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Carbohydrate content controls vertical
variations in carbon to nitrogen ratios of
organic particles within the euphotic zone
in the northwest Sargasso Sea
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Latitudinal variations in the carbon:nitrogen (C:N) ratio of particulate organic matter are well-
established, but vertical (depth) variations within the euphotic zone remain largely unexplored. Here,
we found that C:N ratios (mol:mol) of three size fractions of particulate organic matter exceeded the
canonical Redfield ratio of 6.6 within the low-nutrient upper euphotic zone in the stratified northwest
Sargasso Sea. In larger particles ( >20 um), these ratios reached as high as 10-16. Elevated C:N ratios
in all size fractions of particles (0.3 to >20 ym) in the upper euphotic zone coincided with the
accumulation of glucose-rich carbohydrates. In contrast, particles within or below the nitracline, within
the lower euphotic zone (~90-140 m), exhibited C:N ratios of <6.6 and contained comparatively less
carbohydrate and greater amounts of amino acids. Additionally, patterns in the composition of
individual carbohydrate monomers suggest that the vertical variations originate from both primary
production and degradative processes. These variations in particle composition over depth will affect
the stoichiometry in models of primary production, microbial remineralization, and carbon export.

Particulate organic matter (POM) in the ocean plays important roles in
sequestering carbon in the deep ocean, maintaining the global climate, and
providing nutrition for microbial and metazoan communities’. POM is
comprised of living autotrophic and heterotrophic cells as well as non-living
detrital material (i.e., cell debris, zooplankton molts, fecal pellets, organic
gels, etc.)’. Primary production of POM mainly occurs within the euphotic
zone by phytoplankton, but environmental conditions during primary
production, secondary POM sources, and degradative alteration can result
in substantial variations in POM chemical composition across time, space,
and particle size fractions*'. POM can be remineralized and solubilized by
microbes, consumed or broken apart by zooplankton, or exported from the
euphotic zone via sinking flux or advection. The chemical constituents of
POM vary in their reactivity’, and POM of different sizes may be subjected
to different degradative pathways®’. Therefore, both the chemical compo-
sition and particle size can influence POM export potential as well as the rate
and mechanism of POM utilization.

A common metric of particle chemical composition is the ratio of
organic carbon to nitrogen (OC:N, henceforth simplified as C:N).

Historically, this ratio was found to be relatively constant in marine POM,
approximately 106:16 (=6.6) on a molar basis, forming part of what is
known as the Redfield ratio®. Subsequent studies have identified large var-
iations (C:N < 6-10) over latitude in the surface ocean and attributed these
to variations in the products of primary production caused by spatial var-
iations in nutrient stress, light limitation, and phytoplankton community
composition®. Despite variations in these same parameters over depth,
there has been little exploration of vertical (depth) variations in C:N ratios of
POM. Some individual studies have found higher C:N ratios below the
euphotic zone compared to within it'"™"%, but few studies discuss vertical
variations within the euphotic zone, where most POM is produced and
where vertical export originates.

The C:N stoichiometry of POM influences the efficiency of export as
well as the biogeochemical outcomes of its remineralization. Export of POM
with an elevated C:N ratio is more efficient in terms of carbon export" and
yields relatively less nitrogen upon remineralization, affecting subsequent
nitrogen assimilation and nitrification. The composition of organic matter
also influences the stoichiometric oxygen demand required for its
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remineralization'*"”. Thus, C:N stoichiometry is an important parameter in
biogeochemical models. Though some models use fixed (Redfield) ratios for
phytoplankton and POM"*™", there is growing recognition that adopting
variable stoichiometry is important for properly predicting oceanic
responses to continued warming™’ . Improved understanding of the
magnitude of depth-related variations may help guide future modeling
efforts that include variable stoichiometry™.

The C:N ratios of POM are controlled by the relative amounts of
different classes of biochemicals, including amino acids, carbohydrates, and
lipids. Each biochemical class exhibits varying levels of lability’ and is broken
down by different enzymes during heterotrophy”. Thus, the biochemical
makeup of POM dictates which metabolic capabilities are required for
heterotrophic microbes to assimilate or remineralize the material, and some
microbial populations may preferentially respond to POM of specific che-
mical composition*’. Many studies report concentrations of amino acids or
carbohydrates in marine POM”™%, as they are common and accessible
substrates for heterotrophic bacteria to assimilate and/or remineralize due
to their prevalence in biomass™ and relative lability’. One recent study
identified broad shifts in biochemical composition associated with varia-
tions in C:N over a latitudinal gradient™; however, few studies discuss these
parameters in the context of their relationship to varying C:N ratios or focus
on variations over depth within the euphotic zone™*. Furthermore, com-
mon oceanographic methods, such as collecting bulk POM from Niskin
bottles, do not differentiate particle sizes, which can have unique organic
compositions and may contribute differently to export and nutritional
resources for heterotrophs. Therefore, characterization of biomolecular
content within size-fractionated POM provides deeper insight into the
potential biogeochemical implications of both the production and fate of
this material.

Here, we present a unique dataset in which we examine the stoichio-
metric composition of POM (1) at high depth resolution within the euphotic
zone, (2) as it specifically relates to carbohydrate (high C:N) and amino acid
(low C:N) content, and (3) within small particles (0.3-1.2 and 1.2-6 um)
and large particles (>20 um). We collected samples using McLane in situ
pumps within a thermally stratified euphotic zone during several cruises in
summer and autumn in the vicinity of the Bermuda Atlantic Time-series
Study (BATS) site. The site is located within the North Atlantic subtropical
gyre and is an example of the open-ocean environments that comprise most
of the global ocean area. Employing methods to measure organic carbon and
nitrogen concentrations (elemental analysis) and individual carbohydrate
monomers and amino acids (high-performance liquid chromatography),
we observe significant variations in C:N ratios and biochemical composition
of POM across depth and size fraction during multiple sampling periods.
We also examine the relative and absolute abundances of individual amino
acids and carbohydrate monomers across samples to better understand the
drivers of observed biochemical variations over depth and size fraction and
propose pathways of organic matter alteration over depth. The resulting
data elucidate previously unidentified features of POM composition within

the euphotic zone and may inform and/or validate biogeochemical mod-
eling efforts.

Results and discussion
Mixed layer depths, nutrient concentrations, and the size
distribution of POM
Samples were collected from cruises aboard the R/V Atlantic Explorer in July
2018, July 2019, August 2021, November 2021, July 2022, and July 2023
(Supplementary Table 1). Mixed layer depths varied between 16-24 m for
all cruises except November 2021, when the mixed layer extended to 73 m
(see Methods). Nitrate concentrations, defined here as [NO5| + [NO, ],
were below the limit of detection (0.2 umol kg; see Methods) in the upper
80 m of the water column during almost all ssmpling events from all cruises,
including sampling in November when the mixed layer was deepest (Fig. 1).
Phosphate concentrations were below the limit of detection (0.1 umol kg ™)
throughout the euphotic zone (0-160 m) during all cruises with few
exceptions (Supplementary Fig. 1). The euphotic depth, defined here as the
depth at which irradiance was 0.1% of that at the surface, ranged between
136-200 m (Supplementary Table 1). For simplicity, we define the upper
euphotic zone as 0-80 m and the lower euphotic zone as 80—160 m across
data from all cruises based on the typical depth of the nitracline (Fig. 1).
The particulate organic carbon (POC) and nitrogen (PN) content of
size-fractionated POM was measured for samples from all cruises. The size
fractions collected were 0.3-1.2 pm, 1.2-6 pum, 6-20 um, and >20 um (see
Methods). All size fractions were analyzed except for the 6-20 um size
fraction, which did not regularly contain enough material to make reliable
measurements. Total POC and PN concentrations were calculated from the
sum of the three analyzed size fractions (Methods). Maximum concentra-
tions of POC (~19-24 pg L") were found at ~40-80 m for all cruises except
November 2021, where concentrations were relatively constant at
~15 ug L™ throughout the upper 50 m (Supplementary Fig, 2). POC con-
centrations for all cruises decreased to <5 pug L' by 140 m (Supplementary
Fig. 2). Maximum concentrations of PN (~3-4 ug L") were found at 60-
90 m for all cruises except November 2021, where concentrations were
approximately constant at ~2.4 pg L' throughout the upper 90 m (Sup-
plementary Fig. 2). On average, 24 + 5%, 68 £ 5%, and 8 + 4% of total PN
and 22 + 5%, 64 + 9%, and 14 + 7% of total POC were contained within the
0.3-1.2 um, 1.2-6 um, and >20 pm size fractions, respectively, within the
upper 200 m (Supplementary Fig. 3).

Underexplored variability in C:N ratios across particle size frac-
tions and depth in the euphotic zone

We observed systematically higher C:N ratios in the low-nutrient upper
euphotic zone than in the lower euphotic zone within all size fractions of
POM during our six cruises (Kruskal-Wallis p < 0.001; Figs. 2, 3a; Supple-
mentary Data 1). Considering all size fractions together, the weighted-
average C:N ratios (mol:mol; Eq. 1, Methods) averaged 8.1 + 0.4 (mean +
10) within the upper 60 m, carbon-rich relative to the canonical Redfield
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Fig. 1 | Measured nitrate + nitrite concentrations across individual sampling

events in the vicinity of the BATS site. Dotted and solid lines represent the average
mixed layer depth and euphotic depth, respectively, during each cruise. Between 11
and 20 individual profiles are compiled for each cruise. Limit of detection is 0.2 pmol

kg'; concentrations reported below this limit are statistically indistinguishable from
blanks and are shown in gray, while concentrations measured above the limit of
detection are plotted in blue. Most of the data points in the upper 80 m were
indistinguishable from blanks.
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Fig. 2 | Depth profiles of particulate organic C:N (mol:mol) ratios compiled from
cruises in July 2018, July 2019, August 2021, November 2021, July 2022, and July
2023 in the surface 200 m in the vicinity of the BATS site. Samples were analyzed
after acidification for the bulk organic carbon measurement and without acidifica-
tion for the bulk nitrogen measurement. Error bars represent the standard deviation
and encompass analytical uncertainty as well as uncertainty associated with splitting

the filters by weight. In a the solid black line is the weighted average C:N ratio of all
three size fractions calculated from the moving averages seen in b-d (solid black
lines) and the fraction of total PN in each size fraction. The solid gray lines are
median C:N ratios and almost entirely overlap with the mean values. The mean C:N
ratios and the fraction of total PN for each size fraction are reported in Supple-
mentary Fig. 3.
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Fig. 3 | Box plots of particulate C:N ratios in the upper 160 m during July 2018,
July 2019, August 2021, November 2021, July 2022, and July 2023. C:N (mol:mol)
ratios of particle size fractions (x-axis labels, in pm) are grouped by (a) depth
range (upper or lower euphotic zone) and (b) nitrate concentration at the sampling
depth (detectable or undetectable). Red lines represent medians, boxes represent the
interquartile range, and brackets represent the range of data, with outliers repre-
sented by red crosses for each category. In panel a, the upper euphotic zone is defined
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as 0-80 m, and the lower euphotic zone is defined as 80-160 m. Differences in C:N
between the upper and lower euphotic zones are statistically significant for all size
fractions (Kruskal-Wallis p < 0.001). In panel b, samples were divided into depths
where nitrate + nitrite concentrations were undetectable (<0.2 pmol kg ') and
depths where nitrate + nitrite concentration were detectable (>0.2 pmol kg ™).
Differences in the C:N ratios between these depth divisions are statistically sig-
nificant for all size fractions (Kruskal-Wallis p < 0.001).

ratio of 6.6 (Fig. 2a). In the lower euphotic zone (80-140 m), weighted
average C:N ratios were 6.1 + 0.2 (Fig. 2a). In comparison, total (non-size
fractionated) POM from the BATS data set (July-August 1988-2022 aver-
age, https://bats.bios.asu.edu/bats-data/) shows mean C:N ratios matching
those described here: ~8 in the upper 60 m and ~6 within the lower euphotic
zone (Supplementary Fig. 4). Thus, the magnitude of vertical variation and
the general pattern in the weighted average C:N of our particle size fractions
were consistent with other measurements of total POM at the BATS site.
Similar trends have been observed across the western North Atlantic, with
median C:N ratios of ~7 in the upper 50 m and decreasing to ~6 around the
base of the euphotic zone'.

Within each size fraction of POM, C:N ratios were significantly higher
at depths where nitrate was below the limit of detection compared to depths
where nitrate concentrations were detectable (Fig. 3b, Kruskal-Wallis
P <0.001), suggesting that high C:N ratios in the upper euphotic zone may
be a biological response to low nutrient conditions. In the upper euphotic
zone, the C:N ratios of total POM averaged 8.1, but our size-fractionated
data revealed much higher C:N ratios of ~10-16 in large particles (Fig. 2d)
and 5-11 in small (0.3-1.2 and 1.2-6 pm) particles at these depths (Fig. 2b,

¢). The observed higher C:N ratios of large particles in comparison to small
particles in the upper euphotic zone may result from more severe effects of
nutrient limitation on larger phytoplankton with relatively low surface area
to volume ratios””. Indeed, a previous modeling study™ found C:N ratios of
~13 for large phytoplankton (diatoms) and ~11 for small phytoplankton
(picoplankton) in the upper 80 m at the BATS site, and low, convergent C:N
(<5) of both phytoplankton groups between 80-120 m, consistent with our
large and small POM fractions presented here (Figs. 2, 3a). However, in our
data, the C:N of large particles increases below this depth and diverges from
that of small particles, similar to previous work showing elevated C:N ratios
below the euphotic zone compared to the surface'*". Overall, these results
suggest that variations in C:N ratios across environmental gradients and
particle size may be caused by both variations in phytoplankton community
composition and taxon-specific acclimation to nutrient stress”.

Elevated C:N ratios of large particles (>20 um) within the upper
euphotic zone may result from two factors: elevated C:N ratios within large
phytoplankton cells or the accumulation of C-rich extracellular material,
such as transparent exopolymeric particles (TEP), within this size fraction
(or a combination of both). Notably, the C:N ratios of phytoplankton cells
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are generally elevated relative to the Redfield ratio under nutrient-deficient
conditions”. However, previous work suggests that living phytoplankton
only comprise an estimated ~30% of POC in the stratified euphotic zone at
the BATS site*”, and thus POM from sources other than phytoplankton
may also modulate C:N ratios. Aggregates formed from TEP typically have
high C:N ratios (>20)" due to high carbohydrate content*"*”, and thus may
contribute to the high C:N ratios of large particles observed here (Fig. 2d).
Further, the conditions present within the low-nutrient upper euphotic zone
at this site—including high irradiance, oxidative stress, and nutrient lim-
itation—may encourage TEP formation®. Other non-phytoplankton
sources of POM include living and dead bacterial cells, fecal pellets, and
detrital material. Fecal pellets can have widely variable C:N ratios (i.e., 4-11)
depending on the species*, and the C:N ratio of bacterial biomass varies
from ~5 under nutrient-replete conditions to up to ~12 under low-nutrient
conditions®. Thus, the vertical variations we observe are likely a product of
both variable phytoplankton production over depth and variations in
contributions from these other sources.

Carbohydrate and amino acid content as the driver of C:N
ratios in POM

We measured the abundances of carbohydrates and amino acids in POM
collected during cruises in August and November 2021 (Supplementary
Data 2 and 3). Carbohydrates have very high C:N ratios (e.g., average of 610
across all samples based on the monomers characterized here), as the
dominant carbohydrate monomers in phytoplankton contain no nitrogen™.
In contrast, amino acids in our samples had an average C:N ratio of 4.3.
Consequently, variations in the relative contributions of these biochemical
classes to POM have the potential to modulate C:N ratios. Considering the

carbon contribution from each biochemical class, we found that amino
acid carbon comprised 12-46% of POC in all size fractions throughout
the euphotic zone (Fig. 4b, f; Methods), similar to a previous study in this
region”. Carbohydrate carbon comprised 3-18% of POC (with one outlier
at 47%) within the upper euphotic zone and <1-10% of POC within the
lower euphotic zone in all size fractions (Fig. 4c, g).

We found that the contributions of carbohydrates and amino acids to
POM varied systematically across our samples, both over depth and across
particle size fractions. Notably, large particles (>20 um), which may be likely
to directly sink out of the euphotic zone and fuel mesopelagic communities,
contained relatively N-poor, carbohydrate-rich material. Carbohydrate
content (as %POC) of the >20 um particles was higher than that of
0.3-12um (Kruskal-Wallis p=0.08) and 1.2-6pum (Kruskal-Wallis
P <0.01) particles throughout the entirety of the euphotic zone (Fig. 4c, g),
while amino acid content as a proportion of POC was higher in both small
particle size fractions than in large particles at all depths (Kruskal-Wallis
P <0.0001). These data provide further evidence that low inorganic nitrogen
availability may shape POM composition. Carbohydrate content was sig-
nificantly higher in the low-nutrient upper euphotic zone than in the higher-
nutrient lower euphotic zone (Kruskal-Wallis p < 0.05), potentially due to
the low nitrogen requirements of carbohydrate biosynthesis. Further,amino
acid yields as a proportion of POC were the highest around the top of the
nitracline (~80 m in November 2021, ~100 m in August 2021) in all size
fractions (Fig. 4b, f).

We found that carbohydrates and amino acids together comprised
16-60% of total POC within the euphotic zone, consistent with previous
observations of surface ocean POM and plankton at the BATS site” as well
as cultured phytoplankton®. We did not quantify lipids due to their reduced
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Fig. 4 | Depth profiles of C:N ratios (mol:mol), amino acid carbon content,
carbohydrate carbon content, and carbohydrate:amino acid (carbo:AA) carbon
ratios of particles of all size fractions (0.3 to >20 pm) in the upper 150 m. Data are
shown from two cruises in August 2021 (a-d) and November 2021 (e-h). Amino
acid and carbohydrate concentrations were calculated as the sum of the individual
monomers quantified. Error bars for C:N ratios represent the standard deviation and
include analytical error and uncertainty associated with splitting filters by weight.

Error bars for amino acids, carbohydrates, and carbo:AA ratios represent the
standard deviation of replicate analyses. One sample (~50 m, large particle, August
2021) is an outlier (identified using MATLAB function ‘isoutlier’) in terms of its
carbohydrate content (%POC) and carbo:AA ratio and is plotted on a broken axis
because of this (c, d). Error for the carbo: AA ratio of the outlier is £0.55 molC/molC
(not shown).
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Fig. 5 | Linear relationship between C:N ratios (mol:mol) and the ratio of car-
bohydrates (carbon-rich organic compounds) to amino acids (nitrogen-rich
organic compounds), or carbo:AA ratio, on a molar carbon basis. Data are
from size-fractionated particles within the euphotic zone at the BATS site in August
and November 2021. Orthogonal regression was fit using the MATLAB function
linortfit2. One outlier was omitted, with a carbo:AA ratio of ~3.6 and a C:N ratio of
~14. The same figure, including the outlier, can be seen in Supplementary Fig. 6.
Horizontal error bars represent standard deviations of replicates, while vertical error
bars represent the standard deviation and include uncertainty from blank correc-
tions and filter splitting by weight.

lability relative to carbohydrates and amino acids® and their low expected
contribution (<15% of POC) in the Sargasso Sea during stratified
conditions”. Although a sizable portion of POC in our samples remains
uncharacterized via the HPLC methods we used here, the variations that we
found in carbohydrate and amino acid abundances explained most of the
observed variation in overall C:N ratios. We observed that C:N ratios were
significantly positively correlated with carbohydrate content and negatively
correlated with amino acid content, with carbohydrates and amino acids
explaining 60% and 35% of variation in C:N ratios, respectively (Supple-
mentary Fig. 5a, b). Together, the ratio of carbohydrate:amino acid (car-
bo:AA, on a mol carbon basis; Fig. 4d, h) explained 67% of the variation in
C:N ratios of particles, i.e., higher carbo:AA ratios were found in particles
with higher C:N ratios (Fig. 5). We also computed the average C:N ratio of
the summed carbohydrates and amino acid monomers that we character-
ized, weighted by the seawater concentration of each compound; this
molecular average C:N ratio also is strongly linearly correlated with bulk
C:N (Supplementary Fig. 5¢). The slope of the relationship suggests that the
portion of the POM pool that we did not characterize molecularly has a
relatively high C:N ratio, potentially pointing to incomplete characterization
of the carbohydrate pool with the methods used here* as well as con-
tributions from lipids and other high C:N organic compounds. In all
comparisons, one sample (August 2021, >20 pm, ~50 m) had anomalously
high carbohydrate content (%POC) and carbo:AA ratio and was identified
as an outlier within these data (Methods; Fig. 4c, d; Supplementary Fig. 6).
The outlier is consistent with the depth trends in both variables and with our
interpretations of this data (Fig. 4c, d; Supplementary Fig. 6) but was omitted
from further statistical analyses.

Glucose-rich carbohydrates drive high C:N of POM in the low-
nutrient upper euphotic zone

Our characterization of individual carbohydrate monomers and amino
acids offers additional information on the sources and degradation of POM.

Our methods included an initial hydrolysis step and thus captured the total
carbohydrate monomers deriving from all carbohydrate structures within
POM (monomers, oligomers, and polymers). Neutral sugars dominated the
particulate carbohydrate pool throughout the euphotic zone in both small
and large particles, comprising, on average, 91% (range 80-99%) of total
particulate carbohydrates on a molar basis (Supplementary Figs. 7, 8),
similar to previous results from surface POM at the BATS site (>90%)”".
Glucose, galactose, and mannose+xylose (quantified together) were the
dominant neutral sugars present, also similar to other studies of marine
POM”***, although ribose and fucose occasionally formed sizable portions
of the carbohydrate pool (up to 14% and 8%, respectively; Supplementary
Figs. 7-8).

Large particles within the upper euphotic zone, which were
characterized by distinctly high C:N ratios and total carbohydrate
content, also had significantly higher relative contributions of glucose
(43-90% of total carbohydrate) than both small particles at the same
depths (Kruskal-Wallis p=6.9 x 10™®) and large particles deeper in
the euphotic zone (Kruskal-Wallis p = 0.0084; Fig. 6; Supplementary
Figs. 7, 8). Glucose is a major constituent of common algal polymers,
such as chrysolaminarin, laminarin, cellulose, hemicellulose, and
glycogen*', and it dominates the cellular carbohydrates of cultured
phytoplankton®*. We thus suggest that elevated glucose contribu-
tions to large particles, and, to a lesser extent, small particles, in the
upper euphotic zone reflect photoautotrophic carbohydrate produc-
tion. For instance, the colonial cyanobacterium Trichodesmium spp.
was occasionally visible in our large particle fraction, and glucose
comprised 70-90% of carbohydrates within Trichodesmium spp.
colonies isolated from net tows (Methods; Supplementary Fig. 9).
Additionally, many cultured phytoplankton produce greater amounts
of carbohydrates, particularly glucose-rich ones, as storage or reserve
molecules™ under nutrient-deficient conditions***%, However,
small eukaryotic phytoplankton may be limited in their ability to
accumulate storage carbohydrates and may favor the accumulation of
lipids instead”. Though glucose dominated the carbohydrate pool of
most samples in the upper euphotic zone, we observed small but
significant differences in carbohydrate monomer composition
between the two cruises (PERMANOVA p <0.001), with galactose
dominating small particles in the upper euphotic zone during August
2021 (Supplementary Figs. 7-8). These differences in carbohydrate
monomer composition may derive from different storage and
structural polymers within different phytoplankton taxa and/or dif-
ferences in growth phase™™*®, or contributions from non-
phytoplankton sources.

Interestingly, POM collected at depths around 50 m routinely had the
maximal carbo:AA ratios (Fig. 4d, h) and C:N ratios (Fig. 4a, e). This depth is
also characterized by maxima in POC concentrations (Supplementary
Fig. 2), bacterial abundances®', phytoplankton biomass’, and gross primary
production®, further suggesting that high carbohydrate content may result
from phytoplankton production. In contrast to the near-surface where high
irradiance might inhibit carbohydrate production™®, the 50 m depth is
characterized by moderate irradiance. Coupled with relatively high primary
production® and low-nutrient conditions (Fig. 1), this may result in greater
photoautotrophic biosynthesis of carbohydrates rather than N-rich proteins
at this depth. Alternatively, the high-light, low-nutrient conditions of near-
surface depths may induce elevated extracellular release of
photosynthate®—primarily as polysaccharide*"**—to the dissolved organic
matter (DOM) pool by phytoplankton, resulting in relatively lower carbo-
hydrate yields in POM. This idea may be supported by elevated contribu-
tions of dissolved combined neutral sugars to DOM in the surface compared
to deeper in the euphotic zone at the BATS site®.

Productive and degradative controls on biochemical content of
POM in the lower euphotic zone

In contrast to the upper euphotic zone, particulate carbohydrates in all size
fractions within the lower euphotic zone contained lower relative
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Fig. 6 | Variation in the individual carbohydrate
monomer composition of POM in the upper

150 m from both August and November, 2021,
plotted along the first two axes (PC1, PC2) from a
principal components analysis. Shapes denote the
different particle size fractions (in um), and colors
denote the sample depth. The vector length reflects
the importance of the relative abundance of a par-
ticular monomer in determining the dimensional
separation between samples along the direction of
the vector. The proportion of variance in the dataset
encompassed by each axis is noted in the axis labels.
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Ellipses reflect the 95% confidence intervals for each
size fraction. Fuc fucose; Rha rhamnose, GalN
galactosamine, Ara arabinose, GIcN glucosamine,
Gal galactose, Glc glucose, ManXyl mannose/
xylose, Rib ribose, MurAc muramic acid, GalURA
galacturonic acid, GIcURA glucuronic acid.
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contributions from glucose and higher relative contributions from most
other monomers (Fig. 6, Supplementary Figs. 7, 8). Similarly, a recent study
in the Fram Strait found that particles above the deep chlorophyll maximum
were enriched in glucose relative to particles below the deep chlorophyll
maximum and nitracline®’. We hypothesize that phytoplankton production
of carbohydrates, specifically glucose-rich polymers, is diminished in the
lower euphotic zone due to higher nutrient concentrations and lower light
intensities”. An early model of phytoplankton physiology suggests that
carbohydrates accumulate when nutrients, especially nitrogen, are in short
supply, resulting in high carbohydrate to cellular carbon ratios®. However,
when the cell has obtained the necessary nutrients to synthesize other
compounds, the carbohydrate content of a cell is predicted to decrease™.
Thus, lower particulate carbohydrate content indicates greater photo-
autotrophic synthesis of more nitrogen-rich compounds (e.g., amino acids;
Fig. 4b, f) under the low-light, higher-nutrient conditions of the lower
euphotic zone. Consistent with this model, we observe greater relative
contributions from the particularly N-rich amino acids, histidine (C:N = 2)
and arginine (C:N = 1.5; Supplementary Figs. 10, 11), and N-containing
carbohydrate monomers, glucosamine and galactosamine (Supplementary
Figs. 7, 8), within the lower euphotic zone.

We also observed small differences in the carbohydrate monomer
composition of large vs. small particles throughout the euphotic zone,
reflecting the diverse and variable phytoplankton producing carbohydrates
within these size fractions®. Compared to small particles, large particles
contained elevated concentrations of fucose and glucuronic acid as a pro-
portion of POC (Supplementary Fig. 12), which may derive from cell-wall
polysaccharides in diatoms or TEP-rich aggregates””’. Previous work
measuring phytoplankton pigments at the BATS site demonstrated that
diatoms are most abundant within the lower euphotic zone®, consistent
with the greater relative concentrations of fucose and glucuronic acid within
the lower euphotic zone presented here (Fig. 6, Supplementary Figs. 7, 8).
Large particles throughout the euphotic zone also contained greater con-
tributions from glucosamine and galactosamine than small particles (Sup-
plementary Fig. 12)—possibly due to contributions of chitin and other
polymers from zooplankton waste and/or diatoms””. In contrast, small
particles contained greater contributions from arabinose, likely reflecting
the differences in the structural carbohydrate composition of small and large
phytoplankton™*.

Diagenetic alteration of organic matter was also evident over depth,
imprinted on top of biochemical variability likely arising from phyto-
plankton production. Carbohydrate yields within the lower euphotic

zone (average 3% POC, range 0.6-10% POC) were lower than what
would be expected from fresh phytoplankton biomass (11-51% of POC,
estimated from cultures™* using a conservative conversion factor of
POC=45% dry weight"®), indicating degradation of the particulate car-
bohydrate pool. Compared to particles in the upper euphotic zone, those
in the lower euphotic zone contained elevated relative concentrations of
muramic acid (Kruskal-Wallis p=0.016) and glucosamine (Kruskal-
Wallis p =2.5e-06; Supplementary Figs. 7-8), both constituents of the
bacterial polymer peptidoglycan, which derives from both heterotrophic
bacteria and cyanobacteria”’. The lower euphotic zone was also char-
acterized by elevated relative concentrations of the non-protein forming
amino acids -alanine (Kruskal-Wallis p = 0.15) and y-aminobutyric acid
(Kruskal-Wallis p = 0.19), relative to the upper euphotic zone (Supple-
mentary Figs. 10, 11), indicating degradation of protein-forming amino
acids. Lastly, the decrease in the relative concentration of glucose with
depth may partially result from the preferential solubilization and/or
utilization of glucose-rich storage polysaccharides by heterotrophic
bacterial communities””’®, as these molecules are more labile than
structural polysaccharides™**” that contain greater proportions of other
monomers, such as mannose, xylose, galactose, arabinose, rhamnose, and
fucose™**”*”. Interestingly, the distribution of carbohydrates within
DOM can show opposite trends*—e.g,, increasing glucose-containing
polymers with depth—to those we observed here in POM. This may be
due to differences in the relative lability of the polymeric structures
within the POM and DOM pools™ or solubilization of glucose-rich
polymers in POM contributing to the DOM pool.

Implications of variable POM composition for global
biogeochemistry

Previous work has demonstrated variations in the stoichiometry of both
phytoplankton and total POM within the global surface ocean. However, to
date, there has been little explicit exploration of these patterns across the
varying nutrient and light conditions found over depth within the euphotic
zone. Similar to open-ocean data from global compilations of surface ocean
POM’, our data show that C:N ratios of total POM are higher than the
Redfield ratio within the low-nitrate, high-light upper euphotic zone of the
subtropical gyres. Yet, we observe that C:N ratios of total POM are less than
or equal to the Redfield ratio within the higher-nitrate, low-light lower
euphotic zone. These observations are consistent with a recent study that
modeled cellular C and N quotas for different biochemical classes as con-
trolled by nitrate concentrations and light availability™.
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Many models continue to use fixed (Redfield) stoichiometric ratios of
phytoplankton and/or POM'*", but this approach may underestimate
primary productivity under low-nutrient conditions. We estimated the C:N
ratio of particulate primary production at the BATS site by integrating our
C:N measurements across the euphotic zone, weighted by the relative rates
of net primary production (NPP) at different depths (Eq. 2, Methods). This
resulted in a C:N ratio of 7.7 for integrated particulate primary production—
considerably higher than the canonical Redfield ratio of 6.6. Assuming a
fixed stoichiometry would therefore underestimate NPP within stratified,
open-ocean environments like the BATS site by ~17%. These findings align
with recent studies indicating that the variable C:N:P ratios of
phytoplankton-derived POM may partially compensate for the predicted
declines in NPP and carbon export associated with increased stratification in
a warming ocean’ . However, there has been little discussion of stoi-
chiometric variation over depth within these studies.

Notably, the vertical variations in the chemical composition of POM
within the euphotic zone we observe here may be obscured or weakened
during times of deep convective mixing at this site and in other seasonally
oligotrophic environments. Data from the BATS program demonstrates
that there is less vertical variation in C:N ratios of total POM during
February-March (deep mixing/spring bloom) compared to the stratified
conditions observed here, with C:N ratios in the upper euphotic zone of <7
compared to ~8 during stratified conditions, and similar C:N ratios in the
lower euphotic zone in both seasons, ~6 (Supplementary Fig. 4*°). Thus,
fixed stoichiometric ratios may be more representative of this site and others
like it during deep convective mixing and spring bloom periods than during
thermally stratified periods. Overall, our data highlight the importance of
not only including variable stoichiometry in models but also validating these
models with high-resolution data where possible.

Additionally, our collection of size-fractionated particles elucidates a
previously unidentified feature of POM at the BATS site: large particles
within the upper euphotic zone have C:N ratios much higher (C:N 10-16)
than both the Redfield ratio (C:N 6.6) and the mean C:N ratio of total POM
at these depths (C:N 8.1). We also observed elevated, glucose-rich carbo-
hydrate content within all size fractions of particles in the upper euphotic
zone, especially large particles, likely due to accumulation of carbohydrates
by phytoplankton under low nitrate concentrations. The composition of this
material indicates uptake of inorganic C and N by primary producers in
non-Redfield C:N ratios within this depth range (surface to ~80 m).

The POM with the highest C:N ratios and carbohydrate content was
found in our largest size fraction, which is most likely to directly sink out of
the euphotic zone and fuel mesopelagic carbon demand. Bacterial carbon
demand in the mesopelagic ocean is higher than measured particulate and
dissolved carbon export””**, leading to an imbalance in the carbon budget
atthe BATS site. Previous work suggests that these budgets may be remedied
by the export of gel-like organic matter with very high C:N ratios at this
site”, which could originate from material like the large particles we char-
acterized in the upper euphotic zone. We did not observe evidence of these
particles contributing substantially to POM in the lower euphotic zone, and
the export during this time period is usually low*; however, we did not
characterize sinking/exported POM directly in this work. Thus, it is possible
that the carbohydrate-rich material sinks very quickly and is not adequately
represented in our in situ pump-collected samples from the lower euphotic
zone. In data from BATS sediment traps, exported material during our
sampling months has a median C:N ratio of 8.1 (July-August, 1988-2023;
https://bats.bios.asu.edu/bats-data/), suggesting that N-poor, carbohydrate-
rich material from the upper euphotic zone may contribute to export under
these conditions.

The variable stoichiometry and biochemical content of POM we
observed here also should affect the mechanisms and net biogeochemical
outputs of remineralization. Remineralization of POM with low N content
provides less fuel for nitrate regeneration via nitrification and may require
heterotrophic bacteria to assimilate inorganic nutrients, as observed during
the summertime in the lower euphotic zone and upper mesopelagic at the
BATS site’. Further, a recent study demonstrated that the potential

respiratory quotient—or the ratio of oxygen uptake to carbon respiration—
of POM varies with depth both within and below the euphotic zone'*, likely
due to variation in phytoplankton community structure and relative
abundances of different biomolecules. Additionally, the biochemical com-
position of POM defines the specific metabolic capabilities required for its
breakdown, uptake, and remineralization® and therefore, which microbes
may interact with the material. Thus, future work should examine the genes
encoding for and the expression of carbohydrate-active enzymes and pro-
teases in microbial communities within and below the euphotic zone,
especially within the context of variable composition of organic substrates.

Conclusions

We present a unique data set exploring the elemental and bio-
chemical composition of three size fractions of particles within a
stratified euphotic zone. We find weighted average C:N ratios of
POM of 8.1 in the upper euphotic zone and 6.1 in the lower euphotic
zone, demonstrating considerable variability around the canonical
Redfield ratio of 6.6. However, our size fractionation additionally
revealed that a subset of particles, those >20 um in size, regularly
contribute material with very high C:N ratios ( ~10-16) within the
high-light, low-nitrate upper euphotic zone. Though the contribu-
tions of both amino acids and carbohydrates to POC vary over depth,
carbohydrate contributions to POC appear to primarily drive the
patterns we observe in C:N ratios, with decreasing carbohydrate
content from the upper to the lower euphotic zone. Overall, these
data highlight significant and systematic variations in elemental and
biochemical composition over depth within a thermally stratified
euphotic zone, likely indicating strong photosynthetic response to
varying nutrient conditions across all size fractions. However, con-
tributions from heterotrophic biomass, zooplankton fecal pellets,
and/or degraded POM are substantial”® and thus could also be
important in modulating C:N ratios here.

Recent work has indicated a need to incorporate variable stoichiometry
of phytoplankton and POM into global biogeochemical models***', mainly
in response to known stoichiometric variability within the surface ocean’.
Our data demonstrate that vertical variability in C:N ratios of POM is also
prevalent under stratified, oligotrophic conditions, further supporting the
need to include variable stoichiometry in global models. Further, the N-
poor, carbohydrate-rich large particles identified within the upper euphotic
zone here may contribute disproportionately to export, and remineraliza-
tion of this material has different biogeochemical outcomes (i.e., inorganic
nitrogen yields, oxygen utilization) than remineralization of material with
Redfield C:N stoichiometry. Lastly, variation in the biochemical composi-
tion of POM within the euphotic zone indicates that a diverse suite of
metabolic capabilities is required to break down this material. Future work
linking the biochemical composition of organic substrates to the meta-
genomes, metatranscriptomes, and/or metaproteomes of microbial com-
munities over depth would advance our understanding of how microbes
respond to and shape the composition of organic matter.

Methods

Study area and environmental conditions

Samples were collected during July 2018, July 2019, August 2021, November
2021, July 2022, and July 2023 at or near the BATS site (31°40’ N, 64°10° W)
or at Hydrostation S (32°10” N, 64°30° W; Supplementary Table 1). Total
water depth is ~4600 m at BATS and ~3300 m at Hydrostation S, with
seasonal variation in mixed layer depths ranging from <20 m in the sum-
mertime and as deep as 400 m in the winter/spring”"*. The mixed layer
depth during the study periods was determined as the depth where the
potential density (or) of the water was equal to sea surface or plus an
increment in o equivalent to 0.2 times the thermal expansion coefficient™.

Seawater nitrate+nitrite concentrations
Nitrate-+nitrite (NO; + NO,) concentrations were measured for samples
collected during each sampling period. For simplicity, “nitrate” is used to
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represent nitrate-+nitrite throughout the text. Seawater samples were col-
lected directly from the Niskin into 20 mL HDPE vials, stored and trans-
ported at —20°C, and analyzed using flow injection analysis on a
QuickChem 8000 (Lachat Instruments, Zellweger Analytics, Inc.) at the
Marine Science Institute Analytical Laboratory at the University of Cali-
fornia, Santa Barbara. The limit of detection was 0.2 pmol kg '; thus, nitrate
concentrations reported below 0.2pumol kg™ are statistically indis-
tinguishable from blanks.

Seawater nitrate concentrations were estimated at each specific depth
of collected particle samples. Raw nitrate data were binned by depth (6 m
bin) at discrete target depths aligned with in situ pump collections
throughout the cruises to compile a single, representative profile for each
cruise. The composite profile was used to interpolate measured con-
centrations to the depths of particle collections. An average concentration
was calculated from the concentrations within each depth bin. The compiled
profile was interpolated to the depths of particle samples using the
MATLAB function interpl with default settings, and interpolated con-
centrations were classified as either undetectable (<0.2 pumol kg') or
detectable (0.2 pmol kg ™) for comparison with C:N data.

Collection of size-fractionated particles via in situ pumps
Size-fractionated particles were sampled via McLane WTS-LV in situ
pumps (4 L min~' maximum pumping rate; McLane Research Laboratories,
Inc.) during all sampling periods. Five to eight depths were sampled within
the upper 200 m during each cruise. Most pumps were dual-flow and col-
lected water through two separate filter holders simultaneously for geo-
chemical and taxonomic analyses, with size fractions coordinated across the
sampling collaboration to roughly separate size classes of free-living and
particle-attached microbes as well as different size classes of detritus, as
described by Henderson et al*. and Comstock et al*’. Each filter holder was a
vertical-intake (McLane) or mini-MULVFS* style comprised of four
142 mm diameter filter tiers containing the following filters (from top to
bottom) for the geochemical analyses reported here: [1] 20 um Nitex filter,
[2] 6 um Nitex filter (with the exception of AE2213 and AE2315, 5pum
polyester filter), [3] two stacked 1.2 pm glass fiber filters (GF/C), [4] two
stacked 0.3 pum glass fiber filters (GF75). The first three tiers were equipped
with a 150 um Nitex filter beneath the filter(s) of interest to assure filter
structural integrity”. All filters were cleaned before use and processed/stored
after pump recovery as described by Henderson et al’. Flow meters were
placed in-line on each flow path of the pumps, and exact filtered volumes for
each flow path were determined; flow rates through filter stacks used for
organic analyses averaged <3 L min™. We collected dip blanks—filters that
did not have any water pumped through them, but were submerged in
natural seawater—along with our samples.

Processing of large particle (>20 ym) samples

Samples were stored at —80 °C until processing. Once in the lab, particles
collected on 20 um Nitex filters were rinsed off the filters onto 47 mm
diameter, pre-combusted (450 °C, for 5 h) glass fiber filters with a nominal
pore size of 0.7 um (GF/F) using combusted glass filter towers and 0.2 um-
filtered seawater obtained from low-nutrient surface waters of Biscayne
Bay’. Briefly, particles were rinsed from the Nitex filters using an acid-clean
squirt bottle to spray across the filter. The Nitex filter was then sonicated for
three minutes in an acid-clean polypropylene Nalgene bottle with more
filtered seawater. After sonication, this water was poured into the filter
tower. The process was repeated three times, with all filtered seawater being
drained from the filter tower with gentle vacuum after each rinse and
sonication onto the same GF/F filter’. Samples were then freeze-dried and
inspected under a dissecting microscope to visually characterize the particles
and remove intact zooplankton swimmers or contaminant fibers, which
were both rare in the samples.

Concentrations of bulk POC and PN
Glass fiber filters of both pore sizes (0.3 and 1.2 pm) and 47 mm GF/F
filters containing the washed-down particles from the Nitex size fraction

were quantitatively split radially while frozen, and portions were freeze-
dried. Freeze-dried filters were quantitatively split radially by weight for
separate elemental analyses for POC (after acidification) and for PN
(without acidification) for samples collected during all six cruises. For
acidified filter splits, carbonates were removed via dropwise addition of
concentrated sulfurous acid directly to the filters, which were then dried
overnight at 60°C'. Bulk POC and PN concentrations and isotopic
compositions were analyzed using a Thermo Scientific Flash elemental
analyzer coupled to a MAT 253 Plus isotope ratio mass spectrometer
(EA-IRMS) via a Conflo IV interface. The EA oxidation and reduction
reactors were held at 980 °C and 650 °C, respectively, and the gas chro-
matography column was held at 65 °C. Acetanilide and glycine standards
(Schimmelmann Lab, Indiana University) of known mass (range
5-600 pg) were analyzed alongside samples to calculate sample con-
centrations. Dip blanks were analyzed alongside samples, and the POC
and PN concentrations measured for these blanks were subtracted from
those of samples on a filter area basis, as determined by weight’. Data
from the 0.3-1.2 um, 1.2-6 pm and >20 pum size fractions are reported
here because the 6-20 pum size fraction did not contain enough material
to obtain reliable measurements.

POC/PN (C:N) ratios were calculated from acidified measurements of
POC and nonacidified measurements of PN for each size fraction. All C:N
ratios throughout this manuscript are reported on a molar basis (mol C/mol
N). To compare the composition of total POM between the upper and lower
euphotic zones, we calculated a concentration-weighted average C:N ratio
across the three size fractions of particles using Eq. 1:

C: Nyeightedag = C 1 Nos_12 % fo312 F C i Nppg* 126+ C: Nogg % fop
1)

where the subscripts indicate the individual size fractions (in um) and f
indicates the proportion of total material contained in that size fraction, as
calculated from PN concentrations. Mathematically, this is identical to the
ratio of the absolute C and N concentrations, summed across size classes.
C:N ratios for each individual size fraction were averaged across all cruises
using the moving mean across 15 m depth bins (with a minimum number of
two observations within each bin to reduce variability associated with single
data points; result shown in Supplementary Fig. 3a); these averages, along
with the fraction of PN contained in each size fraction (Supplementary
Fig. 3b), were used to calculate the weighted average C:N of total POM (sum
of all size fractions; Supplementary Fig. 3¢, Fig. 2a). The proportion of total
PN in each size fraction was calculated for each individual sample set (i.e., a
single pump that collected the three analyzed size fractions from the same
time and depth). Partitioning of PN among filter size fractions was only
calculated for sample sets that were complete (i.e., all three size fractions
were analyzed), all others were omitted. Proportions of PN in each size
fraction were depth-resolved (Supplementary Fig. 3b); similar to the C:N
averages for individual size fractions, a moving mean with 15m depth
binning was used to calculate average proportion of PN in each size fraction.
Averages were only calculated when two or more data points fell within the
bin in the upper 130 m; this requirement was reduced to one data point per
bin below 130 m where data were more limited. The C:N ratios of total POM
integrated over the whole euphotic zone were calculated using the weighted
average C:N ratio discussed above (Supplementary Fig. 3c) and mean total
PN concentrations at each depth (sum of three size fractions; Supplemen-
tary Fig. 2).

A NPP-weighted average C:N ratio was calculated using the depth-
resolved total POM C:N ratio (calculated as described above) and NPP data
from the BATS program as in Eq. 2:

S C: N, % NPP,

7=

NPP weighted avgC : N =
greas > NPP,

)

where z is depth, and C:N, and NPP, are the C:N ratio and NPP
(in mgC m™ d™") interpolated at one meter intervals from 1 to 160 m. NPP
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data from the BATS program (July-August 2016-2023 average), was
accessed via https://bats.bios.asu.edu/bats-data/.

All C:N ratios reported here were calculated from POC con-
centrations measured after acidification (to remove carbonates) and PN
concentrations measured without acidification. This method requires
separate pieces of filter to measure POC and PN concentrations, which
increases uncertainty due to error associated with splitting filters by
weight; error bars on figures visualizing this data incorporate this
uncertainty. However, the systematic patterns we observed in C:N ratios
were similar when calculated from POC and PN measured simulta-
neously on the acidified filter split (Supplementary Fig. 13), a method
that is not subject to uncertainties from filter splitting but is nonetheless
not preferred due to potential adverse effects of acidification on nitro-
genous compounds, especially if isotopic analysis is also an objective®.
Specifically, in the acidified POC:PN data, differences between large
(>20 pm) and small (0.3-1.2 um and 1.2-6 pm) particles throughout the
euphotic zone were still statistically significant (Kruskal-Wallis
P <0.0001), and differences within size fractions between the upper and
lower euphotic zones were also still significant (Kruskal-Wallis p < 0.01).

Analysis of individual carbohydrate and amino acid monomers
Freeze-dried filters (0.3 and 1.2 um filters and 47-mm GEF/F filters con-
taining particles from the >20 pm size fraction) were also quantitatively split
radially by weight for analysis of carbohydrate and amino acid content for
selected samples from August and November 2021. Analyses for both
carbohydrate and amino acid content measure individual monomers
derived from all hydrolysable carbohydrate- and amino acid-containing
polymers due to hydrolysis before analysis.

For carbohydrate monomer analysis, two or three filter splits (repli-
cates/triplicates) were prepared per sample. Filter splits were hydrolyzed
(20h, 100 °C) using 0.4 N hydrochloric acid™, and hydrolysate was sepa-
rated from filter material by pushing through combusted glass syringes with
combusted glass wool in the tip and 0.2 um polyethersulfone syringe-tip
filters. Samples were neutralized by evaporating acid under N,, recon-
stituted in ultrapure water, and filtered again through combusted quartz
wool to remove any residual particulates before quantitative aliquots (by
volume) were taken for analysis. Frozen samples were transported to the
University of California Santa Barbara for analysis via high-performance
anion exchange chromatography coupled with pulsed amperometric
detection (HPAEC-PAD)*. Here, we quantified neutral, amino, and acidic
carbohydrate monomers following Engel and Hindel*. The mobile phase
was as follows: eluent A was 100 mmol L™' sodium hydroxide and
200 mmol L' sodium acetate, eluent B was 18 mmol L~ sodium hydroxide,
eluent C was 1000 mmol L™" sodium hydroxide, and eluent D was ultrapure
water. Eluent A was filtered through a 0.2 um nylon membrane filter, and
subsequently all eluents were bubbled with N, gas for 45 min and degassed
before being attached to the system and pressurized with N, gas. Individual
carbohydrates were separated on a Dionex CarboPac PA10 analytical col-
umn (4x250mm) with a Dionex CarboPac PAI0 guard column
(4 x50 mm). The column, detector, and autosampler were temperature
controlled, held constant at 25 °C, 30 °C, and 4 °C, respectively. The flow
rate was 1 mL min~!, and the elution gradient was as follows:

—15 to 22 min: 100% eluent B

23 min: 9:1 eluent D/C

27-37 min: 100% eluent A

42-57 min: 4:1 eluent D/C

60 min: 100% eluent B

A standard curve was analyzed alongside samples during each run. A
stock solution was prepared in ultrapure water to achieve concentrations of
Immol L™ fucose, rhamnose, arabinose, galactose, glucose, mannose/
xylose, ribose, galacturonic acid, and glucuronic acid, and 0.5 mmol L
galactosamine, glucosamine, and muramic acid. The solution was prepared
all at once, and then aliquoted and stored at —20 °C until analysis. Standard
aliquots were thawed alongside samples and diluted to concentrations of 10
to 10000 nmol L ™" per monomer for analysis. Standards of appropriate sizes

(i.e., bracketing those of each monomer sample peak) were used to deter-
mine sample concentrations. To verify consistent instrument performance,
a 1000 nmol L' standard was analyzed after every eight samples and
compared to the original standard curve®. An aliquot of a sample with
ample material was also analyzed during every day of analysis to confirm
day-to-day consistency. Sample concentrations were calculated from
recorded peak areas using the calibration from the standard curve. Blanks of
ultrapure water and full process blanks were analyzed alongside samples to
check for background carbohydrate content in reagents or contamination.
Full process blanks consisted of dip blank filter splits and 0.4 M hydrochloric
acid blanks that were processed exactly as samples. Seawater particulate
carbohydrate concentrations (nmol L™") were calculated based on the ori-
ginal amount of seawater filtered through the portion of sample analyzed
during each run (material extracted from 0.1 to 2.5 L of seawater injected for
a single run). We report concentrations here as (1) total carbohydrate car-
bon as a proportion of POC, where carbon from individual monomers was
calculated from the molecular formula for each monomer, summed, and
divided by the total POC concentration in that particle size fraction, and (2)
individual monomers as mol%, where the concentrations (in nmol L™) of
individual monomers were each divided by the total carbohydrate con-
centration for that sample (sum of individual monomer concentrations in
nmol L ™).

For amino acid analysis, one filter split was prepared per sample, and
three aliquots from the final prepared solution were analyzed (triplicate
injections). Filter splits were hydrolyzed (20 h, 110 °C) using trace metal
grade 6 N hydrochloric acid. Hydrolysate was separated from filter material
using combusted glass syringes with glass wool in the tip and syringe-tip
0.2 um polyethersulfone filters. Samples were neutralized by evaporating
acid under N, reconstituted in 0.1 N hydrochloric acid, and purified via
cation exchange chromatography”***. Notably, we found that cation
exchange chromatography was crucial in achieving acceptable yields; trial
samples analyzed without undergoing this purification step resulted in
yields much lower than expected and much lower than when analyzed after
the purification procedure, likely due to chromatographic interference from
compound(s) that were effectively removed via the cation exchange pro-
cedure. Samples were aliquoted into individual 2 mL HPLC vials, and
known quantities of the synthetic amino acid aminoadipic acid were added
as an internal standard to confirm accurate analysis. Samples were then
dried under N, reconstituted in 60/40 ultrapure water/methanol (v/v), and
derivatized with o-phthaldialdehyde and 2-mercaptoethanol 2 min before
injection for analysis via reverse-phase high performance liquid chroma-
tography (HPLC, Agilent 1100) with fluorescence detection (Agilent
G1321A FLD; excitation 250 nm, emission 410 nm)***, The mobile phase
was as follows: eluent A was 50 mmol L sodium acetate (HPLC-grade;
adjusted to pH 5.7), and eluent B was 100% methanol (HPLC-grade). The
stationary phase was a C18 column (Kinetex™ EVO-C18, 5 um, 100 A,
4.6x250 mm) with a C18 guard column (EVO-C18 ULTRA cartridge,
4.6 mm) at 20 °C. The flow rate was constant at 0.9 mL min~' and the
elution gradient of eluent B added to eluent A was as follows:

—12 min to 0 min: 5% eluent B

4 min: 23% eluent B

8 min: 29% eluent B

24 min: 44% eluent B

37 to 44 min: 60% eluent B

52 min: 77% eluent B

57-62 min: 100% eluent B

A standard curve was analyzed alongside samples during each run.
The standard used was a mixed amino acid standard solution initially
prepared in 0.1 N hydrochloric acid. We measured the following amino
acids: alanine, arginine, aspartic acid, glutamic acid, glycine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, serine, threonine,
tyrosine, valine, y-aminobutyric acid, and f-alanine. The standard also
included cysteine and proline, though these amino acids are not
detectable with the OPA derivatization method®®. The standard was
prepared from the Pierce amino acid calibration standard H with the
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addition of non-protein forming amino acids y-aminobutyric acid and
B-alanine. The standard solution was prepared to a concentration of
92 umol L' for all amino acids except for y-aminobutyric acid and
B-alanine, which were prepared to concentrations of 30 and 34 pmol L™,
respectively. The standard solution was aliquoted by weight to exact
concentrations targeting a range of 0.2-50 umol L' for the protein-
forming amino acids. As with the samples, standards were aliquoted
directly into individual 2 mL HPLC vials, supplemented with known
quantities of aminoadipic acid as an internal standard, dried under N,,
and reconstituted in 60/40 ultrapure water/methanol (v/v). The effect of
cation exchange chromatography on measured amino acid yields in the
standard was determined by subjecting two aliquots of the standard
mixture to the procedure; average yields for each amino acid were
87-98% with the exception of arginine (40%) and lysine (71%). Yields
were consistent for each amino acid across the duplicate standard ali-
quots. Sample concentrations were corrected, assuming a yield of 40% for
arginine, 71% for lysine, and 91% (average) for all other amino acids.
Sample peak areas were converted to molar quantities using the cali-
bration from the standard curve. Blanks of ultrapure water and full
process blanks were analyzed alongside samples to check for any back-
ground amino acid content in reagents or contamination. Full process
blanks consisted of dip blank filter splits that were processed exactly
as sample filter splits. Seawater particulate amino acid concentrations
(nmol L") were calculated based on the original volume of seawater
filtered through the portion of sample analyzed during each run (material
extracted from 0.7 to 10.5L of seawater injected for a single run). We
report concentrations here as (1) total amino acid carbon as a proportion
of POC, where carbon from individual amino acids was calculated (via
the molecular formula for each monomer), summed, and divided by
the total POC concentration in that particle size fraction, and (2) indi-
vidual amino acids as mol%, where the concentrations (in nmol L")
of individual amino acids were each divided by the total amino
acid concentration in that sample (sum of individual concentrations
in nmol L)%.

Statistical methods

Outliers were identified using the MATLAB function isoutlier.
Kruskal-Wallis tests were performed using the built-in MATLAB function
kruskalwallis to compare differences between groups and establish statistical
significance. The presence and strength of linear relationships were estab-
lished using orthogonal linear regression with the MATLAB function
linortfit2”". Principal components analysis was performed in RStudio using
the built-in function prcomp. Statistical significance of differences in car-
bohydrate monomer composition and amino acid composition between
groups (i.e., size fraction, season, and depth) was established with PER-
MANOVA (permutational ANOVA) using the adonis2 function from
package vegan in RStudio™”.

Data availability

All data associated with this manuscript are available on the BIOS-SCOPE
BCO-DMO project page (https://www.bco-dmo.org/project/826178).
Specifically, the carbohydrate monomer data™ are available at https://doi.
0rg/10.26008/1912/bco-dmo.964801.1, the amino acid data™ are available at
https://doi.org/10.26008/1912/bco-dmo.964684.1, and the bulk POM data™
are available at https://doi.org/10.26008/1912/bco-dmo.964826.1.
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