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ABSTRACT

High-temporal-resolution views of particle flux to the abyssal benthic boundary layer are provided for an eight-month period (October 2014-June 2015) at the long-
term monitoring site Station M within the California Current ecosystem. Contributions of fecal pellets and aggregates to particulate organic carbon (POC) flux at
3900 m depth were estimated based on optical sediment trap (Sedimentation Event Sensor) images captured as a time-series of 2 h collections. POC flux estimated
from Sedimentation Event Sensor (SES) images explained variation in carbon consumption and the carbon budget balance (supply — demand) with finer resolution
than POC flux measurements from bulk collections by a concurrently deployed conventional sediment trap. Indicators of particle transport by benthic boundary layer
currents and active transport by zooplankton were evaluated by comparing SES-estimated POC flux to measured current speed and direction, hours since solar noon,
and modeled lunar illumination at the surface. Influence of particles (fecal pellets and aggregates) on the carbon budget was evaluated by comparing particle-specific
contributions to POC flux with sediment community oxygen consumption (SCOC) measured by the Benthic Rover at 4000 m depth. During the eight-month sampling
period, salp fecal pellets delivered an estimated 45% of the total POC flux to the benthic boundary layer and were responsible for an estimated 74% of a temporary
carbon surplus in May and June 2015. Salp fecal pellets also appeared to be the primary source of chlorophyll peaks at the site. By contrast, most aggregates appeared
to be lower-quality particles possibly sourced from lateral advection and local rebound of recently-settled detritus, which settled according to spring-neap tidal
oscillations. Some aggregates may have been fresher, as suggested by non-linear relationships with SCOC and the carbon budget balance. Results suggest sinking
particles packaged in surface waters and reaching abyssal depths in fresh condition (e.g. salp fecal pellets) had a greater influence on carbon consumption (e.g. SCOC)

and the carbon budget balance than more refractory particles.

1. Introduction

Improving carbon budgets through full-ocean depths requires a
better understanding of the mechanisms driving particle production,
vertical transport, and consumption (Christina and Passow, 2007;
Estapa et al., 2017; Boyd et al., 2019; Stukel et al., 2017). Ecological
processes transform surface-derived carbon into particles, such as fecal
pellets and aggregates, which have different sinking speeds and trophic
qualities (Cavan et al., 2015; Turner, 2015; Wilson et al., 2008). They
are transported downward through the water column by a variety of
physical and biological mechanisms, which strongly influence the depth
and rates at which carbon is consumed (Boyd et al., 2019). A highly
variable amount of carbon in these particles reaches the deep sea, where
it may be sequestered from the atmosphere for hundreds to thousands of
years (Boyd et al., 2019). Most of this carbon is consumed by
food-limited seafloor communities (Ruhl, 2008; Smith et al., 2014); the
small fraction that evades this consumption may be sequestered in
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sediments for millennia (Dickens et al., 2004). Improving biogeochem-
ical models will require identifying the particles responsible for carbon
flux to the deep sea, understanding their vertical transport mechanisms
(Le Moigne, 2019), and measuring their impact on the seafloor carbon
budget at high temporal resolution.

A particle’s origin and processing strongly influence its impact on
deep-sea carbon budgets. Particles that package surface production and
transport it rapidly below the mixed layer, such as larvacean houses
(Robison et al., 2005), and krill fecal pellets (Gleiber et al., 2012; Belcher
et al., 2019), deliver a significant quantity of carbon to the deep sea
(Guidi et al., 2009; Riley et al., 2012). This material provides a
high-quality food resource to seafloor communities, which begin
consuming it almost immediately after it settles (Witte et al., 2003;
Smith et al., 2014). By contrast, particles formed deeper in the water
column, from more refractory material, are less carbon-rich (Ransom
et al., 1998) but they hasten the downward flux of particles that might
have remained suspended otherwise (e.g. Wilson et al., 2008). Vertical
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migrations and coprophagy by zooplankton may be particularly
important to repackaging and export mechanisms, as evidenced by
variation in the relative abundance of different particle types with depth
and over time (Vinogradov and Evgen’evich, 1970; Urrere and Knauer,
1981; Miquel et al., 2015; Belcher et al., 2017). Packaging depth, and
carbon quality and content, are not known for all particle types. For
example, the term “aggregate” applies to fresh, carbon-rich phytode-
trital material that can sink rapidly from the surface to the sea floor
(Thiel et al., 1989), or it can apply to marine snow packaged deep in the
water column and comprised of heavily processed material (Alldredge,
1998). In the benthic boundary layer, aggregates can represent detritus
that settled briefly but was “rebounded” by currents back into the water
column before incorporating into sediments (Walsh et al., 1988; Beau-
lieu and Baldwin, 1998). Aggregates that form in the nepheloid layer
from resuspended sediments (Turnewitsch et al., 2017) by benthic storm
activity or lateral advection (Beaulieu and Baldwin, 1998) have
considerably higher clay content and lower organic carbon content than
fresh surface-derived material (Ransom et al., 1998). Most fecal pellets
sampled at abyssal depths are assumed to be repackaged multiple times
(Wilson et al., 2008; Shatova et al., 2012; Conte et al., 2001). However,
the ubiquitous presence of unexpectedly fresh surface-derived particles
in the deep sea (Agusti et al., 2015), considerable variation in sinking
speeds of fecal pellets (Svensen et al., 2012; Liszka et al., 2019), and the
importance of short-term (days to weeks), high-magnitude deposition
events to annual deep-sea carbon budgets (Smith et al., 2018) calls for a
more detailed understanding of particle sources.

In addition, the mechanisms by which particles are transported
downward through the water column affect their role in global carbon
export. Gravitational sinking of particles is estimated to account for 60%
of carbon transport in the oceans, but most of this carbon is estimated to
stay in the upper 250 m (Boyd et al., 2019). The remaining 40% of
transport is associated with physical or biological pathways—“particle
injection pumps”—by which carbon may enter deeper waters (Boyd
et al., 2019). Subduction and active transport by vertical migrators are
examples of particle injection pumps. While their contributions to car-
bon budgets are typically tallied separately, these mechanisms can work
in concert. Subduction can significantly enhance gravitational sinking
(Stukel et al., 2017). Vertical migrators that deposit large, fast-sinking
fecal pellets into the mesopelagic (such as salps; Wiebe et al., 1979;
Iversen et al., 2017) contribute to both active transport and gravitational
sinking. Studies are needed to resolve and synthesize these carbon
export pathways below the mesopelagic, so that predictive biogeo-
chemical models can be improved (Le Moigne, 2019).

Many physical and biological mechanisms governing gravitational
sinking and particle injection are known to cycle predictably over time,
even if the exact onset of single influential events (such as storms or
phytoplankton blooms) cannot be foreseen. Incorporating temporal
patterns into global climate models can improve ocean carbon cycle
forecasts (Lutz et al., 2007). The mixed layer is generally deepest in the
winter (e.g. Steinberg et al.,, 2001), which seasonally enhances
large-scale physical pumping mechanisms (Boyd et al., 2019). Fed by
surface processes, abyssal habitats experience seasonal peaks in carbon
supply (Lampitt et al., 2010; Baldwin et al., 1998; Wong et al., 1999),
demand (Witbaard et al., 2000; Smith et al., 2016), and possibly carbon
storage in the sediments (e.g. Danovaro et al., 2001). Phytoplankton
production (Harding et al., 1987) and diel vertical migrations by
zooplankton (Isla et al., 2015) cycle seasonally, but also at daily and
monthly scales along with changes in solar and lunar illumination
(Cisewski et al., 2010; Ochoa et al., 2013; Last et al., 2016). Trophic
interactions may drive depth-tiered diel vertical migrations that extend
into the bathypelagic, where surface illumination is not detectable
above ambient bioluminescence (Ochoa et al., 2013). Tidal fluid dy-
namics are important drivers of carbon export near seamounts (e.g.
Turnewitsch et al., 2016), and studies of deep-sea biogeochemistry may
find tidal cycles to be important drivers of carbon processing (Turn-
ewitsch et al., 2017). For example, at the Porcupine Abyssal Plain, the

Deep-Sea Research Part II 173 (2020) 104763

neap-spring tidal transition appears to increase aggregation of material
in the benthic boundary layer and reduce deposition of aggregates onto
the sea floor (Turnewitsch et al., 2017). At a finer temporal scale,
semidiurnal tides can be associated with increased turbidity near the sea
floor (Vangriesheim et al., 2001; Turnewitsch et al., 2017), and vertical
movements of abundant benthopelagic zooplankton (Smith et al., 2020).

Particles with very different sources and transport histories may be
differentiated by the temporal variability of their downward flux. Par-
ticles packaged in surface waters may settle at rates that retain temporal
cycles linked to surface drivers of production and vertical migration,
including solar and lunar illumination. By contrast, particles packaged
in the benthic boundary layer may settle in cycles corresponding with
tidal currents near the sea floor. Patterns of flux in relation to ambient
currents may further differentiate local resuspension from lateral
advection. Regardless of particle type, those packaged in surface waters
and transported downward in fresh condition may have higher carbon
content, fuel greater carbon consumption, and lead to greater carbon
surpluses in the deep sea compared to more refractory particles, such as
those packaged at greater depths.

To work toward a mechanistic understanding of carbon cycling in the
deep sea, we present high-temporal resolution views of particle flux,
transport, and carbon demand at the long-term abyssal monitoring site
Station M. This site experiences seasonal and interannual changes in
carbon supply in relation to surface conditions and climate (Smith and
Druffel, 1998), as well as lateral advection of resuspended material in
the benthic boundary layer (Beulieu and Baldwin, 1998). Overlying
waters in the California Current ecosystem (CCE) exhibit high produc-
tivity (Kahru and Mitchell, 2002; Kahru et al., 2019), subduction along
fronts (Stukel et al., 2017), and vertical migrations by zooplankton
(Ohman and Romagnan, 2016). These attributes make it a practical
system in which to discern the influences of multiple transport mecha-
nisms on particle flux and carbon budgets. Here we provide detailed
views of particle flux [quantity, type, and quality (organic carbon and
phytopigment content)] at approximately 3900 m depth using the
Sedimentation Event Sensor (SES; McGill et al., 2016). Next, indicators
of particle transport by currents and active transport by vertically
migrating zooplankton were evaluated by comparing SES-estimated
POC flux to i) current speed and direction measured in the benthic
boundary layer, ii) hours since solar noon, and iii) modeled maximum
lunar illumination at the surface. Finally, we assessed the impact of
different particle types on the balance of the seafloor carbon budget (i.e.
supply and demand).

2. Methods
2.1. Study location

Data are presented from instruments deployed concurrently over
nearly eight months (26 October 2015-18 June 2015) in the benthic
boundary layer at the long-term abyssal monitoring site Station M (~
4000 m deep) in the CCE (Fig. 1). The quantity and quality of sinking
material varies seasonally and interannually at this site (Smith et al.,
2013). Fresh surface productivity occasionally reaches the sea floor
(Smith et al., 2014), and resuspended sediments, presumably from up-
slope, reach at least 50 m above bottom (Hwang et al., 2004). Currents at
the site exhibit semi-diurnal and diurnal tides (12.3 h, 25.5 h, respec-
tively), and vary by moon phase (14 d; Smith et al., 2020) but not
consistently by season (Connolly et al., 2020).

2.2. Detailed views of particle flux (quantity, type, and quality)

The quantity, type, and quality of sinking particulate matter were
assessed using the SES (McGill et al., 2016) and a conventional
sequencing sediment trap (McLane Parflux Mark 78H2) deployed 50 m
above bottom (bottom depth 3955 m and 3964 m at SES and conven-
tional sediment trap mooring locations respectively; Fig. 1). Both
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Fig. 1. Location of Station M off the California coast, with inset showing deployment locations of Sedimentation Event Sensor (35° 9.5’ N, 122° 59’ W, red dot),
conventional sediment trap and time lapse camera (35° 09’ N, 122° 57" W, black dot), and deployment (35° 8.0" N, 122° 59.0" W) and recovery (35° 8.27' N, 122°
59.58" W) locations of Benthic Rover connected by black line to approximate transect path.

instruments collected material using an upward-facing funnel with a 0.5
m? opening. The SES provided front- and back-lit macro images and
fluorescence readings of material settling on a 25-mm diameter slide at
the base of the funnel. This slide was swept clean to remove the settled
material between 2-hr collection periods. A 2-h flow-through standby
state separated collection periods. Individual phytoplankton cells could
not be resolved by this method. The conventional sediment trap
collected sinking material in a 3% formalin brine solution for subsequent
laboratory analysis. Limited to 21 cups, this sediment trap had a 10
d collect period and completed its cycle 37 days before the SES
deployment ended. A time-lapse camera (Smith et al., 1993) at the base
of the conventional sediment trap mooring provided views of large
detrital aggregates on the sea floor from 1 Nov 2014-31 May 2015.
Datasets generated by these instruments are described under the sub-
headings below.

2.2.1. Particle quantity: light attenuation, mass flux, and detrital aggregate
seafloor cover

Three measurements of particle quantity are provided: light atten-
uation measured by the SES, mass flux measured by the conventional
sediment trap, and coverage of detrital aggregates on the seafloor in
time-lapse camera images.

Macro images taken by the SES were used to estimate light attenu-
ation, which is considered a relative, but not necessarily linear, measure
of sample opacity (McGill et al., 2016). Inverse mean pixel brightness
(MPB™) of backlit images was calculated using Mathematica 10.4, and
values were scaled such that an empty and a completely dark slide were
set to 0% and 100% respectively. This value was used as a proxy for light
attenuation. Analysis of a small empty portion of the slide confirmed no

drift in brightness throughout the deployment. This portion of the slide
was batch cropped from all retrieved images, and those crops that were
not empty were manually removed before analyzing the mean gray
value of the remainder to assess drift.

Mass flux was measured from samples collected by the conventional
sequencing sediment trap. Zooplankton swimmers were removed, and a
three-quarters split of each sample was freeze-dried and weighed to
determine mass flux. Values were corrected for salt content using AgNOs3
titration (Strickland and Parsons, 1972).

Daily percent cover of detrital aggregates imaged directly on the sea
floor by a time-lapse camera system (Smith et al., 1998) was assessed for
qualitative comparison to fluxes collected in the conventional
sequencing sediment trap on the same mooring. The time-lapse camera
lens approximately 2 m above the sea floor yielded an oblique view
totaling approximately 20 m? (Smith et al., 1993). In this view, detrital
aggregates several centimeters in diameter could be resolved, but fecal
pellets could not. Using the open-source software VARS (Schlining and
Stout, 2006), a single observer (KLS) annotated the outline of detrital
aggregates in the foreground portion of the image (approximately 9 m?)
with the optimum brightness and contrast. Horizontal lines were added
in VARS to delineate a consistent field of view for annotation across all
frames. Detritus was labelled as phytodetritus if it had a greenish color,
and gelatinous detritus if it was white (diaphanous, filmy). Area mea-
surements were then made in VARS, which converted screen-based
annotations to areas in cm? based on a Canadian grid (Wakefield and
Genin, 1987). These measurements were then compared to the field of
view for calculation of percent cover.
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2.2.2. Particle type: enumerating fecal pellets and aggregates

Particles imaged by the macro camera on the SES were detected with
an image processing program created using functions available in the
Python package Sci-Kit Image (van der Walt et al., 2014). All backlit
images (brightfield) were converted to grayscale uint8 formatted im-
ages, including a blank image that contained no particles captured in
situ. To remove the background from each brightfield image, the
maximum pixel value of the blank image was subtracted from the entire
blank image. This resulted in an equal shift-up of pixel intensities in the
blank-difference image due to the uint8 data format. This
blank-difference image was then subtracted from each sample bright-
field image, also in uint8 data format. To identify potential particles, a
threshold filter was applied to the background-subtracted images to
select the darkest pixels. A threshold value of 170 (between 0 and 255)
was chosen to identify the entire particle area with minimal background
noise at the illumination intensity of this instrument. To eliminate
background pixels detected by this rough thresholding approach, a
Sobel filter was applied to the grayscale images to identify locations
where large changes in pixel brightness occurred over a small area (i.e.
edge detection). An eroded particle mask was created from the threshold
image of potential particles, which was then used to mask the interior
pixels of the Sobel filtered image. A brightness threshold was applied to
the masked, Sobel-filtered image to identify locations with sharp gra-
dients in pixel brightness that occurred on the outer edges of potential
particles. Finally, particles were recorded if locations with in-focus
edges overlapped with pixel locations of potential particles identified
in the threshold image. The particle pixel surface area and bounding box
coordinates were recorded and used to extract every individual particle
image. Particles were manually identified and categorized as aggregates,
fecal pellets, zooplankton, or unidentifiable (imaging processing noise
or blurry image). Aggregates were defined as amorphous particles of
detritus, and may have contained fecal pellets that could not be indi-
vidually resolved. Aggregates were assumed to be composed of heter-
ogenous material and produced by various processes, including natural
aggregation of phytodetritus and other organic particles, by the degra-
dation of fecal material, and by other zooplankton byproducts (e.g.
larvacean houses). Fecal pellets were characterized by shape as ellipsoid
(includes spherical/ovoid— typically appendicularians and typically
small crustaceans), cylindrical (typically crustaceans), and tabular
(generally considered to be from salps, as in Wilson et al., 2008). Tabular
fecal pellets were defined as densely tabular-shaped packed particles
with less-defined edges that did not appear to have been encased in a
chitinous membrane. Cylindrical, ellipsoid, and ovoid/spheroid fecal
pellets all had smooth edges.

A subset of ellipsoid (n = 149) and cylindrical (n = 78) fecal pellets
within SES images was manually characterized and measured. Tabular
fecal pellets were counted and measured in all SES images (n = 2053).
Length and widths of observed pellets were manually measured using
FIJI (ImageJ) software (Schindelin et al., 2012). For tabular pellets,
lengths and widths were used to calculate pellet volume using the vol-
ume formula for a rectangular cuboid shape:

Tabular volume = <£ w) 1w

where w = width and 1 = length. Tabular depth values were calculated
to be 1/4 the measured width based on the measurements of fresh salp
pellets (SEW, pers. obs.). The image pixel area of each manually
measured cylindrical pellet was calculated as a rectangle.

Cylindrical pellet 2-dimensional area =1 w

The image pixel area of each manually measured ellipsoid pellet was
calculated as a 2-dimensional ellipse.
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Ellipsoid pellet 2 — dimensional area = ﬂ'%%

Pellet image areas were then used to calculate the equivalent
spherical diameter (ESD). The linear relationship of measured width
versus ESD was determined for cylindrical (0.32 mm mm'l, R? =0.32)
and ellipsoid (0.7 mm mm™, R = 0.83) pellets (Supplemental Fig. 1).
This relationship was used to estimate the pellet width and length of
ellipsoid and cylindrical pellets detected and measured in all SES images
by the automated image processing method, whose ESDs were deter-
mined by measured particle pixel areas. This approach was used to es-
timate true pellet dimensions because the width and length parameters
automatically measured by the image processing functions (e.g. minor
and major axes lengths) did not accurately reflect the dimensions of
curved or curled pellets. The estimated length and width of each pellet
was used to calculate their ellipsoid or cylindrical volume using the
following equations,

1
Ellipsoid volume = g-nl w?

W 2
Cylinder volume = n(§> |

where | = length and w = width. Aggregate volumes were not modeled
from SES images because they most likely lost their 3-dimensional shape
when they landed on the imaging plate and instead were more similar to
a thin film than a spherical aggregate. Measured surface area of SES-
imaged aggregates was used in further calculations.

Tabular fecal pellets collected and preserved in the conventional
sediment trap samples were counted and retained in bulk samples prior
to sample splitting and carbon analysis.

2.2.3. Particle quality: particulate organic carbon (POC) flux and
fluorescence

Three measurements served as proxies for particle quality as food:
POC flux estimated for particles enumerated using SES macro images
(hereafter referred to as POCggs flux), POC flux measured from con-
ventional sediment trap samples (hereafter referred to as POCyp flux),
and fluorescence indicators of phytopigments, which are important
nutrients to deep-sea megafauna (Wigham et al., 2003) and indicative of
material packaged recently in surface waters (Thiel et al., 1989; Agusti
et al., 2015).

The following equations were used to model POCggs of aggregates
and fecal pellets detected by the SES:

Aggregate POCggs: C = a * (SA)b
Cylindrical and ellipsoid fecal pellet POCggs: C =d * V
Tabular fecal pellet POCggs: C = (0.033 mg mm'3) *V

where C = mg organic carbon, SA = measured aggregate surface area
(;trnz), V = estimated fecal pellet volume (mmg), a = modeled aggregate
organic carbon concentration scalar parameter (mg C pm?2), b =
modeled slope parameter of aggregate organic carbon to surface area
relationship, d = fecal pellet organic carbon concentration scalar
parameter (mg C mm™>). Tabular pellet volumes were converted to
organic carbon using a conversion factor of 0.033 mg C mm’3, a value
close to or the same as those measured across multiple studies (Bruland
and Silver, 1981; Manno et al., 2015; Iversen et al., 2017; SEW, un-
published data). Aggregate POCsgs was modeled based on a modified
version of the power law relationship determined by Alldredge (1998).
The cylindrical and ellipsoid fecal pellet scaling parameter (d) was
modeled due to the large variation in measured fecal pellet organic
carbon contents (Urban-Rich et al., 1998; Gonzalez and Smetacek, 1994;
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Lundsgaard and Olesen, 1997; Reigstad et al., 2005). POCggs flux was
modeled per particle type by the following equations:

> laggregate POC], + [ellipsoid pellet POC],
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lunar cycle was generated using the R package “lunar” (Lazaridis, 2014).
Because this model does not account for cloudiness, it can be considered

+ [cylindrical pellet POC];, + [tabular pellet POC],

POCggs_daily_2h_mean =

12 (POCSES_daily_Zhr_mean)
0.5

POCggs flux =

where i = each image collected every 2 h and n = number of images
collected in a 24-h period. Flux was calculated by multiplying the
average 2-h POC detected each day by 12 to scale up to 24 h and dividing
by the trap collection area (0.5 m?). Due to the large natural variability
often observed in parameter values a, b, and d (Alldredge, 1998;
Urban-Rich et al., 1998; Gonzalez and Smetacek, 1994; Lundsgaard and
Olesen, 1997; Reigstad et al., 2005), these parameters were modeled
using four approaches. For the first approach, parameters a, b, and
d were modeled based on the least-squares best fit values describing
log-transformed POC fluxes measured from samples collected by the
co-deployed conventional sediment trap containing formalin (see below;
“model 17, a = 0.048 *10°® mg pm2, b = 0.81, d = 0.005 mg mm™>). The
best fit value of d was lower than the typical range of values reported in
the literature (0.01-0.15 mg C mm?, Urban-Rich et al., 1998; Gonzalez
and Smetacek, 1994; Lundsgaard and Olesen, 1997; Reigstad et al.,
2005). This may reflect a true difference in carbon content of deep-ocean
zooplankton pellets, poorly parameterized fecal pellet carbon concen-
trations, or the limitations of parameterizing aggregates by their
2-dimensional area. To test the sensitivity of the results to the value of
the fecal parameter, d was defined as 0.01 mg C mm> (“model 27), 0.08
mg C mm (“model 3”), or 0.15mg C mm™ (“model 4”) and only the
aggregate parameters were modeled by finding the values of a and b
resulting in a total SES-estimated POC flux with the least-squares best fit
comparison to measured bulk POC flux (model 2: a = 0.043 *10°°® mg
pmZ, b = 0.81, model 3: a = 0.004 *10°® mg pm2, b = 0.93, model 4: a
= 0.0002 *10® mg pm2, b = 1.09).

POCirap flux was measured from the same sediment trap sample splits
used to measure mass flux. Following salt-corrected mass flux determi-
nation, particulate inorganic carbon content was measured using a
coulometer (UIC) and subtracted from total carbon content measured
using an elemental analyzer (Perkin-Elmer or Exeter Analytical, Uni-
versity of California Santa Barbara Marine Science Institute Analytical
Laboratory) to yield POCyr,p flux (Baldwin et al., 1998).

Prior to macro imaging, the SES fluorometer (McGill et al., 2016)
excited samples with blue LED light at 470 nm, and detected emissions
at 590 nm and 690 nm center wavelengths with 10 nm bandwidths
(hereafter Fsgp and Fggp). These readings aimed to quantify the phyto-
pigments phycoerythrin and chlorophyll, respectively (Yentsch and
Phinney, 1985), which may indicate the presence of fresh
surface-derived material. Low readings of these fluorescence values
suggest the material may be refractory.

2.3. Potential environmental drivers of particle flux: illumination and
benthic boundary layer currents

2.3.1. Environmental conditions

A time series of solar noon at Station M was generated using the R
package “suncalc” (Agafonkin and Thieurmel, 2017), and used to
calculate the number of hours since solar noon for each SES sample. A
time series of relative lunar illumination at the surface throughout the

n

a proxy for maximum possible nighttime lunar illumination at the sur-
face for a given date, and is referred to here as lunar illuminationmay.
Actual lunar illumination may have been lower based on local weather
conditions. This model provides insights into the lunar cycle.

A time series of current speeds and directions was generated from
data collected by the Benthic Rover. The Benthic Rover is an autono-
mous seafloor-transiting vehicle equipped with a current meter (Fal-
mouth 2D-ACM) mounted near the front of its upper frame
(approximately 1.8 m above the seafloor; Sherman and Smith, 2009).
This single-point acoustic current meter has integrated compass and tilt
sensors. To save power, the Benthic Rover current meter collected data
for one out of every 15 min at a rate of 1 Hz. This duty cycle resulted in a
total of 96 min and 5760 current meter samples per day. This compu-
tationally expensive dataset was double decimated. Due to the paucity of
significant geological features in the abyssal plain at Station M (Fig. 1),
the benthic-boundary-layer currents measured by the Benthic Rover are
considered to be representative of broad-scale current patterns at the
locations of instruments that collected data for this study.

2.3.2. Data analysis

Generalized Additive Models [GAMs; R package “mgcv” (Wood,
2011)] were used to evaluate the relationships between POCggs flux, the
number of hours since solar noon, lunar illuminationy,y, and current
speed. GAM is a non-parametric smoothing approach for revealing ad-
ditive non-linear relationships. It is robust when handling highly skewed
datasets with a high number of zeros (Beck and Jackman, 1998), and
able to tease apart autocorrelation from other patterns (Baayen et al.,
2017). The restricted maximum likelihood (REML) option recom-
mended by Wood (2011) was used with the default degrees of freedom
or fewer to avoid overfitting. Modeled relationships were visualized
using ggplot (Wickham and Wickham, 2007). Data points used to
generate the model were not mapped on the visualization of the model
(i.e. figures) if less than 10% of deviance was explained by the model.

In addition to considering tidal influences over patterns revealed by
GAMs, we examined the potential for transport of material in prevailing
benthic boundary layer currents. Current meter data were used to plot
northing (v), easting (u), current speed, and particle trajectories for the
duration of the deployment using the R packages “oce” (Kelley et al.,
2018) and “OceanView” (Soetaert and Soetaert, 2016). Current meter
data were smoothed using a Butterworth low-pass filter in the R package
“signal” (Ligges et al., 2015). This approach highlights relative differ-
ences in northing and easting. Because this step can eliminate extreme
values from a visualization, the measured current velocities were pro-
vided as well. SES measurements of particle quantity, type, and quality
were then aggregated with current speed and source direction to the
nearest hour. Bivariate polar plots were used to illustrate how the
magnitude of particle flux attributes varied with current source direc-
tion and speed (R package “openair”; Carslaw and Ropkins, 2012).

2.4. Correlations between particle quantity, type, and quality and the
seafloor carbon budget

Seafloor community respiration rates were measured by the Benthic
Rover during 2-d respirometry incubations conducted sequentially
every 10 m along a transect (Fig. 1). Aanderaa optodes measured oxygen
depletion in acrylic chambers enclosing 730 cm? of sea floor surface.
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Respiration rates were converted to estimates of carbon consumption
using a respiratory quotient of 0.85 (Smith, 1987; Smith et al., 1997;
McGill et al., 2007; Sherman and Smith, 2009). This value, sediment
community oxygen consumption (SCOC), has the unit mg C m™ d™!. For
further details about methods see Smith et al. (2016).

The maximum lagged correlation between changes in carbon supply
(total POCggs flux) and subsequent changes in carbon demand (SCOC)
was calculated using the “stats” library (R Core Team, 2019). Data were
aggregated to daily scales prior to this cross-correlation analysis. A 90-d
window was used in this function, which should have been sufficient to
capture variability in lags between benthopelagic and benthic process at
this site (Smith et al., 2018). Particle-specific POCggg fluxes were shifted
forward by this lag, aggregated to SCOC measurement dates, and this
supply-demand time-matched dataset was included in a GAM using the
approach above. This approach determined the relative correlation of
each particle type’s contribution to POCggg flux with bulk carbon con-
sumption patterns. The deviance explained by this model was compared
to that explained by a linear relationship between POC,, flux versus
SCOC similarly shifted according to lags between these variables.

This same time-shifted dataset was used to calculate the carbon
budget balance as follows:

Carbon budget balance = POC fluxgpifeqg — SCOC

This step identified periods of carbon budget surplus and deficit. The
influence of each particle type (particle-specific POCggs flux) on the
carbon budget balanceggs time series was then evaluated using GAM.
This approach assumes no attenuation of carbon as material sinks from
50 mab (meters above bottom) to the sea floor. The deviance explained
by this GAM model was then compared to that explained by the linear
relationship between POCiap fluXspifred and carbon budget balanceap.

3. Results
3.1. Detailed views of particle flux (quantity, type, and quality)

3.1.1. Particle quantity: light attenuation, mass flux, and detrital
aggregates on the sea floor

For most periods, light attenuation and mass flux observed from
separate sampling platforms showed a similar pattern: low values
through March 2015, a steady rise in early March 2015, and elevated
values in the spring and summer of 2015 (Fig. 2A, B). These sampling
methods diverged considerably for one 10-d period (14-23 April 2015),
when mass flux was notably higher than the relative pattern in light
attenuation, and another when mass flux was very low.

Phytodetrital aggregates were visible on the sea floor at very low
coverage in November 2014 and April-June 2015 (Fig. 2G), with a peak
in mid-May that followed the peak in mass flux collected by the con-
ventional sediment trap. Gelatinous detrital aggregate cover did not
exceed 1% at any time during the sampling period.

3.1.2. Particle type: fecal pellets and aggregates

The relative contribution of aggregates and fecal pellets to POCggg
flux varied over hours to seasons (Fig. 2, Supplemental Figs. 2-5),
demonstrating change in the biological mechanisms governing export.
Ellipsoid fecal pellets were the most abundant discrete particles detected
by the SES from October 2014 through mid-April 2015 (Fig. 2C). A large
deposition of tabular fecal pellets began on 30 April 2015 and lasted 30
days, peaking in mid-May 2015. Following this event, total particle
number flux dropped to pre-May levels, but with an increased repre-
sentation of cylindrical fecal pellets compared to ellipsoid fecal pellets.
Some of the cylindrical fecal pellets imaged were long and had irregular
diameters; given these characteristics they could have been produced by
midwater fishes instead of crustaceans (Supplemental Fig. 6; B. Robison,
personal communication). Discrete aggregates could not be differenti-
ated consistently due to the collection method, and were not included in
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this presentation of particle number flux.

Tabular fecal pellets were visible in the conventional sediment trap
samples (Fig. 2E), showing peaks of fewer than 3 pellets m? d? in
February and May 2015. These peaks were earlier and lower-magnitude
than peaks in tabular fecal pellet number flux identified from SES images
(Fig. 2B).

3.1.3. Particle quality: particulate organic carbon flux and fluorescence

The four POCggs flux modeling approaches compared similarly to
measured POGy,p flux (Supplemental Fig. 7) according to the root-
mean-squared difference (RMSD) between measured and SES-
estimated values (model 1 = 9.29 mg C m2 d}, model 2 = 9.28 mg C
m?2 d?, model 3 =9.30 mg Cm?d?, model 4 =9.33 mg Cm?2d?).
Three data points differed by more than 15 mg Cm2 d™! at the end of the
time series, when tabular fecal pellets dominated flux. When these
points were excluded, POC flux was best estimated by models 1, 2, and 3
(RMSD of 1.89 mg Cm2d?, 1.91 mg Cm?d?, and 2.19 mg Cm?d?,
respectively), and the worst by model 4 (RMSD of 2.63 mg C m™2 d}).
The choice of model parameters primarily affected the apparent
contribution of cylindrical fecal pellets to total models POCggg fluxes and
in turn reduced the relative contribution of aggregates to total modeled
POCggs fluxes. Aggregate contribution to total POCggs flux decreased
from 48% to 27% in models 1 to 4 while cylindrical fecal pellet
contribution to total POCggg flux increased from 1% to 28% in models 1
to 4. Ellipsoid fecal pellets contributed very little to total POCggg flux in
all models (0.2% to 5%) and the relative contribution of salp fecal pellet
fluxes changed little among models (40-50%). Due to the mid-range
parameter values of model 3, this model parameterization was used
for subsequent analysis. The model 3 aggregate parameters (a = 0.004
*10® mg gm2, b = 0.93) are realistically comparable to those derived
empirically by Alldredge (1998); The carbon content of a 1 mm? particle
(1.52 ug C) estimated by model 1 is ~1.5 greater than the carbon con-
tent of a 1 mm® by the parameters of Alldredge (1998) (0.99 ug C) and
the slope parameter is substantially steeper (0.92 vs. 0.52). These dif-
ferences could logically reflect the changes that occur when a 2-D,
porous aggregate is flattened onto a 2-D glass plate and porosity is
reduced.

From Oct 2014 through Apr 2015, POCggs flux was low and domi-
nated by aggregate POCggs flux, punctuated by scattered tabular-fecal-
pellet POCggg flux in Jan and Feb 2015 (Fig. 2D). Tabular fecal pellets
were the dominant contributor to POCgs flux from late April to late May
2015. This period represented the peak in total POCggg flux. As tabular-
fecal-pellet POCggs flux declined in late May, cylindrical fecal pellets
became the dominant source of carbon as flux resumed pre-May levels.
For most paired sampling periods, POCy,p, flux was within one standard
deviation of average POCggs flux (Fig. 2E). The disparity between
POCrqp flux and POCggs flux was strongest in late April (When POCap
flux peaked) through early May (when POCggs flux peaked).

Fluorescence indicative of chlorophyll (Fggo) mirrored the pattern of
total POCggs flux with low levels through late April 2015, peaking in
mid-May, and returning to pre-May levels in June (Fig. 2F). Fluores-
cence indicative of phycoerythrin (Fsg99) showed little variability, and
was not analyzed further. It rose slightly in May 2015.

3.2. Potential environmental drivers of particle flux: illumination and
benthic boundary layer currents

POCggs flux compared to hours since solar noon, lunar illumina-
tionmax, and current speeds (Fig. 3) using GAMs indicated different
sources and transport mechanisms for each particle type (Fig. 4,
Table 1). The GAM model revealed significantly higher modeled
aggregate POCggs flux when currents were slow (p < 0.05), and during
low and high lunar illuminationpax (p < 0.01). By contrast this model
revealed significantly lower modeled aggregate POCggs flux during pe-
riods of moderate lunar illuminationn,s. The cycles examined here
explained 1.47% of deviance in aggregate POCggg flux. Modeled tabular-
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fecal-pellet POCggs flux was significantly (p < 0.001) higher when lunar
illuminationy,,x was low, which would occur during the new moon, and
lower when lunar illumination,,x was high, as would occur during the
full moon. The cycles examined here explained 1.55% of deviance in
tabular-fecal-pellet POCggg flux. The GAM model of cylindrical-fecal-
pellet POCggg flux showed a diel cycle (p < 0.1) that peaked during
the middle of the night and pre-dawn hours and was lowest a few hours
after noon. The cycles examined here explained only 0.8% of deviance in
cylindrical-fecal-pellet POCggg flux. No clear pattern could be discerned
for the GAM model of ellipsoid-fecal-pellet POCggs flux, with 0.2% of
deviance explained by these cycles.

Prevailing benthic boundary layer currents were to the southwest,
with disruptions of this pattern toward the end of the survey, including a
clockwise rotation (Fig. 5; Supplemental Fig. 8). Spring-neap cycles in
current speed and direction were evident in the beginning of the survey
period, but were no longer present in May 2015, when southward cur-
rents were reduced (Fig. 3C). The prevailing sources of mass (light
attenuation), chlorophyll (Fggp), and total POCggs flux were from the
west. Aggregate POCggs appeared to settle during most easterly current

conditions. Tabular-fecal-pellet POCggs and Fgg had the same patterns
of source currents; higher values were detected when currents were
strong and from the west. Much lower levels of Fggg corresponded with
strong currents from the northeast and the south. Most cylindrical-fecal-
pellet POCggs flux also appeared to be delivered under very restricted
current conditions—in this case moderate speeds from the southwest.
The directional source of ellipsoid-fecal-pellet POCggs flux was less clear,
but included a southwesterly source when currents were strong.

3.3. Correlations between particle quantity, type, and quality and the
seafloor carbon budget

SCOC was low through mid-May 2015, and elevated in mid-May
through mid-June 2015 (Fig. 6A). This measure of carbon consump-
tion lagged changes in total POCggs flux by 12 d (Spearman p = 0.40, p
< 0.0001). Particle-specific POCggs fluxes shifted forward 12 d to align
with SCOC explained 72.4% of deviance in SCOC (Table 1, Fig. 6B-E).
GAM-modeled SCOC increased insignificantly with high values of
aggregate POCggs fluxghifted, and increased significantly with increasing
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cylindrical-fecal-pellet POCggs fluxshifteq (p < 0.01; Fig. 6 B, D). The
GAM-modeled relationship between SCOC and tabular-fecal-pellet
POCsgs fluxghiied Was significant (p < 0.001; Fig. 6C); SCOC increased
with moderate tabular-fecal-pellet POCggg fluxghified levels and leveled
off with further increases. SCOC decreased insignificantly with
increasing ellipsoid-fecal-pellet POCggg fluXghifted-

A single conventional sediment trap sample (late March through
early April 2015) was too small to analyze for POCggs flux. For cross
correlation analysis to estimate the lag between changes in POCr,p, flux
and SCOC, this period was given the value of 0.06 mg Cm d’}, which is
the lowest measured value of POC flux for the 50 mab trap recorded at
Station M. Based on cross correlation analysis, changes in POCy,p flux
were followed 32 d later by changes in SCOC (R? = 0.39).

The seafloor carbon budget ran in deficit for most of the survey
period [total carbon budget balance = -12 mg C m™ for aligned carbon

supply (POCggs fluxghifteq) and demand (SCOC); Fig. 6F]. A temporary
period of carbon surplus was estimated in early May through early June
2015. Particle-specific POCggs fluxesshifeq €xplained 99% of deviance in
the carbon budget balance (Table 1), driven by aggregate POCggg flux-
shifted (p < 0.001), tabular-fecal-pellet POCggs fluxshifteq (p < 0.001), and
cylindrical-fecal-pellet POCggg fluxghifeq and (p < 0.001; Fig. 6G-J).
Relationships between particle-specific POCgsgs fluxesghifieq and the car-
bon budget balance were superficially similar to those with SCOC except
the carbon budget surplus by tabular fecal pellets continued to rise with
increasing tabular-fecal-pellet POCggs fluxshifteq rather than leveling off
at moderate values. SCOC and the carbon budget balance changed little
with low aggregate POCggs fluxshifred, but increased steadily with
aggregate POCgs flux values above 4-6 mg C m™2 d..

The linear regression between POCy,, flux shifted forward by 32 d,
and the carbon budget balance, with values aggregated to the SCOC
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Table 1

Results of generalized additive models comparing particle-specific POCggs flux
to potential environmental drivers of carbon transport, and aspects of the carbon
budget in the benthic boundary layer. Significance codes: 0 “**** 0.001 “*** 0.01
“20.05 0.1 1.

Aggregate POCggs flux ~ s(lunar illuminationy,ay) + sChours since solar noon) + s
(current speed)

R? = 0.011, Deviance explained = 1.47%, n = 1396

Smooth terms F p-value
lunar illumination;,,y 4.2 0.0045 **
hours since solar noon 1.4 0.32
current speed 5.0 0.025 *

Tabular fecal pellet POCggs flux ~ s(lunar illumination,,,y) + s(hours since solar
noon) + s(current speed)

R? = 0.013, Deviance explained = 1.55%, n = 1396

Smooth terms F p-value
lunar illumination 8.0 0.00016 ***
hours since solar noon 0.24 0.62
current speed 2.6 0.11

Cylindrical fecal pellet POCggs flux ~ s(lunar illumination,,,y) + s(hours since
solar noon) + s(current speed)

R? = 0.0043, Deviance explained = 0.80%, n = 1396

Smooth terms F p-value
lunar illumination,ax 0.53 0.54
hours since solar noon 2.2 0.09 -
current speed 0.61 0.61

Ellipsoid fecal pellet POCggs flux ~ s(lunar illumination,,,x) + s(hours since
solar noon) + s(current speed)

R? = - 0.00062, Deviance explained = 0.20%, n = 1396

Smooth terms F p-value
lunar illuminationay 0.79 0.37
hours since solar noon 0.57 0.65
current speed 0.051  0.82

SCOC ~ s(shifted aggregate POCggs flux, k = 4) + s(shifted tabular fecal pellet
POCsgs flux, k = 7) + s(shifted cylindrical fecal pellet POCggs flux, k =4) + s
(shifted ellipsoid fecal pellet POCggs flux, k = 4)

R2 = 0.68, Deviance explained = 72.4%, n = 58

Smooth terms F p-value
shifted aggregate POCggs flux 0.14 0.84
shifted tabular fecal pellet POCggs flux 9.4 5.8e-07 ***
shifted cylindrical fecal pellet POCggs flux 2.1 0.0067 **
shifted ellipsoid fecal pellet POCgs flux 0.66 0.42

Carbon budget balance ~ s(shifted aggregate POCggs flux) + s(shifted tabular
fecal pellet POCggs flux) + s(shifted cylindrical fecal pellet POCggs flux) + s
(shifted ellipsoid fecal pellet POCggs flux)

R? = 0.99, Deviance explained = 98.8%, n = 58

Smooth terms F p-value
shifted aggregate POCggs flux 24 2.6e-08 ***
shifted tabular fecal pellet POCggg flux 220 <2e-16 ***
shifted cylindrical fecal pellet POCggs flux 116 <1.1e-06 ***
shifted ellipsoid fecal pellet POCggs flux 1.4 0.18

sampling schedule explained 67% of variation in this relationship (R? =
0.67).

4. Discussion

4.1. Particle flux to the abyssal benthic boundary layer: temporal
indicators of transport mechanisms and correlation with the seafloor
carbon budget

As predicted, particles packaged in the upper water column (in this
case salp fecal pellets) and reaching the benthic boundary layer in fresh
condition significantly correlated with SCOC and made the most
important modeled contributors to carbon surplus in the abyssal benthic
boundary layer. Relationships between illumination cycles, current
characteristics, and particle-specific POCggs fluxes revealed useful
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perspectives into particle sources, even if the temporal cycles analyzed
here did not explain a large degree of variance. Salp (tabular) fecal
pellets (section 4.1.1.) appeared to deliver the peaks in fresh surface
chlorophyll, and had the strongest modeled correlations with SCOC and
the carbon budget balance. Salp-fecal-pellet POCggs flux correlated with
lunar illuminationn,y. Cylindrical-fecal-pellet POCggs flux (section
4.1.2.) also correlated significantly with SCOC and the carbon budget
balance. A small fraction of these particles may have been produced and
actively transported by vertical migrators, indicated by a weak diel cycle
of their POC flux. Relationships between aggregate POCggg flux, lunar
illumination, and prevailing benthic boundary layer current patterns
(section 4.1.3) suggest most, but not all, aggregates were lower-quality
material laterally advected to the site. Ellipsoid fecal pellets (section
4.1.4) also appear to have represented refractory material. However,
elevated SCOC and carbon budget surplus were associated with aggre-
gate POCggg flux exceeding 4 mg C m™? d’!, suggesting some degree of
freshness in some aggregates.

Assessing inputs by particle type better quantified the balance of POC
flux and SCOC at Station M, and identified approaches to make further
methodological refinements. Particle-specific POCggs flux explained
over 70% of deviance in SCOC, and over 95% of the deviance in the
carbon budget balance. By contrast, POCy,p flux explained 39% of
variance in SCOC and 67% of variance in the carbon budget balance.
Refinements of carbon conversion models may improve these estimates.
For example, all cylindrical fecal pellets were treated the same by the
methods used here. Their different sources and transport mechanisms
may explain the very different parameters used for cylindrical fecal
pellet carbon conversions in image analysis studies. Future efforts may
focus on differentiating a wider variety of particle types, such as gelat-
inous material, and incorporating flexible carbon conversion factors that
vary with particle attributes such as size (Iversen et al., 2017) and color,
and metadata including temporal indicators of transport mechanisms.

4.1.1. Salp fecal pellets: significant correlation with the carbon budget, and
possible lunar influence

Since the advent of sediment trap studies, salps have been considered
important contributors to carbon export from surface waters and flux to
the deep sea (Iseki, 1981; Matsueda et al., 1986; Wilson et al., 2013;
Smith et al., 2014). With some of the highest filtration rates known for
pelagic zooplankton (Alldredge and Madin, 1982; but see Katija et al.,
2017), they consume significant quantities of surface production. Their
fast-sinking fecal pellets (Bruland and Silver, 1981) can reach abyssal
depths in days, and likely retain most of their original carbon (Caron
et al., 1989). Salps are considered so important to global ocean carbon
budgets that Henschke et al. (2016) called for them “to be explicitly
included in numerical models separate from zooplankton.” Our results
support those views. Salp fecal pellets delivered an estimated 45% of the
total POCggs flux to the benthic boundary layer over an 8-month period
based on 2 h resolution data from the SES. They delivered 74% of the
carbon flux during temporary carbon surplus periods (Fig. 6). Salp fecal
pellets appeared to be the primary source of chlorophyll peaks at the site
(Fig. 5), and were the type most strongly correlated with elevated SCOC
(Fig. 2). These results suggest salp fecal pellets were the freshest,
highest-quality food source available at the time of this study. However,
the salp fecal pellet relationship with carbon demand was not linear.
Elevated SCOC was associated with moderate increases in
salp-fecal-pellet POCggs flux. Additions beyond this point were associ-
ated with carbon surplus rather than further consumption (Fig. 6C, H).
Future studies are needed to understand the water column conditions
that enabled such large quantities of salp fecal pellets to sink intact,
which is not guaranteed based on high salp fecal pellet production in
surface waters alone (see Iversen et al., 2017).

The ability to resolve and measure individual salp fecal pellets from
SES images taken in situ within 2 h of collection, and apply size-based
carbon conversions, may explain why estimated contributions of salp
fecal pellets to POC flux were much greater in this study compared to
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prior work at Station M (Wilson et al., 2013; Smith et al., 2014). The
number of tabular (salp) fecal pellets detected in SES images far
exceeded the number individually resolvable in the bulk collection cups
of the conventional sediment trap, and these two methods detected
different timing in peak salp fecal pellet number flux. These differences
may be due to the relatively disruptive nature of bulk sampling methods
and the extended storage time in sampling cups of conventional sedi-
ment traps prior to recovery (between ~1 and ~34 weeks in this study).
Wilson et al. (2013) also reported difficulty resolving salp fecal pellets in
preserved bulk sediment trap samples, which precluded direct mea-
surement of their contribution to total POC flux. Instead, prior studies at
Station M (Wilson et al., 2013; Smith et al., 2014) have used a single
carbon conversion factor (119 mg C pellet '; Madin, 1982) for all salp
fecal pellets counted, regardless of fecal pellet size. Other possible rea-
sons for the differences in tabular-fecal-pellet number fluxes recorded by
these two traps are explored in section 4.3.

Estimating and predicting the role of salps in the global ocean carbon
budget will require understanding the environmental controls of their
populations. A strong lunar cycle was found in salp-fecal-pellet POC flux
to 3900 m. Most of this flux occurred during a single month spanning a
new moon. It is possible that these results stemmed from a month-long
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salp bloom driven by increased availability of surface plankton (Silver,
1975), which we did not study, and that the timing was not related. Our
results may instead be from the slow passage of a large, persistent sur-
face bloom of salps over Station M. Large salp blooms lasting several
months do occur in the CCE (Berner, 1967). The consistent current
source of most salp-fecal-pellet POCggs flux (Fig. 5) may raise the
question whether this scenario is likely in this case. Regardless of bloom
size and evolution, salp fecal pellets sampled by the SES likely sank from
a very restricted surface region, as predicted for modeled fast-sinking
particles detected at depth at Station M (Ruhl et al., 2020). Lunar con-
trol of spawning activity may provide an alternate explanation.
Time-series studies of salp populations often present monthly-resolution
data (e.g. Liu et al., 2012; Stone and Steinberg, 2014), which prevents
assessment of lunar control over salp abundance or feeding activity.
Inconsistent reactions of salps to light (Sasikumar et al., 2014; Purcell
and Madin, 1991) and vertical migrations (including reverse migrations)
suggest their movements in relation to surface illumination involve
more than just predator avoidance and feeding migrations (Stone and
Steinberg, 2014; Purcell and Madin, 1991; Pascual et al., 2017). Pascual
et al. (2017) documented a spawning aggregation of Salpa fusiformis
around the new moon. As found here, peaks in salp-fecal-pellet flux at
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Fig. 6. Relationships between particle quantity, type, and quality and the seafloor

carbon budget. A) Carbon demand [Sediment community oxygen consumption

(SCOCQ)]. B-D) Generalized additive models showing influence of POCggs flux via B) aggregates, C) tabular fecal pellets, D) cylindrical fecal pellets, and E) ellipsoid
fecal pellets on SCOC, F) Seafloor carbon budget balance [Carbon supply (total POCggs flux) minus carbon demand (SCOC); supply and demand time series were
temporally aligned (forward shift of carbon supply by 12 d, determined as the lag with peak correlation in cross-correlation analysis)] by particle type (aggregate =
gray, cylindrical = blue, ellipsoid = red, tabular = yellow). G-J) Generalized additive models showing influence of POCggs flux via G) aggregates, H) tabular fecal

pellets, I) cylindrical fecal pellets, and J) ellipsoid fecal pellets on the carbon budget balance. Significance codes: *** = p < 0.001, **

shading = 95% confidence band. D, E, I, J use a log scale for the x-axis.

Station M in 2012 overlapped with, or were close to, the new moon
(Smith et al., 2014). Predicting any impact of salp aggregations on
carbon export and sequestration will require species-specific studies to
understand the timing of aggregation, spawning, and influences of
reproduction on feeding. For example, Cyclosalpa bakeri spawning ag-
gregations are governed by lunar illumination, but centered around the
full moon, and individuals appear to cease feeding temporarily while
spawning (Purcell and Madin, 1991).

12

p < 0.01. Solid line = model,

4.1.2. Cylindrical fecal pellets: significant correlation with the carbon
budget, and with a diel cycle

Cylindrical fecal pellets were important contributors of carbon flux
at Station M. They contributed 17% of total POCggs flux, and 10% of
carbon flux during periods of carbon surplus. Previous work found that
cylindrical-fecal-pellet flux correlated significantly with POC flux over a
15-y time series at Station M (Wilson et al., 2013). Like Wilson et al.
(2013), we found the highest cylindrical-fecal-pellet fluxes in the
summer.

Given the contribution of cylindrical fecal pellets to the carbon
budget balance, it is important to know their source. In general, most
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cylindrical fecal pellets collected at abyssal depths are assumed to be
produced by crustaceans feeding in the bathypelagic zone (Wilson et al.,
2013). This may be true for most of the cylindrical fecal pellets recorded
here. However, the morphology of some cylindrical fecal pellets suggests
a small fraction may have other sources. Very long, fragile, and
irregularly-shaped fecal pellets may have been produced instead by
fishes (Robison, personal communication). We do not know which or-
ganisms imparted a weak diel cycle in cylindrical-fecal-pellet POCggg
flux. Some midwater fishes in the CCE, including the myctophid Steno-
brachius leucopsarus, can vertically migrate (Watanabe et al., 1999) and
produce fecal pellets that sink at rates of 1 km d! (Robison and Bailey,
1981). Zooplankton and fishes living in the bathypelagic and deeper are
not generally considered diel vertical migrators (Burd et al., 2010;
Childress et al., 1980). Still, the bathypelagic fish Cyclothone acclinidens
exhibits a diel cycle in respiration even if its population does not
vertically migrate (Smith and Laver, 1981); feeding and fecal pellet
production in this species could exhibit a similar pattern. It is also
possible that the observed fecal pellets were produced by deep-water
organisms that interact trophically with shallower diel vertical migra-
tors, possibly making small upward migrations, rather than being
exposed to illumination cycles themselves. Depth-tiered diel vertical
migrations, in which zooplankton take part in a “bucket brigade” of
carbon transfer through feeding and defecation, can extend at least to
1200 m, beyond the reaches of surface illumination (Ochoa et al., 2013).
These interactions are similar to Vinogradov’s “migration ladder” (1970)
and Bollens et al.’s (2010) “cascading migrations” but do not necessarily
involve predator-prey interactions. Additional data are required to
evaluate these hypotheses and understand their possible influences on
carbon transport. Extended observations over multiple years and more
detailed classification of cylindrical pellet types are necessary to deter-
mine whether the trace signal of diel periodicity observed here reflects a
true ecological mechanism of flux at abyssal depths.

4.1.3. Aggregates: minor contributor to carbon surplus, and evidence for
transport in currents

Most, but not all, aggregates appeared to be low-quality particles
sourced from lateral-advection, and possibly local rebound of recently-
settled detritus, rather than fresh surface export. If some of these ag-
gregates had been packaged in surface waters, then they appear to have
been exposed to impactful carbon attenuation processes as they sank,
possibly slowly, through the water column. Aggregates were consistent
components of particle flux to the benthic boundary layer, and they
contributed 36% of total POCggs flux, and 15% of POCggs flux during the
carbon surplus period. Time series plots (Fig. 2) and bivariate polar plots
(Fig. 5) showed little correspondence between aggregate POCggs flux
and elevated Fggg (chlorophyll). Aggregates settled during all current
flow conditions, but the primary source was the prevailing northeasterly
current, which overlapped to a minor degree with sources of low Fggo.
This result supports previous evidence that resuspended material later-
ally advects to Station M from the continental margin (Hwang et al.,
2004, 2005). However, not all aggregate material may be sourced from
upslope. Correlations with lunar illuminationn,x and current speeds
(Fig. 4B) indicate local rebound and resettling of material with tidal
oscillations (especially spring/neap), as identified in the benthic
boundary layer at the Porcupine Abyssal Plain (Turnewitsch et al.,
2017). While currents used in the decimated dataset in our analyses did
not exceed thresholds considered necessary for local rebound of freshly
settled aggregates (7.8 cm s; Beaulieu and Baldwin, 1998), this
threshold was exceeded at one point in the raw current meter dataset.
Additionally, local resuspension can occur at much slower current
speeds during semi-diurnal tidal oscillations (e.g. Turnewitsch et al.,
2017; Vangriesheim et al., 2001). It is possible that some of these ag-
gregates were packaged higher in the water column, and degraded as
they sank slowly to the benthic boundary layer. Finally, some aggregates
associated with POCggs flux above 4-6 mg C m' d”! may have carried
fresher material, and contributed to elevations in SCOC and the carbon
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budget balance. Future investigations may examine sources of variation
in aggregate freshness, and possible seasonal patterns.

Most aggregates documented by the SES in this study differed from
the large, fluorescent phytodetrital aggregates that have settled at Sta-
tion M during periods of very high POC flux (Smith et al., 2014). During
those periods, detrital aggregates have covered more than 46% of the
sea floor, and were significantly correlated with rapid SCOC responses
(Smith et al., 2018). Instead, most aggregates recorded here may be
more representative of those settling during less-extreme flux conditions
(POC flux < time-series mean + 2 standard deviations; Smith et al.,
2018). Phytodetrital aggregates here covered less than 7.3% of the sea
floor (Station M time-series mean = 6.4%). Most aggregate POCggs flux
was associated with little change in SCOC and the carbon budget bal-
ance. Future efforts may focus on further understanding the delivery of
small quantities of fresh aggregates like those observed here associated
with moderate POC flux values, and correlated with elevated SCOC and
carbon budget surpluses.

4.1.4. Ellipsoid fecal pellets: repackaged deep-sea material

Like aggregates, ellipsoid fecal pellets made consistent contributions
to the carbon flux for most of the year, but made a minimal contribution
to periods of carbon surplus. These results corroborate Wilson et al.
(2013) who used long time-series data to reveal that ellipsoid pellets
made the highest contribution to organic carbon flux in late fall at Sta.
M. No clear association was found between ellipsoid-fecal-pellet POCggg
flux and the cyclical environmental drivers assessed here. These results
would be consistent with previous views that ellipsoid fecal pellets are
repackaged by non-migrating zooplankton, likely appendicularians
(Wilson et al., 2008), in the bathypelagic water column. As such, these
pellets may have provided an important mechanism for transporting
suspended POC to the abyssal seafloor community and increasing the
transfer efficiency of sinking POC.

4.2. Advantages of high-temporal-resolution autonomous instrumentation

Most carbon export studies have been conducted using conventional
sequencing sediment traps that integrate collections over long periods
and are limited by a finite number of sample bottles (McDonnell et al.,
2015). This approach misses much-needed temporal information about
particle composition and transformation processes (Boyd et al., 2019). A
suite of persistent, autonomous seafloor instrumentation including the
SES and Benthic Rover (Smith et al., 2017) provided detailed views of
carbon flux to abyssal depths that could not be obtained using conven-
tional sediment traps alone. As shown here, autonomous optical tech-
nologies like the SES can detect rapid changes in sinking particles to
resolve the appropriate time-scales of carbon export and shed light on
some of its ecological drivers (Boyd and Newton, 1995; Buesseler et al.,
2007).

Moreover, the SES imaging approach enabled sensitive detection and
quantification of relatively fragile particles that are often disrupted by
conventional collection approaches. Contributions by salp fecal pellets
were better resolved when using SES images compared to conventional
sediment trap collections. Imaging techniques like those used here may
provide tools for quantifying the influence of other delicate particle
types on carbon flux to the abyss. For example, because fish fecal pellets
are delicate (Robison and Bailey, 1981), difficult to detect, and hard to
study from sediment trap collections, their role in carbon export studies
may be underappreciated (Saba and Steinberg, 2012). Yet they can play
a significant role in the export of surface carbon and nitrogen in up-
welling regions including the CCE (Saba and Steinberg, 2012).

Site-specific calibration of optical sediment trap measurements with
carbon flux data is necessary to support their widespread use (Alldredge,
1998; McGill et al., 2016; Estapa et al., 2017; Bourne et al., 2019). In
most cases the SES accurately represented the quantity of particulate
material sinking to 50 mab at Station M. Light attenuation could be used
to derive mass flux, as has been found by other studies (Bishop et al.,
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2016). Based on upper-ocean calibrations, optical sediment trap light
attenuation appears to be well-correlated with conventional sediment
trap POC flux measurements (Estapa et al., 2017; Bourne et al., 2019).
Bourne et al. (2019) also showed a strong relationship between fecal
pellet counts from optical sediment trap images compared to physical
samples collected concurrently in the traps. POCggs flux matched POC-
trap flux values in most cases, but did not perform well in the highest-flux
conditions. Possible sources of these differences are explored below.

4.3. Sources of bias

This study modeled particle carbon contents using approaches
similar to or slightly modified from those approaches employed in other
studies (e.g. Alldredge, 1998; Silver and Gowing, 1991; Wilson et al.,
2013). To apply these approaches to the entire particle pool, it was
necessary to assume uniform content in each particle category despite
variability in composition and origin within individual categories. For
example, diatom aggregates can have higher carbon and nitrogen con-
tent than larvacean and fecal detritus (Alldredge, 1998), and fecal-pellet
carbon content can vary with zooplankton diet (Wilson et al., 2008).
Size-based trends in C:N led Alldredge (1998) to conclude that larger
aggregates were more refractory than smaller ones. The converse is
likely true for salp fecal pellets because large salp fecal pellets sink much
faster than small ones (Bruland and Silver, 1981), reducing the time over
which degradation can occur. Despite known variability and heteroge-
neity of particle carbon content, the relatively simplistic modeling
approach used here reflected measured POC fluxes within one standard
deviation in most cases, and enabled further resolution of those fluxes
into particle source. The amount of carbon attributed to each particle
type was sensitive to the parameters chosen in the model, and primarily
affected the relative contribution of cylindrical fecal pellets, which was
compensated for by changes in the modeled contribution of aggregates
to POCggs flux. The choice of parameters primarily affects interpretation
of results during periods of high cylindrical fecal pellet fluxes, such as
the period of June during these observations. These parameterizations
could be better constrained by additional years of observation that
include more time periods when cylindrical pellets dominate particle
fluxes.

Differences between the magnitude and timing of material detected
by the SES and conventional sediment trap may reflect a combination of
instrument bias and spatial variation. Because not all material could be
identified by the SES, it is not surprising that some POCgggs flux estimates
were lower than concurrent POCy,p flux measurements. The image
analysis method used here was not designed to detect and identify
gelatinous material like pyrosomes and salp carcasses, and this would
have led further to underestimates of carbon flux. Although these par-
ticle types were not included in the analyses, they were visible in SES
images following the peak in tabular-fecal-pellet flux. Additionally,
limits on the detection and identification of fecal pellets during high-flux
conditions might have influenced results. Fecal pellets were better-
resolved in winter when aggregate flux was low and did not mask
other material on the slide. Fecal pellet identifications from conven-
tional sediment trap samples are more successful during low-flux pe-
riods as well (Wilson et al., 2013). It is also possible that some of the
discrepancy between the two collection methods could be due to
methodological limitations, including clogging issues in the conven-
tional sediment trap, which have not occurred in the
concurrently-deployed SES (McGill et al., 2016). Finally, spatial varia-
tion may explain the temporal offsets of flux peaks recorded by the SES
and conventional trap. Kilometer-scale variation in detrital aggregate
coverage has been documented at Station M (Lauerman et al., 1996).
Despite these differences, POC flux estimated using SES images
explained variation of SCOC at the seafloor better than the bulk mea-
surements collected by the conventional sediment trap.

This study aimed to understand some of the many mechanisms
influencing carbon processing in the benthic boundary layer—not to
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provide a new generalization of the carbon budget at Station M. It took
place during a multi-year marine heatwave (fall 2013-winter 2015) in
the Northeast Pacific, with anomalously warm surface waters, low sur-
face pressures (Di Lorenzo and Mantua, 2016), low primary productivity
(Gomez-Ocampo et al., 2018), altered epipelagic communities (Sakuma
et al., 2016), and relatively low carbon fluxes without a “pulse” event
(Smith et al., 2018). Carbon dynamics at Station M show considerable
interannual variability (Smith et al., 2013), as do bottom currents
(Connolly et al., 2020), which may have been anomalous during this
survey (Smith et al., 2020).

5. Conclusions and future directions

Discriminating POC flux by particle type at high temporal resolution
provided a detailed view of carbon processing in the abyssal benthic
boundary layer. This approach identified salp fecal pellets as the
dominant particle type responsible for the seafloor carbon budget sur-
plus in early summer 2015. In situ imaging allowed the study of fragile
particles which may be compromised in conventional sediment trap
collections and otherwise underappreciated in deep-sea carbon pro-
cessing studies. By evaluating particle flux in relation to cycling envi-
ronmental conditions, particle transport mechanisms studied here (e.g.
lateral advection and possible active transport) could be discerned.
Future efforts may focus on deploying co-located SES and conventional
sediment traps for calibration of carbon to volume ratios of different
particle types, and across seasonal transitions. Doing so will allow better
differentiation of particles in optical sediment trap images, and incor-
poration of flexible carbon conversion factors that vary with particle
attributes, image metadata, and transport mechanisms indicated by
temporal cycles of flux. The deployment of multiple optical sediment
traps throughout the water column would help disentangle the vertical
extent and overlap of physical and biological transport mechanisms
above the benthic boundary layer. Longer-term high-temporal-resolu-
tion studies using the SES may help link mechanisms acting at hourly to
seasonal scales with longer-term forcing by changes in climate (e.g.
Smith et al., 2009).
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