade, W H.: Characierizing e phyioplankton soup: pump and plumbing
effects on the panticle assemblage in underway optical seawater svatems, Optics Express, 4. 20703
20715, 10.8364/00.24.020703, 2016

Chen, B. Z-2H3-.: Assessing the accuracy of the "two-point” dilution technique—iimmerdopyrined 4
Heeamagraphy-Methods-. Limnol. Oceanopr. Meth., 13, 521-526, 10, 1002/lom3. 10044, 2015,

Chen, Z. M., Kwen, Y. O., Chen, K., Fratantoni, P., Gawarklew:cz G—&,, amd Joyce, T. M--2020..
Long-Term SST Variability on the Northwest Atlantic Continental Shelf and Slope.. Geophystcal
Research Letters, 47, 10.1020/2(1 91085435, 2020,

Coplen, T B-1005; - Reponing of stable hydrogen carbon. and oxygen isotopic abundances -

de Boyer Montegut, €. Madec, G., Fischer, A $.. Lazar, A—&.. and Tudiconé, D—206+ - Mixed layer
deplh over the global ocean: An exammalnon of profile data and a proﬁle-based Cllmal0|Ogy—M+HHJ

L

i

| Formatted: Font: Not Italic

l Formatted: Font Not italic

. ' Formatted: Indent: Left: 0.06%, Hanging: 0.19°

[ Formatted: Font Not 8old

[ Formatted: Font Not Italic

l Formatted: Font: Not Bold

'lL Formatted: Font Not Italic

Faormatted: Font: Not Bold

| Formatted: Font: Not Italic

; : Formatted: Font: Not Bold

: Formatted: Font Not Italic

. Formatted: Font: Not Bold

l-‘orrnatted Font; Not Italic

| Formaned: Font Not Bold

| Formatted: Font: Not Italic

1 Formatted: Font: Not Bold

1 Formatted: Font: Not Italic

[Formatted: Font Not Bold

| Formatted: Indent: Left: 0.06", Hanging: 0.19"

: Formatted: Font: Not Bold

| ————
Formatted: Font Not italic

__ Formatted: Font Not ltalic

Formatted: Font: Not Bold

Formatted: Font Not italic




1040
041
042
043

1044

045
046

047

Dore, I. E., Letelier, R. M., Church, M. J., Lukas, R—%__and Karl, D. M—2633-.: Summer phytoplankton
blooms in the oligotrophic North Pacific Subtropical Gyre: Historical perspective and recent

observations:, Progress in Oceanography, 76, 2-38, 10,1016/ pocean. 2007, 10,012, 2008, e {Formatted

; Font: Not Italic
Dugdale, R. C. &and Goering, J. J-467-.: Uptake of new and regenerated forms of nitrogen in primary =5y -
productivity-.. Limnology and Oceanography, 12, 196-206, 1467 N { Formatted: Font: Not Bold
Emerson, S—2H-: Annual net community production and the biological carbon flux in the ocean-, s '[ Formatted: Font Not Italic
Global Biogeochemical Cycles, 28, 14-28, 10,1002/2013¢h004680. 2014, = [Formatted: Font: Not Bold
Fleld C. B., Behrenfeld, M. J.. Randerson, J, T--d&:__ and Falkowskl P-1992-; Primary production of the " - :
biosphere; Integrating terrestrial and oceanic components:. Science. 281, 237-240, o fFormaned: Font Not Italic

10,11 26/scienee 281 5374 237, 1998, S {Formatted: Fort: Not Bold
hnkel——.L—#—BemdﬂH—I—HHm—K—l—Qmuu~+\-—-Ree-e-—E-~.\w‘s»ée»Rmen.—.l.—A—Q&lH-}—Ph\-mphthmﬂ} N \ [ Formatted: Font: Not Italic
137 ' | Fermatted: Font: Not Bold
Foster, R. A. &and Zehr, ). P-2006-.; Characterization of diatom-cyanobacteria symbioses on the basis <+~ - 7 Formatted: Indent: Left: 0.06", Hanging: 0.19"
of nifH, hetR and 165 (RNA sequences—rvironmensdMicrobiofssy Environ, Microbiol., § 1913- '(F T
1925, 10.1LL1/j.1462:2920.2006.01 0663, 2006, prmatted: Font NotBa

A A A A A A A e

Cyanobaclenum Slngle-Cell Symblouc Assocmuons—!u—(—-

3, i Annual Review - | Formatted:

Font: Not italic

of Microbiology, Vol 73_edited by: Gottesmian, S, Annual Rulu» of \hv..rubmlus_\ 435-456,

F0L] F46fannurev-micro-0908 | 7-062650, 2019

= ’[ Formatted:

Font: Not Italic

Friedlingstein, P., Jones, M. W_, O'Sullivan, M.. Andrew, R. M., Bakker, D. C E.. Hauck, J., Le Quere,
C.. Peters, G. P, Peters, W., Pongratz, I, Sitch, §., Canadell, J. G, Ciais, P, Jackson, R. B., Alin, S.
R., Anthoni. P, Bates. N. R.. Becker. M., Bellouin, N., Bopp. L., Chau, T. T. T., Chevaller, F.,
Chini. L. P.. Cronin, M., Currie, K. L, Decharme, B.. Djeutchouang. L. M., Dou, X_ Y., Evans, W..
Feely, R A, Feng, L., Gasser, T., Gilfillan, D., Gkruzahs, T., Grassi, G., Gregor, L., Gruber, N..
Gurses, O., Harris, [, Houghton, R. A., Hurtt, G C., lida. Y., llyina. T.. Luijkx. I. T., Jain, A., Jones,
S.D., Kato, E., Kennedy, D.. Goldewijk, K. K., Knauer, J.. Korsbakken. J. [.. Kortzinger. A..
Landschutzer. P., Lauvset, S. K., Lefevre, N, Lienert, S., Liu, J. )., Marland, G . McGuire, P. C.,
Melton, J. R.. Munro, D. R., Nabel, J., Nakaoka, $. I, Niwa, Y., Ono, T.. Pierrot, D., Poulter, B..
Rehder, G., Resplandy, L., Robertson, E.. Rodenbeck, C., Rosan, T. M., Schwinger, J.,
Schwingshackl, C., Seferian, R, Sutton, A. I, Sweeney, C.. Tanhua, T., Tans, P. P, Tian, H. Q.,
Tilbrook, B., Tubiello, E., van der Werf, G. R., Vuichard, N, Wada, C., Wanninkhof, R., Watson. A,
1, Willis, D., Wiltshire, A. J., Yuan, W. P, Yue, C., Yue, X.. Zaehle. S-&., and Zeng, J. Y—2022-;

Global Carbon Budget 2021-, Earth System Science Data, 14, 1917-2005, 10 519-4/essd-14-1917- -{ Formatted: Font Not ltalic :
2022 2522 4l X
Garcia, H. E. &ind Gordon, L. 1. 1992. - Oxygen solubility in water: better fitting equations.. Limnology L Formatted: Fort NaotBod ]
and Oceanography, 37, 1307-1312_ 9492, : ! Formatted: Font: Not Italic }
Gaysina, L. A., Saraf. A—&, and Singh, P-2344- : Chapter | - Cyancbacteria in Diverse Habitats— | Formatted: Font: Not Bold 1
MHSHRA in; Cyanobacteria, edited by Mishi, A, K FHWART Tiwan, D NofeRead, and Rai, AN ey e T
Feds-Erriradiiterich., Academic Press, 1-28, hitpsifdm orpd B UFGBYTE-0-12-5140667-3.0000] -5,
iR
Grosse, 1., Bombar, D., Hai, N. D, Lam, N. N. & and Voss, M. 20160, ; The Mckong River plume fuels
nitrogen fixation and determines phytoplankton species distribution in the South China Sea during s
low- and high-discharge season., Limnology and Oceanography, 55, 1668-1680. [ Formatted: Font: Not Italic ]
1O AT 200055 4. 1668, 2000, [ d: Font; Not Bold )
Hama, T., Miyazaki, T.. Ogawa, Y. Iwakuma, T.. Takahashi, M., Otsuki. A—&_ an Ichimura, S. 1953, .
Measurement of photosynthetic production of a marine phytoplankton population using a stable 13C . Formatted: Font; Not Italic |
isotope-, Marine Biology. 73, 31-36, 10 {1007/ BFD0O3SG2E2, 143, - —
Hamme, R. C. &anil Emerson, $—2004-.: The solubility of neon, nitrogen and argen in distilled water :Formatted. Foot NotBoid
and seawaler:, Deep Sea Research 1, 51, 1517-1528, 2004, - | Formatted: Font Not Italic - |
| Formatted: Font: Not Bold |

34




048
049
050
051
052
053
054
055
1056
057
058
059
060
061
62
1063
064
065
066
067
068
069
070
071
072
073
074
1075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097

Hendricks, M. B., Bender, M, L—.. and Barnent, B. A. 334 : Net and gross O-2 production in the
Southern Ocean from measurements of biological O-2 saturation and its triple lsotope composition:,
Deep-Sea Bescarchlive Part -oeeanasraptieResereh-apers-Locanner, Tes Pap, 51, 1541-1561,

004,

Jakohsen. H H andd Makager, 8.0 Carbon to ehorophyl! ragier for phavtoplankion in iempergre oogsial
waters: Seasonal paticrsoa dn reba(ionship to nugents. . Linmology and Cecanography, 60, 1833
1208 doi: | 01002 ne, 338, 2016,

Jin, X, Gruber, N., Dunne, J. P., Sarmiento, J, L-& _1nd Armstreng. R. A. 2(ks. - Diagnosing the .
contribution of phytoplankion functional groups to the production and export of particulate organic
carbon, CaCO3, and opal from global nutrient and alkalinity distributions:, Global Biogeochemical
Cycles, 20, 10 U295 ab(KS5 32, 20060,

Heraek e R R o Wanminkbal ’
ST -t et Pty ﬁwteﬂmeﬁ—hnpheam%u—sﬁ—u—ﬂﬁd—[ UFL e
Ereeperient-Hesermcfii-berers—3 - do 1002920006 L B 2L

A -H--L-.—l—'ﬁ.—e&—(gima—}-‘ B2 Juranek, L, Woand Quay, 110 In vitro and in situ gross primary ~ ~
and net community production in the North Pacific Subtropical Gyre using labeled and natural
abundance isotopes of dissolved O-2-. Global Biogeochemical Cycles. 19,
doi: 10.1029/2004GB12384, 2015,

Juranek, L. W, &and Quay, P. D243 Using Triple Isotopes of Dissolved Oxygen 1o Evaluate Global
Marine Productivity: f-£ARESON, &."——ATMELQ%‘\NM—J%L.—S-.—;—{HF—;: in: Annual Review of
Marine Science, Vol 5-FalsAdier,_cdiled by Carbaon. (' d Girovvannont, S, J.. Annual Beview

of Marnne Science. Annual Reviews, Palo Ao, 513-52 -1 21200 - 1 T2l
2013,
Juranck. L. W., Hamme, B, {.'_'.. Reser. 1., Wanninkhot, R, amd Quav, 1% 12 Evidence of (-2 -

consumpiion in underw: water loes: [mphcateons (o gir-ses O-2 and CO2 Muwes, Geophysicak
Research Letters, 3 ..dl 1 ||I 1029/20095L040423, 2011

Kalnay, E.. Kanamitsu, M., Kistler. R., Collins, W., Deaven D.. Gandin. L., Iredell, M., Saha, .. White,
G., Woollen,J , Zhu, Y., Chelliah, M., Ebisuzaki, W., Higgins, W., Janowiak, J., Mo, K. C,,
Ropelewski, C., Wang, I., Leetmaa. A., Reynolds, R., Jenne, R-#: _ and Joseph, D925 - The
NCEP/NCAR 40-year reanalysis project:, Bulletin of the American Meteorological Society, 77, 437-
470 M TS 3200 T 6I07 T <3 - TN Y RP> (01,2, 1900,

Kam, A. B., Rochford, P. A&, and Hurlburt, H. E-29068- ; An optimal definition for ocean mixed layer
depthedernntaf Gospldeod Brsenrsl, I, Geophys, Res Oceans, 105, 16803-16821,

B ORI N0 T 2, DK,

Karl, D. M., Church, M. I, Dore, J. E., Letelier, R. M-&.. jnud Mahaffey, C-2012;; Predictable and
efficient carbon sequestration in the North Pacific Ocean supported by symbiotic¢ nitrogen fixation-,
FProceedings of the National Academy of Sciences of the United States of America, 109, 1842-1849,
H)L107%pnas. | 120312109, 2012,

Karmalkar, A. V. &and Horton. R. M=2624-.: Drivers of cxceptional coastal warming in the northeastern

Kemp, A.E. 8. &E_;!_[]_tj Villareal, T. Ar2043:.: Hngh dmtom productmn and expon in strauﬁed waters - A
potential negative feedback to global warming.. Progress in Oceanography, 119, 4-23,
10, FO 6. pocean. 201 3.06.004, 201 3,

Kemp, A. E. 8. &and Villareal, T. A—2043..; The case of the diatoms and the muddled mandalas: Time
(o recognize diatom adaptations to stratified waters:, Progress in Oceanography, 167, 138-149.
10. 10164, pocean. 201848002, 2018,

Kistler, R., Kalnay, E., Collins, W., Saha, S., White, G., Woollen, J., Chelliah, M., Ebisuzaki, W.,
Kanamitsu, M., Kousky, V.. van den Dool, H., Jenne, R—% , il Fiorino, M3} : The NCEP-
NCAR 50-year reanalysis: Monthly means CD-ROM and documentallon ; ,Bulleun of the American

Meteorological Society. 82, 247-267, 2001.

35

' Formatted: Font: Not Bold

| Formatted: Font: Not Bold

g Formatted Font: Not Bold

| Farmatted: Font: Not Italic

. [ Formatted: Font. Not Italic

| Formatted: Font: Not Bold

{Formaued: Indent Left: 0.05", Hanging: 0.19"

| Formatted: Font: Not Italic

jFormatted: Indent: Left: 0.06". Hanging: 0.19"

Formatted: Font Not italic

|_Formatted: Font: Not ltalic

| Formatted: Font Not Italic

: Formatted: Indent Left: 0.06", Hanging: 0.19'

| Formatted: Font: Not Bold

Formatted: Font: Not Italic

7
!
i
L

| Formatted; Font: Not Bold

| Formatted: Font; Not Italic

2 | Formatted: Font: Not Bold

| Formatted: Font: Not htalic

| Formatted: Font: Not Bold

: Formatted: Font: Not Italic

Formatted: Font: Not Bold

I
L.
~

" | Formatted: Font Not ltalic

Formatted Font: Not italic




Landry, M. R. and Calbet, A Microzooplankion production o the oceans, KCES 1 Mar. Sci. 61, 501
SO, 1018164 ivesims.2004.03.0 L1, 2004

Landry. M. R.. Brown. §. ... Neveon, L, Pupouy. € 1., B, Christensen, S., and Bidigare. R, R,
Elytoplankton growth and misrozooplankton geszing in hish-nutrient, low-chloroplyll waters of the
cquatorial Paeitic: Community and taxon-specific rate assessiients from pigment and flow cviometric
analvses, JGR Oceans, FOR, hups:#/doi.org/ 101029/ 20001C000744. 2003,

Landry, M. R., Brown, S. L., Rii, Y. M., Selph. K. E., Bidigare, R. R., Yang, E. J-4¢.. and Simmons, M. o

P-2003... Depth-stratified phytoptankton dynamics in Cyclone Opal, a subtropical mesoscale eddy:,

| Formatted: indent: Left: 0.067, Hanging: 0.19"

Deep-Sea Research Part Li-Topical Studies in Oceanography, 55, 1348-1359,

w === m = g~ -, Formatted: Font: Not Italic
10.1016/.dse2.2008,02.00t, 2008, P R TRl Y
l-_ﬂndFy.—M.—R.—&we‘ﬁibe{.—A.—Z»QM.—a’bﬁeremu:‘vplunkv«(m-fmadae’riamn#m{eeennﬂrew—!mrm!—«g}iﬂ»!wme LT F‘_"f“a"ed' Font ot Bo /
Lange, M. &und van Sebille, E-2447-.: Parcels v0.9: prototyping a Lagrangian ocean analysis "~ 77| Formatted: indent: Left: 0.06", Hanging: 0.19"
framework for the petascale age-. Geosci. Model Dev., 10, 4175-4186,_10.5194/emd- 1041752017, | .
2017, r Formatted: Font: Not ltalic J
Li, G, C., Cheng, L. J., Zhu, J., Trenberth, K. E., Mann, M. E—&_. and Abraham, J. P-2020. . Increasing | Formatted: Font: Not Bold
ocean stratification aver the past half-century-. Nature Climate Change, 10, L116-L76U1176. -~ | Formatted: Font: Not falic
1Y O3B/ [558-020-00918-2. 2020, g ko 1
Li, Y., Fratantoni, P. §., Chen. C. S., Hare, J. A.. Sun, Y. F., Beardsley, R. C—%, and Ji, R. B-2645..: et fomatted: FancNotbBold o o]
Spatio-temporal patterns of stratification on the Northwest Atlantic shelf;, Progress in Occanography, .- { Formatted: Font: Not Italic ; J
134, 123-137, 10101 6/poccon 2005.01 . 003, 2015, T T =y e e 1
Lindegren, M., Checkley, D. M.. Ohman, M. 3., Koslow, J. A&, and Goericke, R—2046- : Resilience - @rmm?‘-’foiN_m = —
and stability of a pelagic marine ecosystem:, Proceedings of the Rayal Society B-Biological Sciences. . - {Formatted: Font: Not Italic ]
283- 10 [0Y8/esph 2015, 1931, 2016, "l T m— ==
Lomas, M. W., Moran, §, B., Casey, I. R., Bell, D. W., Tiahlo. M., Whiteficld, J., Kelly, R. P., Mathis, J.
T-#:.. and Cokelet, E. D-2012.; Spatial and seascnal variability of primary production on the Eastern :
Bering Sea shell-, Deep-Sea Research Part li-Topical Studies in Oceanography, 65-70, 126-140, | Formatted: Font: Not Itafic
10, 1016414512, 2012.02.010, 2012, i Formatted: Font. Not Boid i
Malviya, 8., Scalco, E., Audic. §.. Vincenta, F., Veluchamy, A., Poulain, J., Wincker. P., ludicone, DD,, Sl — — y
de Vargas, C., Bittner, L., Zingone, A= and Bowler, C—2016. Insights into global diatom e
distribution and diversity in the world's ocean:, FProceedings of the National Academy of | Sciences of | Formatted: Font: Not ltalic 1
the United States of America, 113, E1516-E1525, 10 107 3/pnas. 1509523163, 2000, __ { ST ——
Manning, C., Stanley, R. H. R-&_. and Lott I, D. E2046... Continucus Measurements of Dissolved | Formatted: Font Not Bold : —
Ne, Ar, Kr, and Xe Ratios with a Field-deployable Gas Equilibration Mass Spectrometer-, Analytical [Fgmaned: Font: Not Italic .:
Chemistry, 88, 3040-3048ui: 101021 aes andlchent SO 02,2005 T - { Formatted: Font Mot Boid =
Manning, C. C., Howard. E. M., Nicholson, D. P, Ji. B. Y., Sandwith, Z. O-&., and Stanley, R. H. R: e o 2 A
28474 Revising estimates of aquatic gross oxygen production by the triple oxygen isotope method £
to incorporate the local isotopie composition of water.., Geophysical Research Leners, 44, ; { Formatted: Font: Not Italic ]
10 HH02/201 TGLOTA3TS, 20174, e T i e
Manning, C. C., Sianley, R. H. R.. Nicholson, D. P., Smith, J. M., Pennington, J. T., Fewings. M. R,
Squibb, M. E-&:.. and Chavez, F. P-2817h. ; Impact of recently upwelled water on preductvity
investigated using in situ and incubation-based methods in Monterey Bay-Jemsneal of- Geopliesical t
Researeh, 1. Geophys. Res.-Oceans, 122, 1901-1926, F0).1002/2016)C01 2306, 20076, . | Formatted: Font: Not Italic )
Margalel, R.: Life-forms of phyvtoplankton as survival abternatives in an unstable environent, T = ':
Ouennologica Acta, 1. 49%—.%?1—(}. 1978, LFP—r_n-‘ Stsc: Font-N_—Dt L5 e |
Marrec, P., McNair, H., Franze, G., Morison, F., Strock, J. P-& . and Menden-Deuer, S-2021-,: Seasonal+- 'LlF—ormatted: Indent: Left: 0.06", Hanging: 019" :
variability in planktonic food web structure and function of the Northeast US Shelf:, Limnology and { Formatted: Font: Not Italic 1
Oceanography. 66, 1440-1458._[0.1002/1n0,1 1696, 020 T s -
Mehla, A=2022: ; Spatial and Temporal Heterogeneity in Net Community Production in the Crossshelf .| Formatted: Font: Not Bold
Direction of the Atlantic Northeastern Shelf—3-4-, undergraduate thesis, Chemistry, Wellesley G Formatted: Font: Not Italic
College. Weltesley, MA USA, 86 pp.. 2022, ;

36



149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
1182
183
184
185
186
1187
188
189
190
191
192
193
194
195
196
197
1198

Menden-Deuer, 8. &and Lessard, E-2004..: Menden-Deuer S, Lessard EJ.. Carbon to volume
relationships for dinoflagellates, diatoms, and other protest plankion. Limnol Oceanogr 45: 569-579:,
Limnology and oceanography, 45, 569-579. 1(.4.319/10.2000.45.3.0569, 2044,

Micheli, F., Cottingham, K. L., Bascompte, J., Bjornstad, O. N., Eckert, G. L., Fischer, J, M., Keitt, T.
H., Kendall, B. E., Klug, J. L.-&.. and Rusak, J. A-1499..; The dual nature of community variability-,
Oikos, 85, 161-169, 10 2317/3546802, 1999,

Millero, F. J. &and Poisson, A8+ Imernational One-Atmosphene Equalion of State of Seawater-.

H.431910m. 201 201_2 10.278, "U 2:
Morison, F., Franze, G., Harvey, E-de.. and Menden-Deuer, §-2020-.: Light fluctvations are key in
modulating plankton trophic dynamics and their impact on primary production . Limnology and

Mouw, C. B. &and Yodcr J A—'J{-)BS-M anary producnon calculallons in lhe Mld-AlIamic Bight,
including effects of phytoplankion community size structure-, Limnology and Oceanography, 50,
1232-1243. 2005.

O'Reilly, J. E. &and Zetlin, C—H9%- - Seasonal, horizontal and vertical distribution of phytoplankton
chlorophy]l ain the Nonheast U.S. Continental Shelf Ecosystem%%—?—'erh—kfp—- 1998,

| T Y ] fD(‘rlU
T i

Tt oz T i Hr Al

Oliver, H., Zhang, W. G., Archibald, K. M., Hirzel, A. 1., Smith, W. O., Sosik, H. M.. Stanley, R. H.R- *
de,, and McGillicuddy, D. }-2022- - Ephemeral Surface Chlorophyll Enhancement at the New
England Shelf Break Driven by Ekman Restratification—ounwc-af-Genplivsical-Resecred, J
Geophys. Res.-Oceans, 127, 10,1029/2021ic017715, 2022,

0|ivg[-. H., Zhang, W_ F., Smith, W.O.. Alatalo. P.. Chappell, P. .. Hirzel. A. 1. Selden. C. R., Sosik,

M., Stanley, R. H. R., Zhu, Y, F.. and McChllicuddy, 1. 1.: Dinem Hotspots Driven by Wesiern

Bl)ll!lddl’\ Cuirent Instabitity, Geophysical Research Letters, 48, 10.1029/202001001943, 2021,

Olson, R. J. &and Sosik, H. M—280%-.. A submersible imaging-in-flow instrument to analyze nano-and <

microplankton: Imaging FlowCytobot—immelesi—td Oeanoprapiv-tetheds, Linmol, Queinugs
Meth.. 5, 195-203. 10.4319/bom.2007 5,195, 2007.

Palevsky. H L, Quay, P. D., Lockwood, D. E—ée aml Nicholson, D. P—2Hé-. The annual cycle of gross
primary product i ion, net community producuon and export efﬁcnency across the North Pacific

Parsons, T R Maita, Y—&., and Lalli, C. M-198+ AManual of Chemlcal &Bm}oglcal Metheds for
Seawater Analysis, Pergamon, littps://doi,ore/ 10, 10 16/C2009-0-07774-5. 1984,

Prokopenko, M. G., Pauluis, O. M., Granger, J—%., and Yeung, L. Y—20H-,; Exact evaluation of gross
photosynlhelic production from the  oxygen triple -isotope composition of 0(2): Implications for the

l_|4_amm L029/201 1 pled7652, 201 L

Puigcorbe, V., Benitez-Nelson, C. R., Masque, P., Verdeny, E., White, A. E., Popp, B. N, Prahl, E G
&, aond Lam, P, J2045-: Small phytoplankton drive high summertime carbon and nutrient export in
the Gulf of California and Eastern Tropical North Pacific:, Global Biogeochemical Cycles, 29, 1309-
1332, 10.1002/2613gb005 134, 201 5.

Pyle, A. E., Johnson, A. M—&., and Villareal, T. A—2629-: Isolation, growth, and nitrogen fixation rates
of the Hemiaulus-Richelia (diatom-cyancbacterium) symbiosis in cultures, Peerj. 8,
10,771 Hpeerj 10115, 2020

Reuer, M. K., Bamett, B. A., Bender, M. L., Falkowski, P. G&,, and Hendricks, M. B-2A0F : New
estimates of Southern Ocean biological production rates from O-2/Ar ratios and the triple isotope

37

| Formatted:

Forit: Not ltalic

; | Formatted:

Font: Not Bold

' Formatted:

Font Not Italic

g :‘_Formatted:

Font Mot Bold

~ | Formatted:

Font Not italic

! Formatted:

Font: Not Bold J

i: Formatted:
[ Formatted:

Forit: Not Bold

Font Not talic

I_ Formatted:

Forit Mot Bold

[ Formatted:

Font Not Italic

: | Formatted:

[
Formatted:

{ Formatted:

Font: Not Bold

Font: Not Italic

Indent: Left: 0.06", Hanging: 019-

pr_rmatted:

l Formatted:

Font: Not Italic

Indent: Left: 0.06", Hanging: 0.19"

I Formatted.

- | Formatted:

: Font: Not Bold

Font; Not htalic

| Formatted:

Font: Not Bold

l Formatted:

Font: Not ltalic

__ Formatted

| Formatted:

: Font: Not Italic

Font: Not ltalic

k Formatted:

Font: Not Bold

i Formatted:

Font Not Italic




199

201
202
203
204
205
206
207
208
209
210
211
212
213
214
1215
1216
1217
218
219
220
221
222
223
224
225
226
227
1228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
1246
1247

composition of O-2:, Deep-Sea Researehlies, Part I-Oregnograplic Researel-PapersOveanoer. Res,
ap.. 54, 951974, 20117,
Robinson, C. &und Williams, P, ). 1. B-2063..: 147Respiration and its measurement in surface marine
waters—Respis a fe—fersinferbe G #
10109 acprot:ose/9780198327084.003.0009, 2005
Russakovsky, O., Deng. I, Su, H., Krause, J.. Satheesh, S., Ma, S.. Huang, Z. H., Karpathy, A., Khosla,
A.. Bemstein, M., Berg, A, C-&.. and Pei-Fei, L-26+5.,| ImageNet Large Scale Visual Recognition
Challenge., International Journal of Computer Vision, 115, 211-252._(0.1007/3] | 20301 5-05 16y,
2015,

Schmoker, C., Hernandez-Leon, $—&,. and Calbet, A—2013, Microzooplankton grazing in the oceans:
impacts. data variability, knowledge gaps and future directions-, Journal of Plankton Research. 35,
691-706._ 0. 1093/ plank Uibe023, 2013,

Shearman, R. K. &und Lentz, §. J-2044- - Long-Term Sea Surface Temperature Yanability along the US
East Coast—hstmmtbnf-tipsient-Oceanesrapipe, 1, Phys, Oceanogr.. 40, 10041017,

10, 117572009 pod 300 1, 2011,

Shoemaker, L. G.. Hallett, L. M., Zhao, L. Reurnan, D. C., Wang. S. P., Cottingham, K. L., Hobbs, R.
1., Castorani, M. C. N., Downing, A. L., Dudney. J. C., Fey. . B.. Gherardi. L, A , Lany, N.,
Portales-Reyes, C., Rypel, A. L., Sheppard, L. W., Walter, ). A—%,, and Suding, K. N~2622 The
long and the short of it: Mechanisms of synchronous and compensatory dynamics across temporal
scales:, Ecology, 103, 11} 1002/ccy. 3650, 2022,

Spitzer, $:-2045-.: An Analysis of Dialom Growth Rate and the Implications for the Biodiesel Industry-,
Occum’s Razor, 5. 2013,

Stanley—H—t-Ra) ~Wedblanes S Crd- Lot - 2009 Noble-Gas- Constratnt-en-A—Sea
Gastxehunge-wnd-HubbleRhbeedowmal et Geaphesice-Reveareh—Grecnsdd
A0 HRYA003IC 00834

Stanley-R—t-R= Kashpatriekd-Bo-Bamett- B Cascar, Ne-&Benders-M. L, 2OHH-Neteommunity

Stanley, R. H. R.. Sandwith, Z. O~&,, and Williams, W. J—2045- - Rates of summertime biological
productivity in the Beaufort Gyre: A comparison between the low and record-low ice conditions of
August 2011 and 2012:, Journal of Marine Systems, 147, 20-d4, 2015,

Stanley. R, 1 R, Jeakins, W. 1. Doney, S, C., and Lot 11, 13, E - Nobje Gas Constraints on Ajr-Sea
Gas Exchange and Bubble Fluxes, Journal of Geophysical Rescarch Occans, b4,

Aui: 1O 0292000 CONS 396, 2009,

Stanley, ROHC RO Rirkpatnick, 1B, Barneit, B, Cassar, N sl Bender. ML Net COMIIUAILY
production and gross production rates in the Western Lguatorial Pacilic, Glebal Biogeochemical
Cycles, 24, GRAU . doi: 010 1029/2009C BO0I6S 1, 2001

Subramaniam, A., Yager, P. L., Carpenter, E. )., Mahaffey, C., Bjorkman. K., Cooley. S.. Kustka, A. B., +

Montoya, J. P., Sanudo-Wilhelmy, S. A.. Shipe, R-&._ and Capone. D. G264)%.. Amazon River
enhances diazotrophy and carbon sequestration in the wropical North Atlantic Ocean., Proceedings of
the National Academy of Sciences of the United States of America, 105, 10460-10465,

07 M pnas. 07 16279103, 2008

Szegedy, C., Vanhoucke, V., lofte. 8., Shiens, J—&.. and Wojna, Z..: Rethinking the Inception
Architecture for Computer Vision.-, 2016 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), 27-30 June 2016-201 6., 2818-2826., 10, 110%/CVIPR.O0UI6.308,

Tang. W. Y., Cerdan-Garcia, E., Berthelot, H.. Polyviou, D., Wang, S. V., Baylay, A., Whitby, H.,
Planquette, H., Mowlem, M., Robidan, J—%.. and Cassar, N—2820- - New insights into the
distributions of nitrogen fixation and diazotrophs revealed by high-resolution sensing and sampling
methods:, Jsme dewencel ], 14, 2514-2526, 10,1038/ 1396-020-0703-6, 2070,

r
- i Formatted: Font: Not Italic

- ‘ '&ormaned: Font Not Italic

\ '{Formatted: Font Mot Bold

~ "t Formatted: Font; Not Italic

- { Formatted: Font Not Bold

- | Farmatted: Font Not Italic

" ‘[iormatted: Font Not Bold

- | Formatted: Font: Not Bold

A A

. { Formatted: Font: Not ltalic

2 [ Formatted: Font: Not Jtalic

L

| Formatted: Font Not Italic

3 5_ Formatted: Font Not Bold

i:ﬂa_l_'matted: Indent: Left: 0.06, Hanging: 019"

[ Formatted: Font: Not Italic

[ Format@gd: Font: Not Bold

S NS, W

{Formatted: Font: Not ltalic




248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275

276

Teeter, L., Hamme. R C., lanson, D—&,, and Bianucci E-2008-: Accurate estimation of net community

2018,
Townsend. D,

Oceanography of the Northwest Atlantic continenetal shell——REOGBHNSOMN, in: The Sea. edited by
Robingon, A. R-&-BRINK,, and Brink, K. H—eds-The-Ses-,. Harvard Umversuy Press..

2006,

Twining, B. §., Nodder, S. D., King, A. L., Hutchins, D. A., LeCleir. G. R.. DeBruyn. J. M., Maas. E.
W., Vogt, §., Wi]helm. S. W—éz- aml Boyd, P. W-2014.; Differential remineralization of major and

10.43 %o,

W., Thomas, A. C., Mayer, L. M.. Thomas. A. J—&., and Quinlan, J. A—2066-:

' Formatted: Font: Not Italic

2014.59.3.0689, "(JI—I»

Villareal, T. A

f
| Formatted: Font: Not ltalic

Laboratory eulture and preliminary characterization of the nitrogen-lixing Rhizosolenia

r Formatted: Font: Not Bold

Richelia symbioss, Marine Ecotogy, 11, 117-132, 1940,

Villareal, T. A., Adomato, L., Wilson, C—%.. and Schoenbaechler, C. A~ Summer blooms of
diatom- dmzotroPh assemblages and surl‘ace ch]orophyll in the North Pacific gyre A dlSCOI'InCCt*

Wang, S, Tang.W Y De]age.E Glfford S Whuby H Gonzalez A G Evelllard D.. P]anqueue.
H—&- and Cassm', N=2024-.: Investigating lhe mlcrobml ecology of coastal hotspols of marine

2021,

Yoder, J. A, Schollaert, 8. E=:.. and O'Reilly, J. E-2002.: Climatological phytoplankton chlorophyll
and sea surface emperature patterns in continental shelf and slope waters off the northeast US coast-.

Zhang. W. F., Alatalo, P., Crockford., T lezel A J Meyer. M. G., Oliver, H.. Peacock, E., Petitpas,
C. M., Sandwith, Z., Smith, W. O., Sosik, H. M., Sanley, R. H. R,, Stevens, B. L. F., Turner, ). T—&

Cross-shelf exchange associated with a shelf-water streamer at the

Mid-Atlantic Bight shelf edge—_ Progress in Oceanography, 210, (0. 1016/).pacean. 20122, 102931,

and McGillicuddy, D. J2023.;

2023,

{Formatted: Indent: Left: 0.06", Hanging- 6.19'

r
" | Formatted: Font: Not ltalic

L
| Formatted: Font: Not talic

| Formatted: Font: Not Rtalic

| Formatted: Font: Not Bold

. Formatted: Font: Not Italic

Copernicus Publications

The Innovative Open Access Publisher

35




12/21/2023 1:21:00 PM |

 12/21/2023 1:21:00 PM |

; P-a.c._:;e 18: [1] Deleted Cells Rachel Stanley
Deleted Cells

Page 18: [2] Deleted Cells Rachel _§taniey
Deleted Cells

. Page 18: [3] Formatted g Rache!;aﬁe.;-

12/21/2023 1:21:00 PM |

Font: 8 pt, Font color: Black

[ Page 18: [4] Formatted : Rachel Stanley :

' 12/21/2023 1:21:00 PM |

Left, Indent: Left: -0.08"

I Page 18: [5] Formaﬁed e Racl_t-el .S.t.a.nley

12/21/2023 1:21:00 PM_|

Font: 7 pt, Font color: Black

[.Pa.g.é 18: [5] Formatted .Ra;:hel Stanley

12/21/2023 1:21:00 PM |

Font: 7 pt, Font color: Black

Rachel Stanléy_

12/21/2023 1:21:00 PM |

Font: 8 pt, Bold, Font color: Black

b i
| Page 18: [6) Formatted Rachel Stanley

12/21/2023 1:21:00 PM |

Font: 8 pt, Bold, Font color: Black

Page 18: ITI] Formatted = Rachel Stanley

12/21/2023 1:21:00 PM |

Font: 8 pt, Font color: Black

| Page 18: [8] Formatted Rachel Stanley

12/21/2023 1:21:00 PM |

Font: 8 pt, Font color: Black

[ Page 18: [9] Formatted  Rachel Stanley

12/21/2023 1:21:00 PM I

Font: 8 pt, Bold, Font color: Black

“’;ge 18: 110} Formatted ~ Rachel Stanlé.y

12/21/2023 1:21:00 PM |

Font: 8 pt, Font color: Black

!. Page 18: [11] Fé.r.l.'.natted Rachel Stanley

12/21/2023 1:21:00 PM

Font: 8 pt, Font color: Black

Page 18: n Zi Formatted Rachel ”Stanley

12/21/2023 1:21:00 PM |

Font: 8 pt, Bold, Font color: Black



