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Mesozooplankton (June 2015 and September 2017) and micronekton (September
2017) were sampled along the eastern coast of Australia. Depth stratified
mesozooplankton and micronekton were collected using a Multiple Opening/Closing
Net and Environmental Sensing System (MOCNESS) and an International Young
Gadoid Pelagic Trawl (IYGPT) equipped with an opening/closing codend. Sampling
was undertaken at the center and edge of a frontal cold-core eddy (F-CCE Center
and Edge) in 2015, and at the center of a cold-core eddy (B-CCE) and two warm-
core eddies (R-WCE and WCE) in 2017. We assess the diel vertical structure,
biomass, and downward active carbon transport by mesozooplankton and micronekton
in eddies. Total water column mesozooplankton and micronekton biomass did not
vary substantially across water masses, while the extent and depth of diel vertical
migration did. Using in situ measurements of temperature and measurements of
mesozooplankton and micronekton abundance and biomass, we estimated the
contribution of respiration, dissolved organic carbon (DOC) excretion, gut flux, and
mortality to total downward active carbon transport in each water mass. Overall, active
carbon transport by mesozooplankton and micronekton below the mixed layer varied
substantially across water masses. We corrected estimates of micronekton migratory
biomass and active carbon transport assuming 50% net efficiency. In the R-WCE
mesozooplankton remained within the mixed layer during the day and night; only
50% of the total micronekton population migrated below the mixed layer contributing
to carbon transport, equating to 2.89 mg C m−2 d−1. Mesozooplankton actively
transported 16.1 and 8.0 mg C m−2 d−1 at the F-CCE Center and Edge, respectively.
Mesozooplankton and micronekton active carbon transport in the B-CCE were 5.4 and
0.74 mg C m−2 d−1, and in the WCE 88 and 13.4 mg C m−2 d−1. Differences in
carbon export were dependent on food availability, temperature, time spent migrating,
and mixed layer depth. These findings suggest that under certain conditions mesoscale
eddies can act as important carbon sinks.
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INTRODUCTION

The planktivorous mesopelagic fishes arguably have the Earth’s
largest fish biomass, which is likely underestimated by an order
of magnitude due in part to the unknown energy transfer through
the zooplankton component of pelagic food webs (Irigoien et al.,
2014). Energy fluxes between the epipelagic (<200 m) and the
mesopelagic (200–1000 m) layers vary globally and play a key
role in determining marine productivity and fisheries (Young
et al., 2011, 2015; Kiko et al., 2017; Reygondeau et al., 2017).
The permanent mesopelagic inhabitants (non-vertical migrators)
rely on both the passive sinking of epipelagic particles and
migratory organisms as a food source, although the proportional
importance is still debated (Hannides et al., 2013; Choy et al.,
2015). Due to surface waters warming, epipelagic productivity
and vertical energy flux dynamics are expected to change as
animals retreat to cooler waters resulting in vertical and/or
latitudinal shifts (Poloczanska et al., 2016). Therefore, resolving
the factors that influence vertical energy flux is central to
understanding the implications of environmental change on
commercially valuable fisheries and vertical carbon flux.

Mesozooplankton (0.2–20 mm) and micronekton
(20–200 mm) undergo extensive diel vertical migrations
(DVMs), feeding in the highly productive surface waters at
night and migrating back down to depth during the day where
they reside to avoid predation (Iwasa, 1982; Hays et al., 1997)
and improve metabolism (McLaren, 1974; Enright, 1977;
Iwasa, 1982; Hernández-León et al., 2010). Depending on the
assemblages and their body size, they can migrate to depths of
500–1000 m (Baird et al., 1975; Irigoien et al., 2014). Once at
depth, these organisms metabolize surface-derived nutrients
releasing carbon by way of respiration, dissolved organic carbon
(DOC) excretion, gut flux, and mortality (Steinberg et al., 2000;
Ducklow et al., 2001; Davison et al., 2013; Steinberg and Landry,
2017). As these processes are largely size, temperature, and
pressure dependent they can therefore be calculated for whole
communities by applying a size-based approach (Zhang and
Dam, 1997; Steinberg et al., 2000; Ikeda, 2013a, 2014, 2016).
Larger organisms likely transport more carbon due to their
deeper migrations (Sameoto et al., 1987; Moteki et al., 2009),
body size/mass (Hansen and Visser, 2016), large fecal pellets
(Turner, 2002), and long gut passage times (GPTs) (Baird et al.,
1975; Dagg and Wyman, 1983; Reinfelder and Fisher, 1994;
Pakhomov et al., 1996).

The importance of vertically migrating zooplankton and
micronekton to biogeochemical cycling is becoming increasingly
apparent, although it remains largely unquantified (Tsubota et al.,
1999; Hansen and Visser, 2016; Gorgues et al., 2019). Most
studies focus on specific aspects of active carbon transport such
as the respiration, DOC excretion, gut flux, and/or mortality of
individual species (Kobari et al., 2008), groups (i.e., orders or
classes of zooplankton and micronekton; Hidaka et al., 2001;
Davison et al., 2013) or specific size ranges (e.g., 0.1–1 mm
total length; Hernández-León et al., 2001; Davison et al., 2013;
Ariza et al., 2015). It is rare that all fluxes (i.e., respiration,
DOC excretion, gut flux, and mortality) are considered when
estimating active carbon transport via mesozooplankton and

micronekton (Steinberg and Landry, 2017). By neglecting certain
species/taxa, sizes, or fluxes, we are underestimating carbon
export to the deep ocean, leading to inconsistencies between
models (Falkowski et al., 2003; Usbeck et al., 2003; Martz
et al., 2008; Davison et al., 2013). There remains a high
uncertainty in active carbon transport estimates stemming
largely from methodological approaches and spatial variability
(Steinberg and Landry, 2017).

Distinct biological communities develop in mesoscale eddies,
which are particularly effective at retaining and transporting
organisms that undergo DVM (Mackas and Galbraith, 2002).
Within eddies, differences in phytoplankton composition and
zooplankton biomass, respiration, and fecal pellet production
have been observed between the center and periphery of eddies
(Mackas and Coyle, 2005; Yebra et al., 2005; Goldthwait and
Steinberg, 2008; Landry et al., 2008). To our knowledge only
four studies have looked at the effects of mesoscale eddies on
active carbon transport (Yebra et al., 2005, 2018; Landry et al.,
2008; Shatova et al., 2012). These studies looked at specific
fluxes (i.e., gut flux and respiratory flux) by mesozooplankton.
No studies have looked at the contribution of micronekton
to carbon transport, though some suggest that micronekton
aggregate in and around eddy centers (Sabarros et al., 2009;
Drazen et al., 2011).

In the southwestern Pacific Ocean, there are no studies
that look at active carbon transport of both mesozooplankton
and micronekton within or across eddies, but one study
assessed the contribution of pelagic tunicates (Henschke et al.,
2019). Some mesozooplankton and micronekton studies have
focused on the subtropical convergence off eastern Tasmania
(Young and Blaber, 1986; Young et al., 1987, 1988), while
the mesozooplankton and micronekton communities in the
temperate Tasman Sea are comparatively understudied. Changes
in zooplankton communities have been observed off southeastern
Australia as a result of a southerly extension of the East Australian
Current (EAC) and its eddy field, with continued changes likely
to have impacts on pelagic fish and fisheries in the area (Hobday
et al., 2011; Kelly et al., 2016).

In the southwest Pacific, the EAC transports warm, tropical
water southwards along the coast until it diverges eastward
at ∼32◦S (Suthers et al., 2011; Cetina-Heredia et al., 2014).
Associated with the EAC is a dynamic mesoscale eddy field,
where frequent cyclonic (cold-core) and anti-cyclonic (warm-
core) eddies are formed (Everett et al., 2012). Generally, cold-core
eddies in this region have been found to create more productive
pelagic habitats compared to warm-core eddies (Greenwood
et al., 2007; Everett et al., 2012). The pelagic environments of
cold- and warm-core eddies are often different to each other,
and to the surrounding water due to a range of eddy-driven
processes such as entrainment (Greenwood et al., 2007; Everett
et al., 2015), eddy induced Ekman pumping (McGillicuddy and
Robinson, 1997; Martin and Richards, 2001), or eddy trapping
(Chenillat et al., 2018).

In this study, our overall goal was to compare the biomass,
diel-vertical migration, and vertical fluxes of mesozooplankton
and micronekton communities across a range of eddy
environments along the eastern coast of Australia during
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the winter of 2015 and the spring of 2017. Specifically,
our aims were to (a) assess the diel vertical structure of
mesozooplankton and micronekton biomass between eddies,
and to (b) quantify downward active carbon transport mediated
by mesozooplankton and micronekton.

MATERIALS AND METHODS

Study Area
Sampling was undertaken from the RV Investigator in the
western Tasman Sea during winter (2–18 June 2015) and
spring (6–15 September 2017) voyages. The sampling area
extended from Brisbane (27.5◦S) south to Batemans Bay (35.7◦S;
Figure 1). The hydrographic features in the region were
identified using a combination of satellite-derived chlorophyll
a [Moderate Resolution Imaging Spectroradiometer; MODIS-
Aqua via Integrated Marine Observing System (IMOS)], sea-
surface temperature (MODIS-Aqua via IMOS1), and altimetry
(IMOS and bathymetry data; General Bathymetric Chart of
the Oceans; GEBCO).

Five water types were sampled during this study. In June
2015, the center and the edge of an ∼35 km frontal cold-core
eddy (“F-CCE”) was sampled off Forster (∼33◦S; Figures 1B,C).
This productive eddy formed adjacent to the continental shelf
a week prior to sampling, entraining shelf water, before moving
off the shelf into the warmer EAC (Roughan et al., 2017). In
September 2017, three eddies were sampled (Figures 1D,E):
an ∼150 km cold-core eddy off Brisbane (∼27.5◦S; “B-CCE”),
a large (∼200 km) warm-core eddy (WCE) that formed from the
retroflection of the EAC (∼33◦S; R-WCE), and an∼150 km WCE
sampled south of the Tasman Front (∼35◦S) that was also formed
from EAC water (Henschke et al., 2019).

Eddies were identified using a combination of satellite SST
and altimetry, and an onboard Acoustic Doppler Current Profiler
(ADCP). The 2015 F-CCE was too small to be visible using
altimetry, but was clearly visible in SST, and verified using the
ADCP (Figure 1B). The 2017 eddies were all large enough to be
observed using satellite altimetry (Figure 1D).

Oceanographic Sampling
At each eddy a Seabird SBE911-plus Conductivity–Temperature–
Depth (CTD) probe equipped with a calibrated Chelsea Aqua-
Tracker Mk3 fluorometer and fitted with 12 L bottles on
a rosette sampler was used to profile temperature, salinity,
and fluorescence. Mixed later depth (MLD) for each eddy
was calculated following Levitus (1982) as the depth at which
σT > surface σT + 0.125, where σT is the density. Water
samples taken from the rosette at various depths were used
to measure nutrients and calibrate oxygen and chlorophyll
a from the CTD. Dissolved inorganic nutrient measurements
were made using automated continuous flow with colorimetric
detection following CSIRO standard operating procedures (Rees
et al., 2018). Fluorescence was converted to chlorophyll a
concentrations through regression analyses as described in

1http://imos.aodn.org.au/imos/

Roughan et al. (2017) for 2015 samples (r2 = 0.81, n = 66) and
Henschke et al. (2019) for 2017 samples (r2 = 0.84, n = 20)
to provide full water column chlorophyll a estimates. Dissolved
oxygen concentrations were determined using the Winkler-
titration method (Strickland and Parsons, 1972).

Mesozooplankton (June 2015 and September 2017) and
micronekton (September 2017) sampling was concentrated in
the eddy centers. Additional mesozooplankton sampling was
undertaken outside the eddy in 2015 (Supplementary Table S1).

Mesozooplankton
Depth-stratified sampling for mesozooplankton was undertaken
during the day and night using a Multiple Open-Closing Net and
Environmental Sensing System (MOCNESS). The MOCNESS
had a mouth-opening of 1 m2 and consisted of five nets that
can be triggered remotely, all fitted with 500 µm mesh. The
MOCNESS was lowered to 500 m and five oblique tows were
performed while the vessel was traveling at 1.5 m s−1: 500–
400, 400–300, 300–200, 200–100, and 100 m to the surface.
Immediately after collection, approximate mesozooplankton size
classes were determined by gently rinsing the contents of each
cod-end through a sieve column to four size classes: 500–1000,
1000–2000, 2000–4000, and >4000 µm. All organisms that were
>4000 µm were individually measured, counted, and grouped
into two additional logarithmic size classes: 4000–8000 and
8000–16,000 µm. The groups were placed onto pre-weighed
petri dishes, oven dried at 50◦C, and weighed to the nearest
0.01 g. Dry weight was converted to carbon weight (mg C m−3)
assuming carbon weight = 0.4 ∗ dry weight (Parsons et al., 1984;
Steinberg et al., 2000). Total biomass (mg C m−3) for each
tow was total carbon weight captured in each tow divided by
volume filtered. Abundance of each size fraction was calculated
as follows. A representative biovolume for an animal equal to
the mid-size of the size-fraction was calculated by assuming
ellipsoid shape and near-neutral density following Suthers et al.
(2004). Wet weights were then converted to dry weight assuming
dry weight = 0.1 ∗ wet weight (Weibe et al., 1975). Finally,
we calculated total mesozooplankton abundance in each size-
fraction (i.e., counts per tow) by dividing total dry weight of the
size fraction by the mean animal dry mass.

Volume of water filtered was calculated using the G.O.
mechanical flow meter (General Oceanics Inc., Miami,
United States) mounted on the MOCNESS.

Micronekton
In 2017, additional sampling was undertaken to quantify
micronekton (20–200 mm) biomass in each eddy using a 157.5-
m2 International Young Gadoid Pelagic Trawl (IYGPT). Mesh
size of the trawl reduced from 200 mm stretched mesh width at
the mouth to 10 mm in the codend. The trawl was equipped with
a MID water Open and Closing net system (MIDOC; Marouchos
et al., 2017), with a 1-m2 mouth area and six cod-ends graduating
from 10 mm mesh to 500 µm mesh. The MIDOC was lowered to
two target depths (500 and 1000 m) during both the day and night
while the vessel maintained a speed of 1 m s−1. We employed two
different depth stratified sampling strategies: (1) 1000–900, 900–
800, 800–700, 700–600, 600–500, and 500–0 m, and (2) 0–500,
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FIGURE 1 | Southeast coast of Australia (A) highlighting the 2015 (red) and 2017 (white) sampling locations with bathymetry overlaid. For 2015 (top) the F-CCE
location (◦) is shown with (B) Sea Surface Temperature (SST) and ADCP data (Roughan et al., 2017), and (C) chlorophyll a (Chl. a) data from the 8–9 June 2015. For
2017 (bottom) the locations of the B-CCE (�), R-WCE (�), and WCE (1) are shown with (D) SST and altimetry data from IMOS, and (B) Chl. a data from the 3–5
September 2017. The black line represents the 200 m shelf (B–E).

500–400, 400–300, 300–200, 200–100, and 100–0 m. Each
depth stratum was sampled for ∼20–40 min (Supplementary
Table S1). The volume of water filtered was calculated based on
the spread and height of the MIDOC doors and the distance
traveled through the water column.

Immediately after collection, micronekton were separated
into major taxonomic groups, identified to the lowest
possible taxonomic level, counted, individually weighed,
and photographed for body length (mm). The major taxonomic
groups included myctophids, decapods, and cephalopods (for
a complete species list, see Supplementary Table S2). We did
not include gelatinous organisms (i.e., siphophores, jellyfish,
and salps) in our analysis, as they were often damaged in net
tows. Carbon weights were calculated using individual lengths
and length to weight relationships (LWRs) from the literature
or FishBase Bayesian LWR (Froese et al., 2014), by directly
weighing the individuals, or by using the average LWR of
the genus or family (Supplementary Table S3). Where no
direct carbon weight to wet weight relationship was available,
we assumed carbon weight = 20% of wet weight (Crabtree,
1995; Andersen et al., 2016). Abundance for each size class

(mesozooplankton) and taxon (micronekton) was determined by
dividing the number of individuals captured in each tow by the
volume of water filtered.

For our analysis, we include organisms from the MOCNESS
ranging from 0.5 to 16 mm in size and from the MIDOC
20 to 200 mm total length. All values are reported as
mean± standard error (S.E.).

Data Analysis
To test the day and night differences in mesozooplankton and
micronekton biomass at each eddy we applied ANOVA, but
first tested the assumptions using Bartlett’s test (homogeneity of
variance) and Shapiro–Wilk test (normality) using R Statistical
Software (R Core Team). All statistical values are reported in
Supplementary Tables S4, S5.

Active Carbon Transport
The migratory community refers to the portion of
mesozooplankton and micronekton that actively migrate
into the mixed layer during the night to feed and reside
below the mixed layer during the day. This portion of the
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community was calculated based on day and night differences
in biomass within the mixed layer. Thus, only the biomass
migrating below the MLD were included in our calculation of
downward active carbon flux at each location. Organisms that
do not migrate below the MLD instead contribute to carbon
“recycling” within the MLD, whereby, they consume organic
matter and respire, excrete, die, and produce fecal pellets that
remain within the MLD.

To determine depth of vertical migration, we calculated the
weighted mean depth (WMD, m) for each taxonomic group
as follows:

WMDji =

∑
(bji∗dji)∑

bji

where bji is the biomass (mg CW m−3) and dji is the midpoint of
the depth stratum (m) for taxon j in each sampling location (i).

For mesozooplankton we infer total abundance (N) in each
size bin using geomean carbon weight (GM; mg ind.−1), which
represents mean carbon weight of an individual (ind.) in size bin
x, and total carbon weight (CW; mg) within size bin x as follows:

N =
CWx

GMx
.

To calculate the contribution of mesozooplankton and
micronekton to active carbon transport, we must first calculate
individual respiration, DOC excretion, gut flux (defecation),
and mortality. To do so, we calculate individual rate processes
using size-dependent rate equations. Individual rates are then
scaled up using migratory densities, and the depth of export is
assumed using WMD. Finally, we also calculate the carbon flux
to migratory biomass ratio for each group to assess the downward
contribution per day.

Respiration
Respiratory oxygen uptake (RO; µL O2 ind.−1 h−1) was
calculated using size, temperature, and taxon-specific rate
equations (Supplementary Table S6). Respiratory oxygen
uptake was converted into respiratory carbon equivalent (RC;
µg C ind.−1 d−1) as follows:

RC = RO ∗ RQ
12

22.4
∗ TD

where RQ is the respiratory quotient (Supplementary Table S6),
12 is the molar weight of carbon (g mol−1), 22.4 is the molar
volume (mol L−1) of an ideal gas at standard pressure and
temperature, and TD is the time spent at depth. Community
respiration was then calculated by adding together individual
respiration rates for each depth stratum.

Excretion
Dissolved organic carbon excretion was assumed to be 31% of
CO2 respiration based on Steinberg et al. (2000). The study
reported that DOC excretion was on average 31% of CO2
respiration (µg C respired) or 24% of the total metabolized
carbon (i.e., excreted + respired), and found similar variation,
depending on environmental temperature and organism weight,
across crustacean species. We apply the same relationship for

DOC excretion to myctophids, as estimates for fishes are lacking
in the literature (Hudson et al., 2014).

Mortality
We apply two different approaches to calculate zooplankton and
micronekton mortality to ease comparison with other studies,
and to demonstrate the vast variability in estimates.

For our model, downward carbon flux arising from
zooplankton and micronekton mortality was calculated based
on the Zhang and Dam (1997) adaptation of Peterson and
Wroblewski (1984). This approach assumes that predation scales
in an isometric fashion.

Mh =
(5.26 ∗10−3) ∗DW−0.25

24

where Mh is the hourly weight-specific mortality rate based on
individual dry weight (DW; g). Mh can be multiplied by the
number of hours spent at depth to obtain individual contribution
to downward flux attributed to natural mortality.

For comparison, we also calculate mortality from growth
as in Hernández-León et al. (2019). Assuming our systems
are in steady-state, growth should be approximately equivalent
to mortality. We calculate zooplankton growth according to
Ikeda and Motoda (1978), where Growth = 0.75 ∗ Respiration.
For micronekton, we use the growth/metabolism ratio (0.66)
from Brett and Groves (1979).

Gut Flux
We assume that organisms migrating into the surface waters
during the night are feeding to complete satiation, and use the
average index of stomach fullness (ISF; dry weight of stomach
contents/dry weight of organism) and organism size (DW; mg)
to calculate food ball dry weight (FB; mg):

FB=DW ∗ ISF.

Taxon-specific estimates of mean ISF were compiled from the
literature and are provided in Supplementary Table S7. Food
ball dry weight is converted to carbon units assuming carbon
weight = 0.4 ∗ dry weight (Parsons et al., 1984; Steinberg et al.,
2000). We apply an assimilation efficiency of 88% to calculate
the average carbon weight of the daily egested material (E;
mg C d−1) (Hopkins and Baird, 1977). Assuming egestion is
constant throughout the day, we divide daily egestion (E) by 24 h
to obtain hourly egestion. To contribute to downward gut flux,
GPT (Supplementary Table S7) must exceed the amount of time
spent on downward migration (DM; h) (Table 1); where this is
not the case (i.e., GPT ≤ DM) gut flux was automatically set to
zero. Time spent on downward migration, at depth, and at the
surface were estimated based on the acoustic backscatter from
the onboard EK60 (Suthers, 2017). Therefore, total downward gut
flux is:

GF =
(

E
24 h

)
∗ (GPT− DM).

Gut passage times (h) for the various taxa captured were
compiled from the literature (Supplementary Table S7). Gut flux
of polychaetes and mollusks was calculated assuming that they
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TABLE 1 | Hours micronekton spent migrating upward, staying at the surface
(night), migrating downward and staying at depth (day), and during diel vertical
migrations derived from EK60.

Upward
migration (h)

Surface (h) Downward
migration (h)

Depth (h)

B-CCE 2 11.5 0.75 9.75

R-WCE 1 11.5 1.5 10

WCE 2.5 11 1 9.5

had the same ISF and GPT as copepods, as no specific estimates
were available from the literature. Previous studies argue that
pelagic mollusks exhibit similar feeding strategies as copepods,
with short GPTs (Dagg and Wyman, 1983; Reinfelder and Fisher,
1994). For the MOCNESS data, copepods and mollusks made up
the majority of the biomass. Therefore, we assume short GPTs
(1.04 h; Dagg and Wyman, 1983; Reinfelder and Fisher, 1994).
As no echogram is available for the 2015 voyage, we assume
the downward migration at the F-CCE (center and edge) will be
similar to that of the B-CCE (i.e., 0.75 h).

RESULTS

Oceanographic Setting
The F-CCE Center (58 m) and F-CCE Edge (102 m) had shallow
mixed layers (Figure 2A) and temperature and salinity profiles
were characteristic of shelf water and EAC water, respectively
(Roughan et al., 2017). The F-CCE Center was less saline and had
significantly higher chlorophyll a concentrations (0.96 ± 0.12;
F4,29 = 82.66, p < 0.001) in the surface layer (0–50 m) compared
to other water masses. Nutrient levels were low in surface waters,
but increased rapidly from 50 m. In comparison, the F-CCE
Edge was more saline, warmer, and had lower chlorophyll a
and nutrient concentrations than the F-CCE Center. Dissolved
oxygen declined sharply below the mixed layer to minimums near
100 (Center) and 150 m (Edge) (Figure 2E).

The B-CCE was starting to decay, as evidenced from the rising
sea-level anomaly (not shown; Ocean Current via IMOS2). It
had a shallow mixed layer depth (MLD) (91 m; Figure 2A),
low surface nutrients (Figure 2D), and low chlorophyll a,
with a chlorophyll a max (0.51 mg m−3) occurring near the
MLD (Figure 2C). Below the mixed layer, dissolved oxygen
declined rapidly until ∼100 m, but did not reach hypoxic
conditions (Figure 2E).

The R-WCE and WCE were both approximately 1–2 months
old and formed from the EAC. Both the R-WCE (MLD, 236 m)
and WCE (MLD, 322 m) were deeply mixed and characterized
by saline, oligotrophic water (Figures 2A–C). Across all water
masses, nutrient levels were the highest in surface waters
(0–50 m) of the WCE (2.17 ± 0.02; F4,17 = 2073.45, p < 0.001),
and both nutrients and chlorophyll a remained well mixed in
the top 200 m of the WCE. Nutrient levels were low and well
mixed in the R-WCE to 300 m. Prior to and during sampling,
the complex R-WCE was entraining oligotrophic EAC water,

2http://oceancurrent.imos.org.au/

resulting in a lower nutrient concentration, as was observed in
the CTD profiles. Hence, it is difficult to observe the R-WCE
from satellite SST and chlorophyll a (Figure 1). Dissolved oxygen
remained high in the mixed layers of both the R-WCE and WCE,
reaching minimums at 460 and 380 m, respectively (Figure 2E).

Mesozooplankton and Micronekton
Total Water Column Biomass
In 2015, mesozooplankton biomass in the F-CCE ranged from 1.2
to 2.3 mg C m−3. Our data met the assumptions of homogeneity
of variance and normality (Supplementary Table S4). We
detected no statistically significant difference in total water-
column mesozooplankton biomass between the F-CCE Center
and Edge (p = 0.41). Day and night mesozooplankton biomass
was significantly different at the F-CCE Center (p = 0.007),
while no difference was detected at the F-CCE Edge (p = 0.649)
(Supplementary Table S5). Generally, biomass at both the
F-CCE Center and Edge was higher at night (2.31 ± 0.09 and
1.68 ± 0.33 mg C m−3, respectively) than during the day
(1.24± 0.007 and 1.41± 0.54 mg C m−3, respectively) (Figure 3).

In 2017, the total water-column mesozooplankton biomass
ranged from 0.55 to 2.2 mg C m−3. The mesozooplankton
biomass in the B-CCE did not vary significantly between day and
night (p = 0.77; Supplementary Table S7). Daytime biomass in
the R-WCE was higher than nighttime, while the WCE showed
the opposite trend with substantially higher biomass at night
(Figure 3). We were unable to test these differences statistically
due to lack of replication.

Mean micronekton biomass was consistently higher at night
than during the day and ranged from 0.07 to 0.21 mg C m−3.
However, day and night differences were not statistically
significant in all three eddies (p > 0.32; Figure 3; Supplementary
Table S5). This suggests that our sampling captured similar
overall micronekton biomass during the day and night across
all three eddies (see the section “Vertical Migration and Active
Carbon Transport” for discussion of net avoidance). The majority
of micronekton biomass (68–83%) was made up of myctophids
(38–62%) and decapods (22–31%). Cephalopods (4–14%) and
other fish (7–15%) were the next most dominant in terms of
carbon biomass. All other groups contributed <5% to the total
biomass (Table 2). Thus, we calculate migratory biomass and
active carbon transport for all micronekton, and present only the
results for myctophids and decapods in detail.

Vertically Resolved Biomass
In 2015, mesozooplankton biomass (mean ± SE) in the top
100 m increased by >200% at night in the F-CCE Center
(night = 15± 0.6 and day = 6± 0.05 mg C m−3) and increased by
50% in the F-CCE Edge (night = 9± 0.7 and day = 6 mg C m−3)
(Figure 4). All other depth strata showed minimal changes
between the day and night at the F-CCE Center and Edge
(Figure 4), suggesting that mesozooplankton from below our
maximum sampling depth (500 m) were migrating into the top
100 m of the water column at night.

In 2017, mesozooplankton biomass was highest at night in
the top 100 m except for the R-WCE, which had higher biomass
during the day in the 100 m depth stratum (Figure 5). Overall,
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FIGURE 2 | Depth profiles of (A) temperature (◦C), (B) salinity, (C) chlorophyll a (mg m−3), (D) nitrates (mg m−3), and (E) dissolved oxygen (µM L−1) in the F-CCE
Center (blue solid), F-CCE Edge (blue dotted), B-CCE (blue dashed), R-WCE (red solid), and WCE (red dashed).

FIGURE 3 | Total water column mean mesozooplankton (MZ; top) and micronekton (MN; bottom) biomass (mg C m−3) in the top 500 (MZ) and 1000 m (MN)
during the night (black) and day (gray) at the F-CCE Center, F-CCE Edge, B-CCE, R-WCE, and WCE. Bars indicate ± standard error of the mean.

mesozooplankton biomass in the top 100 m at night was at least
three times greater in the WCE (134 mg C m−3) than in the
B-CCE (44 ± 3 mg C m−3) and the R-WCE (38 mg C m−3)
(Figure 5). During the day, biomass in the top 100 m decreased
in the B-CCE (35 ± 6 mg C m−3) and the WCE (27 mg C m−3),
while biomass in the R-WCE increased (62 mg C m−3). Biomass
was generally higher in all other depth strata during the night
except for the WCE 400–300 m depth stratum (Figure 5). Thus,

mesozooplankton were performing DVM into the top 100 m at
night in the B-CCE and the WCE, and reverse DVM into the top
100 m during the day in the R-WCE (Figure 5).

Total micronekton biomass increased at night in the top 100 m
in the R-WCE and the WCE, while remaining relatively constant
in the B-CCE (Figure 5). Notable changes in the contribution
of myctophids and decapods to total biomass in each depth
stratum were observed during the day and night. In the B-CCE,
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TABLE 2 | Proportion of micronekton carbon biomass by major taxonomic group
captured in the MIDOC.

Proportion of micronekton biomass (%)

Group B-CCE R-WCE WCE

Amphipoda 1 1 <1

Cephalopoda 9 4 14

Chaetognatha <1 <1 <1

Decapoda 23 22 31

Sternoptychidae 3 3 2

Mollusca 1 2 <1

Myctophidae 58 62 38

Pyrosoma 1 <1 1

Other fish 4 5 13

Other crustaceans <1 <1 <1

Dominant taxonomic groups are bolded.

myctophids and decapods were more prevalent >300m at night
and <300 m during the day (Figure 5D), with decapods making
up the majority of the migratory biomass (Table 3). The R-WCE
showed a similar trend, although myctophid and decapods were
more prevalent >200 m at night and <100 m during the day
(Figure 5E), with myctophids made up the majority of the
migratory biomass (Table 3). In the WCE, myctophids were
prevalent in the top 100 m during both the day and night, yet
biomass increased below 600 m during the day (Figure 5F),
with decapods making up the majority of the migratory biomass
(Table 3). A notable increase in decapod biomass in the top 100 m
was observed at night in the WCE (Figure 5F).

Overall, the WMD of myctophids and decapods became
shallower at night in the B-CCE and the WCE (Figures 5D,F),
indicating that the populations were undergoing DVM.
Myctophids migrated from daytime WMDs of 497 and 652 m to
nighttime WMDs of 296 and 202 m in the B-CCE and the WCE,
respectively. Similarly, decapods migrated from daytime WMDs
of 634 and 577 m to nighttime WMDs of 262 and 286 m in the
B-CCE and the WCE. Total migratory biomass into the MLD
was substantially higher in the WCE (262 µg C m−3 d−1) than
in the B-CCE (50 µg C m−3 d−1). In the R-WCE, WMDs for
myctophids and decapods were shallower during the day than at
night (Figure 4). For myctophids, WMD was 205 m during the
day and 292 m at night and for decapods 237 m during the day
and 469 m at night. Further, 44 and 42% of the myctophid and
decapod population were remaining within the MLD during the
day (Figure 4), while the rest were migrating below the MLD.

Active Carbon Transport
Total downward carbon flux by mesozooplankton
and micronekton varied across water masses. In 2015,
mesozooplankton downward carbon export at the F-CCE
Center (16.1 mg C m−2 d−1) was double that at the F-CCE Edge
(8.0 mg C m−2 d−1) (Table 3).

In 2017, total migratory mesozooplankton and micronekton
biomass was highest in the WCE (Table 3). Similarly, total
mesozooplankton and micronekton downward carbon flux

below the MLD was substantially higher in the WCE (88 and
6.7 mg C m−2 d−1, respectively) than in the B-CCE (5.4 and
0.4 mg C m−2 d−1, respectively) (Table 3). Mesozooplankton
migrated within the MLD in the R-WCE, recycling carbon in
the top 200 m of the water column (2.2 mg C m−2 d−1)
(Table 3). Additionally, only 56 and 58% of the myctophid and
decapod biomass were migrating below the MLD, while all other
micronekton remained within the MLD during the day and night
(Figure 5). Therefore, 50% of the total biomass and 51% of the
active carbon flux in R-WCE were being exported below the MLD
during DVM, equating to 1.5 mg C m−2 d−1 (Table 3).

Overall, respiratory and mortality flux contributed the most to
downward carbon transport in all three water masses (Table 4).
We found that mortality flux varied substantially depending on
the model approach (Table 5). When estimated from growth,
mortality was greater for mesozooplankton in the F-CCE Center
and Edge, and lower for mesozooplankton in the B-CCE and
WCE (Table 5). In contrast, both approaches yielded similar
results for micronekton, though estimates derived from growth
were generally more conservative.

Although mesozooplankton contributed more to overall
downward carbon transport in each water mass, when scaled
based on migratory biomass (i.e., carbon flux/migratory biomass
for each group) micronekton ultimately contributed more to
downward carbon transport (Table 4). Of all micronekton
groups, myctophids and decapods contributed the most to
carbon flux in all three water masses (Table 3). Specifically,
myctophids contributed more in the B-CCE and WCE, while
decapods contributed more in the R-WCE when scaled based on
migratory biomass (Table 4).

DISCUSSION

This study quantifies mesozooplankton and micronekton active
carbon flux in contrasting eddies. Although differences in
mesozooplankton and micronekton composition in warm- and
cold-core eddies have previously been assessed (e.g., The Ring
Group, 1981; Goldthwait and Steinberg, 2008; Eden et al., 2009),
their contribution to active carbon flux within and across eddies
remains poorly understood (e.g., Goldthwait and Steinberg, 2008;
Landry et al., 2008). Despite similarities in total water column
biomass, we observed notable differences in mesozooplankton
and micronekton migratory biomass and their contribution to
carbon export across eddies. Mesozooplankton and micronekton
were contributing to downward carbon export below the MLD
in the F-CCE Center and Edge, B-CCE, and WCE, and recycling
carbon in the R-WCE.

Mesozooplankton and Micronekton Total
Water Column Biomass
Eddies form partially isolated and distinct biological
communities which can be transported large distances (Mackas
and Galbraith, 2002; Batten and Crawford, 2005; Eden et al.,
2009; Suthers et al., 2011; Condie and Condie, 2016). They
can aggregate micronekton populations due to bottom-up
effects intensifying food-web interactions. This aggregation
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FIGURE 4 | Depth profile of mesozooplankton at the (A) F-CCE Center and (B) F-CCE Edge. Nighttime profiles are left-hand panes, and daytime profiles are
right-hand panes. Shaded gray areas represent mean (±SD) mixed layer depth.

FIGURE 5 | Depth profile of mesozooplankton (MZ; A–C) and micronekton (MN; D–F) in the B-CCE, R-WCE, and WCE. Micronekton biomass is split into
myctophids (gray), decapods (white), and all other micronekton (black). Nighttime profiles are left-hand panes, and daytime profiles are right-hand panes. Dashed
lines represent weighted mean depths for myctophids solid lines represent weighted mean depths for decapods. Shaded gray areas represent mean (±SD) mixed
layer depth. N.D indicates no data.

occurs primarily at the eddy periphery rather than center where
production is highest (Sabarros et al., 2009; Drazen et al.,
2011). We observed minimal differences in mesozooplankton

total water column biomass between the F-CCE Center and
Edge. This is contrary to most studies which report elevated
mesozooplankton abundance and biomass at eddy centers
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(e.g., Mackas et al., 2005; Landry et al., 2008; Everett et al., 2011).
However, differences between day and night total water-column
biomass were more pronounced at the F-CCE Center than the
F-CCE Edge, suggesting intensified DVM in eddy centers (Eden
et al., 2009). As our study only sampled mesozooplankton down
to 500 m in 2015, it is possible that a portion of the nighttime
biomass was originating from below our sampling depth (see the
section “Vertical Migration and Active Carbon Transport”).

Factors influencing the biological community within eddies
include eddy age, size, phase (Eden et al., 2009), retention
time (Condie and Condie, 2016), and the characteristics of the
source waters (Olson, 1991; Strzelecki et al., 2007; Mullaney and
Suthers, 2013). In this study, mesozooplankton and micronekton
total water column biomass was similar in cold- and warm-
core eddies. This is consistent with past studies reporting
similar zooplankton biomass in contrasting eddies, despite
vast differences in eddy type and chlorophyll a concentration
(Goldthwait and Steinberg, 2008; Eden et al., 2009). These studies
suggest that the two eddy types may be equally productive
depending on conditions of their formation (Goldthwait and
Steinberg, 2008; Eden et al., 2009; Dufois et al., 2016). In our
sampling region, cold-core eddies are generally more productive
due to upwelling of nutrient rich waters fueling primary
production (Govoni et al., 2010; Everett et al., 2012); hence,
we expected to see higher biomass of mesozooplankton and
micronekton in the B-CCE. During sampling, however, the
B-CCE was in the decay phase, as the sea level anomaly was
subsiding, and surface nutrient and chlorophyll a were low.
Therefore, differences in biota that may have existed at the eddy
formation could have been undetectable at the time of sampling
(The Ring Group, 1981; Eden et al., 2009). Indeed, all three eddies
sampled in 2017 had similar chlorophyll a in the top 100 m
layer. Considering the decaying productivity in the B-CCE, the
similarities in total water column biomass across eddy types in
2017 could be attributed to their similar source waters (i.e., Coral
Sea and EAC; Jyothibabu et al., 2015).

Vertical Migration and Active Carbon
Transport
Past studies have reported intensification of DVM within
mesoscale eddies (Yebra et al., 2005; Goldthwait and Steinberg,
2008; Landry et al., 2008; Eden et al., 2009). However, only a
few studies have attempted to quantify carbon export in eddies
(e.g., Yebra et al., 2005; Landry et al., 2008). To our knowledge,
this study represents the first assessment of active carbon flux
incorporating both mesozooplankton and micronekton across
contrasting eddies in the southwest Pacific Ocean.

The magnitude of day and night differences in total
water column biomass (see the section “Mesozooplankton
and Micronekton Total Water Column Biomass”) as well
as total nighttime biomass in the top 100 m were both
substantially higher at the F-CCE Center than Edge, suggesting
intensified mesozooplankton DVM at eddy centers (Goldthwait
and Steinberg, 2008; Landry et al., 2008; Eden et al., 2009).
Chlorophyll a at the F-CCE Center was more than double that
of the F-CCE Edge. Thus, we attribute these differences in DVM

TABLE 3 | Total migratory biomass (mg C m−2) and active carbon flux
(mg C m−2) by mesozooplankton and micronekton for each water mass.

Water mass Taxa Migratory biomass
(mg C m−2)

Carbon flux
(mg C m−2 d−1)

F-CCE Center Mesozooplankton 214.1 16.1

F-CCE Edge Mesozooplankton 90.6 8.0

B-CCE Mesozooplankton 63.6 5.4

Micronekton

Myctophid 0.5 0.16

Decapod 1.0 0.1

Pyrosoma 0.2 0.02

Othera 2.3 0.1

Total 4.0 0.4

R-WCE Mesozooplankton (332.3)b (2.2)

Micronektonc

Myctophid 4.1(3.9) 1.0(0.8)

Decapod 0.7(0.5) 0.5(0.7)

Pyrosomad 0.6 0.002

Other (1.5) (0.3)

Total 5.4(5.9) 1.5(1.8)

WCE Mesozooplankton 1,421 88

Micronekton

Myctophid 10.6 3.05

Decapod 15.7 3.6

Pyrosoma 0.9 0.004

Other 0.6 0.05

Total 26.9 6.7

aPrimarily non-cephalopod mollusks. bMesozooplankton increased during the day
in the top 100 m (N = 1). cFifty percent of the total micronekton population
remained within the MLD (recycling carbon), whereas the remainder migrated
below (exporting carbon). dPyrosomes (Pyrosoma atlanticum) migrated below
the MLD in the R-WCE (Henschke et al., 2019). Estimates of pyrosome carbon
flux for the R-WCE and the WCE were calculated in Henschke et al. (2019)
(Figure 6). Values in brackets indicate biomass remaining within the MLD, thus
recycling carbon.

behavior and carbon export at the F-CCE Center versus Edge
to higher food availability, as zooplankton may decrease the
extent of their vertical migrations when food availability is low
(Huntley and Brooks, 1982; Lampert, 1989). Mesozooplankton
biomass in the top 100 m increased at night in the B-CCE
and the WCE, and during the day in the R-WCE. The latter
points to reverse DVM in the R-WCE, although only one
daytime replicate was available for the R-WCE. As chlorophyll
a was similar in all three eddies these differences in DVMs
were not solely driven by the food availability. In the B-CCE
and the R-WCE mesozooplankton, biomass in the top 100 m
were substantially lower than in the WCE indicating lower food
availability prior to sampling, assuming all three eddies had
similar source waters. Mesozooplankton exhibit DVM behavior
as a means to improve metabolism (McLaren, 1963; McLaren,
1974; Enright, 1977; Iwasa, 1982; Hernández-León et al., 2010)
and reduce exposure to visual predation (Iwasa, 1982; Hays
et al., 1997). Temperature decreased more rapidly below the
MLD in the B-CCE than in the R-WCE, indicating that the
benefits of DVM related to improved metabolism were likely
higher in the former. Further, the MLD was much shallower in
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TABLE 4 | Migratory micronekton biomass (mg C m−2) and active carbon fluxes (expressed in mg C m−2 d−1 and d−1) out of the MLD in the F-CCE Center, Edge,
B-CCE, and WCE, and carbon recycling in the R-WCE.

Water mass Taxa Migratory biomass
(mg C m−2)

Active carbon flux (mg C m−2 d−1) Active carbon flux (d−1) (carbon flux/
migratory biomass)

MF RF EF GF MF RF EF GF

(A) Raw

F-CCE Center MZ 214.1 0.03 9.4 2.9 3.8 0.0001 0.04 0.01 0.02

F-CCE Edge MZ 90.6 0.005 4.0 1.2 2.8 0.0001 0.04 0.01 0.03

B-CCE MZ 63.6 1.3 3.1 1.0 0.001 0.02 0.05 0.02 0.00

MN 4.0 0.16 0.17 0.05 0.001 0.04 0.04 0.01 0.00

R-WCE∗ MZ (332.3) (0.6) (1.2) (0.4) (0.01) (0.0001) (0.004) (0.001) (0.00)

MN 5.4 (5.9) 0.5 (0.57) 0.56 (0.63) 0.17 (0.19) 0.30 (0.41) 0.09 (0.97) 0.10 (0.11) 0.03 (0.03) 0.06 (0.07)

WCE MZ 1,421 23.6 48.6 15.1 0.001 0.02 0.03 0.01 0.00

MN 26.9 2.22 2.75 0.85 0.89 0.08 0.10 0.03 0.03

(B) Corrected with 50% net efficiency

B-CCE MN 8.0 0.32 0.32 0.1 0.001 0.04 0.04 0.01 0.00

R-WCE MN 10.8 (11.8) 0.96 (1.06) 1.08 (1.2) 0.34 (0.38) 0.51 (0.7) 0.09 (0.09) 0.01 (0.10) 0.03 (0.03) 0.05 (0.06)

WCE MN 53.8 4.4 5.5 1.7 1.8 0.08 0.10 0.03 0.03

(C) Corrected with 14% net efficiency

B-CCE MN 26.4 1.1 1.2 0.4 0.01 0.04 0.05 0.02 0.00

R-WCE MN 37.9 (42.1) 3.43 (3.79) 3.86 (4.29) 1.21 (1.36) 1.79 (2.50) 0.09 (0.09) 0.10 (0.10) 0.03 (0.03) 0.05 (0.06)

WCE MN 191.1 15.86 19.6 6.07 6.29 0.08 0.10 0.03 0.03

∗R-WCE mesozooplankton were recycling carbon in the top 100 m of the water, while P. atlanticum (100%) and a portion of the myctophid (56%) and decapod (58%)
populations were exporting carbon below the MLD in the R-WCE. We provide (A) Raw values for migratory biomass and active carbon transport for mesozooplankton
(MZ) and micronekton (MN), and (B,C) corrected values of micronekton migratory biomass and active carbon transport out of the MLD, which are first corrected for diel
differences in net avoidance (see the section “Vertical Migration and Active Carbon Transport”), and then for (B) 50% capture efficiency, and (C) 14% capture efficiency.
MF, mortality flux; RF, respiratory flux; EF, excretory flux; and GF, gut flux. Values in brackets indicate carbon recycled within the MLD.

the B-CCE (91 m) than in the R-WCE (236 m), suggesting that
mesozooplankton may have had lower metabolic costs in getting
to a metabolically advantageous depth in the B-CCE. It is thus
possible that mesozooplankton in the R-WCE were undergoing
reverse DVM primarily to reduce exposure to visual predation
by micronekton, which were exhibiting concurrent normal DVM
within the MLD (Ohman, 1986). However, it should be noted
that no mesozooplankton replicates were available during the
day in the R-WCE. Only 50% of the micronekton population
migrated below the MLD during the day in the R-WCE.
The reduced DVM by micronekton in the R-WCE is likely
explained by relatively low food availability (i.e., chlorophyll a
and mesozooplankton biomass) and reduced metabolic benefits,
as temperature remained relatively high down to 400 m, after
which it slowly decreased.

Differences in DVM and MLD between eddies led to
considerable differences in the magnitude and depth of carbon
export across water types. The shallower MLD in cold-
core eddies than in warm-core eddies (Waite et al., 2019)
suggests that organisms must migrate deeper to effectively
contribute to carbon export in warm-core eddies. In this study,
mesozooplankton and micronekton were vertically migrating
below the MLD, thus contributing to downward active carbon
flux in the F-CCE Center and Edge, B-CCE and WCE. Our
results support past studies reporting higher active carbon fluxes
by mesozooplankton at eddy centers (Yebra et al., 2005; Landry
et al., 2008), as export at the F-CCE Center (16.1 mg C m−2 d−1)
was more double that of the F-CCE Edge (8.0 mg C m−2 d−1).

In the Canary Islands, Yebra et al. (2005) assessed respiratory
and gut flux of mesozooplankton in a WCE, reporting similarly

TABLE 5 | Comparison of two different approaches to estimate mortality of
mesozooplankton and micronekton: (1) Zhang and Dam (1997) isometric
approach based on Peterson and Wroblewski (1984), and (2) assuming the
system is under steady-state and mortality is approximately equivalent to growth,
various growth rate equations have been applied.

Mortality (mg C m−2 d−1)

Water mass Category Zhang and Dam (1997) Growth ≈ mortality

F-CCE Center MZ 0.03 7.1

F-CCE Edge MZ 0.005 2.91

B-CCE MZ 1.3 0.1591

MN 0.16 0.112

R-WCE∗ MZ (0.6) (0.85)1

MN 0.5 (0.57) 0.37 (0.33)2

WCE MZ 23.6 4.31

MN 2.22 1.822

1 Ikeda and Motodo (1978) where growth = 0.75 × respiration. 2Brett and
Groves (1979) where growth:metabolism = 0.66. ∗R-WCE mesozooplankton were
recycling carbon in the top 100 m of the water, while P. atlanticum (100%) and a
portion of the myctophid (56%) and decapod (58%) populations were exporting
carbon below the MLD in the R-WCE. Values in brackets indicate the portion of
mortality that is contributing to recycling above the MLD. MZ, mesozooplankton;
MN, micronekton.
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elevated respiratory carbon fluxes at the eddy center compared
to the eddy edge and minimal differences in gut flux relative
to total biomass. We did not sample the eddy edges in 2017.
In the B-CCE and the WCE, mesozooplankton contributed 5.4
and 88 mg C m−2 d−1 to downward active carbon transport,
respectively. In the R-WCE mesozooplankton biomass remained
unchanged during the day and night, suggesting that they were
recycling carbon (2.2 mg C m−2 d−1) within the MLD. Our
estimates of mesozooplankton respiratory and mortality flux
(9.97–23.53 mg C m−2 d−1) were similar to Hidaka et al. (2001)
in the western equatorial Pacific at the B-CCE, F-CCE Center
and Edge, while the WCE was an order of magnitude higher. The
higher carbon export in the WCE was supported by substantially
higher mesozooplankton migratory biomass.

In the B-CCE, R-WCE, and WCE micronekton contributed
0.4, 1.5, and 6.7 mg C m−2 d−1 to downward carbon export.
Only 50% of the micronekton population was contributing to
downward carbon transport in the R-WCE, while the remainder
was recycling carbon within the MLD. It is well documented that
nets may under sample micronekton by an order of magnitude
due to avoidance (Koslow et al., 1997; Kaardvedt et al., 2012).
This avoidance reportedly exhibits diel variation, with greater net
avoidance during the day than at night (e.g., Wiebe et al., 1982),
which may lead to overestimated migratory and active carbon
fluxes (Angel and Pugh, 2000). Therefore, we first re-scaled
the biomass of our highly migratory groups (i.e., myctophids
and decapods), such that total water column biomass during
the day and night were equivalent, and then re-ran our model.
This only corrects for the discrepancy between day and night
net avoidance (Supplementary Table S1). Our micronekton
biomass was an order of magnitude lower than mesozooplankton
biomass; based on ecological theory, we would expect to see
equal biomass within equally logarithmic size bins (Sheldon
et al., 1972; Blanchard et al., 2017). This discrepancy could be
due to net efficiency, which typically ranges from 4 to 14% for
micronekton net sampling (Gjøsaeter, 1984; May and Blaber,
1989; Koslow et al., 1997; Davison, 2011; Kaardvedt et al., 2012).
To correct for this, we applied an additional correction of 14%
from Koslow et al. (1997) that was calculated for a similar
micronekton community in southeastern Australia. While this is
the best available correction for our data, it should be noted that
our sampling approach differs slightly from that of Koslow et al.
(1997) in terms of tow speed (1 vs. 1.5 m/s), net dimension (157.5
vs. 105 m2), and mesh size (200 mm tapering to 10 mm at the
codend vs. 100 mm tapering to 10 mm at the codend), which may
influence the overall net efficiency. Thus, we also apply a more
conservative correction for net efficiency of 50% for comparison
with other studies in the literature (i.e., Hernández-León et al.,
2019). All conversions are shown in Supplementary Table S8.
Similar to Hernández-León et al. (2019), we found that different
net efficiencies led to vast differences in overall downward
carbon export (Table 4). We provide values for both efficiencies
(Table 4), but estimate and discuss active carbon transport
going forward using the more conservative net efficiency of
50% (Figure 6).

Myctophids and decapods contributed the most to
micronekton downward carbon flux in all three eddies.

Except for Henschke et al. (2019), no other study had focused on
active carbon transport of micronekton within eddies making it
difficult to compare our results with previous studies. Estimates
of active carbon transport by decapods and myctophids vary
substantially spatially and temporally (Hidaka et al., 2001;
Davison et al., 2013; Schukat et al., 2013; Ariza et al., 2015;
Pakhomov et al., 2018; Gorgues et al., 2019), thus caution must
be taken when comparing estimates. When corrected with a
net efficiency of 50%, and expressed as d−1 (downward carbon
export/migratory biomass; see Table 4) our estimates were
comparable to past studies of Hidaka et al. (2001) in western
equatorial Pacific (14% net efficiency correction for micronekton
respiratory and gut flux: 15.2–29.9 mg C m−2 d−1), Ariza
et al. (2015) near the Canary Islands (micronekton respiratory
flux: 2.9 mg C m−2 d−1) and Angel and Pugh (2000) in the
northeast Atlantic (12.5–58 mg C m−2 d−1). Davison et al.
(2013) assessed fish-mediated export in the highly productive
California Current, reporting values substantially higher than
those of the WCE. However, a direct comparison is difficult
without knowing the precise size range of fishes used in Davison
et al. (2013). Pyrosoma atlanticum contributed minimally to
active carbon flux (<1–7% of total flux in the B-CCE, WCE, and
R-WCE; Figure 6). Although when biomass is high pyrosomes
may export up to 11 mg C m−2 d−1 (Henschke et al., 2019).
Our study demonstrates that myctophids and decapods are
equally important as micronekton in their contribution to
downward carbon transport. In some cases, the contribution
of decapods to downward carbon transport may even exceed
that of myctophids in mesoscale eddies. Hernández-León et al.
(2019) reported that decapods coincided with sharp oxygen
minimum zones (OMZs) in the subtropical Atlantic Ocean. In
our study, the B-CCE exhibited a sharp decline in oxygen at the
base of the MLD (∼100 m), in this case the migratory biomass
of decapods exceeded that of myctophids. This finding supports
Hernández-León et al. (2019), as decapods are known to be more
tolerant of low oxygen concentrations (Childress, 1975). Thus,
it is important to consider all groups, including highly variable
and/or patchy species when making active flux estimates.

Contrary to Hidaka et al. (2001), we found that
mesozooplankton contributed more to downward carbon
export than micronekton in the B-CCE and WCE, while only
micronekton were contributing to export in the R-WCE. This
difference was primarily driven by the higher metabolic rates,
and thus respiratory flux, of mesozooplankton when compared
to micronekton (Ikeda, 1985, 2016). However, our sampling was
concentrated in eddy centers, so it is possible that we missed
the portion of micronekton that is thought to aggregate at eddy
peripheries (Sabarros et al., 2009; Drazen et al., 2011). Our
mesozooplankton and micronekton showed similar trends, with
the highest export occurring in the WCE, followed by the B-CCE
and R-WCE.

Although we only collected mesozooplankton at the F-CCE
Center and Edge in 2015, we would expect this trend to hold true
as Hernández-León et al. (2019) reported a significant positive
relationship between zooplankton and micronekton total active
flux. Our findings suggest that mesoscale eddies can act as
important carbon sinks.
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FIGURE 6 | Micronekton active carbon flux and depth of vertical migration in the B-CCE, R-WCE, and WCE. Dashed line represents the mixed layer depth (MLD).
Estimates of pyrosome (Pyrosoma atlanticum) active carbon for the R-WCE and WCE were calculated in Henschke et al. (2019). Values reported assume 50% net
efficiency (Table 4). MF, mortality flux; GF, gut flux; RF, respiratory flux; and EF, excretory flux.

Uncertainty and Limitations
A number of empirical equations from the literature were
applied to estimate respiration, DOC excretion, mortality, and
gut flux. The uncertainty associated with the models may indeed
plague such estimates. Respiration was estimated using empirical
allometric relationships dependent on carbon weight and in situ
temperature from the literature (Ikeda, 2013b, 2014, 2016;
Henschke et al., 2019). For all relationships used, temperature
and weight explained >86% of the variation in oxygen uptake,
suggesting minimal uncertainty with the models. DOC excretion
was estimated based on excretory rates of several different
taxonomic groups, including shrimp, euphausiids, copepods,
amphipods, and polychaetes compiled in Steinberg et al. (2000).
The study found that excretory flux was consistently ∼31%
of respiratory flux across all taxonomic groups. Similar to
respiration, DOC excretion rates were dependent on temperature
and organism dry weight (Steinberg et al., 2000). The error
margin associated with excretory flux is considered minor. In
addition, this flux contributed minimally to the total carbon
export budget. For estimates of gut flux, we compiled values of
ISF and GPT from the literature for various taxa (Supplementary
Table S7). To be conservative, where multiple values were
available, we used the shortest values in our model. All values
were corrected for differences in temperature and applied on an
individual basis. Uncertainty may arise with gut flux estimates
as none of these values take into consideration organism size,
feeding history, overall stomach fullness, which may lead to
variable GPTs. We assumed that organisms were continuously
feeding at night in the mixed layer. This may lead to some
overestimation as they may conduct intermittent feeding that
can be difficult to quantify. However, while the contribution
of gut flux to active carbon transport can be great, in this

study it was minimal in all water masses. Most active carbon
flux studies choose not to include mortality flux as it is highly
variable and dependent on food availability, environmental, and
predator abundance.

Mortality was calculated using the Zhang and Dam (1997)
adaptation of Peterson and Wroblewski (1984) size-dependent
mortality rate model for fishes ranging from 0.1 mg (eggs) to
1000 g (adults) dry weight. This model spans a wide variety of
species and sizes of organisms and may lead to overestimation,
particularly at the extremes of the mass range. This study simply
represents a starting point, as stomiid predation on mesopelagic
fish alone is estimated to range from 58 to 230% (Clarke, 1982;
Hopkins et al., 1996; Davison et al., 2013). Thus, we provide a
direct comparison with our values and the approach taken in
Hernández-León et al. (2019), which assumes that the system is
in steady-state and thus mortality is approximately equivalent to
growth (Table 5). Our results demonstrate that vastly different
estimates of mortality flux can be obtained by the two different
approaches, and that one is not consistently more conservative
than the other. Therefore, we recommend that future studies
focus on refining the uncertainty associated with estimating gut
and mortality flux.

Mesozooplankton were sampled using a MOCNESS with
a 500-µm mesh. Therefore, smaller mesozooplankton (200–
500 µm) were not captured leading to underestimates in total
mesozooplankton abundance and biomass, particularly in the
spring (i.e., 2017) when nauplii and copepodites numbers are
high (Kimmerer and McKinnon, 1987).

The largest uncertainty pertains to micronekton sampling.
We were unable to account for escapement and herding. Nets
with tapering mesh often lead to underestimates in micronekton
biomass, as small weak swimming micronekton often escape
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through the coarse mesh at the mouth of the net, while
large strong swimming micronekton are “herded” toward the
back of the net where the mesh size is small enough for
retention (Lee et al., 1996; Koslow et al., 1997; Voronina and
Pakhomov, 1998). A degree of error pertaining to the calculation
of volume filtered for the MIDOC also exists. This value is
calculated based on the spread and height of the midwater trawl
doors, which can vary throughout a tow. We used the average
spread and height of the trawl to calculate volume filtered,
but at present have no way of correcting for deviations that
can arise due to currents and winds inflicted on the net as
well as animal herding by the net (Voronina and Pakhomov,
1998; Heino et al., 2011). Thus, we assume our uncorrected
estimates of micronekton biomass to be conservative and likely
on the lower end.

Finally, past studies have reported seasonal variation in the
migratory behavior of mesopelagic fishes (e.g., Staby and Aksnes,
2011; Urmy et al., 2012), suggesting that the intensity (i.e.,
depth) of DVM is suppressed during the spring for some
mesopelagic fishes. As our sampling was conducted during the
winter of 2017 and the spring of 2015, micronekton were likely
exhibiting less intense DVM, and thus contributing less to
downward carbon export.

CONCLUSION

We assessed the vertical distribution and carbon export by
mesozooplankton and micronekton in contrasting eddies. The
magnitude and depth of DVM varied across water masses.
Mesozooplankton exhibited intensified DVM and carbon
export at the F-CCE Center in comparison to the edge. We
observed similar total water column mesozooplankton and
micronekton biomass in the B-CCE, R-WCE, and WCE, likely
attributable to their similar source waters. However, notable
differences in carbon export across eddies were observed.
Generally, cold-core eddies had shallower MLD than warm-
core eddies, suggesting that in order to contribute to carbon
export (i.e., transport below the MLD) organisms had to
migrate deeper in warm-core eddies. In the R-WCE, the
MLD was deeper and temperatures were higher, suggesting
that mesozooplankton were undergoing reverse DVM
primarily to reduce exposure to visual predation as the
metabolic advantages of DVM were reduced. Mesozooplankton
contributed more to downward carbon export than micronekton
in the B-CCE and WCE, and only micronekton were
contributing to export in the R-WCE. Differences in carbon
export appear to depend on food availability, temperature,
time spent migrating, and MLD. Our findings suggest
that under certain conditions mesoscale eddies can act as
important carbon sinks.
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