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The increasing use of 1image-based observing systems in marine ecosystems allows for more quantitative analysis of
the ecological zonation of zooplankton. Developing methods that take advantage of these systems can provide an
increasingly nuanced understanding of how morphometric characteristics (especially size) are related to distribution,
abundance and ecosystem function via a wider application of allometric calculations of biogeochemical fluxes. Using
MOCNESS sampling of zooplankton near the Bermuda Atlantic Time Series and a ZooSCAN/EcoTaxa pipeline,
we apply a new taxonomically resolved biomass to biovolume dataset and a suite of R scripts that provide information
about the relationships between zooplankter size, taxonomy, distribution, depth of migration, magnitude of migration
and biogeochemical contributions (e.g. respiratory Og consumption). The analysis pipeline provides a framework
for quantitatively comparing and testing hypotheses about the distribution, migration patterns and biogeochemical
impacts of mesozooplankton. Specifically, our code helps to visualize a size-based structure in the extent of vertical
migration and allow for a quantification of the relative importance of non-migratory versus migratory organisms of
various size classes. It additionally allows us to quantify the error associated with various methods of calculating active
flux, with size-based analysis being the most important methodological choice, and taxonomic identification being the
least.
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INTRODUCTION

The structure of the planktonic food web plays a funda-
mental role in regulating the export of organic carbon,
nitrogen and phosphorous to the deep ocean (the Biologi-
cal Pump; Ducklow et al., 2001, Longhurst & Harrison,
1989). Migratory species consume food in the warm,
oxygenated, photic zone during the night and move to
deeper, cooler layers by day. This diel vertical migration
(DVM) transfers atmospheric COg, fixed by phytoplank-
ton into organic carbon and consumed by zooplankton
in surface waters, to ocean depths where there is poten-
tial for long term sequestration of the organic carbon
while also fueling the mesopelagic microbial community
energy demand (Longhurst ez al., 1990, Maas et al., 2020,
Steinberg et al., 2008b). Similarly, through the excretion
of nitrogenous compounds at depth, DVM diminishes
the availability of this limiting nutrient for phytoplankton
in near-surface waters, greatly shaping the capacity for
new production (Longhurst & Harrison, 1988). Globally,
DVM accounts for 15-40% of the total organic carbon
export from the surface to ocean interior (Bianchi ¢/ al.,
2013, Steinberg et al., 2000), exceeding in many cases
the carbon flux associated with passively sinking particles
(Kobarti et al., 2013, Kobari et al., 2008, Steinberg et al.,
2008b). Similar percentages have been reported for the
nitrogen-related processes (Al-Mutairi & Landry, 2001,
Dam et al., 1995, Schnetzer & Steinberg, 2002).

A review of the published literature on zooplankton
contributions to the biological pump by Steinberg and
Landry (2017) shows that there is still significant uncer-
tainty in our understanding of the drivers of this pro-
cess, with the basic relationship between biomass and
the movement of carbon by these vertically migratory
zooplankton (active flux) still unresolved. We posit that
biomass alone does not adequately describe the zoo-
plankton community because it is a product of both
the size and abundance of the organisms. These two
factors respond differently to environmental variables; for
instance, across large geographical provinces conditions
arise where environmental forcing generates communities
of fewer, larger individuals having the same biomass as
communities with many but smaller individuals. Since
physiological contributions to biogeochemistry are size
dependent (smaller organisms have a larger respiratory
contribution per unit body mass; Ikeda, 2014b) and most
trophic dynamics (such as prey choice and grazing rate;
Hansen et al., 1997, Straile, 1997) are generally related to
organismal size, this results in communities of the same
biomass having distinct biogeochemical signatures.

Beyond the physiological implications of size class
distribution of migratory organisms, the size spectra
of the community also change the vertical extent of
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migration. Recent analyses of CalCOFI data quant-
tatively demonstrate that intermediate-sized copepod
species have stronger DVM behavior (Ohman & Romag-
nan, 2016), while the smallest and largest copepod species
refrain from migrating. Within those intermediate classes,
larger species show a greater amplitude in their DVM.
Detailing the relationships between DVM extent, size
class and midwater hydrographic parameters is important
because models have suggested that the depth and
intensity of DVM have substantial implications for the
efficiency of active flux (Archibald et al, 2019), and
consequently, the biological pump. The depth of the
migration is important not only because it removes the
possibility of the respired COy to be returned to the
atmosphere by mixing, but also because deeper waters
tend to be colder. Since most plankton are endotherms,
their physiology is directly influenced by the temperature
of their environment, making their metabolism slow as
they move deeper into the water column—reducing their
active flux. Deeper water can, moreover, have reduced
oxygen concentrations that influence the physiology of
migratory organisms to further reduce respiratory flux
(Kiko & Hauss, 2019, Seibel, 2011).

Additionally, efficiency of total export is modified by
the environment and community composition in the mid-
water (~200-1000 m; the region below the euphotic
zone). In this ‘twilight zone’ migratory zooplankton and
stationary resident species assemblages repackage and
transform surface derived flux in a process associated
with flux attenuation (Robinson e/ al, 2010, Steinberg
& Landry, 2017, Stukel et al., 2019). The modification
of flux to depth depends on zooplankton community
structure, biomass, and the behavioral and physiological
consequences of the midwater environment; however,
there is a lack of detailed understanding of these midwa-
ter communities. This is partially due to undersampling,
but it is also an artifact of historical sampling meth-
ods, which made the generation of datasets that consid-
ered the taxonomy and size of individual zooplankton
intensely laborious.

As imaging systems and informatics pipelines improve;
however, there are greater opportunities to use size-based
assessments of the zooplankton community to more accu-
rately describe the structure of migratory and midwater
assemblages (Lombard et al., 2019, Noyon et al., 2020,
Ohman et al., 2019). Based on size class information,
allometric equations can then be applied to describe how
both resident and migratory zooplankton are likely to
contribute to biogeochemical cycling (Kiko et al., 2020,
Kiko & Hauss, 2019). The objective of this paper is to
demonstrate a set of R codes that can be used to com-
pare various methods for calculating the biogeochemical
contributions of zooplankton to active flux, to explore
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Table I: MOCGNESS net tow metadata. The top net (0-50) typically captured the mixed layer, while the
second net (50 ~200 m) captured the deep chlorophyll a max

Cruise Year Month Day D/N Cast # Lat Long Net depths (m)
AE1614 2016 July 1" N 3 32°10.930 N 64°28.521W 0, 50, 225, 300, 450,
600, 750, 900, 1 000
1 D 4 32°10.846 N 64°28.811 W 0, 50, 225, 300, 450,
600, 750, 900, 1 000
AE1712* 2017 July 7 D 8 31°42.347 N 64°12.654 W 0, 50, 200, 275, 400,
550, 700, 850, 1 000
1" N 9 31°42.161 N 64°12.941W 0, 50, 200, 275, 400,
550, 700, 850, 1 000
AE1819 2018 July 3 D 10 31°39.961 N 64°09.535 W 0, 50, 175, 250, 400,
550, 700, 850, 1 000
4 N 1 31°40.133 N 64°10.212W x, 50, 175, 250, 400,
550, 700, 850, 1 000
AE1830 2018 October 28 N 12 31°49.798 N 64°03.727 W 0, 50, 200, 300, 400,
550, 700, 900, 1 000
30 D 13 31°48.319 N 64°07.294 W 0, 50, 200, 300, 400,

550, 700, 900, 1 000

The second net from the bottom typically captured the local oxygen minima. The only tow with validated images is AE1712 (*). The top net
from the night time in July 2018 failed (x), so this net or day/night pair was excluded from some analyses.

particle size distribution patterns in zooplankton, and to
quantitatively relate the depth of migration to the size of
the migrator using ZooSCAN and allometric approaches.
We use four paired day/night tows from the Bermuda
Atlantic Time Series (BATS) site to demonstrate this
code.

METHODS

MOCNESS net sampling

To obtain samples, a 1-m* Multiple Opening/Closing Net
and Environmental Sensing System (MOCNESS; Wicbe
et al., 1985) equipped with 150-pm nets was deployed
during the mid-day and mid-night on cruises carried
out in the vicinity of the Bermuda Atlantic Time-series
Study site (BATS) in July of 2016, 2017 and 2018 as well
as October 2018 (eight casts in total, 63 discrete nets;
Table I). During the July 2018 cruise the top net of the
night cast failed, and consequently, some analyses exclude
this pair of tows. The net sampling plan used adaptive
profiling, modifying the depth of closure to capture eight
distinct ecological zones from surface to 1000 m depth:
e.g. the thermocline, deep chl-¢ maximum (DCM), above
the O9 minimum, within the O9 minimum core and
below the O9 minimum (Maas ez al., 2014, Steinberg et al.,
2008a). The actual tow depths were set on a cruise-by-
cruise basis, using C'TD profiles to determine the depths
of each ecological zone. Upon retrieval, the catch from
cach of the eight discrete nets were divided into splits.
Half were preserved in 95% undenatured ethanol and the
remainder preserved in buffered 4% formalin in seawater.

Image analysis

To characterize the abundance and size class distribu-
tions of organisms, a representative subsample of the
zooplankton community from each net were imaged
from the formalin-preserved samples, then measured and
broadly taxonomically classified, using a ZooSCAN ver. 3
at 4800 dpi (following the methods in: Gorsky et al., 2010,
Vandromme et al,, 2012). In order to better represent
all size classes in the images, the original sample was
divided into three size categories. All individuals larger
than 2 cm were selected by eye and scanned separately
from all the others. The remainder of the sample was
sieved through a 1-mm mesh sieve, and both size fractions
were individually scanned. From these smaller two size
fractions, at least 1500 particles were scanned after
subsampling using a Motoda splitter (Motoda, 1959),
requiring generation of two separate scans for both the
medium and small size classes. This resulted in a total of
five images per net. Raw images were then processed in
ZooProcess (Gorsky et al., 2010, Vandromme ez al., 2012),
and the resulting vignettes, along with a measurement
and metadata file, were uploaded to EcoTaxa (https://¢
cotaxa.obs-vlfr.fr/; Picheral et al, 2017) for machine-
assisted 1identification, using a training set developed
by the authors. One paired set of tows was completely
validated (July 2017) for taxonomy. For the remaining tows
image validation was not completed, and downstream
analyses relied on Ecotaxa prediction of live versus dead.
Assessment of the predictive power of the 2017 training
dataset (predicted vs. validated) for each taxonomic
grouping is currently not possible in the program, but we
were able to determine that our training set gives efficacy
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values of 83% correct ID of living and 93% correct ID
of dead particles.

Biomass and biovolume analysis

We conducted an analysis of the estimated biovolume of
a particle to its measured mass for a suite of taxa to allow
for the application of both taxon-specific and generalized
equations to our datasets. This provides a direct relation-
ship between the optically estimated measurements of
size calculated by the ZooProcess/EcoTaxa pipeline and
biomass (wet mass, WM; dry mass, DM). 918 individual
zooplankton encompassing a range of taxa and sizes
were scanned following the previously described imaging
pipeline. Each individual organism was then weighed
wet on a Mettler-Toledo XPR microbalance, dried for
3 days in a drying oven at 60°C, and reweighed. Image-
based biovolume (mm®) measurements were related to dry
weight (mg) measurements by setting the intercept to 0
and assuming an ellipsoidal shape where:

mm® = 3 % X (minor 0.5)* x (major x 0.5) (1)

Regressions and statistical significance were tested
using SPSS version 27. We used biovolume for our
subsequent conversion factor, although area, ESD and
ferret are alternate metrics from the literature (Forest
et al., 2012, Lehette & Hernandez-Leon, 2009, Ohman
& Romagnan, 2016). The full dataset is provided
(Supplementary Data 1) to allow cross-comparison.

Setup of the R code

The R code was designed to read in a spreadsheet directly
downloaded from EcoTaxa, as well as hydrographic
data from the MOCNESS sampling system (specifically
temperature and depth values), then put the data into a
format that allows for application of any set of biomass
or allometric equations as well as specific visualization
(Figure 1). The code is modular and annotated so that
researchers can tune the equations to their specific
research interests or taxonomic focus. Datasets that
are the direct product of a ZooSCAN (i.e. without the
classification step) can also be used in case they were
done exclusively on hand-picked individuals of interest,
but we strongly suggest that an initial classification of
particles to live/dead be conducted, as it is our experience
that ~50% of the images in whole-community scans are
threads, detritus, bubbles, shadows, etc.

The first step of the R code (Reformatting; I'igure 1)
reads the.tsv file containing the data of each particle
and selects relevant metadata, measurements and
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taxonomy. For our data we use the ‘object_area’,
‘object_major’, and ‘object_minor’. Additional metrics
such as ‘object_ESD’ can be included if it suits the
data analysis. To make quantitative m’ and m* cal-
culations the ‘object_depth_min’, ‘object_depth_max’,
‘sample_tot_vol’ and ‘acq_sub_part’ (split) are required.
The code then then converts the ‘object_ID’ into the
relevant information (typically cruise, tow number, net
and size fraction). All of the tows and nets are then
assigned a header for charts and graphs and additional
relevant environmental metadata. For our analysis,
we included day/night and median net temperature,
although other information can also be assigned based
on the scientific question (e.g. median oxygen of a net,
day length, etc.).

The EcoTaxa measurements are in pixels, so a set of
calculations must be performed to give length and biovol-
ume in mm. For our analysis, individual biovolumes were
calculated assuming an ellipsoidal shape as described
previously, and then the taxon-specific biovolume to DM
conversion is applied. If the taxonomic assignment does
not fall into one of the pre-defined categories, it assumes
the conversion factor of a calanoid copepod. To assist
in particle size distribution (PSD) binning, biovolumes
are log transformed during this step. Additional factors,
including taxonomy, as well as the number of splits,
volume filtered, net temperature and day/night desig-
nation are assigned to each particle during this step. At
the end of this formatting step, there is a.csv file for
each MOCNESS with all the metadata, taxonomy and
measurements in a standard format ready for downstream
analysis.

The next step of the code (Binning; Figure 1) makes
a summary of the particles. In this step, the bin size is
chosen by the user. For this example, we set our bins to
span from 0.001 and 1000 mm® because of our observed
particle sizes, and separated by 0.25 on the log scale
(this means each bin is 1.778 bigger than the previ-
ous). During this step, user-selected allometric equations
used to assess biogeochemical processes are applied. The
code also allows for taxonomically specific equations if
desired. For this demonstration, we chose to calculate
respiratory active flux using a consistent set of allometric
scaling, temperature (QQ)¢) and respiratory quotient (RQ)
relationships. Specifically, oxygen utilization (umol Og
ind™" h™') of each ‘live’ particle was calculated based on
its biomass (DM; mg) and the average temperature (°C)
of the net from which it was collected using the following
equation:

Oxygen Consumption Rate = 2)

EXP (ag + (a1 *In (DM)) + (ag* (TempC))) /22.4
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[ Ecotaxa Input ]

Tab delimited particle measurements from Ecotaxa and metadata

Out: Formatted data for all particles in each individual MOCNESS

[ Tow Specific .tsv ]

MOCNESS Summary Files

Out: All data and biogeochemistry summed by Net and by Bin ‘ |

Waterfall Plots:
Out: Plot of PSD, slope and stats for
all nets from one MOCNESS tow

Day/Night Plots:

Out: Spreadsheet with separately
summed contributions of resident
and migratory particles by net
Plot of summed contributions
Plot of Day — Night contributions

Migration Heatmaps:

Out: Spreadsheet with migrator
location and contributions by bin
Plots of migrator location and
contributions by bin

(flip plot)

Fig. 1. Workflow and outcomes of the R code.

We used taxon-specific coeflicients from Ikeda (Ikeda,
2013a, 2013b, 2014a, Ikeda et al., 2001, Ikeda & Taka-
hashi, 2012), since his global zooplankton model (Ikeda,
2014b) assumes no taxon-specific effects of temperature
or body size (Table IT). Oxygen consumption rates were
transformed to respiratory COgy using a respiratory
quotient (RQ) and applied exclusively to particles that are
defined as representing migratory individuals, to generate
an estimate of the active transport. We applied the taxon-
specific RQ) from Mayzaud et al. (2005; Table II). If
the taxonomic assignment did not fall into one of the
pre-defined categories the code assumes the coeflicients
of a copepod. This decision was based on the recent
finding that copepod-specific allometric scaling factors
were the best predictor of measured metabolic rates
during experiments run the Northwest Pacific {Maas,
2021 #2264}. Other equations, including nitrogen
excretion (Ikeda, 2014b), mortality (Hirst & Kierboe,
2002, Zhang & Dam, 1997), DOC (Maas et al., in review,
Steinberg et al., 2000), or any other physiological process
could be similarly applied. Additional environmental

modifications such as day length, depth of capture
or oxygen availability could be incorporated into the
biogeochemical calculations, if regionally relevant, using
implementation of an additional lookup table as was
applied here for temperature.

From these data, we create three different products.
The firstis an analysis of the particle size class distribution
(PSD), visualized with waterfall plots. The second
and third are characterizations of the abundance and
physiological contributions of the migratory and resident
communities either summed by net or based on bin
size. These are visualized as vertically stratified bar
plots, a flip plot showing the location of migratory
organisms and a heatmap showing the daytime and
nighttime location of migratory organisms. These
calculations are made by assuming that when daytime
abundances are subtracted from night time these provide
an estimate of the migratory community. The smaller
of the paired day and night abundances provides a
rough estimate of the resident midwater species within
a size class at a particular depth interval, although these
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Table II: Taxon-specific respiratory quotient (RQ), allometric and temperature scaling coefficients. RQ.

Srom Mayzaud et al. (2005)
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Taxonomic Group RQ ao ar az Source

Amphipod 135 0.407 0.743 0.037 Ilkeda 2013a
Chaetognath 1.35 —0.173 0.805 0.068 Ikeda & Takahashi 2012
Copepod 0.87 —0.399 0.801 0.069 lkeda et al. 2001
Euphausiid 1.35 0.392 0.753 0.046 lkeda 2013b

Mollusca 0.94 —0.56 0.82 0.046 Ikeda 2014a

Coefficients are from taxon-specific models (lkeda, 2013a, lkeda, 2013b, lkeda, 2014a, lkeda et al., 2001, Ikeda & Takahashi, 2012). If the
taxonomy of the particle was not explicitly listed the code applies copepod-specific values.

measurements do not account for reverse migration or
general patchiness.

The R code associated with the analysis pipeline can
be found in Supplementary file 2 and both it and the
particle dataset are available on Github at https://github.
com/blancobercial/BiogeochemicalContributions. The
output figures for all nets from the full code are provided
in Supplementary file 3.

Active flux calculations (post-processing
the output)

To calculate active flux from the output of the R code,
data from the.csv need to be summed based on a depth
for flux chosen by the user. Typically, respiratory active
transport has been calculated as the difference between
the allometrically derived physiological contributions
of the nighttime and daytime biomass in the euphotic
zone (EZ), corrected to the midwater temperature of the
average depth of migration. This can be implemented
in the code by setting the temperature of all of the EZ
nets to the average midwater temperature for the depth
of migrators (which must be done in the Binning step;
Figure 1). After creating a constant temperature file the
day/night code must be run. For our analysis, we chose
an average midwater depth temperature of 17°C. The
active flux is then assessed by summing the migratory
‘M’ COg column for the nets that are part of your EZ
in  Output\PairedNets\ YOUR_PAIR\Your_Pair_T17
_DayNightNETS.csv.

An alternate method made possible by whole water
column imaging datasets is a direct calculation of
the biomass and associated physiological activity of
the migratory plankton at the depth to which they
migrate during the day. This calculation is made by
summing the physiological contributions at their more
precise midwater temperature @ situ in the twilight
zone (TZ). This is done by summing the migratory ‘M’
COgy column for the nets that are part of your EZ

in  Output\PairedNets\ YOUR_PAIR\ Your_Pair_Day
NightNETS.csv.

Next, we wanted to test the importance of taxonomic
specificity in the pipeline. We ran both EZ and TZ
based assessments using our calanoid copepod biovolume
to DM conversion equation, and assuming copepod
physiological coefficients. We additionally used this
output to compare the effect of our taxonomic and
non-taxonomic biomass to biovolume calculations by
comparing our results with the biomass measurements
taken on the BATS cruises before and after the cruise
on which our MOCNESS were run. These tows are
distinctly different in nature; they are taken with replicate
daytime and night time tows every month using a 1-
m oblique tow of a 202-pm mesh net to between 150—
200 m (depth recorded with a Vemco Minilog recorder)
as previously detailed (Madin ez al., 2001, Steinberg et al.,
2012). As the depth of capture for these tows varies, we
used their biomass m ™ to our calculated EZ biomass m™.

Biomass-based methods for active flux have previously
been calculated by measuring the total biomass of a size
fraction of zooplankton (mg) and either estimating the
number of individuals in a tow (counts), or estimating the
average size of a single individual (mg). Using these two
measurements the allometric equations can be applied
to an estimated average sized zooplankton within a size
fraction and scaled the estimated number of individuals
within that size fraction (Al-Mutairi & Landry, 2001,
Kwong et al., 2020, Steinberg ¢/ al., 2012). Unlike these
prior methods, we have both a direct measurement of the
number of individuals and a direct measurement of the
biovolume of each individual. Our uncertainty comes,
instead, from the biovolume to biomass conversion.
We wanted to assess the consequences of assuming
an average biomass (with no taxonomy) rather than
utilizing the range of biomasses we measured. To
do so, we needed to convert our bin sizes to a set
of values comparable to the standard mesh sizes for
zooplankton size fractionation (200, 500, 1000, 2000,
5000 pm). We did this by assuming that the minor
axis of an individual should closely match the sieve
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size. The chosen cutoff was biovolume bins of 0.0177,
0.1, 1, 10 and 56.23 mm®, which equates to a minor
axis of 270, 457, 922, 1862 and 3154 pm, respectively
(based on the minor axis to biomass equation generated
using the data provided in Supplementary File 1 where
minor_axis_mm = 0.922(biovolume_mm*"0.3052); R* =
0.93). The calculated total biomass (mg) of ecach of
these bins was compared with the measured number of
particles to give an estimated dry weight per individual
per size class. We then used the sum of the biomass for
each size fraction and the average size individual of a size
class to calculate the respiratory flux from the EZ using
the 17°C midwater temperature and the copepod-specific
allometric equations described previously.

RESULTS: USING THE DATA

Biomass to biovolume validation

Biovolume and dry mass were significantly statisti-
cally related (P <0.001) for our dataset, with dry
mass = 0.029(biovolume). The slope of the relationship
varied among taxonomic groups (Table III; Figure 2),
with cyclopoid copepods having a much higher slope
and lower fit (R?). Additionally the groups containing
calcifying organisms, such as the foraminifera and the
mollusca, which in the region are typified by the shelled
atlantiid heteropods and thecosome pteropods, had
substantially higher slopes and a lower fit than the
remainder of the community. The slope of the total
dataset did not, however, change substantially with
removal of these taxonomic groups (0.028). Similarly,
area and dry mass were significantly related (P < 0.001),
with dry mass =0.038(area)'™ for the full dataset. Area
equations had a higher R’ for some taxa (Table III),
but biovolume was a better fit for the major migrators
(calanoid copepods and euphausiids; Steinberg et al.,
2002) and the aggregate equation.

Binning code output

The output of our initial analysis pipeline (Binning;
Figure 1) results in a set of summary spreadsheets
(M#_bins.csv and M#_nets.csv files) for each tow
with associated summary plots (M#_BM_bynet.png,
M#_0O2_bynet.png). The spreadsheets are used in all
subsequent calculations and pipelines while the visuals
are useful for determining the relative importance of
the various size fractions within a net, and setting the

100 ° ostracod

cyclopoid

© amphipod
chaetognath

1 o mollusca

o foraminifera PS 8
o euphausiid ° -
o calanoid 8 o° %R
(@ fish | ° o
‘esalp
® decapod

0.1

o0 0
oo o
0.001 -
0.001 0.010 0.100 1.000 10.000 100.000 1000.000

Fig. 2. Biomass to Biovolume dataset. The estimated biovolume of
each individual organism (mm® using an estimated ellipsoidal shape) is
highly linearly correlated to the measured dry mass (mg), while the area
(mm?; calculated using major and minor axis) is strongly correlated as a
power function for most taxonomic groups.

limits on x and y-axes for downstream plots. Once the
summary files are constructed, the datasets feeding into
three additional pipelines.

Waterfall plots (PSD)

The first set of processing code results in waterfall plots
of particle size distributions (PSD) with a spreadsheet of
the slopes and fit of the linear regression between size
(binned biovolume, x-axis) and particle density (m’, y-axis)
or abundance (m?, y-axis) in the various net strata (output
as Your_Tow_Waterfall.png). Analysis of the PSD plots
from our dataset suggest that the 150 pm MOCNESS net
sampling strategy does not effectively capture organisms
under the 0.0177 mm’ size class bin, as these typically
pass through the net mesh (Figure 3). This assessment
was made by observing where the smaller bin size had a
lower abundance and density than the next larger sized
bin. Similarly, our data suggest that particles over and
including the 100 mm® bin are too rare to be adequately
sampled in a statistically significant way. This assessment
was made quantitatively by observing bins that had, on
average, less than five counted particles in a net, which
roughly correlated with one individual m*. We did this
by creating a pivot table in excel using the output from
the M#_bins.csv file. We made rows clustered by net
and by bin and then looked at the summed counts and
the summed NIreq_m3. From these plots, we can con-
clude that all further calculations are likely only accurate
between the 0.0177 and 56.23 mm® size bins. For all
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Table I1I:  Taxon-specific relationship between biovolume and dry mass

Biovolume (linear) Area (power)

Taxa n Slope R? Coefficient Exponent R?
Calanoid copepod 183 0.055 0.821 0.027 1.387 0.745
Ostracod 147 0.052 0.748 0.029 1.268 0.680
Mollusca 139 0.097 0.476 0.132 1.019 0.622
Chaetognath 130 0.013 0.732 0.025 1.005 0.827
Cyclopoid copepod 126 0.074 0.022 0.013 0.631 0.175
Amphipod 76 0.034 0.750 0.029 1.296 0.782
Euphausiid 59 0.027 0.978 0.026 1.381 0.967
Foraminifera 43 0.142 0.015 0.048 0.562 0.106
Decapod 10 0.034 0.972 0.020 1.457 0.986
Fish 3

Salp 1

All 918 0.029 0.849 0.038 1.064 0.755

The regressions provide the conversion factors by which image data can be transformed into standard weight (mg) using a linear equation
with the intercept=0 for biovolume (mm3) or a power equation for area (mm?). The raw data including minor axis, major axis, ESD, area,
biovolume, dry weight and wet weight are available in Supplementary File 1.

Table 1V: Particle size distribution; the average slope of the PSD for each net and time of day was
calculated along with its standard error (n = 4 except * where n =3)

Day Night

Depth (m) Slope SE R? SE Slope SE R? SE
Net 8 —-1.15 0.086 0.97 0.008 —1.05* 0.066* 0.98* 0.005*
Net 7 -1.30 0.034 0.94 0.016 —1.06 0.042 0.97 0.009
Net 6 —-0.94 0.046 0.97 0.009 —0.86 0.064 0.98 0.003
Net 5 —0.83 0.029 0.92 0.021 —0.83 0.059 0.94 0.010
Net 4 -0.72 0.046 0.94 0.003 —-0.72 0.050 0.92 0.008
Net 3 —0.59 0.031 0.93 0.006 -0.70 0.026 0.96 0.009
Net 2 —0.64 0.027 0.95 0.011 —0.70 0.050 0.95 0.014
Net 1 —0.63 0.085 0.92 0.006 —0.65 0.053 0.94 0.014

The depth of the nets (m) ranged slightly between cruises (see Table | for exact depths). A higher slope suggests a greater proportion of small
individuals. Also reported is the fit of the line (R?) and its standard error. Lower R? tended to correlate with depths where migratory populations
were most abundant. The slopes and statistics for these regressions were drawn from the R output YOUR_PATH\WF_Your_Tow_reg_stats.txt.

subsequent analyses, we implemented this size cut-off in
the code.

Using our full dataset (all 8 tows), we observed that
within the EZ (0-200 m), there are 2 to 10 times as
many individuals (# m*) compared to the TZ depth strata,
with a maximum abundance around the chlorophyll max
(50-200 m). In these two EZ depth intervals, there are
a proportionally greater numbers of small individuals,
resulting in a steeper (more negative) ‘waterfall plot’
of size class and abundance (Figure 3; Table IV; the
intercepts, slopes and statistics for these regressions were
drawn from M#_TowInfo_ WF_Your_Tow_reg_stats.txt).
This is especially evident during the day when larger
migrators move deeper in the water column. The
slope of the PSD in the twilight zone (200-1000 m)
is lower and tends to decrease with depth (Table I'V).
Regressions have a comparatively slightly lower R* during

the day, indicating a less linear profile and suggesting
depths where migrators are a significant portion of the
community.

In the EZ, there were, on average, 1.5 times as many
individuals at night as during the day. This was calculated
by comparing the summed abundance (# per m’) for all of
the bins in the well sampled range (.01 <bins>100mm®)
in net 7 and 8 using Tow_bins.csv of a day/night pair,
or only net 7 in July 2018 when the surface net was
missing. In biovolume, this difference was similar, with
1.4 times as much biovolume during the night. Taxo-
nomically resolved conversion of biovolume to biomass
revealed that estimates of total biomass in the EZ range
from 0.101 to 0.382 for the day and 0.277-0.794 for the
night, resulting in a night:day biomass relationships falling
between 1.6 and 3.0. Our non-taxonomically resolved
estimates (using the calanoid copepod conversion factor)
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Fig. 3. Your_Tow_Waterfall.png output. This plot depicts the particle abundance (number m™?) based on size class bin (biovolume, mm®) during
the day or the night for each depth region (also sometimes referred to as a particle size distribution; PSD).

were consistently higher by an average of 20 £ 2% (SE),
but retained a very similar night:day biomass relationship
falling between 1.8 and 3.1 within the EZ.

Zooplankton daytime net avoidance or patchiness
was observable in our sampling, with total biovolume
(mm* m™ summed 0-1000 m for all pairs except July
2018 where it was summed 50-1000), ranging from a 1.5
to 1.1 times increase in night time tows compared with
paired daytime tows. This was calculated by comparing
the summed abundance (biovolume m?®) for all of the
bins in the well sampled range (.01 <bins>100mm®) in a
day/night pair.

Day/night summaries

The second set of products are the summed biovolume
(mm®), biomass (mg) and physiological contribution (in
this case, umol O9 ind™" h™', or pmol COg ind™" h™') by
either m* or m®. These are reported both by net and by
bin size. Most downstream analyses use m* as this allows
for comparisons among nets of different size intervals. We
used these products to make calculations of (i) variations
in total biovolume among tows and patchiness/net avoid-
ance within net pairs and (ii) the relative contributions of
the migratory versus resident zooplankton community to
biomass or apparent oxygen utilization (AOU).

The calculated biomass and AOU contributions of
the resident and migratory communities come directly
from the spreadsheet output of the Day/Night scripts
(using the 0.0177 to 56.23 mm’ bins). These are saved
as Your_Tow_DayNightNETS.csv. They are visualized
by the plots saved at Your_Pair_ DNPlot.png (Figure 4).

These show the nets plotted on the y-axis with the deepest
on the bottom. The summed biomass is the x-axis in
panel A, and the summed AOU 1s the x-axis in panel
B. The code could as easily plot summed biovolume or
COg if that is the scientific question. The plot shows
the non-migratory contributions in black stacked with the
migratory contributions in gray, but makes no distinction
of the time of day that the migrators are present in
the net. To determine whether the migrators are more
abundant during the day or the night, a flip plot is
provided in panel C. This is the day minus night biomass,
resulting in negative numbers being the location and
contribution of the sum of the migratory biomass during
the night and positive numbers demarcating the day.
From our dataset, we can say that resident organisms
contribute between 45 and 64% or 44 and 65% of the
total biomass (mg DW) 0-1000 m (calculated by com-
paring—the resident ‘R’ and migratory ‘M’ summed val-
ues from Your_Tow_DayNightNETS.csv using both the
taxon-specific or generalized biovolume to biomass equa-
tions, respectively). Owing to the abundance of smaller
individuals in the resident communities, these organisms
consequently play a very substantial role in the associated
biogeochemical signatures, contributing 56-87% of the
total AOU in the water column (using both taxon-specific
and generalized equations).

Migration heatmaps

The final section of code focuses on the size specific
movement and contributions of the migratory zooplank-
ton. The utility of these outputs is that it allows for
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July 2016 Migrators and Resident Zooplankton
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Fig. 4. Your_Tow_DNPlot.png output. The total estimated biomass (A) and apparent oxygen usage (B) plots calculate residents (black) as the
smaller of the day and night values in a net, while the migratory (gray) are the absolute value of the day minus night for the depth strata. The
directionality of the migration (C) is the raw value of the day minus night for the depth strata. Consequently, negative values demonstrate where
migratory organisms are during the night and positive values are where they are during the day.

calculations of (i) the size specific location and extent
of the vertical migration (ii) the estimated active flux
of the migratory community. The output consists of
a.csv with the Your_Pair_DayNightBINS.csv, which
provides the day minus night contributions summed
within each bin and a heatmap graphical representation
of your metric (biovolume, biomass, Og, COg, etc.) as
Your_Pair_Metric_Shift.png. The heatmap has the bin
size (in our case biovolume mm?, restricted to 0.0177 to
56.23 mm’) on the x-axis, net on the y-axis (with 0 m at
the top), and the colors represent the day minus night of
the metric of choice. Red colors represent the summed

contributions to that bin during the daytime and blue
represents the contributions during the night time.
Detailed analysis of the depth of migration of the
various size bins in our dataset reveals that the region
above the local oxygen minimum zone (nets 3 & 4;
~400-700 m) has the bulk of the larger migratory
community (>1 mm?®), although shorter DVM behav-
iors are observable in all classes (Iigure 6A; saved as
Your_Pair_BV_Shift.png). There is a clear pattern of
larger individuals migrating to deeper daytime and
shallower night time depths. Consequently, there were
typically two depths where there were peaks in the
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Table V- Calculations of respiratory CO2 production (mmol m™ d™')

Taxonomic Non-taxonomic

17° (EZ) 17° (T2) IS (T2) 17° (EZ) 17° (TZ) IS (TZ) Avg. size 17° (EZ)
July 2016 2.58 1.8 1.91 2.49 1.76 1.87 0.26
July 2017 16.69 0.52 0.54 16.41 0.54 0.55 0.83
October 2018 9.26 1.38 1.78 9.16 1.38 1.78 0.41

Migratory organisms were characterized as day minus night for each size bin for paired tows. The first estimate was made by calculating the
physiology of each individual particle from 0 to 200 (euphotic zone; EZ) at midwater temperatures (17°C). Next the active flux was calculated
based on adding together the respiratory CO, production of all migrants present during the day in the 200-1000 m (twilight zone; TZ) region,
calculating using both a standard 17°C midwater temperature and in-situ (IS) temperatures. The final analysis uses an averaged size individual
per size class (See Table VI) and applies this to the EZ biovolume calculations at a standard 17°C midwater temperature. All analyses assume

a 12 h day.

migrator biomass and associated deposition of active
flux materials into the water column (IFigure 6B; saved
as Your_Pair_COZ2_Shift.png; Supplementary File 3 for
all plots). The first was right below the euphotic zone (net
6; ~200-300 m) where excreta material from numerous
smaller individuals (<1 mm’) would be delivered.
Additional flux would be delivered to greater depths by
a large size range of organisms, consistently peaking in
nets 3 to 5 (between ~300-700 m). Additionally, there is
potential evidence of deeper organisms of a range of size
classes migrating up into the deepest nets during the night
by the blue shading in the lowest depths (i.e. Vinigradov’s
ladder; Vinogradov, 1962). This could, alternatively, be
a consequence of individuals migrating down during
the day to avoid the influx of larger migrators from the
surface.

Active flux calculations

For the three paired day/night tows where all nets were
available for active flux calculations, the particle-based
EZ estimates of active flux were consistently greater than
TZ calculations. When the integrated biomass 0-1000
was substantially different between paired day/night tows
(July 2017 and October 2018), the EZ flux was substan-
tially higher than TZ estimates, ranging from a factor of
1.5 to 30 times greater flux (Table V). The choice of mid-
water temperature minimally effected flux calculations
within the TZ; using @ situ temperatures increased the
active flux calculation between 2 and 29% (Table V). Use
of non-taxonomic coefficients and conversion factors (i.e.
treating every particle as if it were a calanoid copepod)
had an even less profound effect, ranging between 1
and 4% variation between methods, with no consistent
directionality in estimation error.

Binning of individuals within the standard size frac-
tions demonstrated both diel and vertical variation in the
average size of zooplankton, particularly in the larger size
class (Table VI). Assumption of an average particle size

for the day and night throughout the EZ resulted in a
1.5 times difference in the number of particles between
methods, with no consistent directionality and the greatest
variability in the 2000 pm size class. This was calculated
by comparing the summed measured number of particles
in a net (from Your_Tow_bins.csv), and the number of
particles calculated by dividing the total biomass in a
net (the summed biomass from Your_Tow_bins.csv) by
an average sized individual. Although the variation in
the particle size of the smallest fraction was small, the
higher number of particles in the smallest size fractions
and the allometric relationship associated with metabolic
function, resulted in greater impacts on the calculation
of active flux in the smallest size fractions, causing large
discrepancies between the average biomass method and
the image based method. As a consequence, the total
flux is greatly and consistently underestimated when using
average sizes compared to using individual particles (10
to 23 times lower; comparing EZ calculations at 17°C;
Table V).

DISCUSSION

Application of a set of R codes to a size-based dataset
of the Sargasso Sea zooplankton community demon-
strates the usefulness of size-based datasets to quantita-
tively describe allometrically constrained ecological char-
acteristics of the zooplankton community. The analytical
pipeline allows rapid and consistent handling of large
image-based datasets, with the ability to apply taxon-
specific coding of various allometric and biomass equa-
tions. Application of the code to a Sargasso Sea depth-
stratified dataset emphasizes the dominance of resident
zooplankton in the ecology of midwater communities in
the region, provides valuable information about the vari-
ability in size structure of the euphotic and twilight zones
over the diel cycle, and suggests important and somewhat
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Average particle mass (mg)

0-50 m 50-200 m
Fraction Avg. Day Night* Day Night
200 pm 0.0021 0.0021 +0.0001 0.0021 +0.0001 0.0020 +0.0000 0.0021 +0.0000
500 pm 0.0140 0.0134 +0.0009 0.0142 +0.0001 0.0138 +0.0007 0.0147 +0.0001
1000 pm 0.1473 0.1398 +0.0209 0.1397 +0.0128 0.1593 +0.0146 0.1486 +0.0089
2000 uym 1.3120 1.1810 + 0.2240 15128 +0.1314 1.3249 +0.1861 1.2797 +0.1160

We compared the estimated average zooplankton mass based on the full PSD and counts using taxonomic dry mass conversion factors
(average + SE; n=4 unless * where n=3). An average mass for the EZ was also calculated (Avg.) for analysis of the effect of particle mass on

active flux calculations (Table V).

consistent size-based structure in vertical migration pat-
terns. It also highlights net sampling inefficiency, as well
as the limitations of day—mnight estimation of vertical
migration of the upper water column (EZ).

In our PSD dataset, the presence of migrators in the
midwater (TZ) stood out as peaks above the average slope
of the line or below the average slope of the line in
the photic zone (EZ) during the daytime, resulting in a
departure from linearity and slightly lower R statistics.
In contrast, the slope of all of the PSD had the highest
R’ across most of the depth strata during the night when
the migrators were at the surface. This implies that the
migratory community is ecologically and energetically
more closely tied to the abundance and community size
structure of the EZ, rather than the TZ. Experimentally
derived data of this type will be valuable to begin to
test hypotheses about functional size spectrum models
of zooplankton community structure (Heneghan et al.,
2020).

Previous estimates of zooplankton biomass in the

region document a daytime average of 0.418 g m™

and a nighttime value of 0.659 g m™ and suggest that
July is a period of higher biomass than October (Madin
et al., 2001, Steinberg et al, 2012). This is consistent
with our dataset, whose taxonomically resolved estimates
of biomass from biovolume measurements range from
0.101 to 0.382 for the day and 0.277 to 0.794 for the
night. The smaller mesh size of our nets (150 vs 202 pum)
would likely be far outweighed by the fact that we
cut our sampling at >10 mm® biovolume while prior
analyses included all larger taxa. When our estimates
are compared directly with the weighed biomass from
BATS cruises taken before and after our sampling time
points, both the taxonomically and non-taxonomically
resolved biomass estimates fell close to the measured
values, with no apparent better estimate, although non-
taxonomically resolved estimates were consistently on
average 20% higher than those made with taxonomic
equations (Figure 5). As the BATS samples and our
MOCNESS tows occurred anywhere between 1 and
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Fig. 5. Biomass comparison. We directly compared the EZ biomass
data estimated from our biovolume calculations with measured zoo-
plankton biomass from the BATS (gray circles) time series cruises
that happened 1-3 weeks before and after our sampling. Daytime
(open shapes) and night time (closed shapes) are on a similar order
of magnitude to both our taxonomically resolved (black triangles) and
non-taxonomically resolved (black diamond) estimates.

3 weeks apart, and with some spatial heterogeneity;, it is
likely that small-scale patchiness and mesoscale features
contribute to our inability to determine which biomass
equations are regionally more appropriate. As our values
fell within the range directly measured at BATS, it does
give confidence that the method provides a reasonable
approximation of the community biomass. Based on
these estimates, our night:day biomass relationships fall
between 1.6 and 3.1, which is also consistent with previous
data (average 1.2; range = 0.3-12.3; Madin et al., 2001,
Steinberg et al., 2012).

An interesting aspect of this analysis is that it demon-
strates that resident (i.e. non-migratory) organisms play
a larger role in the supply of dissolved nutrients and
demand of Og than the DVM community in the mid-
water. These residents ranged from 30 to 60% of the
total biomass in the EZ, but were 60 to 78% of the
total biomass in the TZ. As such, midwater processes
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A July 2016 (Day-Night) Plankton Biovolume Shift
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Fig. 6. Your_Tow_Shift.png output. These figures depict the day minus night biomass (mm® m™2) and day minus night COg active flux
(umol m™? h™!) from each size class and net from MOCNESS day/night pairs. Bins (in our case mm®) are on the x-axis and nets are arranged
from shallow to deep on the y-axis. Color demarcates the sum of the day minus night of the metric for a specific size bin and net. Positive (warm)
numbers indicate increased biomass or flux during the day while negative (cool) numbers indicate increased biomass or flux during the night.

and interactions are strongly driven by the resident com-
munity, for which very little is known (Steinberg et al.,
2008a). These organisms, whose food source is derived
from surface carbon export, are detritivores on partic-
ulate organic carbon (POC), or carnivores, consuming
migrators and each other. These midwater species are
thus associated with attenuation of flux from the surface
(Stukel et al., 2019). The food web dynamics, abundance,
biodiversity and ecology of these ‘dark ocean’ organisms
is one of the most poorly constrained components of
the biological pump (Burd ez al., 2010). Further classifica-
tion to large taxonomic groups (e.g. copepod, pteropod,
euphausiid, etc.) would increase our understanding of
which specific groups contribute to midwater processes
and vertical migration and potentially provide insight into
their trophic role and is possible by implementing the
taxonomic filters provided in the R code.

Analysis of size specific vertical migration patterns
demonstrates how size influences the depth of the
observed migration. Although the total biomass shifted
between seasons and years, the depth of daytime
abundance typically increased with increasing biovolume.
Similarly, the night time depth was occasionally deeper
for larger migratory organisms. This is consistent with
the observations from Ohman and Romagnan (2016),
who reported size specific DVM patterns in copepods
from the California Current System. As demonstrated by
our TZ assessment of active flux, as well as the model
results of Archibald et al. (2019), the specific depth of
migration of an organism is important for estimating
its active flux. Broader geographic and finer taxonomic
assessment of this size-based depth distribution will be

valuable to determine how phylogenetic patterns interact
with hydrographic features, such as light attenuation and
midwater oxygen, to provide predictive equations for the
depth to which specific size class zooplankton migrate
during both the day and night. Detailed assessment will
be especially important in regions with oxygen minimum
zones, which clearly influence both the distribution and
the midwater physiology of organism (Kiko & Hauss,
2019, Seibel, 2011, Wishner ez al., 2018). Incorporating
this response to low oxygen into our allometric equations
will be critical to making accurate assessments of
biogeochemical fluxes.

Using the output of our code we chose to explore
four sources of variation in the calculation of active
flux (i) the choice of the day minus night calculation
from the EZ versus the TZ, (i1) the choice of a constant
versus in situ-based midwater temperature (iii) the use of
taxonomically specific coeflicients and conversion factors
and (iv) the choice of actual versus average size individ-
uals. The objective of this analysis was to demonstrate
both why optically-based depth stratified methods are an
improvement and to try to make comparisons with prior
biomass-based approaches. As it is well known, the larger
ncktonic size classes, which were represented by the size
bins greater than 100 mm’ (~2.9 mg DM; corresponding
to >3.75 mm minor axis particles), were poorly sample by
the 150 pm nets, likely both due to natural patchiness and
their greater net avoidance (Fleminger & Clutter, 1965,
Tanson et al., 2004, Skjoldal et al., 2013). Although both
patchiness and net avoidance could explain differences
between the EZ and TZ calculations, the consistently
higher 0-1000 m biomass during the night time suggest
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that net avoidance in the EZ is a major contributor.
This is problematic as the biomass from these top nets
are historically those used to calculate the active flux.
Consequently, our active flux measurements made from
the EZ were highly variable (2.6-16.7 mmol CO3 using
taxon-specific results) and up to 32 times greater than
their paired TZ measurements. In contrast, when we
calculated active flux based exclusively on the migra-
tory biomass 200-1000 m (TZ estimates), we consistently
calculated less variable respiratory flux (0.52-1.9 mmol
COg, irrespective of the temperature choice using taxon-
specific results). It is important to note that the calculation
made using the summed TZ physiology may be influ-
enced by the migration of individuals up into the TZ from
below.

The biomass to biovolume and area conversion factors
documented herein provide the first such analysis for
ZooScan data. There is a long history in the literature
linking various optical methods and biomass or com-
positional characters using photography (Alcaraz et al.,
2003, Davis & Wiebe, 1985, Lehette & Hernandez-Leo6n,
2009); however, each method and region tends to result in
slightly different regression equations. Compared to these
earlier works, our regressions tended to have lower R’.
For example, the length to dry mass equations from Davis
and Wiebe (1985) have an R* almost exclusively above 0.9,
while the area to dry mass equations for various aggregate
crustacean assemblages from Lehette and Hernandez-
Leon (2009) all fall above an R* of 0.9, although their
monospecific and non-crustacean equations had R* of]
on average 0.72 and a range from 0.26 to 0.94. The
exponents of our area to biomass equations (0.63—
1.45) were similar to that of the Lehette dataset (0.63—
1.78), with higher exponents for crustacean zooplankton.
The coeflicients in the Lehette dataset were, however,
consistently greater than in our dataset (with crustaceans
averaging at 0.045 compared to our 0.026). These differ-
ences may result from regional or taxonomic variation,
as the Lehette dataset was generated by analyzing upper
water column individuals from the Canary Islands (0
200 m) and Antarctica (0400 m), where individuals
skewed larger than in our dataset. Additionally, there
are known effects of preservation on biovolume and dry
mass (Ahlstrom & Thrailkill, 1963, Bottger-Schnack &
Schnack, 1986). While our samples were overwhelming
preserved in formalin, those from Lehette were imaged
fresh. Additionally, it is possible that methodological
differences in machine versus human measurement
contribute. In the ZooScan method, the computer
may pick major and minor axes differently than in the
photography or silhouette method, by which a human
demarcates the axes of an individual and would likely
incorporate more morphological understanding of the
image.
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Inclusion of taxon-specific biomass to biovolume
conversions and coefficients in the allometric equations
resulted in, on average, a 2% variation in active flux
estimates. This i1s partially due to the fact that the
community was very strongly dominated by calanoid
copepods (typically close to 50%), so choosing their
constants as the default code well approximated the
community composition. An additional consideration for
the biovolume equations is the choice of the intercept.
Our 1nitial observations were that it was important to set
the intercept to 0, as otherwise the cumulative effect of
numerous small particles became problematic (especially
when the intercept was negative). For the neutrally
buoyant organisms this seems like a philosophically
reasonable decision. For the foraminifera and shelled
mollusca (heteropods and thecosomes pteropods), it
may be logical to allow a positive intercept. The
ZooScan image to biomass conversion equations from
this dataset are thus valuable for converting datasets
into biogeochemical estimates but will require further
validation in a regionally more diverse dataset.

Our exploration of the temperature effect on physi-
ological calculations demonstrated that variation in the
active flux calculations due to an assumption of a static
depth of migration (and associated static temperature)
for their Q)¢ corrections is relatively small. The i situ
temperatures estimated 2-29% more flux using the taxon-
specific dataset, which is insufficient to account for the
discrepancies between EZ and TZ assessments (which was
minimally 140% different). This temperature correction
may, however, be more problematic in regions with a
steeper temperature decline with depth. These findings
support the conclusion that calculations using the TZ
approach would resolve difficulties with net avoidance
during the daytime, which has been modeled to overes-
timate active flux by 50% in the Azores Front region (Ian-
son et al., 2004). Although midwater (TZ) measurements
of active flux are substantially more time consuming
and require specialized equipment (i.e. MOCNESS and
Z00SCAN) to conduct, their insensitivity to net avoid-
ance makes them preferable to the more standard EZ
assessment.

Prior estimates of active flux at the BATS site used
biomass data from the EZ, assumed an average size, and
estimated a midwater temperature of 18°C (Steinberg
et al., 2000) or 17°C (Steinberg et al., 2012). These
assessments found respiratory COg values with a mean
of 0.13 (max 0.53) or of 0.21 (& 0.07 SD) mmol m—>d™',
respectively. These values are in line with our analyses that
use similar methods: i.e. the non-taxonomically resolved
EZ estimates based on average sized particles at 17°C
(0.26, 0.41 and 0.83 mmol m™ d7'). Comparing the
calculations based on an average sized individual versus
the full size spectra of particles for analysis of the active
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flux from the EZ demonstrated that variations in the
average size of a particle within a size class resulted
in substantially higher (10 to 23 times) total active flux
estimates. This discrepancy comes from the highly skewed
size distribution, with the power relationship between
organismal size and abundance causing small individuals
to be numerically dominant in each size fraction. In
addition to their greater abundance, the higher mass
specific physiology of smaller organisms (also based on
a power function) causes their contributions to play an
outsized role in the estimate of flux.

From our observation, we can say that our pipeline
seems to yield similar results to older biomass-based meth-
ods when making the same assumptions, but additionally
indicates that many of those assumptions substantially
underestimate the true active flux contributions of the
migratory community. Our results indicate that the most
critical factor for accurate active flux estimates is precise
characterization of organismal size/abundance (consis-
tently >1000% difference). The next is the use of a
midwater assessment of migrator biomass, as it removes
problems of net avoidance (at least >150% difference,
but highly variable). Assignment of a precise midwa-
ter temperature correction is the next most important
methodological choice (2-29% difference), while applica-
tion of taxonomically resolved conversion factors is the
least important (2% difference, in this region).

Although the method presented here provides useful
quantitative tools to describe the distributional and migra-
tional patterns of the zooplankton, it is substantially more
laborious and expensive than previously used net sam-
pling protocols. The biogeochemical conversion factors
used in this assessment, particularly the biovolume to
biomass equations, will need to be tested in multiple loca-
tions and with communities from a range of depths. Most
experimentally derived allometric equations for physio-
logical data are heavily skewed to represent crustacean
groups. At BAT'S, this is not a problem as the community
is dominated by crustacea (Blanco-Bercial, 2020, Ivory
et al., 2019), but that assumption would not hold in all
regions or seasons.

Additionally, most physiological measurements have
been made with either active migrators or surface species,
and the estimates of the physiological contributions of
midwater organisms may need to be corrected for a less
active mode of life (Seibel & Drazen, 2007). Applying
a depth correction based on depth of capture for the
physiology of ‘resident’ plankton using the equations
provided in Ikeda (2014b), would be one approach to
account for this proposed slower physiology at depth. The
actual physiological rates of most midwater organisms
have not, however, been well validated although there are
ongoing efforts to better resolve the midwater metabolism

(Hernandez-Leon et al., 2019). Better predictions of allo-
metric relationships across taxa and habitats should be a
research priority to make imaged based datasets better
predictors of zooplankton contributions to biogeochem-
ical cycles. Despite the limitations associated with the
depth-stratified net sampling and the embedded phys-
iological assumptions, this allometric analysis pipeline
provides a framework for quantitatively comparing and
testing hypotheses about the distribution, migration pat-
terns and biogeochemical impacts of mesozooplankton.

CONCLUSIONS

We developed an R code that allows for a consistent and
quantitative analysis of mesozooplankton particle size
distribution, total biomass and physiological contribu-
tions of migratory versus resident organisms, size-based
variation in the depth of migration, and the calculation
of active flux directly from Ecotaxa output. The code
can be modified to include any allometric equation for
biogeochemistry and is capable of implementing taxo-
nomic specific coeflicients or filters. Application of this
code on a set of paired day/night MOCNESS tows 0—
1000 m from the Sargasso Sea near BATS demonstrate
the importance of resident zooplankton in the ecology of
plankton communities and the importance of migrator
size on the depth of migration. Calculations of active
flux resulting from this pipeline reveal the importance
of the smaller size class organisms and emphasize the
improvements of depth stratified size-based assessments
of zooplankton biogeochemical contributions.
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