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ARTICLE INFO ABSTRACT

Keywords: This study compares lipid biomarker and bulk constituents (organic carbon and 8'>C, nitrogen and carbonate) in
Suspended particulate matter particles (30-4400 m depth) collected at the Oceanic Flux Program site in the northern Sargasso Sea off Bermuda
Lipid biomarkers during three periods of contrasting oceanographic conditions: following the spring bloom (April 2015), during

Particle cycle the low productivity period (November 2015), and two weeks after the passage of the Category 3 Hurricane

I;urrlcaness Nicole (October 2016). Lipids biomarkers were used to evaluate the contributions of phytoplankton, zoo-
argasso Sea . . . . . .
Berlg'nuda plankton and bacterial sources to the particulate organic carbon (POC), diagenetic transformations of suspended

POC throughout the water column and within the nepheloid layer, and seasonal and non-seasonal temporal
variability, including the impact of an extreme weather event.

Depth profiles of lipid concentration and molecular composition showed seasonal and non-seasonal varia-
bility in particle composition throughout the water column. Higher lipid concentrations in April versus
November 2015 reflected differences in plankton productivity, while relative abundances in diagnostic phy-
tosterols, C;g polyunsaturated fatty acids and alkenones reflected differences in phytoplankton community
structure. A rapid decrease in lipid biomarker concentrations below the euphotic zone was accompanied by a
marked transition in lipid composition, e.g. increases in the relative percentages of cholesterol, C;¢-C;g fatty
alcohols, odd- and branched- chain fatty acids. This reveals the intense remineralization of algal-derived carbon
and fresh inputs of organic materials from zooplankton and microbial production within the upper mesopelagic
zone. Particulate lipids within the bathypelagic zone reveal a close connectivity of deep particulate carbon
composition with upper ocean properties, while compositional heterogeneity with depth reflects continuous
particle turnover and de novo particle production throughout the deep water column. Additionally, depth trends
in the within-class composition of fatty alcohols and bacterial fatty acids were observed, suggesting depth zo-
nation of zooplankton and microbial community structure.

Hurricane Nicole (October 2016) strongly impacted upper ocean physics and nutrient supply, resulting in a
transient phytoplankton bloom/flux event that increased concentrations of fresh particulate phytodetritus (e.g.,
Cys polyunsaturated fatty acids) throughout the mesopelagic and upper bathypelagic zones. Concurrent in-
creases in zooplankton and bacterial lipid biomarkers (e.g., 18:1w9, odd- and branched-chain fatty acids, cho-
lesterol) indicated that this transient pulse of labile carbon stimulated mesopelagic zooplankton and microbial
activity, resulting in an enrichment of labile materials in the suspended particle pool throughout the deep ocean.
Our study demonstrates that extreme weather events can have a major impact on carbon flux and particle cycling
in the deep ocean, with pronounced implications for the ocean carbon pump and deep ocean ecosystems.

Carbon cycle

1. Introduction Lee, 1989), but this fraction drives the sequestration of carbon dioxide
from the atmosphere, supplies the energy that fuels life within the ocean
The transfer of particulate organic carbon (POC) from the surface interior (Sanders et al., 2016) and seafloor (Gooday, 2002; Tyler, 2003)

ocean to deep waters plays a key role in the global carbon cycle. Only a and controls the global cycling and ocean distributions of nutrients and
small fraction of the carbon fixed by marine plankton is exported as many elements (Martiny et al., 2014; Weber et al., 2016). Improved un-
sinking particles to the deep ocean (Henson et al., 2012; Wakeham and derstanding of the oceanic particle cycle and how it is impacted by
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Fig. 1. Map of the study region and insert showing the Bermuda Time-Series Site and locations of the OFP, BATS and Hydrostation S time-series. The track of
Category 3 Hurricane Nicole (4-18 October 2016) is also shown (red line). (For interpretation of the references to colours in this figure legend, the reader is referred

to the web version of this paper.)

seasonal and non-seasonal forcing by upper ocean physics and biology is
crucial to evaluate feedbacks between the carbon cycle and the climate
system. This is particularly urgent in oligotrophic gyres, which comprise
roughly 75% of the ocean area (Lewis et al., 1986), and contribute over
30% of the global marine carbon fixation (Maranoén et al., 2003).

The amount of POC exported from the surface waters is controlled
by biological processes, such as surface primary and secondary pro-
duction and remineralization by microbial and zooplankton commu-
nities (Cavan et al., 2017; Herndld and Reinthaler, 2013), but also by
physical processes such mixing and advection (Levy et al., 2013). Me-
soscale eddies in oligotrophic waters play an important role in nutrient
supply, thus stimulating phytoplankton production and, in turn, in-
creasing the oceanic carbon export flux (Benitez-Nelson et al., 2007;
Buesseler et al., 2008; Conte et al., 2003; McGillicuddy et al., 1998;
Oschlies, 2002; Shih et al., 2015; Stukel et al., 2017).

Physical forcing of the upper water column by large storms and hur-
ricanes also affects biogeochemical processes in the upper ocean. These
events dissipate large amounts of energy into the surface ocean, locally
enhancing vertical mixing and causing cooling and nutrient enrichment
(e.g, Price, 1981; Jacob et al., 2000; Walker et al., 2005). Due to diffi-
culties of shipboard data collection in extreme weather conditions, the
direct impacts of extreme weather events have been poorly studied (Chen
et al.,, 2013; Hung et al., 2009). Advances in non ship-based sampling
platforms such as gliders and autonomous floats, remote sensing and in
modeling are beginning to provide a better understanding of how extreme
weather events influence the upper ocean carbon cycle (e.g., Hodson,
2013; Guan et al., 2014; Domingues et al., 2015; Bishop et al., 2016;
Shropshire et al., 2016; Goni et al., 2017), but we still have a very limited
understanding of how extreme weather events might influence the particle
flux and deep ocean ecosystems (Fréb et al., 2016; Pedrosa-Pamies et al.,
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2016; Smith et al., 2013, 2009).

The composition of suspended POC within the water column reflects
contributions from a variety of sources (phytoplankton, bacteria, zoo-
plankton tissue and excreta, or organic detritus), diagenetic alterations
of primary materials by microbial and animal particle processing, and
exchanges with the sinking and dissolved/colloidal organic carbon
pools (Abramson et al., 2010; Boyd et al., 1999; Dong et al., 2010;
Hannides et al., 2013; Lee et al., 2004; Volkman and Tanoue, 2002).
Despite the fact that over 90% of particulate material in the deep water
column is suspended, this POC pool remains relatively understudied in
terms of its sources, chemical composition, and processing by deep
water ecosystems.

Due to their structural diversity and source specificity, lipid com-
pounds are valuable tools for identifying organic matter (OM) sources,
fate, diagenesis and reactivity in marine environments (e.g., Lee et al.,
1988; Meyers, 1997; Wakeham et al., 1997; Volkman, 2006). However,
there are few studies that have used lipid biomarkers to characterize the
suspended OM pool (Abramson et al., 2010; Close et al., 2014; Conte,
1990; Conte et al., 1995; Gasparovic et al., 2018, 2017, 2016; Loh et al.,
2008; Sheridan et al., 2002; Tolosa et al., 2003, 2013; Wakeham, 1995).

In this paper we present a detailed study of lipid biomarkers in
particle profiles collected at the Bermuda Time-series Site in the
northern Sargasso Sea during three contrasting time periods: post
spring bloom (April 2015), minimum productivity (November 2015),
and following passage of a Category 3 hurricane (Hurricane Nicole,
October 2016). The Bermuda Time-series site is among the most in-
tensively studied open ocean regions in the world, yet there have been
few compositional studies of suspended POC below the euphotic zone
(Cavagna et al., 2013; Gundersen et al., 2001), and in particular only
limited investigation of organic composition (Ittekkot, 1993).
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2. Material and methods
2.1. Study area

The Bermuda Time-Series Site is located in the oligotrophic
northern Sargasso Sea gyre about 75km southeast of the island of
Bermuda (Fig. 1). Water depth is 4500 m. Currents in the area are
generally weak, with mean velocities of 5cms™! at 500m depth de-
creasing to < 1 cm s~! below 1500 m depth (Gust et al., 1994; McKee
et al., 1981). The Site hosts several ongoing multi-decadal time-series:
the Hydrostation S (since 1954) time-series of hydrographic parameters
(Michaels and Knap, 1996; Phillips and Joyce, 2007; Steinberg et al.,
2001), the Oceanic Flux Program (OFP, since 1978) time-series of deep
ocean fluxes (Conte et al., 2001a; Conte and Weber, 2014; Deuser,
1986), the Bermuda Atlantic Time-series Study (BATS, since 1988)
time-series of upper ocean biogeochemistry (Lomas et al., 2013;
Michaels and Knap, 1996; Steinberg et al., 2001) and previously the
Bermuda Testbed Mooring (BTM, 1995-2007, Dickey et al., 2001) time-
series of upper ocean physics and optics.

The seasonal patterns in mixed layer dynamics and primary pro-
duction in the area have been previously described (Lomas et al., 2013;
Phillips and Joyce, 2007; Steinberg et al., 2001). Convective mixing in
the late fall and winter generates a deep winter mixed layer, which
reaches a maximum depth of between 150 and 300 m in February. With
the onset of seasonal stratification in late February- early March, a
short-lived phytoplankton bloom develops. Increasing solar stratifica-
tion in late spring reduces vertical mixing and nutrient supply, limiting
primary productivity. A shallow (< 20m), strongly stratified mixed
layer is present in summer and fall, resulting in a minimum in primary
production.

Significant inter-annual variability is present in upper ocean bio-
geochemical parameters, the seasonal cycle of production (Lomas et al.,
2013; Steinberg et al., 2001), and the deep particle flux (Conte et al.,
2001a; Conte and Weber, 2014). Part of thenon-seasonal seasonal
variability arises from mesoscale physical variability, driven by eddies
and fronts, which alters nutrient influx into the euphotic zone and in
turn phytoplankton production (Babin et al., 2004; Conte et al., 2003;
Dickey et al., 2001; Krause et al., 2010; McGillicuddy et al., 1998;
McNeil et al., 1999; Shropshire et al., 2016; Siegel et al., 1999). Sy-
noptic-scale weather systems, such as the passage of strong storms and
hurricanes, alter upper-ocean heat loss and mixing (Jacob et al., 2000;
Price, 1981) and also contribute to short-lived variability. Dickey et al.
(1998) and Black and Dickey (2008) describe the upper ocean response
after the passage of hurricanes over the Bermuda Testbed Mooring,
including the generation of large inertial currents, a decrease in sea
surface temperature, a deepening of the mixed layer and upwelling of
nutrients stimulating phytoplankton production.

2.2. Sample collection

Suspended particle profiles were collected using McLane WST-LV in
situ pumps (McLane Laboratories Inc., Falmouth, MA, USA) at the OFP
Site during three time periods: one month following the spring bloom
(15-19 April 2015), in the late fall when phytoplankton productivity is
low (13-17 November 2015), and two weeks after passage of a
Category 3 Hurricane (Nicole, 25-29 October 2016). The pumps were
fitted with dual filter holders for simultaneous collection of particles for
organic and elemental analysis (not presented here). Ten to fifteen
depths were sampled on each cruise, targeting the epipelagic
(30-100 m), the upper mesopelagic (200-500 m), the lower mesope-
lagic (500-1000 m), the upper bathypelagic (1000-2500 m), the lower
bathypelagic (> 2500 m) and the nepheloid (4400 m) layers (Table 1).
Time constraints in November 2015 limited sampling to the mixed layer
and below 650 m.

Samples collected for lipid analysis filtered between 160L and 2200
L (based on depth) through a pre-combusted (380 °C), 142 mm diameter
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Table 1

Suspended collection depths in April 2015, November 2015 and October 2016,
and abbreviations used in this paper for the epipelagic (30-100 m), upper
mesopelagic (250-500m), lower mesopelagic (700-1000m) upper bath-
ypelagic (1000-2500m), lower bathypelagic (> 2500m) and nepheloid
(4400 m) layers.

Depths sampled (m)

Depth layer April November October

Epipelagic (EL) 30, 80, 100 30, 80 30, 80, 100

Upper Mesopelagic (Up. ML) 200, 250, 450, - 200, 250, 500
500

Lower Mesopelagic (L. ML) - 650, 850 700, 800, 850,

1000

Upper Bathypelagic (Up. BL) 1500, 1700, 2300, 2500 1500, 1700
2300, 2500

Lower Bathypelagic (L. BL) 3200, 3400, 4200 3200, 4200 3200, 4200

Nepheloid (NL) 4400 4400 4400

GF/F filter (Millipore, nominal 0.7 um pore size). After recovery, sub-
samples (22 mm diameter) were immediately taken from each filter for
organic carbon/nitrogen and carbonate analyses and frozen at —30 °C.
The remaining filter, designated for lipid analysis, was immersed in 2:1
CHCl3-MeOH (Optima grade, ThermoFisher Scientific) and stored at
—-30°C.

OFP, BATS and Hydrostation S cruises collected data on oceano-
graphic conditions before and during pump sampling dates.
Temperature, salinity, oxygen, fluorescence and beam attenuation
profiles were obtained from CTD casts made during BATS and OFP
cruises. CTD bottle data for nitrate (NOs3), nitrite (NO,), POC and
phytoplankton pigments were obtained from BATS CTD casts on 9 April
2015 (7 days before suspended particle collection), 29 November 2015
(15days after suspended particle collection), and 19 October 2016
(7 days before suspended particle collection). Current profiles of the
upper 280 m of the water column were obtained from the Acoustic
Doppler Current Profiler (ADCP, 150 KHz RDI Quarter Master) located
at the top of the OFP mooring.

2.3. Analytical methods

2.3.1. Phytoplankton pigments

Samples for phytoplankton pigment analyses were taken from 12
depths in the upper 250 m at the BATS site and processed using stan-
dard BATS protocols (Knap et al., 1997). At each depth 4 L of seawater
were filtered under vacuum onto 25 mm Whatman GF/F filters and then
flash frozen in liquid nitrogen. In the laboratory, filter samples were
extracted in 100% acetone and analyzed by both standard fluorometric
(Turner AU10) and high performance liquid chromatography (HPLC)
techniques using the method of Bidigare (1991). The HPLC analyses
were performed on an Agilent 1100 series instrument. Pigment con-
centrations were quantified from instrument response and retention
times previously standardized using commercial pigment standards
from the Danish Hydraulic Institute, Denmark.

2.3.2. Bulk carbon, nitrogen, carbonate and stable isotopes

Filter subsamples for bulk analyses were oven dried at 60 °C.
Carbonate was measured by automated coulometric titration of carbon
dioxide (Engleman et al., 1985; Huffman, 1977) using a Coulometrics
model 5011 coulometer equipped with a System 140 module for in-
organic carbon determination. Subsamples for organic carbon/nitrogen
were decalcified by fuming overnight with concentrated HCl and then
drying at 60 °C. Particulate organic carbon (POC) and total nitrogen (N)
concentration and isotopic composition were analyzed at the MBL
Stable Isotope Laboratory using a Europa 20-20 continuous-flow iso-
tope ratio mass spectrometer interfaced to a Europa ANCA-SL elemental
analyzer. All samples were analyzed in duplicate.
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2.3.3. Lipid biomarkers

Lipids were extracted from the GF/F filters using a modification of
the method detailed in Conte et al. (2003). Briefly, an internal standard
mixture consisting of n-Cy;.9 fatty alcohol, n-Cas. fatty acid, 5a-cho-
lestane and n-Cse.o alkane was added to the samples prior to lipid ex-
traction. Lipids were then ultrasonically extracted using 2:1 CHCls-
MeOH (~120 W, 2 min). Salts and non-lipid components were removed
from the extracts using the cleanup procedure of Folch et al. (1957).
The lipid extracts were concentrated to just dryness using a rotoeva-
porator, resuspended in CHCl3;, and passed through a short bed of
combusted, anhydrous Na,SO,4 to remove residual water. The purified
sample extract was then transesterified using anhydrous 10% metha-
nolic HCI (55 °C, 12 h), following the procedure of Christie (1982). The
transesterified lipid products were extracted into hexane and passed
through a short bed of Na,SO,4 to remove residual water. The hexane
was evaporated using a Savant SpeedVac (SC110) and resuspended in
CH,Cl,. Just prior to gas chromatography-mass spectrometry (GC-MS),
sample extracts were transferred to GC-MS autosampler v-vials, eva-
porated under a stream of N, and TMS-derivatized under N, using 25 pL
of pyridine and 25uL  of N,O-Bis (trimethylsilyDtri-
fluoroacetamide + 1% Trimethylchlorosilane (BSTFA + 1% TMCS)
(55°C, 1 hr.). The TMS reagents were evaporated under N, and the
samples resupended in CH,Cl,.

The transesterified, trimethylsilyl derivatives were analyzed on an
Agilent 7890A GC coupled to a 5975C MS equipped with triple-axis MS
and FID detectors. A Varian CPSil 5CB low bleed MS column
(60m x 0.25 mm diameter X 0.25 pm film thickness) was used to se-
parate the lipid compounds. The temperature programming was 50 °C
(2 min hold), 10 °C/min to 150 °C, 4 °C/min to 320 °C and then held for
35min. Compounds were identified by their mass spectra and were
quantified from their FID response relative to the internal standard.

2.4. Multivariate analysis

Principal component analysis (PCA) was performed to reduce the
multidimensionality of the data set and to identify the dominant factors

0.36 0.38 0.40 0.42 0.44

contributing to the variance. A total of 39 observations (depth inter-
vals) and 86 variables were selected, using the most abundant com-
pounds or lipid groups. PCA was performed using XLSTAT, an add-in
software package for Microsoft Excel (Addinsoft Corp.) All variables
were normalized prior to PCA analysis. A Varimax rotation was applied
to the first three principal components to simplify the visual inter-
pretation of data in PCA projections while preserving the trends.

3. Results
3.1. Water column properties and elemental composition

April 2015. April was typical of late-spring conditions (Steinberg
et al., 2001), with depth-integrated primary production of 543 mg C
m~2 d~'. There was a weakly stratified 40 m mixed layer depth and a
broad well-developed subsurface fluorescence maximum between 95
and 130 m (Fig. 2). Nutrient profiles (Fig. 3) show NO3 depletion in the
mixed layer and a strong NO, subsurface max. (0.25umol L™1) at
120 m, typical of stratified conditions (Lomas and Lipschultz, 2006).
POC concentrations averaged 18 pug L™! in the mixed layer and in-
creased to ~ 27 ug L' between 40 and 80 m before declining to con-
centrations less than 10 ug L™ ! below 120 m depth.

Pigment data (Fig. 3) showed a strong deep Chl a maximum of
~340ng L' at 80 m depth. The haptophyte pigment 19-hexanoylox-
yfucoxanthin (Hex-fuco) and the pelagophyte/dictyochophyte pigment
19-butanoyloxyfucoxanthin (But-fuco) had similar concentration pro-
files as Chl @, with maximum concentrations of 120 ng L™! and 40 ng
L%, respectively, at 80 m depth. The concentration maximum of the
chlorophyte/prasinophyte pigment a + b Carotene (a + b Car, 30 ng
L.~1) was shallower, occurring at 60 m depth. The diatom/haptophytes/
pelagophytes/dictyochophytes/dinoflagellates pigment diadinoxanthin
(data not shown) had a shallow surface peak at 1-10 m (9 ng L™Y, and
maximum concentrations at 80 m (11 ng L™ '), before declining to 1 ng
L™! by 140 m depth.

Suspended POC, N and CaCOs profiles collected by in situ pumps one
week later are shown in Fig. 4. In the upper 250 m, POC concentrations
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were similar to the BATS bottle data (Fig. 3). POC concentrations de-
creased with depth to 0.8 ug L™ ! at 1500 m and then remained constant
deeper in the water column. The 8'3C of the POC decreased from
—24.0%o at 30 m to a minimum of —24.8%o at 100 m, and then increased
to —22.5%o at 250 m. Between 450 and 3400 m depths, §'3C averaged
—22.2%0 with no apparent depth trend. A sample collected at 2300 m
had a depleted §'3C value of — 23.4%o, suggesting fresher, more lipid rich
(8"3C depleted) material in this sample. The C/N molar ratio was highest
at the surface (7.6) and rapidly declined with depth to values of 5.0-5.5
below 100 m. No depth trend was observed in the deep water column.
CaCO;3 concentrations within the mixed layer averaged 8.0 pg L™! and
increased by nearly a factor of three to a maximum (22 pg L™ ) at deep
chlorophyll maximum, indicating high coccolithophore concentration.
CaCOj3 concentrations then rapidly declined to 6.3 ug L™ ! at 200 m depth
and continued to decline deeper in the water column, with a small in-
crease (~5 pg L™1) observed between 450 and 500m. CaCO; con-
centrations decreased a further 50% between 500 and 1500 m depths and
then remained constant deeper in the water column.

Increase in beam attenuation below 3800 m depth indicated the
presence of a weak nepheloid layer, with maximum beam attenuation
at 4500m depth (Fig. 2a). Within the nepheloid layer, POC con-
centrations increased by 20% between 4200 m (0.5 ug L™ 1) and 4400 m
(0.6 ug L™, C/N molar ratio decreased from 5.2 to 4.8, and CaCO5
concentrations increased by 50%, from 2.1 ug L™ ' to 3.4pug L™

November 2015. November 2015 was characterized by very low
productivity conditions at Bermuda (Steinberg et al., 2001), with depth-
integrated primary production of 106 mg C m~2 d ™!, 20% of that in
April. A narrow fluorescence peak was centered at 80 m depth (Fig. 2b).
Nutrients were depleted in the mixed layer and showed a weak NO,
subsurface max (0.09 pmol L™1) at the fluorescence maximum (Fig. 3).

POC concentrations were highest at the surface (~20pug L™') and
gradually declined to concentrations of ~5 ug L™ below 100 m depth.
The deep maximum in Chl a concentration in November (150 ng L™hH
was only ~45% that in April, reflecting the low primary production.
Similarly, peak concentrations of Hex-fuco and But-fuco were also
lower by ~50% and ~30%, respectively. In contrast, the subsurface
maximum for a + b Car and fucoxanthin (data not shown), were similar
to concentrations observed in April. Diadinoxanthin (data not shown)
concentrations were highest at the surface (~6 ng L™ 1) and declined to
1ng L™! at 140 m. Although pigment concentrations within the deep
chlorophyll maximum were lower in November than in April, mixed
layer concentrations of Chl a, But-fuco and a + b Car were higher and
suggested a recent surface production event.

POC concentrations two weeks later (Fig. 4) were similar to those in
the BATS bottle data (Fig. 3). POC 8'3C within the mixed layer was
—23.0%0 and decreased to a minimum at the deep fluorescence max-
imum (—24.0%o0). C/N molar ratio also decreased, from 6.6 within the
mixed layer to 6.0 at the deep fluorescence maximum. In contrast, CaCO3
concentrations were similar at 30 m and 80 m (~5 pg L™ 1. Below 600 m,
POC concentrations, §'°C and C/N ratios were similar to those observed
in April. POC concentrations decreased from 1.4 ug L' at 650 m to 0.6 g
L™! at 3200m, and 8'°C values ranged between —21.2%o to — 22.9%o
with no consistent depth trend. CaCO3; concentrations decreased with
depth, from ~4pg L™! between 650 m and 850m, to ~3pug L™ be-
tween 2300 and 2500m, to ~2pg L™! at 3200 m depth.

Beam attenuation in November also indicated the presence of a
weak nepheloid layer below 3800m with maximum particle con-
centrations at 4550 m depth (Fig. 2b). Between 4200 m and 4400 m
depth, POC concentrations increased by ~20%, from 0.6 ug L™' to
0.7 ug L%, while the POC 8'3C decreased from —21.1%o to —21.6%o
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Fig. 5. Profiles (0-280 m) of current magnitude (cm s~ 1) and direction (°) before, during and after passage of Hurricane Nicole (13 October 2016, closest approach to site).

(Fig. 5). CaCO3 concentrations at 4200m (4.2 ug LY and 4400m
(4.9 ug L™ 1) were almost twice that observed at 3200 m and were 50%
higher than in the nepheloid in April.

October 2016. Hurricane Nicole, a Category 3 hurricane, passed
just northwest of the study site in October, with its closest approach on
12-13 October (Fig. 1). Nicole generated large inertial currents (up to
100 cms ™~ ! at 70 m), which persisted for more than two weeks after
passage (Fig. 5). CTD profiles collected 10 days prior to the passage of
Nicole showed a 30 m mixed layer with a temperature of 27 °C (dashed
grey line, Fig. 2¢). Five days after Nicole, the mixed layer had deepened
to 62m and the temperature had decreased 2 °C to 25°C (BATS data,
not shown). By 26 October, the mixed layer had shoaled to 40 m depth
although the mixed layer temperature remained at 25°C. A broad
fluorescence maximum was centered at 100 m depth.

Five days after Nicole’s passage (18 October), the depth-integrated
primary production was 366 mgm~2 d~?', which is typical of the
average depth-integrated primary production in October (346 mgm ~>
d™1). However, the primary production measured between 100 m and
145m (57mgm™~2 d~!) was the highest recorded by the BATS time-
series since 1990 and five-fold higher than the average depth-integrated
primary production below 100 m (19 mgm~2 d~1). POC, nutrient and
pigment concentrations indicated that the strong mixing generated by
Nicole had induced a deep phytoplankton bloom (Fig. 3). Near uniform

physical and biogeochemical properties were observed within the 60 m
mixed layer. In contrast to April and November, there was detectable
NO, within the mixed layer (0.03 pmol L™ but no subsurface NO,
concentration maximum. POC concentrations (~23 ug L™') were con-
stant from the surface to 120 m depth before gradually declining.
Between 120 m and 250 m depths, POC and pigment concentrations
(Fig. 3) were significantly higher than observed in either April or No-
vember and pigment concentrations at these depths were the highest in
October at BATS since 1992. Diadinoxanthin and fucoxanthin con-
centrations also showed deep subsurface maxima of ~4ng L™ be-
tween 100 and 120 depth and high concentrations up to 160 m depth
(~2ng L™Y). These deep pigment concentrations were comparable to
those observed in October 1999 following the passage of Hurricane
Gert, another Category 3 hurricane with a similar track, and indicated a
deep penetration of labile phytoplankton-derived organic material.
Suspended POC profiles collected two weeks after Hurricane
Nicole’s passage (25-29 October 2016) showed a weak subsurface
maximum of 18 ug L™ ! at 80 m depth with a gradual decrease deeper in
the water column. The 8'3C values decreased from —22.7%o within the
mixed layer to a minimum of —25.4%o at the fluorescence maximum
before increasing again to ~ —23.0%o below 200 m depth. C/N ratios in
the mixed layer were similar to that observed in April, but C/N ratios
between 100 and 500 m (6.0-6.5) were significantly higher than those
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Table 2
Compound abbreviations used in this paper.

Biomarker Abbreviation
Fatty acids

C12-Cog saturated even SFA
C14:1-Ca.1 monosaturated even MUFA
C12-C2; 0dd and C,4-Cyg saturated iso- anteiso-branched Odd/br FA
Cy6-Cao diunsaturated DUFA
Cy6-C20 polyunsaturated PUFA

Fatty alcohols
C14-Cyg saturated even
Cy-Co4 saturated even

Short-chain SFAL
Long-chain SFAL

C15-Cy9 saturated odd Odd FAL
Ci6:1-C22.1 monosaturated even MUFAL
Sterols

Cholest-5-en-3f3-ol (cholesterol) CoyA®
24-Nor-cholesta-5,22-dien-3(3-ol CreA>22
27-nor-24-methylcholesta-5,22-dien-3p3-ol Choray A%
Cholesta-5,22-dien-3p -ol CoyA>?2
24-Methylcholesta-5,22-dien-3p-ol [
24-Methylcholesta-5,24(28)-dien-33-o0l C23A5’24(28)
24-Methylcholest-5-en-3p-ol CogA®
24-Ethylcholesta-5,22-dien-3p-ol CooA™?2
24-Ethylcholest-5-en-3[-ol CpoA®
24-Propylcholesta-5,24(28)-dien-3p-ol CgoA>2428)
40,23,24-Trimethyl-5a-cholest-22-en-3p-ol 4aC30A%
Stanols

24-Nor-5a-cholest-22-en-3p-ol CoeA??
5a-Cholesta-22-en-3p-ol CoyA%?
24-Methyl-5a-cholest-22-en-3f-ol CosA??
24-Ehtyl-colesta-22-en-3f-ol Coor?
5a-Cholestan-3p-ol CoyA°
24-Methyl-colestan-3-ol [N
24-Ethyl-5a-cholestan-3-ol CpoA®
4a,23S,24R-trimethyl-5a(H)-cholestan-3[-ol 4aC30A°
Saturated 4-methyl steroidal ketones SK
C37,-C39 methyl ketones (alkenones) LCK

C3o alkan-1,15-diol Csg diol
Hopanoids

C7 hopanone 22,29,30-trisnorhop-17(21)-ene HOP-a
Cs31.1 hopene HOP-b
Csp triterpanol HOP-c
Cs; hopanol Bp-homopan-31-ol HOP-d
Cs33 hopanoic acid HOP-e
Hydroxy fatty acids

B- hydroxy acids B-OH
(w-1)-hydroxy acids ®»-OH
1-O-alkylglycerols AG

* Phytosterols

in April. CaCOj3 concentrations increased three-fold between the mixed
layer (3pg LY and 100-200 m (average ~ 10 ug L™ Y, before de-
clining again to ~3ug L™! by 250 m depth. Within the bathypelagic
water column, POC, §'3C, and CaCOs concentrations in October were
similar to those in April and November (Fig. 4).

Beam attenuation in October also indicated the presence of a weak
nepheloid layer below 3800 m, but the maximum beam attenuation was
only about 50% that observed in April and November (Fig. 2c). As
observed in April and November, POC, PON and CaCO;3 concentrations
increased by ~20% from 4200 m to 4400 m. §'3C values were com-
parable to those in April, and declined between 4200 m (—21.8%o) and
4400 m (—22.3%o) depths.

3.2. Lipid biomarkers

Abbreviations used for the lipid classes and individual compounds
are provided in Table 2.
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3.2.1. Total extractable lipids

Concentration profiles of total extractable lipids (TEL) in suspended
particles are shown in Fig. 6 and summarized in Table 3. In April, TEL
concentrations declined by almost three orders of magnitude from the
epipelagic to lower bathypelagic layers. There was a strong subsurface
TEL concentration maximum ( ~ 4900 ng L™, 18% of POC) at the depth
of the chlorophyll maximum. TEL concentrations then rapidly declined
to 240ng L™' (11% of POC) by 250 m depth, and continued to decline
an additional 60% to 160 ng L' (9.2% of POC) by 450 m depth. TEL
concentration declined another ~ 70% through the deep mesopelagic
and upper bathypelagic layer to ~ 5ng L™! (6.9% of POC) at 1700 m
depth, and then remained rather constant deeper in the water column.
OC-normalized TEL concentrations (ng pgOC™ ') decreased by about
40% between the epipelagic layer (170ng ugOC™ 1) and the lower
bathypelagic layer (99 ng pgOC™1'), consistent with high lability of
fresh lipids in comparison to bulk OC. Within the deep water column,
OC-normalized TEL concentrations varied 10-20%, indicating sig-
nificant heterogeneity in the OM richness of deep suspended pool.
Peaks in TEL concentration, ~20-30% higher than the average deep
water TEL concentration, were observed in samples collected at
2300m, 3200m and 4200 m depths, indicating more lipid-rich sus-
pended materials at these depths.

In November, TEL concentrations in the mixed layer (~2300ng
L™, 15% of POC) were 50% lower than in April, reflecting the low
surface water productivity. There was also no evidence of a subsurface
maximum at the depth of the deep chlorophyll maximum. TEL con-
centrations within the mesopelagic water column were also lower than
in April, and even within the bathypelagic layer TEL concentrations
were about half those in April. OC-normalized TEL concentrations fol-
lowed a similar depth trend as in April, decreasing by 50% from the
epipelagic layer (119ng pgOC™') to the lower bathypelagic layer
(56 ng pgOC~1). OC-normalized TEL concentrations in the mesopelagic
and bathypelagic layers were about half those observed in April, con-
sistent with the lower absolute concentrations and indicating a sig-
nificantly more refractory suspended POC pool throughout the water
column in November.

In October 2016 following Hurricane Nicole, absolute TEL con-
centrations (Fig. 6) showed a weak maximum at the depth of the deep
chlorophyll maximum, consistent with the increase in Chl a con-
centrations (Fig. 3). Between 100 and 250 m depth, OC-normalized TEL
concentrations were similar to those in April, again indicative of the
increased phytoplankton productivity following Nicole. However,
within the upper 1000 m, both absolute and OC-normalized TEL con-
centrations were 50% higher than those in April and indicated a large
increase in lipid-rich suspended materials in the mesopelagic layer
following Hurricane Nicole. Within the bathypelagic layer, TEL con-
centrations were lower than in April but still ~25% higher than in
November. Within the nepheloid layer, absolute TEL concentrations
were similar those observed in April, although OC-normalized con-
centrations were intermediate between those observed in April and
November (Table 3).

3.2.2. Fatty acids

Fatty acids (FA) were the most abundant lipid class and comprised
between 53 and 84% of total TEL (Table 3). Total FA concentration
profiles were similar to those of TEL (Fig. 6). In April 2015, there was a
strong subsurface maximum in FA concentration at the depth of the
deep chlorophyll maximum (4200ng L™1). FA concentrations then
decreased by an order of magnitude by 200 m depth and continued to
decline with depth to 1500 m depth (~ 30 ng L™ 1). Concentrations were
variable but with no apparent depth trend in the deep bathypelagic
layer. In November 2015, no subsurface concentration maximum was
apparent, and concentrations in mesopelagic and bathypelagic waters
were only ~30-50% those observed in April. In October 2016 two
weeks after passage of Hurricane Nicole, FA concentrations also showed
a small subsurface peak of 2000ng L' at the deep chlorophyll
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(a)TEL (ng L") (b) TEL (ng pgOC™) (c)FA (ng L")

(d)FAL (ng L")
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(e)STER (ng L") Fig. 6. Lipid biomarker concentrations in sus-
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maximum and then rapidly declined to ~250ng L™* by 200 m depth.
Between 450 and 1700 m depth, FA concentrations in October were
three times greater than observed in April, again indicative of the
strong lipid enrichment in suspended POC within the mesopelagic and
upper bathypelagic layers following Hurricane Nicole.

FA concentrations in this study are compared with FA concentra-
tions observed in the northwestern Sargasso Sea in August 1982 (Conte
1990), in the Sargasso Sea core waters of a newly formed Gulf Stream
eddy in October 1982 (Conte 1990) and at BATS in June 2000 (Loh
et al. 2008) (Fig. 7). In the upper water column, FA concentrations in
August and October 1982 were lower than in November 2015. Deeper
in the water column, FA concentrations in August and October 1982
were similar to those in April and November 2015. In contrast, FA
concentrations in October 2016 were more than double. Additionally,
FA concentration at 1500 m in October was also 50% higher than that
measured at 1500 m in June 2000 (Loh et al. 2008).

OC-normalized (ng pgOC~ ") FA concentration profiles are pre-
sented in Fig. 8. OC-normalized FA concentrations were highest in April
(120-150 ng pgOC ') with a strong subsurface maximum at the depth
of the chlorophyll maximum. Concentrations then declined to ~50ng
pgOC~! by 500 m depth. At bathypelagic depths, OC-normalized FA
concentrations were variable and ranged from 35 to 85ng pgOC~ %,
indicating significant compositional heterogeneity of suspended POC
within the deep-water column. In November, OC-normalized FA con-
centrations were highest at 30 m depth (115ng ugOC™'). The con-
centration at 80 m was only about 60% that in April, consistent with the
lower productivity in November. Within the deep water column, OC-
normalized FA concentrations were lower and less variable than in
April (20-35ng pgOC™1), indicating a more refractory and homo-
genous composition of suspended POC in the deep waters. In October,
OC-normalized FA concentration profiles again showed the significant
FA enrichment in suspended POC within the mesopelagic layer, and
unlike April or November, remained high down to 1000 m depth with

255

no apparent depth trend below 1500 m. OC-normalized FA concentra-
tions within the mesopelagic layer were variable, ranging between 70
and 150 ng pgOC ™!, and indicated high compositional heterogeneity in
the suspended POC. Deeper in the water column, OC-normalized con-
centrations were less variable and averaged ~ 50 ng pgOC™?, similar to
April deep water concentrations.

Saturated fatty acids (SFA). Saturated, even-chain C;5-Cog fatty
acids comprised between 15 and 42% of the TFA (Fig. 8, Table 3). In
April, the SFA contribution to TFA ranged from ~40% in the epipelagic
layer to ~30% in the bathypelagic layer. The SFA contribution to TFA
was lower in November and October (~15% of TFA). N-Ci4.0 was the
most abundant compound, comprising 50-60% of the total SFA. N-C; 4.0
and n-C,g.o were the next most abundant SFAs.

Depth trends were observed in the SFA composition (Fig. 8). N-Cy4.9
was most abundant in the epipelagic layer, comprising up to 40% of the
SFA, but its contribution declined to ~20% of the SFA in the meso-
pelagic and continued to decline to only ~15% of the total SFA in the
bathypelagic layers. In contrast, the relative contribution of n-Cig.
increased with depth, from ~ 5% the total SFA in the epipelagic layer to
~10% of the total SFA in the mesopelagic layer. The transition in SFA
composition with depth is clearly observed in the 14:0/16:0 ratio which
averages 0.8-0.9 in the epipelagic layer and 0.2-0.3 in the bathypelagic
layer (Table 3). The 14:0/16:0 ratio in the deep water column and
nepheloid layer in October was about 50% higher than in April or
November, suggesting a greater relative abundance surface-derived OC
in the deep water column in October.

The relative contributions of the individual SFA compounds also
differed among the three sampling periods (Fig. 8). N-C;g.0 was more
abundant in the mesopelagic layer in April, whereas n-C,4.9 was more
abundant following Hurricane Nicole in October. In April, OC-nor-
malized n-Cyg.9 concentrations increased by a factor of four with depth,
from 2.3 ng pgOC ! at 100 m to 8.1 ng pgOC ~* at 4200 m. This pattern
was not observed in either November or October. The highest OC-
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Table 3
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Absolute (ng L™") and OC-normalized (ng pgOC™") concentrations of total extractable lipids (TEL) and total fatty acids (TFA) in the epipelagic layer (EL), meso-
pelagic layer (ML), upper and lower bathypelagic layers (Up. BL and L. BL, respectively) and the nepheloid layer (NL). The data are average concentrations within
each layer. See Table 2 for compound abbreviations. Symbols “+” indicate concentrations < 0.01 ng L™ or < 1%, and symbol “~” indicate not detected.

April 2015 November 2015 October 2016
EL Up. ML Up.BL L.BL NL EL L.ML Up.BL L. BL NL EL Up.ML L ML Up.BL L. BL NL
TEL (ng L™1) 3431 227 59.6 58.9 489 1949 77.2 31.6 320 371 2027 327 174 79.9 40.2 48.8
TEL (ng pgOC™ ") 1699 101 83.1 99.3 834 119 545 436 56.0 52.6 131 127 143 77.7 729 721
Total FA (ng L™ 1) 2846 148 37.4 36.1 342 1629 55.1 19.7 20.0 25.6 1657 258 136 57.0 29.1  36.2
Total FA (ng ngoC™") 139 66.2 52.2 61.6 583 99.4 389 271 349 363 107 101 112 55.4 52.8 535
SFA (ng L™ 1) 1112 55.7 10.1 10.5 5.23 689 17.7 4.26 3.43 3.89 689 91.3 49.7 13.0 5.0 5.6
SFA (ng ugOC™") 54.7 247 14.1 18.0 892 423 124  5.87 599 5.50 445 36.2 409 126 8.98 833
(%SFA): 12:0 1 1 + 1 - + 1 1 + + + + + + 1 1
14:0 41 20 13 12 13 41 18 14 13 15 43 20 20 19 16 22
16:0 51 62 61 55 61 51 62 61 61 59 49 66 67 63 60 57
18:0 6 14 21 29 20 6 16 17 20 20 5 11 10 12 17 15
20:0 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 1
22:0 + 1 1 1 2 + 1 3 2 2 + 1 1 2 2 2
24:0 + 1 1 1 2 + 1 3 1 1 + 1 1 2 2 1
26:0 + + + 1 1 + + 1 1 1 + + + 1 1 1
28:0 - - - + + + + + + - + - - - - -
MUFA (ng LY 628 35.3 13.7 13.1 16.5 355 16.9 7.79 8.30 11.35 372 65.1 42.3 20.5 12.1 15.7
MUFA (ng pgOC™") 30.8 16.0 19.2 225 282 21.6 120 107 145 16.1 242 261 345 199 22.0 232
(%MUFA): 14:1 4 1 - + + 5 1 1 1 1 5 1 1 1 1 1
z16:1 53 35 34 37 44 59 32 37 47 52 57 35 25 40 44 52
16:1w7 45 29 28 20 4 59 27 31 40 45 45 28 9 4 5 5
18:1w7 10 17 18 22 27 10 14 18 25 28 11 12 9 16 21 25
18:1w9 27 33 33 26 20 20 41 31 17 11 21 44 57 32 20 13
20:1w9 1 1 2 2 2 1 2 3 1 1 1 1 1 2 2 1
22:1w11 1 4 5 4 2 1 2 2 2 2 1 1 1 2 2 1
22:1w9 2 6 7 7 4 3 7 6 6 3 2 4 4 6 8 5
DUFA (ng L™1) 88.3 210 0.56 0.57 0.55 453 1.21 0.36 0.28 0.35 37.8 449 2.88 0.92 0.40 0.37
DUFA (ng ugOCfl) 4.37 0.93 0.79 098 0.93 2.79 0.87 0.50 0.49  0.50 240 1.83 2.37 0.89 0.71  0.54
(%DUFA): 16:2 2 - - 7 28 2 6 8 17 28 2 5 4 10 8 8
18:2w6 94 89 85 80 60 93 85 80 69 58 93 87 91 79 76 76
20:2w6 4 11 15 14 12 6 9 12 13 14 5 7 6 11 16 17
PUFA (ng L™1) 938 31.92 6.77 5.20 5.80 484 13.4 4.04 3.66 4.08 498 67.0 28.2 14.2 5.75 6.63
PUFA (ng pgoC™1) 45.4 138 9.39 853 9.89 29.4 9.48 5.56 6.40 5.77 322 251 23.4 13.8 10.4 9.79
(%PUFA): 16:4w3 1 1 - - - 1 1 1 1 1 1 + 1 + + 1
18:3w6 5 1 2 3 2 6 3 4 5 6 3 1 1 + + +
18:3w3 12 3 3 3 1 9 4 3 3 5 8 3 3 2 6 8
18:4w3 15 6 - - - 14 - 1 2 2 16 9 5 2 - -
18:5w3 16 4 5 8 6 12 4 2 - - 11 4 3 1 1 1
18:6w3 1 + - - - 1 - - - - 1 + + - - -
20:3w6 + 1 1 1 1 + 1 1 1 1 + + + + 1 +
20:4w6 1 7 9 8 7 2 7 8 7 7 2 7 6 8 8 8
20:4w3 1 1 1 2 1 1 1 2 1 1 1 1 1 1 1 1
20:5w3 10 22 22 23 29 12 21 27 26 25 12 19 20 27 27 29
22:4 + + - - - + 1 - - 1 + - - - - -
22:5w3 2 2 2 2 2 3 6 2 3 4 2 1 2 3 2 1
22:6w6 2 8 9 8 4 2 5 5 6 7 3 6 5 4 4 3
22:6w3 33 44 45 39 48 35 45 44 45 39 41 47 51 50 49 47
Odd/br FA (ng LY 78.4 233 6.28 6.70 6.10 56.0 5.91 3.25 435 5.97 599 30.1 12.8 8.4 5.9 79
0dd/br FA (ng nugOC™ 1) 4.02 10.7 8.72 11.5 10.4 3.41 417 4.47 7.57  8.45 3.86 11.4 10.6 8.16 10.7 117
(%odd/br FA):  13:0 4 2 + 1 + 4 2 1 1 + 3 2 2 2 1 2
14:0br 2 2 1 2 1 2 2 2 1 1 2 2 2 2 1 1
i15:0 14 14 10 10 10 12 10 8 8 9 13 12 9 9 9 9
al5:0 8 8 10 10 9 6 6 7 6 6 7 6 6 8 7 7
15:0 23 16 13 12 9 23 14 11 8 7 23 15 13 13 10 9
i16:0 7 9 10 9 7 15 10 10 8 6 9 9 8 9 7 6
al6:0 + - - - - - 1 2 2 1 1 1 2 1 1 +
i17:0 + 3 5 6 8 - 2 6 8 9 + 3 3 4 7 8
al7:0 1 4 4 4 6 1 5 4 6 4 + 1 1 1 3 5
17:0 19 11 9 10 7 17 10 9 7 7 15 10 9 6 7 5
17:1 13 16 16 12 14 17 17 16 10 10 12 14 17 16 11 10
i18:0 - 2 2 2 2 - 4 3 2 1 4 6 8 6 3 2
al8:0 - - - - - 1 2 + + - 3 4 5 3 2 2
19:0 1 7 11 13 15 - 6 12 13 17 - 11 11 14 20 19
19:1 6 5 7 8 12 1 4 8 17 20 4 4 4 6 10 12
21:0 2 1 2 1 - 1 2 1 1 1 2 1 1 1 1 -
Ratios: 14:0/16:0 0.81 0.32 0.22 022 0.21 081 0.28 0.23 0.21  0.26 0.89 0.30 0.31  0.30 0.27  0.39
18:1w9/18:1w7 2.67 197 1.94 1.20 073 1.85 292 176 0.74  0.39 212 4.02 6.53  2.03 1.00 0.52
20:5w3/22:603 0.30 0.49 0.49 0.58 0.61 0.34 047 0.62 0.57 0.64 0.30 0.41 0.40  0.53 0.59  0.62
Ci13.15/Cro.21 0dd/br FA 548 3.13 1.72 1.48 1.06 189 282 1.34 0.78  0.64 8.00 218 185 157 0.87  0.92
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Fig. 7. Comparison of fatty acid concentration (FA, ng L™ ') in the suspended
particles collected in this study with FA concentration of suspended material
collected previously in the Sargasso Sea by Conte (1990) and Loh et al (2008).

normalized concentrations of n-Cy6.o were observed in the epipelagic
layer in April and November (~25% of the total FA). In contrast, in
October the highest OC-normalized concentrations (~40pgOC™')
were observed in the mesopelagic layer (~26% of the total FA). These
concentrations were roughly four times higher than observed in the
mesopelagic layer in either April or November.

Long-chain n-Cyg to n-Cyg SFA were present in much lower con-
centrations (Table 3). The highest absolute concentrations of the long-
chain SFA were found in the epipelagic layer. N-Cx¢.0, n-C22.0 and n-
C.4.0 were also more abundant in the epipelagic layer in April, whereas
n-Ca6.90 was more abundant in October post hurricane. In April and
November, OC-normalized SFA concentrations decreased by an order of
magnitude between the epipelagic and the mesopelagic layers, whereas
in October OC-normalized SFA concentrations remained high down to
1000 m depth, consistent with the enrichment observed in TFA within
the upper 1000 m (Fig. 8).

Total SFA concentration within the nepheloid layer at 4400 m depth
was ~40% lower in November (3.9ng L%, 5.5 ugOC™?) than in April
(5.2ng L7!, 8.9pug0OC™") or October (5.6ng L', 8.3pg0C™ 1)
(Table 3). In November and October, total SFA concentrations at
4400 m were about 20% higher than at 4200 m, whereas in April total
SFA concentration was higher at 4200 m depth, as result of elevated
concentrations of n-Cy¢.9 and n-Cig.q.

Monounsaturated and diunsaturated fatty acids (MUFA and
DUFA). Monounsaturated, even chained C;4-Co» compounds comprised
~20% of the TFA in the epipelagic layer and increased to ~35-40% of
TFA in the deep water column (Table 3). The most abundant MUFA
were 16:1 isomers (16:1w7, 16:1010, 16:1w5), 18:1w9, and 18:1w7.
16:1w7 is a particularly abundant FA in phytoplankton (Dalsgaard
et al., 2003; Volkman et al., 1989), and concentrations of 16:1w7 in the
euphotic zone followed a similar trend as Chl a, with a maximum at the
depth of the deep chlorophyll maximum. Concentrations decreased by
an order of magnitude through the water column to < 5% of epipelagic
concentrations at bathypelagic depths. 18:1w9 is a major FA in zoo-
plankton and also highly enriched in fecal material (Harvey et al., 1987;
Wakeham and Canuel, 1988). The relative contribution of 18:1w9 to
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total MUFA was lowest within the chlorophyll maximum (~20-25%)
and highest within the mesopelagic layer (30-55%) in all months
(Fig. 8). The contribution of 18:1w9 within the mesopelagic layer in
October was twice that observed in April or November, indicating a
much higher contribution of animal-derived lipids in the suspended
POC within the mesopelagic layer following Hurricane Nicole. The
contribution of 18:1w9 decreased in the deep bathypelagic and ne-
pheloid layers, particularly in November where 18:1®w9 comprised only
11% of the total. 18:1w7 is a major FA in bacteria but is also present in
zooplankton, presumably sourced from enteric bacteria (Volkman et al.,
1980c). The relative contribution of 18:1w7 was lowest at the deep
chlorophyll maximum (~ 10% of the MUFA) and increased with depth
to a maximum contribution in the lower bathypelagic and nepheloid
layers of between 20 and 30% of MUFA.

20:1w9, 22:1w9 and 22:1wl1 are important components of zoo-
plankton wax esters (Lee et al., 2006) and were present in low con-
centrations (~1-3% of MUFA). As observed for 18:1w9, the contribu-
tion of long-chain MUFA was lowest in the epipelagic layer and
increased with depth, from < 1.3% of TFA in the epipelagic layer to
3.5-6.0% within the lower bathypelagic layer. The relative abundances
of these compounds differed among the sampling periods, with 22:1w9
being far more abundant than 20:1w9 or 22:1w11 in November and
October.

Within the nepheloid layer, total MUFA concentrations at 4400 m
were ~10-20% higher than in the bathypelagic layer (Table 3). This
increase was due to higher 16:1w7 and 18:1w7 concentrations in the
nepheloid layer, as concentrations of 18:1w9 and the Cyy and Cs,
MUFAs were all lower. The MUFA compositional shift indicated an
increase in the contribution of microbe-sourced lipids in the nepheloid
layer. Differences among sampling periods were also observed, with
concentrations were about 30% lower in November as compared with
April or October.

The major diunsaturated fatty acid (DUFA) was 18:2w6, which
comprised > 90% of the DUFA. 16:2 and 20:2w6 were also present in
low concentrations. Epipelagic concentration of 18:2w6 were highest in
April (83 ng L™ 1), consistent with the high phytoplankton production in
April. Concentrations of 18:2w6 in November (42 ng L~ 1) and October
(35ng L™ 1) were about 50% that in April. Even so, mesopelagic con-
centrations in October (2.5-4.0 ng L~ ') were higher than in April, again
indicative of higher abundance of surface derived material in the me-
sopelagic layer following Nicole.

Polyunsaturated fatty acids (PUFA). C;6 to Co5 even chained PUFA
with 3-6 methylene-interrupted double bonds are synthesized de novo
by phytoplankton, with the w3 series being more predominant than the
w6 series in marine environments (Volkman et al., 1998). Phyto-
plankton classes differ in the relative abundances of the individual
PUFA compounds synthesized (e.g., Rossi et al., 2006; Parrish, 2013),
and thus PUFAs distributions in the euphotic zone reflect phyto-
plankton community composition. PUFAs are essential fatty acids and
comprise a large percentage of animal storage lipids (Lewis, 1967;
Linder et al., 2010). Zooplankton have been shown to bioaccumulate
PUFAs from the diet at efficiencies of up to 95% (Bradshaw and
Eglinton, 1993; Harvey et al., 1987), and during bioaccumulation
PUFAs may be chain elongated and further desaturated (Monroig et al.,
2013). Thus, animal tissues are enriched in 20:5w3 and 22:6w3 com-
pounds relative to their phytoplankton diet (Levine and Sulkin, 1984;
Sargent and Whittle, 1981; Tang et al., 2001). Because zooplankton
contain copious quantities of PUFAs in their tissues, zooplankton bio-
mass is an important secondary source of PUFAs in particulate material,
presumably contributed to the detritus during animal predation,
“sloppy feeding” (Frost, 1972; Vinogradov et al., 1977). In addition to
de novo synthesis by phytoplankton, some microheterotrophs (Pereira
et al., 2003) and piezophilic bacteria clades in the deep water column
can biosynthesize 20:5w3 and 22:6w3 PUFAs (Fang et al., 2003), al-
though their contribution to the total PUFA pool in the deep water
column currently is not known.
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Fig. 8. OC-normalized concentration of fatty acids in the suspended particulate matter (bars, ng ugOC-1), as well as the percentage contribution of each fatty acid
compound (%, gaps in the plot indicate > 1000 m between samples. EL, ML, BL and NL: Epipelagic, Mesopelagic, Bathypelagic and Nepheloid layers, respectively.

PUFAs comprised between 30 and 35% of TFA in the epipelagic
layer. The PUFA contribution to TFA rapidly decreased with depth to
~15-20% of TFA with the bathypelagic layer. Absolute and OC-nor-
malized PUFA concentrations in the epipelagic layer in April (932 ng
L™!, 45ng ugOC™') were twice that in November (473ng L™?, 29 ng
ugOC™Y) and October (495ng L™, 32ng pugOC™ 1), reflecting the
higher primary productivity in April. OC normalized concentrations in
the lower mesopelagic layer in April and November, were about 30% of
the concentrations observed in the epipelagic layer. However, OC-
normalized PUFA concentrations in the mesopelagic layer in October
were about 70% that in the epipelagic layer, again indicative of the
high abundance of fresh, labile OC in the suspended particle pool in the
mesopelagic layer following Hurricane Nicole.

The most abundant PUFAs in the suspended particles were 20:5w3
and 22:6w3, which together comprised between 40 and 78% of the total
PUFA (Table 3, Fig. 8). C;g PUFAs (18:3w3, and 18:3w6, 18:4w3,
18:5w3, and 18:6w3) were abundant in the upper water column,
comprising 54% of the total PUFAs in the epipelagic layer in April, 43%
in November and 40% in October (Fig. 8, Table 3). The contribution of
C1g PUFAs decreased rapidly with depth to only 5-15% of the total
PUFAs in the bathypelagic and nepheloid layers, and reflected the shift
from phytoplankton- to animal-sourced PUFAs with increasing depth.
The 20:5w3/22:6w3 ratio also increased with depth, from 0.30 to 0.34
in the epipelagic layer to ~0.60 in the bathypelagic and nepheloid
layers. This depth trend indicates either lower ecosystem retention of
22:6w3 and/or possibly a higher 20:5w3/22:6mw3 production ratio by
heterotrophes and/or piezophilic bacteria in the deep water column.

Within the nepheloid layer, PUFA concentrations ranged from

4.4ng L™ in November to 6.5ng L™! in October. As observed for
MUFA, absolute PUFA concentrations were about 10% higher in the
nepheloid layer while OC-normalized concentrations were similar
(Table 3), indicating no enrichment in lability of the OC within the
nepheloid layer.

0dd chain and branched fatty acids (odd/br FA). Odd chain and
iso- and anteiso- branched fatty acids (odd/br FA) are abundant in
bacteria (Cho and Salton, 1966; De Carvalho and Caramujo, 2012;
Kaneda, 1991). The major odd/br FA compounds in the suspended
particles were nl15:0, i15:0, 17:0, and 17:1, which collectively com-
prised between 62 and 67% of the odd/br FA in the epipelagic layer and
40-50% in the bathypelagic and nepheloid layers.

The odd/br FA contribution to TFA increased significantly with
depth, from ~3% of the TFA in the epipelagic layer to ~10-15%
within the mesopelagic layer, to ~20% in the bathypelagic and ne-
pheloid layers. In the epipelagic layer, odd/br FA concentrations were
highest in April (78 ng L™, 4ng ugOC™ ') and about 30% lower in
November (56 ng L™ !, 3.4 ng pgOC~1) and October (60ng L™ %, 3.9ng
ugOC™1). Within the bathypelagic layers, concentrations were similar
in April (6-7ng L', 8.5-11.5ng pgOC™') and October (6.0-8.5ng
L1, 81-10.7ng pgOC™') and about 50% lower in November
(3.3-4.4ng L™, 4.5-7.6ng pgOC™ ). The trends indicate a higher
bacterial contribution to the suspended POC in the deep water column
after high productivity conditions in April and October than in the low
productivity conditions in November, suggesting bacterial activity is
modulated by lability of the particulate organic carbon pool.

The average chain length of the odd/br FA in the suspended parti-
cles increased with depth (Fig. 9, Table 3). The contribution of the
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Fig. 9. Relative percentage of individual odd/br FA compounds (% odd/br FA) in the suspended particles collected in April and November 2015 and October 2016 at
the epipelagic (EL), upper mesopelagic (Up. ML), lower mesopelagic (L. ML), upper bathypelagic (Up. BL), lower bathypelagic (L. BL) and nepheloid (NL) layers.

short-chain C;3.15 compounds decreased from 46% of the total odd/br
FA in the epipelagic layer to only 19-24% of the total in the nepheloid
layer. Conversely, the contribution of the Cy9.5; compounds increased
from 2.5 to 9% of the total odd/br FA in the epipelagic layer to 27-37%
in the nepheloid layer. This trend of increasing chain length with depth,
summarized by the ratio of XC;3 15/XCq9_p; 0odd/br FA (Table 3), sug-
gests a depth zonation of bacterial community structure.

Small compositional differences in odd/br FA were also observed in
the three sampling periods that indicated differences in microbial
communities (Fig. 9). For example, n19:0 and 19:1 were more abundant
within the epipelagic layer in April while al16:0, i18:0 and al8:0 were
more abundant in October. At bathypelagic depths, C;5 and Co; com-
pounds comprised a lower percentage of odd/br FA in April relative to
November or October, whereas 13:0, br14:0, i18:0 and a18:0 com-
pounds comprised a larger percentage of the total in October (post
hurricane) relative to April or November.

Within the nepheloid layer, total odd/br FA concentration was 30%
higher in October (7.9 ng L™ 1) than in April (6.1 ng L™") or November
(6.0ng L™Y). Compositionally, C,o and Cy compounds comprised a

greater percentage of the total odd/br FA in the nepheloid layer. The
compositional differences observed in the nepheloid layer among the
three sampling periods were similar to those observed in the bath-
ypelagic layer, in particular the enrichment in 13:0, br14:0, i18:0 in the
nepheloid layer in October (Fig. 9).

3.2.3. Fatty alcohols

Fatty alcohols (FAL) are synthesized de novo by diverse phyto-
plankton, zooplankton and microbial sources (Sargent, 1976; Volkman
et al., 1980b) and also produced by the hydrolysis of wax and chlorin
esters (Cranwell, 1982; Sargent, 1976). Short-chain n-C;,-C;4 FAL have
microbial, plant or animal sources (Berge et al., 1995; Robinson et al.,
1984a; Sargent, 1976). Even-chained n-C;4-Co4 FAL are major compo-
nents of zooplankton wax esters, with C;4 and C;g compounds being the
most prevalent (Harvey et al., 1987; Robinson et al., 1984b; Sargent
and Falk-Petersen, 1988).

Unlike TFA, concentrations of FAL were highest at 30 m depth and
did not exhibit any subsurface peak at the depth of the chlorophyll
maximum (Fig. 6). FAL concentrations in the euphotic zone in October
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were less than half those observed in April, while concentrations in the
100-250 m depth range were similar. The FAL contribution to TEL in
the epipelagic layer also differed from that of the FA. FAL contribution
to TEL increased from 0.9% in April to 1.4% in November, and the
lowest FAL contribution was observed following Hurricane Nicole
(0.7% of TEL in October). In the lower mesopelagic layer, FAL con-
centrations in October were about twice those in April and about three
times those in November, consistent with the FA enrichment observed
in the mesopelagic layer in October following Hurricane Nicole pas-
sage. At bathypelagic depths, FAL concentrations were similar in April
and October, and about 50% lower in November, although FAL con-
centrations were more similar among sampling periods in the deep
bathypelagic layer. FAL contributions to TEL increased with depth,
from 4.6 to 5.6% of TEL in the mesopelagic layer and to 7.5-12.0% of
TEL in the bathypelagic and nepheloid layers. Similarly, OC-normalized
FAL concentrations increased with depth, from 0.9 to 1.8 ng ugOC ™" in
the epipelagic layer to 5.5-7.1ng pgOC~! in the lower bathypelagic
layer (Fig. 10).

Saturated long-chain C;_»4 FAL were the most abundant FAL
compounds, comprising between 50 and 93% of the total FAL. While
C0—C24 FAL are often considered indicators of higher plant contribu-
tions (Eglinton and Hamilton, 1967; Ficken et al., 1998), the con-
centration profiles observed here indicate a significant marine source
(s). A clear depth trend was observed in FAL composition (Fig. 10). In
general, 20:0 and 22:0 FAL contributed a higher percentage of the total
FAL in the upper water column, especially in April and October post-
hurricane, 16:0 FAL tended to comprise a higher percentage within the
mesopelagic and upper bathypelagic layers, and 18:0 FAL exhibited no
consistent depth trend.

Monounsaturated, even chained C,¢-Cs, FALs were also present.
These are components of zooplankton wax esters (Lee et al., 2006;
Sargent and Lee, 1975) but also have been found in some diatoms (e.g.,
Ci6:1 and Cyg.1 FAL, Berge et al., 1995) suggesting minor phytoplankton
sources. The major monounsaturated FALs were Ci6.; and Cig.;. The
highest contribution of monounsaturated FALs was observed in the
lower bathypelagic and nepheloid layers in October, where they com-
prised 20-25% of the total FAL. In contrast, in November the highest
contribution of Cy¢.; and C;g.; was observed in the epipelagic layer
(23% of the total FAL). Cy0.; and Cyy.; FAL were also present in low
(<1 ng L™Y) concentrations in the epipelagic layer. Absolute con-
centrations of Cyo.; and C,,.; decreased with depth by two orders of
magnitude in the mesopelagic layer and their relative contribution to
total FAL also decreased sharply with depth in all sampling periods.

Odd chained fatty alcohols are found in bacteria (Mudge et al.,
2008; Parkes and Taylor, 1983), although trace amounts have also been
observed in animals. 15:0 FAL was the main odd chained FAL present,
comprising 0.2-4.6% of the total FAL. The maximum percent con-
tribution of odd chain compounds was observed in the mesopelagic
layer in all months.

FAL compositional differences were observed among the three
sampling periods. 18:0 FAL was most abundant within the epipelagic
layer in April (62% of the total FAL) and least abundant in the deep
water column (< 30% of total FAL). The opposite was observed in
November, where 18:0 FAL was least abundant in the epipelagic layer
(34% of total FAL) and most abundant in the lower bathypelagic and
nepheloid layers (73-77% of total FAL). 16:0 FAL and 20:0 FAL were
the main secondary FAL compounds in April (10% and 13% of total
FAL, respectively), 14:0 FAL, 16:1 FAL and 18:1 FAL were the main
secondary compounds in November (19%, 13% and 11% of total FAL,
respectively), and 22:0 FAL and 16:0 FAL were the main secondary
compounds in October following Hurricane Nicole. Monounsaturated
FAL were abundant within the deep water column in April and October,
but were only minor components of the total FAL in the deep
water column in November.
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3.2.4. Sterol, stanols and steroidal ketones

Sterols, and their stanol and steroidal ketone degradation products,
were the second most abundant lipid class in the suspended particles in
the epipelagic layer and the third most abundant class in the mesope-
lagic and bathypelagic layers (Table 4). The most abundant sterols in
the suspended particles were CygA>?2, Cy,A%?2, Cp,A° (cholesterol),
Co0A®, and CyoA>?2, and the most abundant stanols were C,,A%,
CogA?2, CoyA°, and CaoA’. The sterols norCo,A>?2, CorA®?2, CogA™>?2,
CpsA>2#CE8  Cog A%?2 and C30A? are major sterols in phytoplankton,
with different relative distributions in the different phytoplankton
classes (Volkman, 1986). Cholesterol, Co,A°, is the predominant sterol
in animals and is a transformation product of dietary sterols (e.g.,
Harvey et al., 1989; Teshima, 1971). Cy,A is also highly enriched in
fecal material (Neal et al., 1986; Prahl et al., 1984; Wakeham and
Canuel, 1986).

Total absolute and OC-normalized concentrations of sterols + sta-
nols (STER) generally tracked those of TEL and FA, with maximum
concentrations in the epipelagic layer and a rapid decrease with depth
(Figs. 6 and 11). In April, STER showed a strong subsurface con-
centration peak at the depth of the chlorophyll maximum (~125ng
L.™1), and then declined sharply to < 10 ng L™! by 200 m depth. STER
concentrations continued to decrease with depth to ~2ng L~ " within
the lower mesopelagic and bathypelagic layers, In November, STER
concentrations within the mixed layer and upper bathypelagic layer
were only about half those observed in April, consistent with the low
productivity in November, although concentrations within the lower
bathypelagic layer were similar. In October following Hurricane Nicole,
STER concentrations again showed a strong subsurface peak at the
depth of the chlorophyll maximum. Concentrations within the meso-
pelagic layer were almost double those observed in April, consistent
with the increases observed for TFA and FAL. In particular OC-nor-
malized concentrations of cholesterol and phytosterols (Cporar A2,
Co7A%?2, CpgA>?2, Table 2) and their corresponding stanols were sig-
nificantly higher in the mesopelagic layer following Hurricane Nicole in
October (Fig. 11), indicating enrichment in animal- and phytoplankton-
sourced OC and early degradation products in the mesopelagic layer
following Hurricane Nicole.

Stanols comprised 15-18% of the total STER in the epipelagic layer
and between 20 and 28% deeper in the water column (Table 4). The
major stanols were the A% and A° stanols of the corresponding A>?2
and A sterols. OC-normalized stanol concentrations were highest in the
upper mesopelagic layer in April and October post-hurricane (0.9 ng
ugOC~! and 1.2ng pgOC™ !, respectively), and lowest in the bath-
ypelagic layer in November (0.4-0.5 ng ugOC™1).

The within class sterol and stanol composition is shown in Fig. 12.
Co7A%?2 and CpsA™?2 were the most abundant compounds and com-
prised 25-30% and 12-15% of the total, respectively, in the epipelagic
layer. Sterol composition clearly evolved with increasing depth. As the
percentage of phytosterol compounds decreased below the euphotic
zone, the percentage of the animal-sourced C,;A° increased by
~40-50%. Additionally, there was shift with depth in the phytosterol
Co7A>?2 10 GagA™?2 ratio, from 0.4 to 0.7 in the epipelagic layer to
0.8-1.3 within the mesopelagic layer, and then a decrease to 0.7-0.9
within the bathypelagic and nepheloid layers. Additionally, the per-
centage of CoA° increased with depth, from 8 to 13% in the epipelagic
and mesopelagic layers to 16-17% in the bathypelagic and nepheloid
layers. Stanol composition also exhibited clear depth trends, with per-
centages of Cy,A° and CyA” increasing from 30 to 40% of the total
stanols in the epipelagic layer to 50-55% of the total in the bath-
ypelagic and nepheloid layers. The percentage of C5,A° also was higher
in the mesopelagic layer, corresponding to the increased percentage of
Co,A°. The ratio of A? to A% stanols also increased with depth, from 0.7
to 1.0 in the epipelagic layer to 1.7-3.0 in the bathypelagic and ne-
pheloid layers.
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Despite pigment evidence of significant differences in phyto-
plankton community composition (Fig. 3), the within class sterol and
stanol composition was similar among the three sampling periods
(Fig. 12).

The main differences were a small enrichment in C,,A>?2 in April
and in C,g sterols in November, and a higher relative abundance of the
animal-sourced Co,A” (cholesterol) in October (20% of total sterols) as
compared to April (12% of sterols). Stanol composition mirrored the
small changes observed in the composition of the corresponding sterols.
As observed in the corresponding sterols, the percentage of C,,A%? was
slightly higher in April, CoA° slightly higher in November, and Cy,A°
higher following Nicole in October.

Stanol/sterol ratios have been commonly used as an index of early
OM degradation (e.g., Wakeham and Lee, 1989). In general, stanol/
sterol ratios were low in the epipelagic layer and increased in the me-
sopelagic layer, consistent with bacterial transformation of primary A®
sterols (Hudson et al., 2001; Stewart et al., 2007; Volkman, 2003).
Difference among sampling periods were also observed in the deep-
water column. Stanol/sterol ratios decreased between the bathypelagic
and nepheloid layers in April, no decrease was observed in November,
and stanol/sterol ratios increased in October with the exception of
Cy7A%2/Cy,A>?2, A particularly large increase between the bathypelagic
(0.35) and nepheloid (0.71) layers was observed for the C,gA®2/
CosA>?2 ratio. Additionally, differences were observed in the CagA%/
CsA° and CyoA%/CogA® ratios between the mesopelagic and bath-
ypelagic layers among the three sampling periods, with ratios being
highest in April (0.5-0.9), lower in November (0.3-0.6), and lowest in
October (0.2-0.3).

Steroidal ketones (SK) were minor components of the suspended
particles, comprising 0.05-0.22% of TEL (0.03-0.18 ng ugOC™1). SK
are intermediates in the degradation of sterols to sterenes (Gagosian

[020:0+22:0+24:0
W 20:1

W 22:1

and Smith, 1979), although some studies indicate that they are also
synthesized by some dinoflagellates (Robinson et al., 1984b). The major
steroidal ketone was 5a-cholestan-3-one, a degradation product of
cholesterol, which accounted for 34-100% of the total SK. SK con-
centrations were highest in the epipelagic layer, and decreased by an
order of magnitude in the mesopelagic layer. OC-normalized con-
centrations in the epipelagic layer were similar in all sampling periods
(0.09-0.11 ng ugOC ™). OC-normalized concentrations remained high
within the mesopelagic layer in April and October following Hurricane
Nicole (0.11-0.14ng pgOC™1), but were about 50% lower in No-
vember.

3.2.5. Other lipid classes

Akenones. Long-chain C3,-C39 methyl ketones (alkenones) are
synthesized by the cosmopolitan coccolithophores Emiliana huxleyi and
Gephyrocapsa oceanica (Conte et al., 1994; Volkman et al., 1980a). Al-
kenones were present in low concentrations, comprising between 0 and
1.3% of TEL (Table 5). The Cs;., alkenone was generally detectable
throughout the water column, but longer chain alkenones were de-
tectable only in the epipelagic layer due to the low concentrations.
Alkenone concentration profiles showed large differences among sam-
pling periods (Fig. 6f). In April, an extreme concentration peak (64 ng
L™!) was observed at the deep chlorophyll maximum, coincident with
the peak in Hex-fuco (Fig. 3) and CaCOs3 (Fig. 4), indicating a large
production peak in coccolithophorids, including Emiliana huxleyi. Sur-
face concentrations in November and October were much lower
(< 15ng L™') and no subsurface maximum was apparent. Alkenone
concentrations were very low in the deep water column, averaging
~0.02ng L.~ ! below 1500 m. An exception was two alkenone-enriched
samples at 1500m and 1700 m following the hurricane in October,
suggesting a higher amount of phytodetritus from earlier E. huxleyi
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Absolute (ng L.~ 1) and OC-normalized (ng ugOC ~ ') concentrations of fatty alcohols (FAL), sterols and steroidal ketones (SK) in the epipelagic layer (EL), mesopelagic
layer (ML), upper and lower bathypelagic layers (Up. BL and L. BL, respectively) and the nepheloid layer (NL). The data are average concentrations within each layer.

See Table 2 for compound abbreviations. Symbols “+” indicate concentrations < 0.01ng L™! or < 1%, and symbo

«_»

indicate not detected.

April 2015 November 2015 October 2016
EL Up.ML Up.BL L. BL NL EL L ML Up.BL L BL NL EL Up.ML L. ML Up.BL L.BL NL
Total fatty alcohol (ng L™1) 325 11.6 474 440 4.30 281 4.32 3.83 297 3.39 14.2 15.1 112 7.27 3.62 3.56
Total fatty alcohol (ng pgOC~1) 1.79 5.56 670 7.11 7.33 1.74 3.04 528 517 4.80 0.90 6.46 890 7.06 6.53 5.25
(%FAL): 12:0 1 1 1 1 0 1 2 1 0 0 1 1 1 1 1 1
14:0 4 10 4 4 1 13 7 3 2 1 5 13 10 9 7 2
16:0 13 37 36 31 21 9 38 30 14 11 17 46 45 38 26 14
18:0 54 38 35 39 30 37 34 50 73 77 38 27 15 18 36 45
20:0 15 2 2 2 2 7 2 1 2 2 2 1 1 2 2 4
22:0 9 1 1 1 1 5 1 1 1 1 20 2 1 1 1 2
24:0 - 3 2 1 1 3 1 1 1 1 7 1 1 1 1 1
11:0 - - - - - + - - - - 1 + - - - -
13:0 1 1 1 1 + + + + + + + + + + + +
15:0 + 4 4 3 2 4 4 3 2 2 1 5 4 3 3 1
17:0 1 3 2 2 1 2 1 1 2 3 1 1 2 2 2
16:1 - 1 4 8 4 8 4 2 3 1 - 1 6 5 4 2
18:1 - - 6 8 29 8 4 5 - - 1 2 13 17 16 23
20:1 - - 1 1 5 - 1 2 + 1 - - + 1 1 2
22:1 3 + 1 + 1 3 + + - - 4 + 1 2 1 +
Total sterols & stanols (ng L™ 1) 108 7.72 1.90 127 1.70 60.4 277 1.31 113 1.04 90.2 14.7 6.57 4.02 170 1.92
Total sterol & stanols (ng pgOC ™ 1) 5.57 3.67 264 2.06 290 369 193 1.80 1.98 1.48 5.71 5.47 5.34 392 3.08 2.84
(%Sterol): CpeA>22 3 2 2 2 3 3 3 2 2 3 3 3 3 3 4 4
Crora7A*?2 7 5 4 4 4 5 5 5 4 6 7 5 5 6 4 5
Coy N> 12 20 14 12 12 15 16 13 10 10 16 18 18 15 12 11
CorA® 12 30 30 23 29 16 29 26 20 22 19 31 30 25 22 23
CpgA>?? 31 17 17 17 16 24 14 17 16 16 23 14 15 17 17 16
CpgA>24C8) 4 1 - 2 2 3 1 1 2 2 1 + 1 1 1 1
CosA® 4 3 5 6 7 2 4 6 8 7 5 5 5 6 8 7
CpoA>?2 7 6 7 6 5 8 6 6 6 7 5 6 6 6 6 6
CaolA® 9 8 14 16 15 12 9 15 16 14 9 8 9 12 16 15
C30A>24C8) 2 - - - - 1 1 - 1 - 2 1 1 1 1 1
40aC30A? 3 4 5 6 3 3 4 4 5 4 3 3 2 3 2 2
Total Stanol (ng L) 129 1.71 0.41 032 0.33 8.49 0.60 0.25 023 0.22 13.1 2.74 117 073 029 0.33
Total Stanol (ng pgOC ™) 0.66 0.82 0.57 051 0.56 0.52 0.42 0.35 041 0.31 0.82 1.04 096 071  0.52 0.49
(%Stanol): CaeA?? 6 5 7 4 8 9 7 5 5 6 5 4 5 4 5 6
CoyA* 1 15 8 7 8 15 15 9 7 8 13 11 14 11 9 6
CosA?? 24 16 14 14 11 19 14 13 13 13 20 14 15 14 10 9
CaoA?? 8 4 4 4 3 9 5 5 5 4 9 7 6 6 5 6
CoyA° 14 22 25 21 25 16 25 24 20 22 2 22 27 24 19 21
CasA? 5 9 9 10 10 8 8 10 13 14 8 8 7 9 10 11
CaoA? 18 25 24 28 24 20 19 27 28 25 15 25 22 24 29 29
40aC30A° 13 4 8 13 11 4 7 9 10 8 7 8 4 8 12 12
Ratios stanol/sterol: CoyA%2/Coy A2 0.13 0.21 0.16 0.20 0.16 0.15 0.26 0.17 017 0.21 0.13 0.14 0.16 017 0.6 0.1
CosA?2/CogA>?2 0.11 0.27 022 028 0.16 0.13 029 018 022 0.22 0.15 0.23 021 017 012 0.12
Cp9A?2 /CooA™22 0.17 0.18 0.17 0.23 0.14 0.18 027 0.18 0.21 0.17 0.28 0.28 0.20 021 020 021
Co7A%/Cy7A® 0.16 0.21 023  0.31 0.20 0.17 027 021 025 0.26 0.19 0.17 0.20 021 0.17 0.19
C2sA%/CosA® 0.18 0.75 0.52 0.58 0.32 0.57 0.56 0.41  0.41 0.50 0.27 0.39 0.29 030 026 0.31
Ca0A%/CaoA® 0.29 0.89 0.50 0.62 0.36 0.27 0.65 0.42 0.44 0.47 0.28 0.69 0.51 0.44 0.36 0.39
40C30A%/4aC30A%2 0.66 0.32 0.46 071 0.96 0.27 0.58 0.56 0.51 0.52 0.42 0.65 0.39 073 1.03 0.97
Cy,A°/phytosterol 0.15 0.46 0.45 0.34 0.43 0.21 0.49 0.39 028 0.33 0.27 0.49 0.47 037 0.33 0.35
TOTAL Steroidal ketone (ng L™1) 1.87 0.30 0.04 0.06 0.04 1.71 011 0.04 0.02 0.04 1.81 0.29 0.16 0.08 0.02 0.02
TOTAL Steroidal ketone (ng ugOC ') 0.09 0.14 0.05 0.09 0.08 0.10 0.08 0.05 0.04 0.05 0.11 0.11 0.13 0.08 0.04 0.03
(%SK): 5B cholestan-3-one 31 15 11 36 19 24 22 28 38 30 35 22 25 32 37 61
5a cholestan-3-one 54 57 82 57 69 47 52 61 62 46 40 47 62 48 63 39
24-ethyl-5a-cholestan-3-one 16 28 7 7 12 30 26 11 - 23 25 30 13 21 - -

production at these depths. OC-normalized alkenone concentrations in
the epipelagic layer in April were a factor of four higher than observed
in November or October (Table 5), reflecting the higher coccolitho-
phore production in April.

The ratio of di- (C37.2) or tri-unsaturated (Cs;.3) C3, alkenones (U;;)
reflects growth temperature, and can be used to estimate surface water
production temperature. The values of UX at 30 m were 0.73 in April,
0.91 in November and 0.94 in October. Applying the Bermuda surface
water calibration of Conte et al. (2001b), these UK values correspond to
growth temperatures of 21.2°C in April, 25.4°C in November and
26.4°C in October. These estimates are consistent with the mixed layer
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temperatures measured in situ during these seasons.

C3 alkan-1,15-diol (Csq diol). C3q diols have been commonly re-
ported in marine and freshwater environments (e.g., Versteegh et al.,
1997, 2000; Rampen et al., 2012; Pedrosa-Pamies et al., 2015), but
little is known about specific biological sources and distributions
throughout the water column. Long-chain n-alkan-1,15-diols have been
identified in the Nannochloropsis sp. (class Eustigmatophyceae) (Gelin
et al., 1997; Versteegh et al., 1997; Volkman, 1986; Volkman et al.,
1992), and in some members of the Proboscia diatom genus (Sinninghe
Damsté et al., 2003).

Cs alkan-1,15-diol (C3q diol) was the only long-chain diol detected,



R. Pedrosa-Pamies et al.

Sterol (ng pgOC™)

Percentage (%)
20

Progress in Oceanography 168 (2018) 248-278

Fig. 11. OC-normalized concentration of selected
sterols in the suspended particulate matter (bars, ng
ugOC-1), as well as the percentage contribution of
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comprising between 0.02 and 1.33% of TEL. C3, diol concentrations
were highest in the mixed layer in all periods (Fig. 6g). Concentrations
were highest following Hurricane Nicole in October (~14ng L™' at
30m depth) and remained high throughout the mesopelagic layer. An
increase in Cgq diol concentrations was observed in the 1500 m and
1700 m samples in October, as observed for alkenones, also suggesting
phytoplankton-enriched material at these depths. C3o diol concentra-
tions in the epipelagic and mesopelagic layers in April and November
were similar and about 50% lower than following Nicole in October.
C3o diol concentrations within bathypelagic waters were very low,
averaging ~0.02ng L' in April and November. Concentrations in
October were about 50% higher (~0.03ng L™'), a reflection of the
higher surface concentrations following Hurricane Nicole.

Hopanoids. Hopanoids (HOP), which include hopanoic acids, al-
cohols and ketones, are early degradation products of Css bacter-
iohopanepolyols synthesized by bacteria, including some marine cya-
nobacteria such as Synechococcus (Ourisson et al., 1979; Rohmer et al.,
1984). The major hopanoid compound in the samples was 22,29,30-
trisnorhop-17(21)-ene (HOP-a), which accounted for ~75% of the total
HOP.

HOP comprised 0.02-2.32% of TEL, and concentrations ranged from
0.2 to 2.8ng L' (0.02 to 2.30ngpugOC™ 1) (Table 5). Unlike other
major lipid classes, HOP concentrations were low in the epipelagic layer
(0.8-1.0ng L™ 1) and highest in the mesopelagic layer (Fig. 6h,
Table 5). Large differences were observed among sampling periods. In
particular, HOP concentrations in the mesopelagic layer in October
(~2.5ng L™') were more than twice those in April (~1.0ng L™1),
indicating higher bacterially-sourced OC following Hurricane Nicole. In
contrast to LCK and Cs, diol, no enrichment in HOP concentrations was
observed at 1500 m or 1700 m in October.
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Significant differences among sampling periods were observed in
the bathypelagic layer. HOP concentrations in April (0.8 ng L™ ") were
double than those observed in November (0.4 ng L™ Y. Within the ne-
pheloid layer, HOP concentrations in April and October (~0.5 ng L™H
were also twice that in November (0.25 ng LY.

Hydroxy fatty acids. 3-hydroxy acids (3-OH) ranging from C;, to
Cyo are constituents of structural biopolymers of many microorganisms,
including bacteria, yeasts, fungi and protozoa (e.g., Cardoso and
Eglinton, 1983; De Leeuw et al., 1995). The source of (w-1)-hydroxy
acids (w-OH) has long been the subject of conjecture (e.g., Boon et al.,
1977; Fukushima et al., 1992) but is usually believed to be associated
with bacteria (Cardoso and Eglinton, 1983; Skerratt et al., 1992).

Cy4 was the most abundant -OH compound and comprised up to
47% of the total B-OH. This contribution is typical of that found in the
cell wall lipopolysaccharide of gram-negative bacteria (Ratledge,
2008). B-OH concentrations ranged from 0.2 to 45ng L™! (0.33 to
2.02ng pugOC™ 1) and comprised 0.6-1.7% of TEL (Table 5). Con-
centration profiles of total 3-OH and w-OH were very similar to FA
profiles, including a strong concentration peak at the chlorophyll
maximum in April and a weaker concentration peak in October
(Fig. 6i). Additionally, concentrations in the mesopelagic layer in Oc-
tober were 2-3 times those in April and November. Bathypelagic con-
centrations were similar to trends observed for other lipid classes, with
April concentrations about twice those in November. As observed for
HOP, concentrations increased by ~20% between 4200 m and 4400 m
in November and October, but decreased by ~20% in April.

The highest OC-normalized 3-OH concentrations were observed in
the epipelagic layer in April (1.7ng pugOC~') and October (1.4ng
ugOC~ 1) and lowest concentrations were observed in November (0.9 ng
ugOC™1). In contrast to B-OH, w-OH concentrations in the epipelagic
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Fig. 12. Relative percentage of individual sterols and stanols (%) in the suspended particles collected in April and November 2015 and October 2016 at the epipelagic
(EL), upper mesopelagic (Up. ML), lower mesopelagic (L. ML), upper bathypelagic (Up. BL), lower bathypelagic (L. BL) and nepheloid (NL) layers.

layer in April (40 ng L™ ') were twice that observed in October (24 ng
L™1Y), although mesopelagic and bathypelagic concentrations in
October were higher than in April. Within the nepheloid layer, both p-
OH and w-OH absolute concentrations were highest in October (1.1 and
0.7ng L%, respectively), while OC-normalized B-OH concentrations
were highest in April (0.8 ng ug0C™1).

1-0-alkylglycerols. The sources of 1-O-alkylglycerols are still lar-
gely unknown. 1-O-alkylglycerols (AG) have been found in diverse
animal sources, including sharks, squid and the pteropods (Bordier
et al., 1996; Kattner et al., 1998), and also have been identified in
sulfate-reducing bacteria (Zeng, 1988), suggesting aerobic bacterial
sources as well. This is the first study to report 1-O-alkylglycerols
concentrations in suspended material. Previously these compounds
have been reported in sediment trap material (Conte et al., 1998;
Wakeham, 1982) and in surface sediments (Madureira, 1994).
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1-O-alkylglycerols concentrations ranged from 0.6 to 39.4ng L™!
(0.7-2.9ng ugOC’l) and comprised 0.8-3.2% of TEL (Table 5). Con-
centration profiles for AG were distinct from any other lipid class
(Fig. 6j). Although concentrations within the epipelagic layer in April
were high (~35ng L), there was no subsurface concentration peak at
the chlorophyll maximum. Conversely a subsurface concentration peak
was observed in October at 100 m depth following Hurricane Nicole.
The relatively high concentrations within the euphotic zone suggests
that they are synthesized by organisms living within the epipelagic
layer. The concentrations of 1-O-alkylglycerol in deep water exhibited a
general covariation with that of cholesterol, 18:1w9, long-chained FAL
and odd/br FA that suggests de novo synthesis and/or bioaccumulation
in deep zooplankton and/or possibly additional bacterial sources.
However, there was much lower enrichment in AG concentrations
within the mesopelagic and bathypelagic layers in October following
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Absolute (ng L™') and OC-normalized (ng pgOC ™) concentrations of long-chain alkenones (LCK), Cs, alkyldiols, hopanoids (HOP), alkylglycerols, B- and (w-1)-
hydroxy fatty acids in the epipelagic layer (EL), mesopelagic layer (ML), upper and lower bathypelagic layers (Up. BL and L. BL, respectively) and the nepheloid layer
(NL). The data are average concentrations within each layer. See Table 2 for compound abbreviations. Symbols “+” indicate concentrations < 0.01ng L'

“_»

or < 1%, and symbo indicate not detected.

April 2015 November 2015 October 2016
EL Up. ML Up.BL L.BL NL EL L.ML Up.BL L.BL NL EL Up.ML L ML Up.BL L.BL NL
Total alkenone (ng L™ 1) 346 0.30 0.02 0.02  0.02 11.1 0.04 0.02 - - 4.58 0.06 0.07  0.07 0.02 0.02
Total alkenone (ng ugOC™") 1.58 0.12 0.02 0.04 0.03 0.68 0.03 0.03 - - 0.28 0.02 0.07  0.07 0.04 0.03
(% LCK): 37:3 Me 16 24 33 30 29 5 38 27 - - 5 16 25 25 29 32
37:2 Me 36 61 67 70 71 49 62 73 - - 35 84 75 75 71 68
38:3 Et 4 3 - - - 1 - - - - 5 - - - - -
38:3 Me 6 4 - - - 1 - - - - 12 - - - - -
38:2 Et 20 5 - - - 24 - - - - 21 - - - - -
38:2 Me 12 2 - - - 16 - - - - 14 - - - - -
38:3 Et 1 1 - - - + - - - - 3 - - - - -
C3o diol (ng LY 3.34 0.05 0.02 0.02 0.02 3.94 0.05 0.02 0.02 0.02 7.44 0.44 0.09 0.11 0.03 0.03
Csp diol (ng pg0C™ 1) 0.20 0.03 0.02 0.03 0.03 0.25 0.04 0.03 0.04 0.02 0.47 0.16 0.07  0.11 0.05 0.05
TOTAL hopanoids (ng L™) 095 219 1.11 0.82 0.52 0.76 0.92 0.55 0.39 0.26 0.81 261 1.32 1.32 0.64 0.53
TOTA hopanoids (ng ugOCfl) 0.05 1.08 1.53 1.33 0.89 0.05 0.65 0.76 0.68 0.37 0.05 1.07 1.29 1.29 1.15 0.78
(%HOP): HOP-a - 58 60 60 57 - 62 58 54 49 70 52 61 61 60 52
HOP-b - 7 8 8 2 - 5 4 3 - 6 5 5 3 3
HOP-c 17 4 3 2 2 - 4 3 3 - - 5 3 3 2 3
HOP-d 26 6 4 4 5 43 6 7 6 6 30 11 11 11 8 7
HOP-e - 5 5 7 12 - 6 8 17 21 - 12 7 7 14 21
Total B-hydroxy acid (ng L™ 341 255 0.53 0.57 0.46 14.4 1.00 0.32 0.28 0.34 45.7 7.08 3.25 1.82 0.89 1.07
Total B-hydroxy acid (ng ngOC™") 1.71 1.15 0.74 0.93 0.79 0.88 0.71 0.43 0.49 0.48 1.41 1.02 1.09 0.89 0.58 0.51
(%p-OH): 10:0 2 3 2 9 - 2 1 2 2 2 1 1 0 2 2 4
12:0 10 14 11 1 7 8 4 5 9 4 9 7 3 3 2 1
14:0 32 29 27 21 31 44 34 26 27 32 38 39 37 13 11 10
18:0 6 7 6 6 5 7 9 10 12 4 5 1 3 7 5
11:0 1 3 2 4 1 + - - - + - - - - -
13:0 1 3 4 1 - 3 5 8 1 - 2 5 8 7 6 3
15:0 22 23 22 25 15 27 23 32 33 35 25 25 32 52 47 49
17:0 19 5 16 24 31 7 8 16 19 16 15 12 13 16 17 22
19:0 9 14 8 8 11 4 17 2 - - 5 7 7 5 8 6
Total w-hydroxy acid (ng L™ 40.2 244 0.64 0.59 0.48 19.0 0.48 0.24 0.38 0.39 23.8 4.48 1.94 091 0.57 0.73
Total w-hydroxy acid (ng ugOC ™) 1.97 0.98 0.88 1.03  0.81 1.16 033 0.33 0.67 0.55 1.55 1.65 1.59  0.89 1.03 1.08
Total 1-O-alkylglycerols (ng L™") 348 3.59 1.19 1.07 1.21 156 1.81 0.76 0.87 1.04 27.3 5.05 245 1.43 0.66 1.01
Total 1-O-alkylglycerols (ng ngOC™") 1.82 1.67 1.65 1.70  2.06 095 1.29 1.05 151 1.47 1.81 1.98 2.01 1.40 1.21  1.50

Hurricane Nicole in comparison to other lipid classes. Within the ne-
pheloid layer, both absolute and OC-normalized AG concentrations
were highest in April (1.2ng L™%, 2.1 ng ngOC™') and similar in No-
vember and October (1.0ng L™ ! and 1.5 ng pgOC™?, respectively).

3.3. Compositional variations with depth

3.3.1. Organic matter constituents

We estimated the relative contributions of OM sources by summing
the absolute and OC-normalized concentrations of key lipid biomarkers
into three groups: Phytoplankton and labile OC (PHYTO/labile), zoo-
plankton-derived OC (ZOO) and bacterial-derived OC (BACT):

(1) PHYTO/labile = C;g PUFAs + 20:5w3
PUFA + phytosterols + alkenones

(2) Z00 =181w9 + 20:1w9 +
cholesterol + MUFALSs

(3) BACT = Odd/br FA + 18:1w7 + odd FALs + HOP

PUFA + 22:6w3

22:109 + 22:1wll +

A significant positive correlation was observed between absolute
concentrations of PHYTO/labile and ZOO constituents throughout the
water column (r > 0.90, p < 0.0001) (Fig. 13a), indicating the tight
association between phytoplankton/labile OC and zooplankton OC
throughout the water column. Absolute concentrations of BACT con-
stituents are also positively correlated with PHYTO/labile and ZOO
constituents (Fig. 13b and c). Different trends within and below the

euphotic zone reflect the relative dominance of primary production and
zooplankton-associated secondary production in the upper water
column.

Depth profiles of OC-normalized concentrations of PHYTO/labile,
Z0O0 and BACT differed among the three sampling periods (Fig. 14). In
the post bloom conditions of April 2015, a strong maximum in PHYTO/
labile was observed at the deep chlorophyll maximum (70 ng pgOC ™).
PHYTO/labile concentrations decreased rapidly with depth in the upper
mesopelagic and then remained ~ constant (15-20 ng ugOC ™) deeper
in the water column. In contrast, ZOO and BACT concentrations were
higher near the surface, decreased to a minimum at 100 m depth and
then increased to maximum concentrations in the mesopelagic and
bathypelagic layers. In the low productivity period of November 2015,
OC-normalized PHYTO/labile contributions did not show any enrich-
ment at the chlorophyll maximum and were 60% lower (39 ng ugOC 1)
than in April. Similarly, both ZOO and BACT concentrations in the
epipelagic layer were also lower. Within the deep water column, ZOO
and BACT concentrations in November were ~60% of those observed
in April. Major differences in the depth profiles of all three constituents
were observed in October 2016 following Hurricane Nicole. PHYTO/
labile concentrations were high throughout the epipelagic layer, and
remain elevated within the mesopelagic. Additionally, ZOO con-
centrations increase from ~10ng ugOC~' in the epipelagic layer to
~30-40 ng pgOC ! in the mesopelagic layer. BACT concentrations also
doubled, and indicated higher bacterial OM in the mesopelagic layer
following Hurricane Nicole.
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Fig. 13. Scatterplots of (a-c) absolute concentrations and (d—f) OC-normalized concentrations of phytoplankton/labile (PHYTO/labile), zooplankton (ZOO) and
bacteria (BACT) OM constituents of the suspended particles collected in April 2015 (blue/green color scale), November 2015 (white/black color scale) and October
2016 (red color scale). The light to dark color gradient in each month represents the sampled depth in the epipelagic (EL), mesopelagic (ML), bathypelagic (BL) and
nepheloid layers (NL). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.3.2. Principal component analysis (PCA)

Principal component analysis (PCA) was performed to identify the
dominant factors responsible for the lipid compositional variability.
The first three principal components (PC1, PC2 and PC3) accounted for
62.7% of the total variation within the data set.

Factor loadings of individual lipid compounds are shown in Fig. 15.
PC1 (26.4% of the variance) showed strong positive loadings for com-
pounds associated with phytoplankton-derived OC (phytosterols, LCK,
Cs3q diol, PUFAs, 14:0 and 16:0 SFA, 14:1 and 16:1 MUFA), - and w-OH
acids and indicators of labile organic material such as Cyo and Coy
PUFAs. Negative loadings were observed for hopanoids, fatty alcohols
(except Coo and Cas), Ci6.0 and Cqg.0 SFA, MUFA and odd/br FA. Thus,
PC1 can be considered to represent a phytoplankton/labile OC source
end member.

PC2 (22.0% of the total variance) showed strong positive loadings
for compounds associated with animal sources, such as C;6-Co4 SFA,
18:1w9, 20:109, 22:1w9 MUFA, cholesterol (C,,A%), and Cso and Cas
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PUFAS. The sterol C»,A>?2 stanols, odd/br FA, C;,-C;6 FAL, C;5 FAL,
HOP, AG, SK, and - and »-OH acids also had positive loadings on PC2.
The most negative loadings were found for the odd/br FAs Cy;.0 and
Ci0:1, Ci16 and Cyg PUFAs, C;g FAL and alkenones. Thus, PC2 en-
compasses mainly zooplankton-derived sources, early degradation
products and some bacterial sources (possibly associated with zoo-
plankton OM).

PC3 accounted for 14.2% of the total variance. The strongest
loadings on PC3 were for 18:1w7, odd/br FA, 22:1w11 and 22:1®9
MUFAs, 18:0 SFA, odd C;3-C;7 FAL, HOP, and AG. The most negative
loadings were for PUFAs, 14:1 MUFA, sterols, A% stanols, LCK, and Cs,
diol. Interestingly, loading of hydroxy acids were lower on PC3 than for
either PC1 or PC2. Thus, PC3 is mainly indicative of bacterial sources
and more refractory, degraded OM materials.

Depth profiles of sample factor scores show the evolution in OC
composition with increasing depth and also indicate compositional
difference among sampling periods (Fig. 16). All epipelagic samples
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Fig. 14. OC-normalized concentrations of fresh/labile phytoplankton (PHYTO/
labile, green; C;g and 20:5w3 and 22:6w3 PUFAs, phytosterols and long-chain
alkenones), zooplankton (ZOO, yellow; 18:1w9 MUFA, cholesterol, 20:1®9 and
22:1w9, 22:1w11 MUFAs, and MUFAL) and bacterial (BACT, black; odd/br FA,
18:1w7 MUFA, odd FAL and HOP) sources of the suspended particles collected
in April and November 2015 and October 2016. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

have positive PC1 scores, reflecting the highest contribution of phyto-
plankton-derived OC in surface waters. Highest scores are observed in
April 2015 and lowest scores in November 2015, reflecting the seasonal
differences in production. High scores in October are consistent with
other evidence for increased production stimulated by the passage of
Hurricane Nicole.

PC2 scores within the epipelagic layer are negative or near zero or
negative, reflecting the predominance of phytoplankton-derived OC in
the euphotic zone relative to zooplankton-derived OC. Within the me-
sopelagic layer, PC2 scores become strongly positive in April and in
October following Nicole, reflecting the rapid transition from phyto-
plankton- to zooplankton-sourced OC within the upper mesopelagic
layer and also the high contribution of zooplankton OM in these two
periods. In contrast, PC2 scores in November are much lower, con-
sistent with a more refractory composition. Within the bathypelagic
and nepheloid layers PC2 scores become strongly negative, especially at
4200 m and 4400 m depths.

PC3 scores are generally negative within the epipelagic layer except
in April at 30 m within the euphotic zone. PC3 scores remain negative
throughout the mesopelagic layer except in April at 200 m and 250 m,
which suggest significant microbial sources are associated with OC
degradation within the upper mesopelagic layer. PC3 scores became
strongly positive within the bathypelagic and nepheloid layers in April
and in Oct following Hurricane Nicole, indicating an increase in mi-
crobe-sourced OC. In contrast, PC3 scores were negative or near zero in
the deep water column in November, suggesting a more refractory OC
composition of deep suspended POC during the low productivity
period.

4. Discussion

This is the first study that documents vertical profiles of suspended
lipid concentration and composition throughout the water column in
the northwest Atlantic, from the surface to the nepheloid layer. The
particulate lipid profiles of the three contrasting time periods provide
new insights on seasonal and non-seasonal processes that influence the
production, distribution and degradation of organic matter within the
ocean’s interior.

Tables 6a,b compares our data with previous studies of suspended
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lipids in oligotrophic regions. The scarcity of data underscores the ex-
isting knowledge gap on the molecular composition of suspended POC
in the water column. Lipid concentrations in surface waters reported
here are comparable to concentrations reported in the central North
Pacific (Loh et al., 2008; Wakeham, 1995), but are ~30% higher than
reported in the equatorial Pacific (Sheridan et al. 2002) and ~40%
higher than those reported in April in the western Mediterranean near
the Strait of Gibraltar (Gérin and Goutx, 1994). FA concentrations re-
ported in the Eastern Tropical North Pacific (Close et al., 2014) are
lower but the this study only reported fatty acids contained within
glycolipids and phospholipids. Lipids concentrations reported in the
eastern Atlantic (Gasparovi¢ et al., 2016, 2014) and southwest Atlantic
(Nemirovskaya and Kravchishina, 2016) are significantly higher than in
other studies; comparisons are problematic due to differences in ana-
lytical methods used in these studies (Iatroscan TLC-FID and IR spec-
trometry, respectively) and emphasizes a need for method calibration
between different lipid analytical methods and standardized data re-
porting.

4.1. Epipelagic suspended lipid composition and plankton community
structure

Phytoplankton-derived lipids in suspended particles within the
epipelagic layer clearly reflected phytoplankton abundance and the
vertical structure of the phytoplankton community. Higher absolute
and OC-normalized concentrations of phytoplankton-derived lipids and
diagnostic indicators (PHYTO/labile and PC1 factor scores) in April and
October than in November mirrored the higher phytoplankton pigment
concentrations (Fig. 3). Depth profiles of PHYTO/labile and PC1 also
closely tracked depth profiles of Chl a. An exception was the high ab-
solute and OC-normalized concentration of phytoplankton-derived li-
pids, in particular 16:1w7 and CyeA®, relative to Chl a in the shallow
nutrient-depleted mixed layer in November. This may be due to en-
hanced lipid biosynthesis by phytoplankton under nutrient limitation,
as documented in other studies (Frka et al., 2011; Shifrin and Chisholm,
2008; Smith et al., 1997).

Suspended lipid compositional signatures reflected differences in
the phytoplankton community composition. In April high concentra-
tions of 16:1w7 MUFA, 18:4w3 and 18:5w3 PUFAs, phytosterols, and
alkenones in the chlorophyll maximum indicate a diverse phyto-
plankton community comprised of haptophytes, pelagophytes, dictyo-
chophytes, chlorophytes, prasinophytes, dinoflagellates and diatoms
(Jeffrey et al., 1997). Concentrations of the sterols C,sA>2#@® (abun-
dant in many diatoms) and 40C30A?? (abundant in dinoflagellates) were
relatively low in comparison to more productive regions (e.g., Tolosa
et al., 2008), consistent with BATS pigment data which indicates that
diatoms and dinoflagellates are generally minor components of the
phytoplankton community (DuRand et al., 2001; Lomas et al., 2013;
Madin et al., 2001; Olson et al., 1990). Concentrations of Csy diol, a
biomarker of Eustigmatophytes (Nannochloropsis sp.), were consistently
higher within the mixed layer than within the deep chlorophyll max-
imum in all periods, suggesting a preference of Eustigmatophytes for
high light conditions. This finding agrees with culture studies of Nan-
nochloropsis sp., showing that as light intensity increases, levels of cel-
lular Chl a decrease but levels of lipid and carbohydrates increase
(Sukenik et al., 1989; Wolf et al., 2018).

Phytoplankton lipid composition differed between October and
April, indicating that the phytoplankton species that were stimulated by
the short-lived upwelling induced by Hurricane Nicole were not the
same as those growing under typical post spring bloom conditions. In
particular, there was only a minimal increase in alkenone and CogA>?2
concentrations following Hurricane Nicole, indicating relatively little
stimulation of coccolithophore production as compared to other phy-
toplankton classes. In contrast, there was a large increase in C3, diol
concentration, indicating the nutrient upwelling induced by Hurricane
Nicole particularly stimulated Eustigmatophyte production. One
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Fig. 15. Factor loadings for (a) fatty acid compounds and (b) fatty alcohols, sterols, stanols, alkenones, Csq diol, hopanoids, 1-O-alkylglycerols, steroidal ketones, and
hydroxy acids for the principal components (PC1, PC2 and PC3) considering each suspended particulate matter sample (See abbreviations in Table 2).

possible explanation for the lower community contribution of
Eustigmatophytes to production in April is their preference for higher
growth temperatures (Rampen et al., 2012; Versteegh et al., 1997,
2000).

Depth profiles of 8'3C and C/N reflected the relative abundance of
primary versus reworked OM within the epipelagic layer. A minimum
in 8'3C and the low C/N ratios at the chlorophyll maximum, a pattern
also observed in the Sargasso Sea by Druffel et al. (2003), suggest a high
contribution of lipid- and protein-rich phytoplankton to the OM. The
more depleted 8'3C values in the surface in April relative to November,
may also reflect isotopic fractionation associated with OM recycling
(e.g., Close et al., 2014; Druffel et al., 2003, 1998; Hwang et al., 2009;
Jeffrey et al., 1983). This implies a greater loss of labile '*C-enriched
compounds (e.g., carbohydrates and proteins) in the residual particu-
late OM in April due to more intensive OM recycling during higher
productivity conditions. This idea is supported by the observation that
8'3C is most depleted during the high productive periods (post-hurri-
cane and late-spring conditions), when there are relatively low C/N
ratios (5.0-6.2, Fig. 4e) and high concentrations of phytoplankton-de-
rived pigments and lipids (e.g., alkenones, PUFAs, phytosterols).

268

Correlations in absolute and OC-normalized concentrations of
phytoplankton-derived lipids with zooplankton- and bacterially-derived
lipids within the epipelagic layer indicate that zooplankton and bac-
terial OM closely track that of the phytoplankton (Fig. 15). Zoo-
plankton-sourced lipids within suspended particles include living mi-
crozooplankton biomass (e.g., Brett et al., 2009; Kattner et al., 2007),
detrital particles of mesozooplankton tissues produced during “sloppy
feeding” (Frost, 1972; Vinogradov, 1968) and fecal particles of re-
worked dietary OM. While fecal material can be a significant source of
SFA, MUFA, cholesterol, stanols and a minor source of bacterial lipids,
it is extremely depleted in PUFAs due to high PUFA bioassimilation
efficiencies in animals (Bradshaw and Eglinton, 1993; Harvey et al.,
1987).

Changes in the FAL composition (e.g., relative ratios of C;5-Co4 sa-
turated FAL and the relative abundance of MUFAL) indicated differ-
ences in wax ester composition of the zooplankton community among
the three periods. Higher relative contributions of 20:1 and 22:1 FAL
were observed in the epipelagic layer in April and October, and higher
relative contributions of 14:0 FAL and MUFAL were observed in
November. The differences in these FAL, which are primarily derived
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Fig. 16. Factor scores of each analyzed sample for each principal component (PC1, PC2 and PC3).

from zooplankton wax esters, may possibly reflect the greater abun-
dance of herbivorous zooplankton during periods of high phyto-
plankton productivity, as herbivorous and carnivorous copepods show
differences in their wax ester composition (Lee et al., 2006; Ratnayake
and Ackman, 1979; Sargent and Falk-Petersen, 1981). Further research
is needed to more quantitatively assess the relationship between the
fatty alcohol composition and zooplankton trophic level.

The suspended lipid composition also indicated differences in the re-
lative abundances of zooplankton and bacterial communities among the
sampling periods. The 18:1w9/18:1w7 ratio, an indicator of relative
contribution of zooplankton versus bacterial carbon, was highest in April
and lowest in November, consistent with relative contribution of zoo-
plankton OM in the suspended particles (Fig. 14). The trend suggests
transition to a more microbially-dominated food web in low productivity
conditions (Giovannoni and Vergin, 2012). Differences in bacterial com-
munity structure among the three sampling periods, presumably asso-
ciated with OM compositional changes, are indicated by compositional
differences in odd/br FA, stanols, B-hydroxy acids and HOP.

4.2. Remineralization and particle cycling within the mesopelagic layer

The rapid decrease in concentrations of total extractable lipids and
most lipid classes below the euphotic zone evidences the intense OM
remineralization and particle cycling within upper mesopelagic waters.
For example, fatty acid and sterol absolute concentrations in April de-
creased about 95% between the chlorophyll maximum and 200m
(Fig. 6, Tables 3-5). Similar rates of lipid losses have been observed in
the oligotrophic North Atlantic (Conte, 1990), eastern tropical North
Pacific (Close et al., 2014), and Mediterranean Sea (Tolosa et al., 2003).

The decrease in particulate lipid concentration was accompanied by
a rapid alteration in suspended lipid composition below the euphotic
zone that indicated a transition from phytoplankton-dominated OM in
the euphotic zone to increasingly zooplankton- and bacterially-domi-
nated OM in the upper mesopelagic layer. OC-normalized concentra-
tions of lipids primarily associated with phytoplankton decreased more
rapidly than those associated with zooplankton and bacteria. For ex-
ample, in April, OC-normalized concentrations of phytoplankton-de-
rived lipids decreased by 25% between the chlorophyll maximum and
200 m, whereas those of zooplankton-derived lipids (e.g., cholesterol,
18:109, long-chain FAL, MUFAL and long-chain FAL) declined on
average by only 5%. The transition in OM composition below the eu-
photic zone is also clearly observed in the PCA factor scores (Fig. 16).
OC-normalized concentrations of long-chain C,y-C,, PUFAs, abundant
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in living and fresh detrital zooplankton tissue but depleted in fecal
materials, persisted with depth in all sampling periods, indicating that
fecal material was not the exclusive source of the zooplankton-derived
OM in the mesopelagic layer. The positive increase in 8'°C of POC with
depth below the chlorophyll maximum is also consistent with the
transition to more recycled OM with increasing depth, as heterotrophic
biomass becomes increasingly '°C-enriched as a result of isotopic
fractionation during metabolism (DeNiro and Epstein, 1978) and as a
result of ®C-enrichment in the residual suspended pool due to pre-
ferential reactivity of 12¢ bonds during remineralization (Sun et al.,
2004).

Zooplankton- and bacteria-derived lipid concentrations covaried
over this depth transition (Figs. 14 and 15). This may reflect ingrowth
of bacteria associated with zooplankton activity (Cnudde et al., 2013),
which contributes to the OM substrate available for microbial de-
gradation (Dang and Lovell, 2016; Gowing and Silver, 1983; Grossart
et al., 2003; Karl et al., 1988), as well as colonization of zooplankton
detritus by free living bacteria (Jing et al., 2012).

The intensity of the OM remineralization and transformation within
the mesopelagic layer is particularly noticeable in the increases with
depth in relative abundances of bacteria-derived compounds such as
odd/br FA, 18:1w7, FAL C;5-C;, and in absolute HOP concentrations
(Figs. 6 and 8-10, Tables 3-5). An interesting observation is the in-
crease in concentrations of the major hopanoid compound Hop-a within
the oxygen minimum zone, suggesting a greater dominance of bacterial
OM at this depth (Fig. 6h, Table 5). This is consistent with studies that
suggest a connection between bacterial metabolism of hopanoid pro-
ducers and N cycling under low-O, conditions (Kharbush et al., 2016,
2013).

A depth trend was also observed in the relative abundances and
within-class composition of bacteria lipids, evidencing a depth evolu-
tion in microbial community structure. The relative contributions of
HOP-c, HOP-d, short-chained odd/br FA, and even short-chained (3-OH
decreased from the euphotic zone into the mesopelagic layer (Tables 4
and 5), suggesting that these compounds are predominantly associated
with fresh labile material and/or phytoplankton-associated bacterial
populations (e.g., Tholosan et al., 1999; Grossart and Gust, 2009).
Vertical stratification of free-living bacterial and archaeal groups be-
tween the euphotic and mesopelagic layers in the open ocean is well
documented in the Sargasso Sea (Carlson et al., 2009; Gordon and
Giovannoni, 1996), the North Pacific Subtropical Gyre (DeLong et al.,
2006), and the northeast Pacific (Gordon and Giovannoni, 1996) and
the Mediterranean Sea (Moeseneder et al., 2001) and may be controlled
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Data compilation of total extractable lipids concentrations (ng L™ ") in suspended material published for open ocean areas.

Total lipids (ng L™") Total lipids (ngL™")

Total lipids (ngL™")

Area Sargasso Sea Equatorial Pacific N Atlantic E Tropical S NE Atlantic SW Atlantic

Subtropical Atlantic

Gyre-East
Lat Long 31.50N 31.50N 31.50N 5-12N  0-5N 0-5S 5-128 26-44N 11N 49.0N ON ON

64.10W  64.10W  64.10W 140W  140W 140W 140W 8S 16.5W 30W 30W
DATE Apr 2015 Nov 2015 Oct Aug-Sep Aug-Sep Aug-Sep Aug-Sep Nov 2008 Nov 2008 Jun 2013 Feb-March May 2012
2016 1992 1992 1992 1992 2012

Method GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS Tatroscan ITatroscan TLC- Iatroscan TLC- IR IR

TLC-FID FID FID spectroscopy spectro-

scopy

Reference 1 1 1 2 2 2 2 3 3 4 5 5
Depth range (m)
0-30 2729 2287 1734 573 1913 1513 973 7100 = 2100 7500 = 1000 18120 = 4906 8000-42000 3000-21000
30-50 - - - 684 1595 1181 - 10800 - 1113 - -
50-80 4957 1611 2382 - - - - 5600 + 800 8500 + 800 -
80-100 2606 - 1965 535 414 607 5900 - 4280 - -
100-150 - - - 145 - 308 6400 - - - -
150-200 375 - 432 - - - - - - 449 - -
200-250 243 - 295 87 96 183 130 - - 5220 - -
300-350 - - - - - - - - - - -
350-400 - - - - - - - - 4930 - -
400-450 167 - 48 87 82 - - - - -
450-500 122 - 253 - - - - - - - - -
500-550 - - - - - - - - - - - -
550-600 - - - - - - - - - 4420 - -
600-700 - 80 194 43 - - 43 - - - - -
700-800 - - 164 34 - - 29 8100 5100 7320 - -
800-900 - 74 157 - - - - - - - - -
900-1000 - - 179 - - - - - - 7190 - -
1000-1500 62 - 87 - - - - - - 5630 - -
1500-2000 52 - 73 - - - - - - 10310 - -
2000-3000 62 +20 32 8 - - - - - - 4590 + 57 - -
3000-4000 57 £ 10 35 43 - - - - - - 3105 * 191 - -
4000-5000 55+9 335 438 - - - - 3500 5315 * 1563 - -

References: (1) This study, (2) Sheridan et al. (2002), (3) Gasparovi¢ et al. (2014), (4) Gasparovi¢ et al. (2016), and (5) Nemirovskaya and Kravchishina (2016).

by gradients of nutrient and substrate lability, as suggested by Robinson
et al. (2010) and references therein.

The depth profiles of zooplankton and bacterial lipids in the upper
mesopelagic layer differed between the two productive sample periods.
OC-normalized concentrations of ZOO and BACT, respectively, in-
creased ~40%- and ~60% between the chlorophyll maximum and
200 m depths and then decreased by 20% by 500 m, paralleling the
rapid decrease in PHYTO/labile concentrations (Fig. 14). This reflected
the rapid remineralization of phytoplankton-derived products and
secondary inputs by zooplankton and bacterial production in the late
spring conditions. In contrast, in October following the passage of
Hurricane Nicole, OC-normalized concentrations of PHYTO/labile, ZOO
and BACT, as well as stanols, C;5.17 B-OH and 1-O-alkylglycerols, were
~30% higher between 100and 500m than observed in April
(Figs. 14-16, Tables 4 and 5). Additionally, the §'3C of the POC was
more depleted than in April (Fig. 4d). This suggests a higher efficiency
of export of fresh phytodetritus following the passage of Hurricane
Nicole, and also a greater stimulation of zooplankton and bacterial
communities in the mesopelagic layer by the increase in labile OM (see
Section 4.5).

The strong correlations observed among phytoplankton, zoo-
plankton and microbial lipids in the euphotic and mesopelagic layers
indicate close coupling between primary and secondary production.
This agrees with previous studies showing linkages between phyto-
plankton concentration in surface waters and zooplankton and bacterial
production (e.g., Azaml et al., 1983; Li et al., 1993; De Kluijver et al.,
2010; Gilbert et al., 2012). Our results clearly show that this coupling

persists into the mesopelagic. Even so, there were differences in this
phytoplankton-bacteria coupling between April and October. For ex-
ample, the slopes of the regression of absolute concentrations of BACT
with PHYTO/labile differed between April and October (Fig. 13b).
Additionally, there was a correlation between OC-normalized con-
centrations of PHYTO/labile and BACT in October, but not in April
(Fig. 13e). One explanation for these differences could be lower bac-
terial production in the surface layer in October due to rapid cooling of
the mixed layer, as suggested by studies showing the reduction of
bacterial production after entrainment of cold subsurface water into the
mixed layer (Kim, 2017). A second could be differences in phyto-
plankton physiology and phytoplankton exudation of carbon-rich sub-
stances, which in turn would affect phytoplankton-bacterial coupling
due to differences in the carbon substrate available to bacteria (De
Kluijver et al., 2010).

4.3. Suspended lipid composition within the bathypelagic layer

4.3.1. Depth trends

The zooplankton dominance of suspended particle OM in the upper
bathypelagic transitioned to a stronger bacterial dominance in the
lower bathypelagic in all sampling periods (Fig. 14). Significant zoo-
plankton input into the suspended particle pool in the upper bath-
ypelagic layer was indicated by the high relative abundances of cho-
lesterol, 18:1w9, n-C16-C1g and n-Cy6:1-Cyg.1 fatty alcohols (Figs. 8,
10-12, Tables 3 and 4). The zooplankton-derived lipids can be con-
tributed by “sloppy feeding” of predators on zooplankton prey (Frost,
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Table 6b
Data compilation of total fatty acids concentrations (ngL™") in suspended material published for open ocean areas.

FA (ngL.™h) FA (ngL™h) FA (ngL™%) FA (ngL™h
Area Sargasso Sea N Central Pacific Mediterranean Sea E Tropical N Pacific
Lat Long 31.50N 31.50N 31.50N 38N 38N 38N 31.50N 31N 28N 6N 9N 12N

64.10W 64.10W 64.10W  64W 66W 6W 63.30W 159W 155W 2W 90W 105W
DATE Apr 2015 Nov 2015 Oct 2016 Aug 1982 Oct 1982 Oct 1982  Jun 2000 Jul 1999 Jul/Aug Apr 1991 Dec-Jan  Dec-Jan
1983 2009 2009

Method GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS GC-MS
Reference 1 1 1 6 6 6 7 7 8 9 10 10
Depth range (m)
0-30 2186 1904 1392 - - 814 853 - - 1170 - 49
30-50 - - - 1276 1243 - - 1254 1720 580 303 -
50-80 4179 1355 1963 - - - - - - - - 199
80-100 2171 - 1616 - 979 462 - - - 1165 - 113
100-150 - - - - 141 166 - - 570 510 - 81
150-200 237 - 346 - - - - - - - 24 -
200-250 173 - 228 176 89 87 - - 130 - - -
300-350 - - - 107 - 88 - - - - 17 46
350-400 - - - - - - - - - 37 -
400-450 103 - - 81 89 69 - - 340 - - -
450-500 80 - 200 - - - - - - - - -
500-550 - - - 90 83 90 - - - - - 13
550-600 - - - 77 - 65 - - - - 11 -
600-700 - 57 152 89 - - - - 120 - - -
700-800 - - 131 - - - - - - - 10 -
800-900 - 53 116 - - - 53 20 - - - -
900-1000 - - 144 - - - - - - - - -
1000-1500 39 - 63 - - - 29 110 - - -
1500-2000 31 - 51 - - - - 11 - - - -
2000-3000 40 =16 20 =7 - - - - - - - - - -
3000-4000 344 = 10 20 30 - - - - - - - - -
4000-5000 37 £ 4 23 + 4 32+6 - - - - - - - - -

References: (1) This study, (6) Conte (1990), (7) Loh et al. (2008), (8) Wakeham et al. (1995), (9) Close et al. (2014), and (10) Gerin and Goux (1994).

* New warm-core ring.

1972; Mgller, 2007; Vinogradov et al., 1977) and/or by living micro-
zooplankton biomass. The bacterial contribution was more dominant in
the lower bathypelagic layer, as indicated by the higher OC-normalized
concentrations of odd/br FA, A° stanols, hopanoids and hydroxy acids
(Tables 3-5). The bacterial dominance in the bathypelagic particle pool
observed here is consistent with studies in the North Atlantic showing
that bacterial reprocessing plays the major role in remineralization of
detrital OM in the deep ocean (Kaiser and Benner, 2008). The hetero-
trophic microbial community in the bathypelagic layers is poorly
characterized although new metagenomic tools are revealing that deep
sea microbial communities have a diverse phylogenetic composition
and metabolic capability (Aristegui et al., 2009; Bergauer et al., 2017;
Herndld and Reinthaler, 2013; Nagata et al., 2010).

Depth profiles of suspended lipids indicated significant composi-
tional heterogeneity of the bathypelagic suspended particle OM (Figs. 5
and 6, Tables 3-5). This compositional heterogeneity is imperceptible
from bulk properties. For example, in April the suspended OM at
2300 m, 3200 m and 4200 m depth was enriched in FA, FAL and AG.
Suspended lipids at 2300 m were also enriched in cholesterol and other
zooplankton lipids, as well as depleted in §'3C, indicating more zoo-
plankton lipid-rich OM. Suspended lipids at 4200 m showed greater
enrichment of bacterial biomarkers. Bathypelagic suspended particles
appeared to have a more homogeneous composition in November and
October. The depth heterogeneity observed here may reflect temporally
and compositionally variable OM export to the deep ocean during
spring bloom conditions, which in turn, would result in more variable
POC pool and heterotrophic reprocessing.

Depth trends were observed in several lipid classes although, given
the current dearth of lipid information on deep sea organisms, reasons
for these trends are unclear. For example, there was a substantial

increase with depth in the stanol/sterol ratios of Cy9 and C3p com-
pounds (CaeA%/CyoA” and 4aC30A%/4aC30A%2, respectively) but not of
Cy7 (C27A%/Cy7A%) and Cag (CgA%/CagA®) compounds (Table 4). There
also was an increasing contribution of C,0A° with depth (Fig. 12). One
explanation is that this reflects an increasing relative sterol contribution
from de novo production by deep ocean prokaryotes, as studies have
shown that some cyanobacteria synthesize CooA® (Paoletti et al., 1976;
Volkman, 2003, 1986). The increase in the A%/A?? ratio, which is
mainly due to the increase in C,;A° and Cy0A’ may reflect an in-
creasing contribution of zooplankton fecal material and/or bacterially-
reworked OM with depth, as A° stanols are easily hydrogenated by
bacteria and abundant in fecal material (Harvey et al., 1987).

Within class distributions of fatty acids and fatty alcohols also
showed significant trends with depth indicating a continuing turnover
of suspended particles throughout the deep ocean. (Figs. 8 and 10). The
relative abundance of 14:0 and 16:0 fatty acids decreased with depth,
while the 16:1 fatty acid increased. Similarly, the relative abundance of
C14-16 fatty alcohols decreased with depth, while the C;g fatty alcohol
increased. Similar trends in suspended particle FAL composition have
been suggested in mesopelagic waters in the equatorial Pacific Ocean
(Sheridan et al., 2002). The increase in FA and FAL chain-length may
reflect a biochemical adjustment in deep ocean organisms to maintain
membrane fluidity as pressure increases and temperature decreases
(Pond et al., 2014; Siliakus et al., 2017).

Depth trends in bacterial lipid composition through the bath-
ypelagic layer suggest a depth zonation in bacterial community struc-
ture from upper-ocean to the deep sea. For instance, there was a clear
increase in the chain length of bacterial odd/br FA with depth (Fig. 9).
Odd/br FA are important bacterial membrane components (e.g., Cho
and Salton, 1966; Kaneda, 1991; Russell and Sandercock, 1980), so the
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increase in chain length with depth may similarly reflect a biochemical
adjustment to maintain membrane fluidity. This is consistent with
studies that have shown that piezophilic bacteria have evolved unique
metabolic capabilities and molecular architectures which allow them to
thrive under cold high-pressure conditions (DeLong et al., 2006; Lauro
et al., 2007; Lauro and Bartlett, 2008).

4.3.2. Seasonal and non-seasonal variability

The results clearly show that seasonal and non-seasonal variability
in the upper ocean extends into the deep sea. Concentrations of zoo-
plankton-derived lipids in the bathypelagic layer covaried with over-
lying upper ocean productivity, being relatively high in April and
October and low in November (Fig. 14). Additionally, in the bath-
ypelagic layer, higher relative contributions of 16:1 and 18:1 MUFAL,
constituents of wax esters, were observed in April and October, which
suggest higher contributions from omnivorous zooplankton feeding on
phytodetritus (Lee et al., 2006; Ratnayake and Ackman, 1979; Sargent
and Falk-Petersen, 1981). In contrast, 16:1 and 18:1 MUFAL were
highest in the epipelagic layer in November, when phytodetrital con-
tributions would be minimal.

Concentrations of bacterial-derived lipids were higher during April
and October following Hurricane Nicole, and covaried with the con-
centrations of zooplankton-derived lipids (Fig. 14). PC3 scores also
were strongly positive within the bathypelagic and nepheloid layers,
indicating an increase in microbe-sourced OC in deep waters when
surface productivity is high. An interesting observation is that the re-
lative contribution of bacterial versus zooplankton lipids in deep waters
was slightly higher in November during low productivity conditions,
which suggests a greater relative reduction in microzooplankton bio-
mass and/or zooplankton activity when suspended POC is more re-
fractory. Previous studies have indicated a link between the deep
phytodetritus flux and zooplankton and bacterial biomass (Azaml et al.,
1983; Conte et al., 1995; Pozzato et al., 2013; Rice et al., 1986;
Schnack-Schiel and Isla, 2005). Our observations provide further evi-
dence that zooplankton processing of OM and bacterial remineraliza-
tion are coupled and closely tied to the lability of the POC pool. This is
supported by studies that have shown increased bacterial activity in
deep waters during periods of high POC export flux (Bergauer et al.,
2017; Hansell and Ducklow, 2003; Kaiser and Benner, 2008;
Koppelmann et al., 2005; Nagata et al., 2010; Reinthaler et al., 2006).

In contrast to the FA and FAL lipid classes, sterol and stanol com-
position showed a high degree of similarity throughout the deep ocean
in all study periods (Fig. 12), which suggests that sterols and stanol
biomarkers are of limited utility to assess OM variability in the deep
ocean. This stability in the sterol composition may be a reflection of the
stability/proportionality/persistence of the deep eukaryotic membrane
lipid composition (Dufourc, 2008).

4.4. Lipid composition of the deep nepheloid layer

Nepheloid layers are formed by the balance between particle set-
tling and resuspension processes and act as a interface between pelagic
and benthic particle cycling (Ransom et al., 1998). Previous studies
have observed a weak nepheloid layer in the Sargasso Sea (e.g.,
(Gardner et al., 2017; Ohnemus and Lam, 2015) but this is the first to
characterize its molecular organic composition and temporal varia-
bility.

The nepheloid layer had higher concentrations of POC and lipids in
comparison with the overlying water column (Fig. 5, Tables 3-5). The
enrichment in zooplanktonic and bacterial biomarkers (e.g., MUFA
18:1w7, odd/br FA, SFAL and MUFAL, cholesterol Co9A, stanols A° and
1-O-alkylglycerols; Fig. 12, Tables 3-5) indicates the accumulation of
zooplankton and bacterial biomass and bacterial alteration products.
These observations are consistent with other studies that found zoo-
plankton-derived OM and phytodetritus in deep ocean nepheloid layers
(e.g., Conte et al., 1995; Huvenne et al., 2011; Kiriakoulakis et al.,
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2011; Walsh et al., 1988; Wilson, 2016). The relatively high con-
centrations of sterols, labile PUFAs such as 20:5w3 and 22:6w3, and the
depletion of compounds that are usually abundant in sediments (e.g.,
hopanoids and > C,, saturated acids) shows that the nepheloid layer in
this region contains relatively undegraded material and is not com-
posed exclusively of resuspended sediments.

Compositional differences among the three sampling periods in-
dicate seasonal and non-seasonal variability. Lower C/N ratios and
higher absolute concentrations of labile compounds (e.g., PUFAs
20:5w3 and 22:6w3, phytosterols) were observed in April and October
relative to November, suggesting increased deposition of phytodetritus
and labile OM during periods of higher surface productivity. This is
consistent with observations of increased deep flux of labile OM during
the spring bloom and following transient phytoplankton blooms (Conte
et al., 2003, 2001a). The deposition of fresh phytoplankton detritus on
the seafloor following the phytoplankton blooms is well-documented
for the deep temperate eastern North Atlantic (Billett et al., 1983;
Gooday, 2002; Lampitt, 1985; Rice et al., 1986) and eastern Pacific
(Smith et al., 1996, 2017), but has not been previously documented for
the Sargasso Sea.

Despite similarities, compositional differences were apparent be-
tween the two productive periods. The April nepheloid layer had higher
relative concentrations of phytosterols, MUFA, MUFAL and was more
depleted in 8'3C than the October nepheloid layer, which had higher
relative concentrations of PUFAs and bacterially-derived lipids (e.g.
odd/br FA and stanols). This evidence is consistent with higher bac-
terial OM, and by extension suggests increased bacterial activity in the
nepheloid layer in response to a pulse of labile OM to depth following
Hurricane Nicole (see Section 4.5).

The input and nutritional quality of OM deposited on the seafloor is
a key determinant in sustaining benthic communities (e.g., Tyler,
2003). Compositional differences in the nepheloid layer observed here
provide strong evidence of temporal variability in OM input and nu-
tritional quality, even in the oligotrophic Sargasso Sea, and underscore
the close coupling between the water column and deep benthic eco-
system.

4.5. Influence of Hurricane Nicole on particle cycling in the upper water
column

The wind stress and heat flux generated by passage of Hurricane
Nicole on October 2016 resulted in strong near-inertial currents >
300 m depth, a decrease in sea surface temperature, a deepening of the
mixed layer by at least 30 m and transient upwelling of deep nutrient-
rich waters induced by Ekman pumping (Figs. 2-4). The upper ocean
physical responses following hurricane passage are well-studied (Brink,
1989; Price, 1981; Price et al., 2008). The surface cooling and near
inertial currents generated by hurricane passage dissipate on a time
scale of ~5 to 20 days (Dickey et al., 1998; Price et al., 2008), which is
consistent with our observations (Figs. 2a and 5).

Our results clearly show that upper-ocean physical responses to
hurricane passage and the transient phytoplankton blooms that develop
can greatly increase the delivery of labile carbon to the deep ocean.
Pigment profiles and the high absolute and OC-normalized concentra-
tions of phytoplankton-sourced lipids, the PHYTO/labile index and PC1
factor scores measured in the epipelagic layer 12 days later evidence
the magnitude of this hurricane-induced bloom (Figs. 4e-h, 5d, 14 and
16). Black and Dickey (2008) showed that the passage of Hurricane
Fabian (2003) over the Bermuda Time Series Site triggered a phyto-
plankton bloom, visible in SeaWIFS satellite images. Similarly, other
satellite observations of hurricane-induced phytoplankton blooms have
been observed in the Sargasso Sea (Babin et al., 2004; Merritt-Takeuchi
et al., 2013; Shropshire et al., 2016) as well as in the Gulf of Mexico
(Gierach and Subrahmanyam, 2008; Shi and Wang, 2011, 2007; Walker
et al.,, 2005). These studies found that the increased surface Chl a
concentrations after a hurricane can persist for ~2 to 3 weeks, which
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agrees with the high concentrations of phyto-derived lipids observed in
the epipelagic layer twelve days after Nicole’s passage.

Unique to this study is the evidence for the large export of this labile
bloom-derived OM into the deep ocean. The comparison of the FA
concentrations of this study with FA concentrations observed in the
Sargasso Sea in other studies underscore the extreme lipid enrichment
in the suspended particle pool within the mesopelagic and upper
bathypelagic layers following Hurricane Nicole (Fig. 7). Both absolute
and OC-normalized concentrations of particulate TEL and individual
phytoplankton-derived lipids were significantly higher down to depths
of at least 1700 m than concentrations observed in April 2015 following
the spring bloom (Fig. 6). This deep phyto/labile OM penetration is
particularly noteworthy in the relatively high concentrations of 18:4w3
and 18:5w3 PUFAs and of alkenone and Czq diol in the deep mesope-
lagic and upper bathypelagic layer (Fig. 8, Table 3-5), and suggests an
enhanced export efficiency of the bloom products following Hurricane
Nicole.

The export of labile material subsequently stimulated heterotrophic
communities within the mesopelagic and upper bathypelagic layers.
The large increases in concentrations of the zooplankton lipids 18:1w9,
cholesterol and long-chain FAL in the mesopelagic and upper bath-
ypelagic depths provide strong evidence for stimulation of zooplankton
grazing by the increased supply of labile OM (Figs. 14 and 16). In ad-
dition, the increases in concentrations of odd/br FA, HOP and hydroxy
acids compounds in the mesopelagic and bathypelagic depths indicate
stimulation of bacterial production by the influx of labile OM. Baltar
et al. (2016) has hypothesized that episodic flux events, such as ob-
served after Nicole, may trigger rapid increases in generally rare
members of the bacterial community that are adapted for such situa-
tions, enhancing heterotrophic and autotrophic carbon uptake rates and
ultimately affecting carbon cycling in the deep ocean. Our results lend
support to this hypothesis.

5. Conclusions

This study evidences a rapid transition in particulate organic matter
composition accompanies the intense organic carbon remineralization
in the upper mesopelagic layer. The suspended particulate lipid com-
position clearly shows a rapid loss with depth in phytoplankton-derived
material below the euphotic zone and an increase in materials from
zooplankton and bacterial production. The coupling between reminer-
alization of phytoplankton-derived products and secondary production
by heterotrophic consumers within the upper mesopelagic zone con-
trols the vertical attenuation and nutritional quality of the carbon flux,
yet the carbon cycle dynamics that control mesopelagic remineraliza-
tion remain poorly understood.

Depth profiles of suspended lipids reveal a depth evolution in deep-
sea zooplankton and bacterial communities within the deep ocean as
well as heterogeneity in particulate organic composition. Despite the
fact that the bathypelagic ocean is the largest ecosystem on Earth, we
still have a very limited knowledge of deep ocean ecosystems and their
contributions to carbon cycling. Collaborative studies that combine
biochemical, molecular and metagenomic approaches could provide
new insights and greatly improve our understanding of how deep ocean
ecosystems are organized and the key factors that control their func-
tioning.

The composition of the particulate organic carbon pool, from the
surface to the deep seafloor, is tightly coupled to upper ocean pro-
ductivity and the processes that control the efficiency of the export flux.
Temporal changes in the deep nepheloid layer composition further in-
dicate the connectivity between benthic and upper ocean ecosystems.
The results of this study underscore the sensitivity of the ocean carbon
cycle and deep-sea ecosystems to variability in climate forcing.

This study has clearly demonstrated that extreme weather events
can have a major impact on the particle cycle in the oligotrophic ocean,
both by inducing transient blooms and by increasing the export flux of
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labile OM to the deep ocean. This in turn stimulates carbon recycling
and remineralization by deep zooplankton and microbial communities.
There remain several key questions concerning how storm physical
dynamics affect the efficiency of surface export, and how differences in
surface and mesopelagic ecosystem structure of autotrophic and het-
erotrophic communities may affect the carbon remineralization.
Despite these unknowns, results presented here indicate that hurricanes
have a significant influence on the biological pump, and suggest that
storm-driven physical forcing may significantly influence regional and
global carbon budgets on annual to decadal time-scales.
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