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Abstract Photosynthesis in the surface ocean and subsequent export of a fraction of this fixed carbon leads
to carbon dioxide sequestration in the deep ocean. Ecological relationships among plankton functional groups
and theoretical relationships between particle size and sinking rate suggest that carbon export from the euphotic
zone is more efficient when communities are dominated by large organisms. However, this hypothesis has never
been tested against measured size spectra spanning the >5 orders of magnitude found in plankton communities.
Using data from five ocean regions (California Current Ecosystem, North Pacific subtropical gyre, Costa Rica
Dome, Gulf of Mexico, and Southern Ocean subtropical front), we quantified carbon-based plankton size
spectra from heterotrophic bacteria to metazoan zooplankton (size class cutoffs varied slightly between regions)
and their relationship to net primary production and sinking particle flux. Slopes of the normalized biomass size
spectra (NBSS) varied from —1.6 to —1.2 (median slope of —1.4 equates to large 1-10 mm organisms having a
biomass equal to only 7.6% of the biomass in small 1-10 pm organisms). Net primary production was positively
correlated with the NBSS slope, with a particularly strong relationship in the microbial portion of the size
spectra. While organic carbon export co-varied with NBSS slope, we found only weak evidence that export
efficiency is related to plankton community size spectra. Multi-variate statistical analysis suggested that
properties of the NBSS added no explanatory power over chlorophyll, primary production, and temperature.
Rather, the results suggest that both plankton size spectra and carbon export increase with increasing system
productivity.

Plain Language Summary Plankton communities in the open ocean are incredibly diverse
taxonomically and with respect to size. They include bacteria smaller than 0.5 pm and metazoan zooplankton
greater than 10-cm long. Organism size puts strong physiological constraints on many species; hence, changes
in the relative sizes of plankton communities are predicted to correlate with important ecosystem functions,
including photosynthesis rates, efficiency of food-web energy transfer, and carbon sequestration in the deep
ocean by sinking organic particles. However, few studies have quantified the full size spectra of plankton
communities across different marine ecosystems and none have concurrently measured photosynthesis and
carbon export rates. We compiled plankton size spectra from the tropics to the Southern Ocean using consistent
methods for bacteria, protists, and multicellular zooplankton. Size spectra slopes, which compare the relative
biomass of large and small organisms, are slightly less than negative one, indicating that larger size classes
contain less biomass than smaller ones. Ecosystems with higher photosynthetic rates are dominated by larger
organisms and support a stronger biological carbon pump, transporting more carbon to the deep ocean.
However, at similar levels of productivity, ecosystems with larger organisms do not transport significantly more
carbon to the deep ocean than those dominated by smaller plankton.

1. Introduction

The biological carbon pump (BCP) transports organic carbon (OC) fixed by phytoplankton in the sunlit surface
ocean into the deep ocean, where it is converted to dissolved carbon constituents that can be sequestered for
decades to millennia (Boyd et al., 2019; Ducklow et al., 2001; Volk & Hoffert, 1985). The BCP is an emergent
process driven by ecological interactions among diverse taxa from all domains of life and ranging in size from
approximately 10 fg C individual™" (heterotrophic bacteria) to >1 kg C individual ™' (nekton). The complexity of
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these interactions and their variability in space and time obfuscate simple relationships between phytoplankton
production and carbon export and complicate our ability to predict future BCP changes (Burd et al., 2016; Siegel
etal., 2016). Many studies suggest that the BCP is driven primarily by sinking particles (Buesseler & Boyd, 2009;
Martin et al., 1987; Nowicki et al., 2022), although active transport mediated by vertically migrating organisms
(Archibald et al., 2019; Longhurst et al., 1990; Steinberg et al., 2000) and passive flux driven by vertical mixing
and water mass subduction can also be important (Carlson et al., 1994; Levy et al., 2013; Omand et al., 2015;
Stukel & Ducklow, 2017).

The efficiency of the BCP is impacted by the composition, structure and size spectra of planktonic organisms
(Boyd & Newton, 1999; Henson et al., 2022; Jackson et al., 2005; Serra-Pompei et al., 2022; Stemmann &
Boss, 2011). Large phytoplankton sink more rapidly as individuals than picophytoplankton (Smayda, 1971). They
are also more likely to aggregate into marine snow (Alldredge & Gotschalk, 1989; Scharek et al., 1999;
Thornton, 2002) and to be consumed by fecal pellet-producing metazoan zooplankton (Michaels & Silver, 1988;
Steinberg & Landry, 2017). Similarly, the size and sinking rates of zooplankton fecal pellets are correlated with
the size of the organisms that egest them (Small et al., 1979; Stamieszkin et al., 2015; Turner, 2015). Conversely,
submicron-sized heterotrophic bacteria and archaea are believed to primarily play roles as remineralizers, thus
decreasing flux into the deep ocean (Kellogg et al., 2011; Mislan et al., 2014; Steinberg et al., 2008), although
there is evidence that small-sized organisms can also be incorporated into sinking marine snow aggregates and
fecal pellets and contribute to carbon export (Richardson, 2019; Waite et al., 2000). Indeed, a recent global three-
dimensional size-structured model suggests that the slopes of plankton size spectra may be the best predictor of
carbon flux efficiency into the deep ocean (Serra-Pompei et al., 2022). This hypothesis has yet to be tested with in
situ data, however, due to the paucity of studies that have simultaneously quantified plankton biomass across
multiple orders of magnitude in body size while also measuring carbon export from the surface ocean.

In this study, we compile size spectra measurements spanning picoplankton (0.5-2.0 pm) to >5-mm macro-
zooplankton from multiple regions in the world ocean (California coastal upwelling biome, North Pacific sub-
tropical gyre, Costa Rica Dome (CRD), Gulf of Mexico (GoM), and Southern Ocean subtropical front). These
measurements, made using a suite of consistent methods in regions from the tropics to the Southern Ocean, are
paired with floating sediment trap and ***Th measurements of particle flux out of the euphotic zone. We utilize the
slope of the normalized biomass size spectrum (NBSS) as a measure of the relative contributions of large and
small plankton to community biomass. The NBSS linear slope is a widely used metric for quantifying spatio-
temporal patterns in the plankton community size structure (Fry & Quifiones, 1994; Quifiones et al., 2003;
Rodriguez & Mullin, 1986; Rykaczewski, 2019), with steeper (more negative) slopes indicating relative domi-
nance by small plankton and shallower (less negative) slopes indicating relative dominance by large plankton.
While many regional studies have measured NBSS slopes for either phytoplankton size classes (typically
<200 pm) or zooplankton size classes (typically >200 pm), far fewer have quantified the NBSS across the full
size range in plankton communities. Here we utilize flow cytometry, epifluorescence microscopy, and
zooplankton net tow results made consistently across five oceanic regions to test two hypotheses: (a) The slope of
the NBSS is less steep (i.e., dominance by larger plankton) when ecosystem productivity (defined as net primary
production [NPP]) is high; and (b) the efficiency of the BCP (defined as the ratio of sinking particle flux to NPP) is
higher when the community is dominated by large plankton (i.e., export efficiency correlates positively with
NBSS slope). We further investigate the relationships between the phytoplankton and zooplankton size spectra
and ask whether plankton size spectra are statistically useful predictors of carbon export rates.

2. Materials and Methods
2.1. Measurements

In situ data were compiled from five field programs (Figure 1). Datasets from the California Current Ecosystem
Long-Term Ecological Research (CCE LTER) Program are derived from eight cruises spanning multiple seasons
and years in the southern sector of the California Current System. This region includes a productivity gradient
stretching from a coastal upwelling biome to an oligotrophic offshore domain (Ohman et al., 2013). Results from
the CRD were derived from the CRD FLUxes and ZInc Experiments (FLUZIE) cruise in an open-ocean up-
welling region of the Eastern Tropical Pacific in July 2010 (Landry et al., 2016). The GoM dataset was collected
on two cruises of the Bluefin Larvae in Oligotrophic Ocean Foodwebs, Investigations of Nutrients to Zooplankton
(BLOOFINZ-GoM) program in May 2017 and May 2018 that focused on the oligotrophic deepwater spawning
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Figure 1. Locations of Lagrangian experiments in the California Current

grounds of Atlantic Bluefin Tuna (Gerard et al., 2022). The Salp Particle
expOrt and Oceanic Production (SalpPOOP) Expedition investigated the
Southern Ocean region near the Subtropical Front and sampled waters of
frontal, subtropical and subantarctic origin (Décima et al., 2023). All of these
programs utilized quasi-Lagrangian sampling schemes with Lagrangian ex-
periments that lasted from ~2.25 to ~7.75 days in duration (typical dura-
tion = 4.25 days) allowing repeated sampling of plankton communities from
bacteria to microzooplankton within distinct water parcels (Landry, 2009).
Samples from the North Pacific Subtropical Gyre were collected by the
Hawaii Ocean Time-series (HOT) program, which samples the time-series
station ALOHA over ~3 days near Hawai'i with ~monthly frequency

120°E 120°W (Church et al., 2013; Karl & Church, 2014). Brief descriptions of field

methods are given below. Additional details are available in original publi-
cations as cited.

Ecosystem (CCE), Gulf of Mexico (GoM), Costa Rica Dome (CRD), and
Southern Ocean subtropical front (Salp), as well as station ALOHA, the .
sampling site for the Hawaii Ocean Time-series (HOT). 2.1.1. Microbes

Samples for microbial biomass were collected using Niskin bottles at 68

depths spanning the euphotic zone. Picoplankton abundances (heterotrophic
bacteria, Prochlorococcus, Synechococcus, and picoeukaryotes) were determined by flow cytometry and con-
verted to biomass using carbon cell ™' conversion factors for their respective regions as determined by the original
investigators (Selph et al., 2016, 2021). While conversion factors did vary slightly between regions for some
groups, they were generally quite similar. Nano- and microplankton biomasses were determined by epifluor-
escence microscopy with proflavin (protein) and DAPI (nucleic acid) staining (Taylor et al., 2012, 2016). 50-mL
samples were filtered through 0.8-pm filters to quantify ~2- to 12-pum cells (imaged at 60X or 63X magnification)
and 450-mL samples were filtered through 8.0-um filters to quantify >12-pm cells (imaged at 20X magnifica-
tion). Cells were manually outlined based on proflavin fluorescence and carbon biomass was determined from
biovolume using equations in Menden-Deuer and Lessard (2000). We note that while this approach will accu-
rately quantify most nano- and micro-sized protists (autotrophic, heterotrophic, and mixotrophic), some fragile
taxa (e.g., some ciliates) may not survive preservation and hence could be undercounted.

2.1.2. Mesozooplankton

Mesozooplankton were collected with either a ring net or a bongo net with 202-pm mesh, equipped with a General
Oceanics flow meter and a depth sensor. Double oblique net tows (to a maximum depth between 100 and 210 m)
were conducted twice daily (paired day and night tows) during Lagrangian experiments. Typically, 3-day-night
pairs of tows were conducted for each occupation of Station ALOHA in the subtropical North Pacific. After
recovery, samples were split using a Folsom splitter and sequentially filtered through nested sieves (5, 2, 1, 0.5,
0.2 mm). Sieves were rinsed onto pre-weighed, 47-mm diameter, 0.2-mm mesh filters, rinsed with isotonic
ammonium formate, and dried for storage (Décima et al., 2016; Landry & Swalethorp, 2021). On land, samples
were weighed to determine dry mass. Filters from most projects were then subsampled for C/N analyses by an
elemental analyzer, thus providing carbon values for all five size classes. For cruises without direct carbon
measurements available, dry weight was converted to carbon using the equations in Landry et al. (2001). On the
SalpPOOP cruise, >5-mm salps were removed from the >5-mm sample and individually sized (for all other
cruises, no organisms were removed from the large size fraction and it was treated identically to other size
fractions). We estimated salp biomass using allometric relationships in Iguchi and Ikeda (2004) and included it in
the >5-mm sample.

2.1.3. Net Primary Production

NPP was measured by incorporation of '*C or '"C labeled bicarbonate (Morrow et al., 2018; Yingling
et al., 2022). During Lagrangian experiments, NPP was measured at 6-8 depths spanning the euphotic zone in
polycarbonate bottles incubated in situ at the collection depth for ~24 hr on an in situ array to ensure natural light
and temperature (Landry et al., 2009). After recovery, samples were collected, filtered and analyzed by either
liquid scintillation counting (for '“C) or isotope ratio mass spectrometry (for '*C). Experiments were conducted
daily and vertically integrated over the euphotic zone. At Station ALOHA in the subtropical North Pacific, NPP
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measurements were made in deckboard incubators simulating conditions at 8 depths spanning the euphotic zone
(Karl & Church, 2014).

2.1.4. Carbon Export

Sinking particulate OC flux was measured using short-term (2- to 5-day) deployments of surface-tethered
VERTEX-style sediment traps (Karl et al., 1996; Knauer et al., 1979; Stukel et al., 2021), typically at multiple
depths from the base of the euphotic zone through the twilight zone to depths of 300-500 m. Sediment trap tubes
(70-mm inner diameter, 8:1 aspect ratio, baffled) were deployed with a preserved saltwater brine (filtered
seawater amended with 50 g L™' NaCl and 0.4% formaldehyde, final concentration). After recovery, the overlying
water was removed by gentle suction and samples were manually inspected to remove the metazoan “swimmers.”
Samples were then split on a Folsom splitter (if necessary) and filtered through pre-combusted glass fiber filters.
Filters were acidified prior to analysis on an elemental analyzer to determine OC and nitrogen (N) contents. For
one cruise in the California Current (CCE-P0605), sediment traps were not available and export was measured by
Z4Th-28U-disequilibrium (Stukel et al., 2011). Extensive simultaneous use of sediment traps and ***Th->*3U-
disequilibrium in the California Current Ecosystem (CCE) have shown good agreement between these
methods for our specific deployment methods (Stukel et al., 2019). For the CCE, CRD, GoM, and SalpPOOP
datasets, carbon export was extrapolated to the depth of the euphotic zone (defined as the 0.1% incident light
level) using a power law fit (Martin et al., 1987). Results were relatively insensitive to this extrapolation, because
the shallowest sediment trap depth was typically near the depth of the euphotic zone. On the CCE-P0704 and
CCE-P0605 cruises, export flux was only measured at 100 m depth and a power law exponent of b = 0.72 was
used (calculated average for the CCE region, Stukel et al., 2023). For the Station ALOHA data, we assumed that
the 150-m sediment trap results were representative of carbon export at the 0.1% light level, because photo-
synthetically active radiation data were not publicly available. This seems like a reasonable estimate because 90%
of primary production occurs in the upper 100 m at this site (Karl et al., 1996).

2.2. Data Treatment

We compiled flow cytometry, epifluorescence microscopy, and zooplankton net tow data to compute normalized
biomass size spectra (NBSS, Figure 2). The NBSS is defined by taking the biomass within a size bin
(units = mmol C m™~>) and dividing by the width of that size bin (units = pm). It is thus theoretically independent
of the choice of size bins. Our choice of size bins was dictated by the size bins reported by each field program,
which typically followed approximately octave (base 2) scaling. However, we were forced to make some distinct
choices: (a) Cell size was not reported for flow cytometry data, hence we assumed that the size bin for pico-
plankton was 0.5-2.0 pm. This is likely a reasonable range that encompasses most biomass for populations
including heterotrophic bacteria, Prochlorococcus, Synechococcus, and picoeukaryotes. (b) The largest size class
of microplankton reported from epifluorescence microscopy data was typically either >20 pm or >40 pm. We
assumed that this size class extends to an upper limit of 200-pm cells, because many common protists (e.g.,
diatoms, dinoflagellates, and ciliates) seen in these samples can reach this size. However, we acknowledge that
epifluorescence microscopy likely misses many <200-pm metazoan zooplankton (e.g., appendicularians and
copepod nauplii that are likely common in all study regions) as well as fragile rhizarians (that are known to be
common and contribute to export in the CCE region, Gutierrez-Rodriguez et al., 2019). Our estimate of the
biomass of this size class is thus likely an underestimate. (c) The upper limit of the >5-mm mesozooplankton size
class is also unknown. We consistently treated this size class as encompassing organisms from 5 to 50 mm
because 50 mm was a reasonable estimate for the upper limit of organisms typically collected in this size class.
However, functionally this class includes all >5 mm taxa that were present and did not avoid the net. For instance,
the “5-50 mm” size class often included ~100 mm salps in the SalpPOOP study and 50-200 mm pyrosome
colonies in the CCE. While it might have been most appropriate to remove all >50 mm organisms from this size
class, this was not possible as the proportion of the biomass contained in >50 mm organisms was not included in
the datasets. Furthermore, since our goal was to estimate the slope of the plankton size spectrum, the exclusion of
all large mesozooplankton would bias our results. We thus consider it most appropriate to sum all >5-mm taxa
into a single size class and use a typical maximum size (50 mm) as the assumed upper limit of the bin.

To compute the NBSS, we first determined the average euphotic zone biomass in each bin size. For microbial
populations, we vertically integrated the biomass profiles from 6 to 8 depths through the euphotic zone. We then
divided by the depth of the deepest sample (which was always near the base of the euphotic zone) to determine an
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flow  epifluorescence size-fractionated average volumetric carbon biomass (mmol C m™>). Multiple profiles per
102 e e SO Oy S O Lagrangian experiment were averaged. For mesozooplankton size classes,
volumetric carbon biomass was determined by dividing the net-tow biomass
N Microbial Slope =-1.9 by the volume filtered (determined using a flow meter attached to the net
g_ (6" 1R85 e RN frame). For each Lagrangian experiment, we computed daytime and night-
w 10% E time average biomasses and then took the average of these two values to get a
(_E) ‘Slop? =-15 day-night mean estimate of volumetric carbon biomass. Individual microbial
o o SRS TTen size classes thus typically incorporated ~24 distinct measurements (6
;’ 102k Net Plankton ] depths X 4 days for one Lagrangian experiment), while zooplankton size
2 Slope = -2 classes typically incorporated eight distinct measurements (~2 paired day and
E g night tows per day X 4 days). We believe this results in very robust estimates
o of the NBSS for these programs. For the station ALOHA samples, results are
% 107F E typically derived from a single profile of microbial measurements (Pasulka
é Biomass Ratio et al., 2013) and three day-night pairs of .Zooplankton net tows and hence
(Net/Microb) = 0.096 should be assumed to have greater uncertainty.
10 i i 2.3. Statistical Analyses
10° 102 10* ) ) ) o
Size (um) To quantify NBSS slopes as an index of relative contributions of large and

small organisms to community biomass, we used ordinary least squares

Figure 2. Example of the Normalized Biomass Size Spectrum (NBSS) with regression (OLS). OLS was chosen with the justification that size classes
data from the first Lagrangian experiment in the 2017 BLOOFINZ-GoM (independent variables) were controlled in the original analyses such that
cruise. Dashed line is the Ordinary Least Squares (OLS) regression for the organism size uncertainties were very small compared to uncertainties in size

entire NBSS. Solid lines represent OLS regressions for the microbial
(<200 pm) and net-collected (>200 pm) portions of the plankton
community. Both OLS regressions were computed on log-transformed data.

class biomass in the field samples. The use of OLS also allowed consistency
with other NBSS studies. For all other linear regressions (e.g., regressions of

The biomass ratio is the ratio of the summed net plankton carbon biomass NBSS against environmental parameters) we used Type II (geometric mean)
(Net) divided by the summed microbial carbon biomass (Microb). linear regressions, because neither variable was controlled nor measured

without uncertainty. To investigate parameter interdependencies, we used
Spearman's rank correlation, which does not assume linearity between the tested parameters, but rather tests
whether their relationship can be described by a monotonic function. Geometric mean regressions were only
plotted on figures if the Spearman's rank correlation was significant at the 95% confidence level.

We used Least Absolute Shrinkage and Selection Operator (LASSO) regressions for variable selection and linear
model development using the function “lasso” in Matlab R2022b. LASSO was chosen because our data exhibited
substantial multicollinearity. LASSO was implemented using 10-fold cross validation. To choose an appropriate 4
value, we used the common criterion of choosing the lambda that led to the sparsest model within one standard
error of the minimum mean squared error. Variables that followed an approximately log-normal distribution were
log transformed prior to analyses. These included carbon export, NPP, surface chlorophyll, and the ratio of net
plankton to microbial biomass.

3. Results
3.1. Plankton Size Spectra

The compiled samples spanned substantial environmental variability across a variety of ocean domains (e.g.,
Longhurst, 2010). Surface chlorophyll a varied by more than two orders of magnitude (from 0.04 pg chl L™" on
HOT cruise 201 to 5.8 pg chl L™ in a coastal upwelling region in the CCE). Vertically integrated NPP ranged
from 14.5 to 364.3 mmol C m~2 day™!. Notably, both the highest and lowest NPP rates were observed in regions
of the CCE. Intraregional variability was reasonably low in the CRD, GoM, and HOT datasets, all of which had
relatively warm surface temperatures and low surface chlorophyll. Variability was greater in the SalpPOOP
dataset, which sampled both subtropical- and subantarctic-influenced waters of the Southern Ocean subtropical
front (where chlorophyll a concentrations were generally higher in subtropical-influenced frontal waters), and in
the CCE dataset, which sampled across a broad trophic gradient from coastal upwelling regions to oligotrophic
waters, more representative of the North Pacific Subtropical Gyre.

Across this diverse dataset, the slope of the NBSS was relatively consistent, varying from —1.61 to —1.16 with an
interquartile range of —1.44 to —1.32 (Figure 3, Figures S1-S3 in Supporting Information S1 and Table S2). For
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Figure 3. Relations between the overall Normalized Biomass Size Spectrum (NBSS) slope and different components of this
slope including the ratio of net plankton (>200 pm) to microbial (<200 pm) carbon biomass, the NBSS slope of only the
microbial portion of the size spectrum and the NBSS slope of only the net plankton portion of the size spectrum. Geometric
mean linear regressions are plotted if the Spearman's rank correlation was significant (p < 0.05).

perspective, a NBSS slope of —1 implies equal biomass in logarithmically spaced size bins (e.g., biomass of small
1-10 pm organisms is the same as biomass of large 1-10 mm organisms). The consistent negative slope of the
NBSS across all datasets suggests that (within the sampling size range of our methods, which is approximately
0.5 pm-10 mm) community biomass generally declines with increasing size. The median NBSS slope in our
dataset (—1.37) equates to large 1-10 mm organisms having a biomass equal to only 7.6% of the biomass of small
1-10 pm organisms. The NBSS slope showed substantial variability across all of the regions sampled in our
dataset, except for the CRD, which had a uniformly (relatively) high NBSS slope of ~—1.2 across the three
Lagrangian experiments conducted in the region (Figure 3).

The NBSS is, of course, driven by changes in the relative biomass of different size classes of organisms. To
investigate in greater granularity how changes in size across the broad range of plankton sampled affects the
overall NBSS slope, we also computed the NBSS slope for microbial taxa only (<200 pm, primarily including
heterotrophic bacteria, phytoplankton, and heterotrophic protists), the NBSS slope for net plankton only
(>200 pm, primarily metazoan zooplankton), and the ratio of net plankton biomass to microbial biomass
(Figure 3). The ratio of net plankton biomass to microbial biomass varied from 0.031 to 0.66 and was strongly
correlated with the NBSS slope (Spearman's p = 0.86, p < 10, Figure 3a), implying that this ratio drives much
of the variability in the NBSS slope. The slopes of the microbial and net plankton portions of the NBSS exhibited
greater variability than the overall NBSS (—2.1 to —0.43 for the microbial portion; —2.8 to —0.68 for the net
plankton portion). The slope of the net plankton NBSS was positively correlated with the slope of the overall
NBSS (p = 0.42, p < 10™*, Figure 3b). The slope of the microbial NBSS was uncorrelated with the slope of the
overall NBSS (Figure 3c). This lack of correlation might seem surprising. However, it arises largely because
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-1.1 dominance by large phytoplankton was typically accompanied by a slight
A Salp A y. decrease in the ratio of net plankton to microbial biomass (Figure 3d).
@ GoM /
-1.21$ CRD ? ® 1 The slopes of the microbial and net plankton portions of the NBSS and the
® CCE ratio of net plankton to microbial biomass showed only weak and non-
13 significant correlations with each other (Figures 3d—3f). These results were
“8’_ unexpected but likely reflect the complexity of ecological relationships
%) 4l . among components of the plankton community.
§ We further compared the relationship between NPP and the slope of the
z NBSS to investigate the relationship between system productivity and
il plankton size spectra. We found a positive correlation (p = 0.36, p < 107,
Figure 4) despite the fact that the coastal CCE Lagrangian experiment with
-1.6 1 ® the highest NPP (voyage CCEPO0605, cycle 3) also had the most negative
Spearmans p = 0.36 NBSS slope. This relationship was also positive when comparing the slope of
147 (p=0.00079) ) only the microbial portion of the NBSS to NPP (Figure S4a in Supporting
10" 102 Information S1) but did not exist when comparing the slope of the net

NPP (mmol C m2d™"

Figure 4. Relationship between the slope of the Normalized Biomass Size
Spectrum (NBSS) and net primary production. Symbols are the same as

plankton NBSS to NPP (Figure S4b in Supporting Information S1).

3.2. Carbon Export

Sinking carbon flux across the base of the euphotic zone was highly variable

Figure 3. in the dataset, ranging from 1.2 to 52.2 mmol C m~> day~". The lowest flux
was measured at Station ALOHA and the highest flux was measured in the
CCE, although carbon export was highly variable across the trophic gradient within the CCE. Carbon export
strongly covaried with NPP (Spearman's p = 0.51, p < 10™*). The Type II geometric mean regression relating
export and NPP was: log,o(Export) = m X log,;o((NPP) + b, where m = 1.85 £ 0.17 and b = —2.55 = 0.29
(Figure 5). Interregional variability in this relationship existed, with the CCE, GoM, and SalpPOOP Subtropical
Front samples generally having greater than expected export relative to NPP and Station ALOHA and CRD
having lower than expected export. Carbon export efficiency (ratio of carbon export to NPP) varied from 2.8% (on
a HOT cruise at Station ALOHA) to 46.5% (for a salp bloom on the subantarctic edge of the Subtropical Front,
east of New Zealand).
Carbon export was positively correlated with the slope of the NBSS (Spearman's p = 0.34, p < 1072), with a
geometric mean regression of: log,o(Export) = m X log;o(NBSSg,,.) + b, where m = 3.88 + 0.52 and
b = 5.82 + 0.72 (Figure 6a). Carbon export also had positive relationships
102 with the NBSS slope of the microbial portion of the size spectrum (Spear-
.~ HOT man's p = 0.35, p < 1072, Figure S5a in Supporting Information S1) and with
® CCE ® the ratio of net plankton to microbial biomass (Spearman's p = 0.31, p < 1072,
¢ CRD Figure S5c in Supporting Information S1). However, export was not signif-
< B GoM icantly related to the NBSS slope of the net plankton portion of the size
NU A salp ® @ spectrum (Figure S5b in Supporting Information S1). This suggests that larger
= % " . . phytoplankton sizes and increased relative biomass of mesozooplankton lead
A [
% 10"t P to higher carbon exports, but that mesozooplankton size does not drive export
IS - J 06 rates. Carbon export efficiency was not statistically related to the NBSS slope
E =] ¢ (Figure 6b), indicating that plankton size does not have a strong relationship
§_ S th - -» with the proportion of phytoplankton production that is exported from the
X surface ocean.
ZAS i 2 To further investigate the relationships among carbon export, size spectra, and
100t Spfarmans p=0.51 | other environmental factors, we used LASSO regression. Independent vari-
) (= 5'9,8'07) ) ables considered in the model were: slopes of the overall, microbial and net
50 100 150 plankton portions of the NBSS, log-transformed ratios of net plankton to
NPP (mmol C m2 d'1) microbial biomass, log-transformed rates of NPP, log-transformed surface
chlorophyll a (Chl), and sea-surface temperature (SST). The latter three
Figure 5. Relationship between sinking organic carbon flux (at the base of factors were chosen because they are commonly used predictors of sinking
the euphotic zone) and net primary production. particle flux (e.g., Dunne et al., 2005; Laws et al., 2011). The dependent
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Figure 6. Relationship between the Normalized Biomass Size Spectrum (NBSS) slope and sinking carbon export at the base
of the euphotic zone (a) and carbon export efficiency (export/net primary production, b).

variable was log-transformed carbon export. At the commonly used 4 threshold of minimum squared error plus
one standard error, LASSO parameter selection suggested that only NPP, surface chlorophyll a, and SST were
useful predictive parameters, with an equation of: log,,(Export) = 0.54 X log;,(NPP) + 0.24 X log,,(Chl) —
0.013 x SST + 0.11. This suggests that knowledge of the plankton size spectrum does not add informative power
relative to other more easily measured ecosystem or physical metrics. Interestingly, when we use a weaker
threshold for A (minimum squared error), the model also included the NBSS slope of the net plankton portion of
the size spectrum and the ratio of net plankton to microbial biomass (both with positive coefficients). This
suggests that, if all else is equal, increased zooplankton size and biomass is associated with higher exports. We
caution, however, that while this lower 4 threshold is sometimes utilized, it is prone to overfitting of the data.
Given the very limited range of environmental variability for HOT samples, which comprised a large portion of
our dataset, we also considered a LASSO regression model that excluded HOT data (again defaulting to the
commonly used A threshold of minimum squared error plus one standard error). Results included only NPP and
surface chlorophyll as predictors with a model represented by log,o(Export) = 0.25 X log;,(NPP) + 0.16
log,o(Chl) + 0.51.

4. Discussion

As a result of the numerous ways in which organismal physiology and ecology are related to size (Beardall
etal., 2009; Branco et al., 2020; Hansen et al., 1997; Maraiion, 2015), plankton size spectra are a potentially useful
emergent property of pelagic ecosystems. Indeed, multiple studies have identified coherent patterns in plankton
size. Latitudinal patterns suggest that mean phytoplankton cell size and cell size diversity increase in colder
regions (Acevedo-Trejos et al., 2018; Kostadinov et al., 2010), while patterns from the tropical and subtropical
Pacific show increasing phytoplankton size with nutrient loading (Goericke, 2011; Taylor & Landry, 2018).
Taken together, these results suggest that the competitive dominance of small cells under nutrient-depleted
conditions may be an important driver of plankton size spectra (Edwards et al., 2012). Alternate explanations,
however, focus on competition-neutral explanations related to grazing or community dilution processes in stable
or temporally variable environments (Behrenfeld et al., 2021). A similar pattern of decreased size in warmer and
less productive ecosystems has been found for metazoan zooplankton (Brandio et al., 2021; Rykaczewski, 2019),
although results from a circumglobal project found relatively little spatial variability in zooplankton size spectral
slopes (Mompean et al., 2016). Similarly, Décima (2022) found greater relative dominance by large zooplankton
in the oligotrophic North Pacific Subtropical Gyre than in a coastal upwelling biome.

While these and other studies have investigated phytoplankton or zooplankton size spectra separately, few have
quantified size spectra across the pm to cm range required to fully characterize plankton communities. Investi-
gation of particle size spectra across these size ranges suggests that most particle mass in plankton assemblages is
in the 0.1-3 mm size range, although most of the particles assessed were likely non-living detritus (Jackson
etal., 1997). A recent global compilation of living organisms suggests a relatively flat marine size spectrum from
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bacteria to whales but sheds little light on variability in this extremely broad size spectrum (Hatton et al., 2021).
San Martin, Irigoien, et al. (2006) found no relationship between the size spectral slopes and total plankton
biomass along a north-south transect in the Atlantic Ocean and concluded that trophic transfer efficiency was not
increased in more productive regions. Similarly, no distinct differences in size spectra were found in the two
regions of the northwest Atlantic (Quifiones et al., 2003). These results contrast with the results of multiple
modeling studies that consistently predict shallower size spectral slopes in productive regions (Fuchs &
Franks, 2010; Negrete-Garcia et al., 2022; Ward et al., 2012).

The range of results found above may derive from the inherent spatiotemporal variability that exists in plankton
communities at multiple spatial and temporal scales. However, it may also reflect methodological differences
among investigators, which highlights the importance of internal consistency when investigating the relationships
between size spectra and environmental variables. Across the five regions included in our synthesis, we find that
the NBSS slopes vary from —1.61 to —1.16 with a mean of —1.37. These slopes are slightly steeper than the
average of —1.14 found by Quifiones et al. (2003) for the Sargasso Sea and New England Seamounts regions or by
San Martin, Harris, and Irigoien (2006) on the Atlantic meridional transect (regional averages varying from —1.29
to —0.99). Our results are also consistently steeper than the overall negative one slope predicted by Sheldon
etal. (1972). It is possible that our slopes are slightly biased toward negative values as a result of net avoidance by
the largest (and hence strongest swimming) zooplankton. We explicitly considered our largest size class to
encompass 5—50 mm organisms, although many cm-sized organisms (e.g., euphausiids) are likely capable of net
avoidance, particularly during the day, and this size class includes not only zooplankton but also some micro-
nekton. If we exclude this largest size class, the NBSS slope varies from —1.47 to —1.01 with a mean of —1.29.
The slopes of the full size spectra were highly correlated with the slopes of the size spectra excluding the largest
size class (Pearson's p = 0.85, p < 107°). If the largest size class is excluded from the NBSS slope, the correlation
between NPP and NBSS slope remains virtually unchanged although the correlation between NBSS slope and
export decreases from 0.34 to 0.18. This suggests that while potential net avoidance by zooplankton may lead to a
slight underestimate of NBSS slopes, it does not substantially change our conclusions that NBSS slope is only
weakly predictive of export efficiency. Escapement can also lead to an under-collection bias in the smallest
zooplankton size class, although sensitivity analyses show that exclusion of this size class has negligible impacts
on the computed size spectra.

Our results are derived from labor-intensive net tow, microscopy, and flow cytometry measurements that provide
relatively coarse size resolution. In contrast, autonomous and tethered in situ imaging approaches allow rapid
throughput and high-resolution size spectral analyses (Dugenne et al., 2023; Orenstein et al., 2022; Stemmann &
Boss, 2011). For instance, the Imaging Flowcytobot is frequently used for near-continuous measurements of
surface phytoplankton (~10-100 pm) communities at either single stations or in ship flowthrough seawater
systems during transit (Olson & Sosik, 2007); the underwater vision profiler can be used to rapidly image
zooplankton (~0.6-3 mm) communities during CTD-Niskin rosette vertical profiles (Picheral et al., 2010); and
the In Situ Ichthyoplankton Imaging System is optimized for imaging larger zooplankton (~1-20 mm) during
undulating towed deployments (Cowen et al., 2013). These approaches offer several advantages including rapid
data collection and the measurement of additional organism characteristics, such as opacity. However, they are
arguably less accurate for the current application, because they rely on conversions from cross-sectional area to
carbon contents, which can vary substantially between taxa and are often orientation-dependent. The present
dataset, while limited to approximately octave-scale size resolution, is likely more robust for comparing size
spectral changes across several order-of-magnitude differences in organismal size to independently measured
ecosystem properties.

By investigating relationships amongst different portions of the community, we found that the whole community
NBSS slope was strongly positively correlated with the net plankton to microbial biomass ratio (Figure 3a) and
the NBSS slope of the net plankton (Figure 3c) but not correlated with the NBSS slope of the microbial com-
munity (Figure 3b). These results are in general agreement with the findings of San Martin, Irigoien, et al. (2006),
who found that the whole community NBSS slope was positively correlated to mesoplankton (i.e., our net
plankton, >200 pm) biomass but not to the ratio of picoplankton to microplankton biomass (i.e., a metric related
to the NBSS slope of microbial communities). We also found a weak (and not statistically significant) negative
relationship between the NBSS slope of microbial communities and the ratio of net plankton to microbial biomass
(Figure 3d). This relationship likely relates to the relationship between the percentage contribution of large
phytoplankton and total phytoplankton biomass that has been noted in previous studies (Chisholm, 1992;
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Goericke, 2011). When phytoplankton biomass is high, large phytoplankton biomass increases and simulta-
neously the ratio of zooplankton tophytoplankton is likely to be lower because such high phytoplankton biomass
is in the denominator.

Our findings bolster previous results suggesting that the communities in productive regions are dominated
disproportionately by large plankton (e.g., Acevedo-Trejos et al., 2018; Branddo et al., 2021; Taylor &
Landry, 2018), but they also add nuance to these conclusions. We found reasonably strong positive correlations
between NPP and the whole community NBSS slope (Spearman's p = 0.36, p < 0.001, Figure 4) and the microbial
community NBSS slope (Spearman's p =0.39, p < 0.001, Figure S4a in Supporting Information S1), while the ratio
of net plankton to microbial biomass was weaker (Spearman's p = 0.29, p = 0.007, Figure S4c in Supporting
Information S1). There was no statistically significant relationship between the NBSS slope for net plankton and
NPP, suggesting that zooplankton size is not related to NPP, in contrast to the results from Brandao et al. (2021).
The Brandio et al. (2021) study, which compiled results from the global Tara Expedition, featured a strong cor-
relation between temperature and metrics of ecosystem productivity (e.g., chlorophyll a concentration), suggesting
the possibility that their results may indicate the importance of temperature as an underlying driver of zooplankton
size rather than productivity. Relationships between ecosystem productivity and plankton size spectra are also
affected by the inherent lag times associated with biological production. In our study regions, phytoplankton re-
sponses to favorable growth conditions will occur within a time span of a day to a week. However, zooplankton
blooms develop over longer and highly variable durations that can range from days to months depending on taxa,
temperature, and species-specific phenological patterns (Almén & Tamelander, 2020; Riegman et al., 1993). These
lags can thus obscure relationships between plankton size spectra and other ecosystem metrics, particularly in cold
regions with slow-growing taxa. Nevertheless, the positive correlation between NPP and the ratio of net plankton to
microbial biomass (Figure S4c in Supporting Information S1) suggests increased ecosystem transfer efficiency in
productive ecosystems, in agreement with prior studies (e.g., Hunt et al., 2015; Stock & Dunne, 2010).

Our results provide more equivocal support for the relationship between plankton size spectra and the BCP.
Previous studies relating carbon export to plankton size have mostly focused on phytoplankton size (Boyd &
Newton, 1999; Buesseler & Boyd, 2009; Mouw et al., 2016; Siegel et al., 2014). Such studies typically find high
export when communities are dominated by large phytoplankton, especially diatoms (Cai et al., 2015; Krause
etal., 2015; Smetacek et al., 2012). Regions dominated by cyanobacteria and picoeukaryotes typically have lower
export (Karl & Church, 2014; Lomas & Moran, 2011; Stukel et al., 2013). Despite this focus on phytoplankton, a
global synthesis by Henson et al. (2019) suggests the importance of evaluating entire plankton community dy-
namics for understanding sinking carbon flux. Using a size-structured plankton ecosystem model, Serra-Pompei
et al. (2022) also found that carbon export efficiency (sinking flux/NPP) was more closely related to the slope
of the NBSS (referred to as /4 in their model) than to other characteristics of the community. Our results clearly
suggest that carbon export is higher in regions dominated by larger plankton (Spearman's p = 0.34, p = 0.002,
Figure 6a). However, we did not find a statistically significant correlation between export efficiency and the NBSS
slope (although the non-significant correlation was positive, as predicted, Figure 6b). Our results also align with a
recent study from the Sargasso Sea showing that zooplankton size did not correlate with export flux (Perhirin
et al., 2024). That study also showed that opacity was an important zooplankton trait that correlated strongly with
export flux, and although we could not quantify opacity from our dataset, several of our highest export efficiency
locations (from the SalpPOOP cruise, Décima et al., 2023) were measured within a bloom of highly transparent
pelagic tunicates. We further note that our sinking particle measurements do not include the potential impact of
zooplankton carcasses, which can be substantial in some regions (Frangoulis et al., 2011; Halfter et al., 2022; Smith
etal., 2014) and would covary with abundance of large taxa. Despite this caveat, it is striking that when conducting
LASSOregression to ascertain the ecosystem characteristics that were useful predictors of carbon export, SST, sea-
surface chlorophyll a, and NPP were all significant predictors, but none of the parameters associated with the size
spectrum were significant. This suggests that while export and export efficiency are in fact higher when the
community is dominated by large organisms, it is not the presence of large organisms that necessarily drives the
high exports. Instead, plankton size and the strength of the BCP may respond similarly to other underlying
ecosystem properties.

5. Conclusions

Plankton size spectra are an emergent property of pelagic ecosystems that derives from the myriad ways in which
ecophysiological parameters correlate with organism size. In this study, we compiled the largest internally
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consistent database across a range of oceanic domains including collocated (in time and space) measurements of
plankton ecosystem size spectra, NPP, and carbon export. We found strong positive correlations between NPP
and the whole ecosystem size spectrum, the size spectrum of microbial communities, and the ratio of net plankton
(mostly zooplankton) to microbial community (protists and bacteria) biomass. These all illustrate that community
size shifts toward larger organisms in more productive times and places, with implications for ecosystem trophic
efficiency. However, we did not find a correlation between the size of net-collected zooplankton and NPP, which
suggests that other ecological processes occurring within the zooplankton community are at least as important as
phytoplankton production in determining the size spectra of metazoan zooplankton. Our results further show that
sinking-particle carbon export is positively correlated with whole community size spectra, but that size spectra
provide no additional explanatory power for predicting carbon export relative to other commonly used metrics
(NPP, sea-surface chlorophyll, and SST).

Data Availability Statement

Data used in this study are available through the open repositories Biological and Chemical Oceanography Data
Management Office (BCO-DMO) and Environmental Data Initiative (EDI). Specifically, CCE data are available
on CCE LTER Datazoo (https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets) and are also
archived at EDI (https://portal.edirepository.org/). SalpPOOP data are available at https://www.bco-dmo.org/
project/754878. BLOOFINZ-GoM data are available at https://www.bco-dmo.org/project/834957. CRD data are
available at https://www.bco-dmo.org/project/515387. HOT data are available through BCO-DMO (https://www.
bco-dmo.org/project/2101) and the HOT website (https://hahana.soest.hawaii.edu/hot/). Our compiled size
spectrum data are available as supplementary tables in this manuscript and have also been submitted to BCO-
DMO under the SalpPOOP landing page.
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