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Marine particulate organic carbon (POC) contributes to carbon export, food webs, and 
sediments, but uncertainties remain in its origins. Globally, variations in stable carbon 
isotope ratios (δ13C values) of POC between the upper and lower euphotic zones (LEZ) 
indicate either varying aspects of photosynthetic communities or degradative alteration 
of POC. During summertime in the subtropical north Atlantic Ocean, we find that 
δ13C values of the photosynthetic product phytol decreased by 6.3‰ and photosyn-
thetic carbon isotope fractionation (εp) increased by 5.6‰ between the surface and the 
LEZ—variation as large as that found in the geologic record during major carbon cycle 
perturbations, but here reflecting vertical variation in δ13C values of photosynthetic 
communities. We find that simultaneous variations in light intensity and phytoplankton 
community composition over depth may be important factors not fully accounted for 
in common models of photosynthetic carbon isotope fractionation. Using additional 
isotopic and cell count data, we estimate that photosynthetic and non-photosynthetic 
material (heterotrophs or detritus) contribute relatively constant proportions of POC 
throughout the euphotic zone but are isotopically more distinct in the LEZ. As a result, 
the large vertical differences in εp result in significant, but smaller, differences in the 
δ13C values of total POC across the same depths (2.7‰). Vertical structuring of pho-
tosynthetic communities and export potential from the LEZ may vary across current 
and past ocean ecosystems; thus, LEZ photosynthesis may influence the exported and/
or sedimentary δ13C values of both phytol and total organic carbon and affect interpre-
tations of εp over geologic time.

photosynthesis | carbon isotopes | ocean carbon cycle

The dynamics of particulate organic carbon (POC) are a key variable of the marine carbon 
cycle. Importantly, POC supports the carbon and energy demands of marine food webs, 
but the portion that escapes remineralization can sink or otherwise be exported from the 
euphotic zone to the deep ocean via the biological carbon pump. Yet the definition of 
POC is purely operational: all combustible carbon captured on a glass or quartz filter—
typically 0.7 or 1.0-μm pore size—after the removal of carbonates. Hence, POC encom-
passes not just non-living material, such as zooplankton molts and fecal pellets, nonviable 
cells, cell envelopes, aggregates, and terrigenous or advected POC, but also a diverse 
mixture of living protists, bacteria, and archaea (1). This broad definition and the com-
bined collection of many types of organic matter hinder knowledge of the chemical and 
isotopic composition of individual components of POC, including original photosynthetic 
sources, relative quantities of autotrophic and heterotrophic biomass, the relative impor-
tance of different pathways of degradation, and dominant mechanisms of carbon export. 
Therefore, characterizing the sources and alteration pathways of organic particles in the 
water column is vital to a mechanistic understanding of ocean carbon cycling.

Stable carbon isotope ratios of POC (δ13CPOC) are one of the few properties that capture 
the whole of this diverse pool, and these values are affected by both production and deg-
radation. Large-scale variations (10‰) in δ13CPOC values across latitude are well recognized 
as resulting from primary producers in the mixed layer of the global ocean (2). More 
recently, a global data compilation of δ13CPOC values from the open ocean showed signif-
icantly lower δ13CPOC values in the lower euphotic zone (LEZ) compared to the upper 
euphotic zone (UEZ), with vertical variations in δ13CPOC values of up to 6‰ in some 
locations (3). While δ13CCO2 values are also lower in the LEZ vs. the near-surface, the 
magnitude of this difference in CO2, as the photosynthetic substrate, [<1‰ on average; 
(4)] is not large enough to account for the observed variations in δ13CPOC values. Failure 
to account for variability in δ13CPOC values over depth can lead to inaccurate calculations 
where δ13CPOC values are used as end-members, such as in food web studies, mixing 
models, carbon export and sedimentary studies, and carbon cycle models (5–8). Better 
understanding these vertical patterns in δ13CPOC values and their drivers in nature, in this 
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case, the open ocean euphotic zone, provides essential information 
about overall organic matter dynamics and thus context for the 
studies that rely on these data.

Despite numerous potential photosynthetic and degradative 
drivers, there is currently no consensus as to the mechanism 
responsible for relatively low δ13CPOC values in the LEZ (3). 
Previous studies have analyzed δ13C values of the ubiquitous pho-
tosynthetic pigment of phytoplankton, chlorophyll-a, or its side 
chain, phytol, as proxies for photosynthetic biomass (9–12). Some 
studies evaluated photosynthetic carbon isotope composition in 
the upper few meters of the water column and focused on varia-
tions between sites, while others focused largely on cultured iso-
lates; however, to date, no study has systematically examined 
vertical variations in the water column.

Given the recent observations of Close and Henderson (3), we 
designed a study to specifically address the mechanism that drives 
the low δ13CPOC values in the LEZ. Here, we sampled POC during 
summertime conditions (mixed layer depth 18 m) at the Bermuda 
Atlantic Time-series Study (BATS) site located in the seasonally 
oligotrophic North Atlantic open ocean (SI Appendix, Fig. S1). 
The average euphotic zone depth, defined as 0.1% surface irradi-
ance (~1 to 1.9 μE m−2 s−1), during the main study period (July 
3 to 6, 2018) was 136 ± 11 m. For simplicity, we define the UEZ 
as 0 to 90 m (100 to 1% incident irradiance) and the LEZ as 90 
to 136 m (1 to 0.1% incident irradiance). A vertical carbon isotope 
pattern in POC has been observed within the euphotic zone at 
this site (13) and is representative of oligotrophic environments 
that make up the majority of the ocean area and may expand in 
the future due to rising temperatures (14). We isolated the carbon 
isotope signatures of the in situ photosynthetic community by 
conducting compound-specific isotope analysis on phytol cleaved 
from intact polar lipids (chlorophyll, proxy for the photosynthetic 
community). We compare isotopic signatures of the in situ pho-
tosynthetic community with those of total POC, as well as envi-
ronmental variables, phytoplankton community composition, and 
particle trophic position to identify drivers of low δ13C values in 
the LEZ and better understand the particulate organic matter 
(POM) composition. We examine how the dynamics of auto-
trophic, heterotrophic, and degraded POM in the UEZ and the 
LEZ produce δ13CPOC differences that are smaller than underlying 
isotopic variations in the photosynthetic community; thus, global 
vertical patterns in δ13CPOC values may be driven by much larger 

underlying variations in the δ13C values of photosynthetic bio-
mass, reflected in phytol.

Results and Discussion

Evidence for Low δ13C Values of Photoautotrophs in the LEZ. 
Results of our carbon isotopic analysis of phytol, a proxy for the 
integrated photosynthetic community, suggest that photosynthetic 
community biomass is responsible for vertical variations in 
δ13CPOC values across the euphotic zone. The δ13C values of phytol 
(δ13Cphytol) cleaved from intact polar lipids decreased by 6.3‰ 
between the UEZ and the LEZ in a 1.2- to 6-μm particle size 
fraction, while the δ13C values of bulk POC (δ13CPOC) and total 
hydrolyzable amino acids (THAA; δ13CTHAA) in this size fraction 
decreased by 2.7‰ and 2.9‰, respectively, over the same depth 
range (Fig. 1A). We examined multiple size fractions of particles 
(0.3 to 1.2, 1.2 to 6, 6 to 20, >20-µm) but focus primarily on 
the 1.2- to 6-μm size fraction in this study because it contained 
the majority of total POC (69 ± 5%, n = 7) and most of the 
photosynthetic biomass during the sampling period at the BATS 
site. On average, 22 ± 2% (n = 7) of total POC was captured in the 
0.3- to 1.2-μm size fraction, and measured phytol concentrations 
were 6 to 11% of those in the 1.2- to 6-μm size fraction at the same 
depths (SI Appendix, Table S1); δ13Cphytol values of 0.3- to 1.2-μm 
particles also decreased from the near-surface to the LEZ (3.0‰; 
SI Appendix, Fig. S2). Vertical variations in overall δ13CPOC values 
over the euphotic zone were similar during our main sampling 
period (July 2018) and in non-size fractionated POC we measured 
in August and November 2021, despite variations in the depths 
of the mixed layer and the deep chlorophyll maximum during 
these different sampling periods (Materials and Methods and 
SI Appendix, Fig. S3 and SI 5).

We used our measured δ13Cphytol values to estimate the δ13C 
value of photosynthetic biomass (δ13Cp) and, along with the δ13C 
value of CO2, the carbon isotopic fractionation expressed during 
photosynthetic carbon fixation (εp). Previous studies have also 
used the values of δ13Cphytol as a proxy for those of δ13Cp (9–11, 
18), by assuming a constant offset between δ13Cphytol and δ13Cp 
values, Δδ13Cp-phytol, i.e.,

	 [1]δ
13Cp = δ

13Cphytol +Δ�
13Cp−phytol.
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Fig. 1.   (A) Measured δ13C values of bulk POC, phytol from intact chlorophyll, and THAA (Eq. 3, Materials and Methods). Primary phytol fraction refers to phytol 
cleaved from the intact polar lipid fraction, while secondary phytol fraction refers to phytol from the small amount of polar lipids that were recovered in the 
sterol fraction (SI Appendix, Table S1). The solid line marks euphotic zone depth at 0.1% surface irradiance (zeu). δ13C values are reported relative to Vienna Pee 
Dee Belemnite (VPDB); error bars indicate analytical uncertainty or propagated analytical uncertainty (±1σ; see Materials and Methods). Average δ13CTHAA values 
were calculated as in ref. 15. (B) Calculated δ13C values of phytoplankton biomass (δ13Cp) and δ13CCO2. δ13Cp was calculated from δ13C values of phytol and a 
constant offset of 3.5‰ (16) between bulk biomass and phytol using Eq. 1. δ13CCO2 was calculated from the δ13C value of total DIC as described in SI Appendix, SI 
4.3. Symbols encompass analytical uncertainty. (C) εp values calculated from δ13Cp and δ13CCO2 values as in ref. 17 using Eq. 2.
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Isoprenoid lipids such as phytol generally have δ13C values 
about 3.5 to 4‰ more negative than bulk biomass (16). While 
some discrepancies were found in batch vs. continuous cultures 
of phytoplankton (19), a recent compilation of culture data found 
a relatively narrow range of Δδ13Cp-phytol across a variety of phy-
toplankton species [3.5 ± 1.3‰; (16)]. Previous studies have 
assumed Δδ13Cp-phytol of 4‰ to calculate algal biomass δ13C values 
(20, 21), and some have used this approach to infer whether envi-
ronmental POM is composed mainly of algal biomass (9).

Using Eq. 1 with a literature mean Δδ13Cp-phytol of 3.5‰, we 
found decreasing values of δ13Cp with increasing depth (Fig. 1B). 
We also examined the possibility that Δδ13Cp-phytol could vary with 
depth, thereby influencing values of δ13Cphytol and the assumed 
relationship with values of δ13Cp. Testing a range of Δδ13Cp-phytol 
from 2.2 to 4.8‰ [3.5‰ ± 1σ; (16)], a vertical decrease in δ13Cp 
values remains apparent (SI Appendix, Fig. S4 and SI 2.1). 
Carbon:chlorophyll ratios also vary with photoacclimation across 
the euphotic zone (22); however, we calculate that the chlorophyll 
content, as a portion of the whole cell, is not large enough to affect 
values of δ13Cp (SI Appendix, SI 2.1). We, therefore, interpret the 
decrease in δ13Cphytol values over depth as an indication of a parallel 
decrease in the δ13C value of whole photosynthetic biomass, i.e., 
δ13Cp. Cellular δ13Cp values are a product of the δ13C value of the 
photosynthetic substrate (i.e., δ13CCO2) and the expressed carbon 
isotope fractionation associated with carbon fixation (εp). We cal-
culate εp from δ13Cp (Eq. 1) and δ13CCO2 values [Fig. 1B and 
SI Appendix, SI 4.3; (17)]:

	 [2]

We determined that the whole-community εp increased by 
5.6‰ from the UEZ to the LEZ in the 1.2- to 6-µm size fraction, 
with larger εp resulting in lower values of δ13Cp in the LEZ (Fig. 1 
B and C). The δ13CCO2 values decreased by ~0.6 to 0.8‰ from 
the UEZ to the LEZ in August and November 2021 (Fig. 1B); 
both the magnitude and vertical pattern of this variation are typ-
ical for open-ocean water columns (e.g., ref. 4) and are insufficient 
to account for our observed variations in δ13Cphytol or δ13CPOC. 
Notably, this calculation assumes that CO2 is in isotopic equilib-
rium with the total measured dissolved inorganic carbon pool, a 
standard assumption in the calculation of εp (17).

We intended to isolate the δ13C signal of the living, in situ pho-
tosynthetic community from that of detrital organic matter in our 
particle samples. The chlorophyll molecule is labile and thus, when 
captured intact, represents living or recently living photosynthetic 
biomass, while free phytol may persist in detrital material. We used 
silica gel chromatography (Materials and Methods) to separate 
extracted lipids into three compound class fractions: intact polar 
lipids (including intact chlorophyll, our target molecule), sterols, 
and other alcohols (including free phytol). We analyzed all three 
compound class fractions and recovered phytol cleaved from the 
polar lipid fraction in all samples from the upper 200 m of the water 
column (SI Appendix, Table S1). A small proportion of the polar 
lipids were captured in the sterol fraction of some samples 
(SI Appendix, Table S1), but the δ13C values of phytol cleaved from 
this fraction were statistically indistinguishable from the polar lipid 
fraction in most cases (Fig. 1A). We report the weighted average 
δ13Cphytol values of these two fractions throughout the rest of the 
manuscript. Our measurement of phytol cleaved from intact polar 
lipids included phytol derived from all forms of chlorophyll with 

phytol side chains—including chlorophyll a, b, d, and f—and, 
therefore, integrated a greater diversity of the photosynthetic com-
munity than would analysis of a single intact pigment. Phytol 
cleaved from polar lipids may also include contributions from phae-
ophytin, the product of chlorophyll demetallation, though data 
from previous studies suggest that δ13C values of phytol cleaved 
from intact polar lipids can be considered indicative of the in situ 
photosynthetic community regardless of the inclusion of phaeophy-
tin (23). Other molecules can also include phytol side chains, but 
these would not be included in our analysis of the polar lipid frac-
tion (SI Appendix, SI 1). We detected negligible amounts of free 
phytol in our samples (SI Appendix, SI 1).

Potential Environmental and Phytoplankton Community Drivers 
of Variations in εp with Depth in the Euphotic Zone. We found 
variations over depth in the euphotic zone at our site for several 
potential factors controlling expressed photosynthetic carbon 
isotope fractionation (εp), including DIC (dissolved inorganic 
carbon), CO2, and nitrate concentrations, phytoplankton specific 
growth rates and community composition, and light availability 
(SI  Appendix, Figs.  S5 and S6); both εp and δ13Cphytol were 
significantly correlated with all of these parameters (Fig. 2 and 
SI Appendix, Fig. S7 and Tables S2 and S3). The examination of 
photosynthetic carbon isotope fractionation in laboratory cultures 
has focused primarily on how individual taxa respond under 
varying light, CO2 concentrations, and growth rates (e.g., refs. 
24–28). In contrast, in the natural environment, phytoplankton 
community composition varies simultaneously with properties 
such as light intensity, DIC concentrations, and phytoplankton 
growth rates, complicating the interpretation of water column 
εp and δ13C data in relation to existing understanding from 
culture. To determine which parameters may be most important 
in controlling εp and δ13C values of phytoplankton in our water 
column data, we explored our εp data in the context of canonical 
diffusive models of photosynthetic carbon isotope fractionation.

Diffusive models use phytoplankton specific growth rates (μ), 
cellular surface area to volume ratios (SA/V), and CO2 concentra-
tions to model photosynthetic carbon isotope fractionation (24, 
30–32). Culture studies found a negative linear relationship 
between εp and µ/[CO2], with different slopes depending on the 
species (Fig. 3A), and a single linear relationship between εp and 
μ/[CO2] * (SA/V)−1 (Fig. 3B). We calculated [CO2] from measured 
[DIC] (SI Appendix, SI 4.2 and 4.3) and estimated µ and SA/V 
from measured net primary production (NPP) and calculated phy-
toplankton biomass (via cell abundances and chlorophyll fluores-
cence; Materials and Methods; SI Appendix, SI 2.2 and 2.3) for our 
study site. Overall, our data fall within the range of values of µ/
[CO2] and μ/[CO2] * (SA/V)−1 previously studied, but our calcu-
lated εp values for the BATS community appear to respond more 
strongly to variations in μ/[CO2] * (SA/V)−1 than those compiled 
from cultured phytoplankton species (Fig. 3B). In contrast, data 
from a surface transect of diatom-dominated phytoplankton com-
munities in the Southern Ocean resulted in relationships closer to 
existing cultures [(9); Fig. 3B and SI Appendix, Table S6]; this (9) 
was the only other environmental study that included the param-
eters necessary to contextualize the relationship between εp and μ/
[CO2] * (SA/V)−1 within the diffusional model.

In the analysis above, we adjusted all environmental data to 
account for differences in the photoperiod used in cultures vs. the 
natural environment, as suggested by Laws et al. [(30); SI Appendix, 
SI 2.4]. Notably, the canonical linear relationship reproduced in 
Fig. 3B derives from cultures that were not limited by light nor 
by photoperiod, and the Southern Ocean data (9) derive only 

εp =

δ
13CCO2 − δ

13Cp

1 + (
δ
13Cp

1000
)

.
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from the near surface ocean (~100% surface irradiance), while 
our data include a wider range of light intensities (0.3 to 21.7% 
surface irradiance). Thus, we suggest the poor fit of existing models 
to our environmental data may be at least partially explained by 
light and/or phytoplankton community composition, as neither 
variable is included in diffusive models, both influence photosyn-
thetic carbon isotope fractionation, and both were strongly cor-
related with εp and δ13Cphytol values at our study site (Fig. 2 and 
SI Appendix, Fig. S7).

Light intensity can directly influence photosynthetic carbon 
isotope fractionation, specific growth rates, phytoplankton phys-
iology, and the use of carbon concentrating mechanisms [CCMs; 
(25, 28, 30, 35–37)]. Light vs. nutrient limitation of growth can 
also impact the relative cellular allocation of resources into carbo-
hydrates, proteins, and lipids (38). However, variations in relative 
abundances of macromolecules have been shown to influence δ13C 
values of bulk phytoplankton biomass by only ~1‰ (39). Our 
data show increasing carbon isotope fractionation by an integrated 
phytoplankton community over increasing depth and decreasing 
light conditions across both measured size fractions (0.3 to 1.2 µm 
and 1.2 to 6 µm, SI Appendix, Fig. S2). Conversely, some studies 
targeting coccolithophorid algae have found either relatively con-
stant or decreasing carbon isotopic fractionation with depth, as 
calculated from δ13C values of alkenones (10, 40). Phelps et al. 
(28) recently included irradiance in addition to diffusional param-
eters in a model of photosynthetic carbon isotope fractionation by 
coccolithophores, finding a relationship between εp and irradiance 
that was opposite to what we find in this natural whole phyto-
plankton community, i.e., the irradiance model (28, 37) would 
predict decreasing εp with increasing depth. One diatom culture 
study also found lower εp in cultures with low light intensity com-
pared to nitrate-limited cultures [(25); SI Appendix, Fig. S8]. 

However, the phytoplankton taxa used in these studies are not 
significant contributors to overall photosynthetic rates or biomass 
during summer stratified conditions at the BATS site (41–43).

Phytoplankton community composition is also well recognized 
as having an influence on photosynthetic carbon isotope fraction-
ation, partly due to factors accounted for in diffusional models 
(growth rates and cell sizes), but also due to different photosyn-
thetic enzymes [(37) and references therein], expression of CCMs, 
and other factors. Some culture studies suggest taxon-related (e.g., 
prokaryote vs. eukaryote) variations in the sensitivity of εp to 
varying CO2 concentrations and growth rates (24), while others 
do not (34). We found no difference in the ratio of prokaryotes:eu-
karyotes between the UEZ and LEZ (P > 0.05, Kruskal–Wallis 
test) and no correlation between the fraction of phytoplankton 
biomass from eukaryotes and εp or δ13Cphytol values (Fig. 2F and 
SI Appendix, Fig. S7F; R2 < 0). However, we did observe correla-
tions between the relative abundance of specific taxa and εp and 
δ13Cphytol values. Namely, εp and δ13Cphytol values were correlated 
with the relative abundance of Pelagomonas calceolata (R2 > 0.7, 
P < 0.001; Fig. 2E and SI Appendix, Fig. S7E). In the LEZ, 
Pelagomonas comprised up to 40% of eukaryote plastid amplicons 
in the 1.2- to 6-μm size fraction compared to 3-7% in the upper 
70 m (Fig. 2E and SI Appendix, SI 3.1 and 3.2). In the 0.3- to 
1.2-µm size fraction, the relative contribution of Prochlorococcus 
and Synechococcus also varied significantly over depth (SI Appendix, 
SI 2.3). Total calculated biomass of Prochlorococcus increased from 
~twofold less than Synechococcus at 20 m to ~30-fold greater by 
the deepest depth of enumeration (120 m). Thus, higher propor-
tions of Prochlorococcus corresponded to lower δ13Cphytol values 
and higher εP (SI Appendix, Figs. S9B and S10B and Tables S4 
and S5). Analysis of whole seawater 16S rRNA gene amplicons 
also revealed a shift from high-light Prochlorococcus ecotypes in 

0 0.5 1 1.5
NO3 + NO2 ( mol/kg)

15

20

25

p

R2 = 0.88
p = 0.011

A

2060 2080 2100
DIC ( mol/kg)

15

20

25

R2 = 0.9
p = 7e-06

B

-2 0 2 4 6
ln(PAR) ( E/m2/s)

15

20

25

R2 = 0.79
p = 0.019

C

11 12 13
[CO2] ( mol/kg)

15

20

25

R2 = 0.89
p = 0.01

D

31 69 84 112 120 152
Depth (m):

0 20 40
Pelagomonas (% euk phyto)

15

20

25

p

R2 = 0.77
p = 1.7e-05

E

50 60 70
% euk/total phyto C

15

20

25

R2 = -0.18
p = 0.0085

F

1 1.2 1.4 1.6
Average cell diameter ( m)

15

20

25
R2 = -1.2e+02
p = 1

G

0 0.2 0.4
net growth rate (day-1)

15

20

25

R2 = 0.66
p = 0.11

H

Fig. 2.   Relationships between εp values of 1.2- to 6-μm particles and environmental parameters or phytoplankton community composition. Colors of symbols indicate 
depth of collection. R2 and P values are based on orthogonal regression fit to data using MATLAB function linortfit2 (29). Data from 190 m have been omitted because 
that depth is below the euphotic zone and thus we did not calculate εp for that depth. (A–D) NO3

−+NO2
− concentration and photosynthetically available radiation 

(PAR) are from cruise AE1819 (July 2018). CO2 concentration was calculated from measured DIC concentrations from AE2114 (August 2021). DIC concentration was 
averaged from BATS cruises June/July 2012-2019. (E) Pelagomonas relative abundance was calculated from size-fractionated v4 ASVs as a percentage of all plastid 
ASVs. (F) Percentage of total phytoplankton carbon that is composed of eukaryotic phytoplankton was estimated via measured cell abundances (SI Appendix, SI 2.3). 
(G) Phytoplankton growth rate was calculated from measured NPP (BATS cruises June/July 2018 to 2019 average) and phytoplankton biomass estimates (SI Appendix, 
SI 2.3). Panels (F–H) have no data at 152 m because the deepest depth of enumeration for cell abundances was 120 m.
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the UEZ to low-light ecotypes in the LEZ; this also correlated 
with changes in εp and δ13Cphytol values in the 0.3- to 1.2-μm 
particles (SI Appendix, Figs. S9 C and D and S10 C and D and 
Tables S4 and S5).

Additional variables not included in diffusional models could be 
vital for understanding natural variations in εp, including the use 
of CCMs (44). All extant cyanobacteria and many marine eukary-
otic phytoplankton have CCMs (45), and thus variable usage of 
CCMs over depth and changing community structure should be 
explored further. However, at the BATS site, our estimated µ/[CO2] 
may be too low for the effect of CCMs on εp to be apparent, based 
on our estimates of the effective average radius of the photosynthetic 
communities [~1.5 µm, SI Appendix, Fig. S6E and SI 2.3; (31, 35, 
44)]. Use of HCO3

− as a photosynthetic substrate could affect δ13Cp 
due to its δ13C value being ~8 to 12‰ higher than CO2 [depending 
on temperature; (46)]. However, this difference may be effectively 
canceled out by a 10.1‰ carbon isotopic fractionation during 
intracellular conversion of HCO3

– to CO2 by carbonic anhydrase, 
if HCO3

− is present in excess (47). Further, a recent study suggests 
that temperature may be an important driver of δ13CPOC values and 
εp, potentially due to effects on growth rates, usage of CCMs, or 
general phytoplankton physiology (48). Additionally, the propor-
tion of carbon fixation resulting in products that are exuded from 
cells (dissolved primary production) can vary with phytoplankton 
cell sizes (49) and environmental conditions (50). Dissolved primary 
production is not captured as part of the isotopic mass balance 
considered in either culture or existing environmental studies of 
photosynthetic carbon isotope fractionation.

Finally, carbon isotopic fractionation by the phytoplankton com-
munity at our site appears more sensitive to SA/V than the relatively 
large phytoplankton examined in most culture studies (Fig. 3B). 
However, this pattern depends partially upon the assumption that 
100% of the cell membrane is available for CO2 diffusion. Using a 

cyanobacterial carbon isotope model, Hurley et al. (34) tested a 
range of 1 to 40% of the cellular surface area as available for CO2 
diffusion when fitting the model to experimental data. When we 
assigned a value of 17% of surface area allocated to CO2 diffusion 
for the integrated phytoplankton communities at our site, our 
results aligned closely with the compiled culture data (Fig. 3B and 
SI Appendix, Table S6). Further, membrane permeability remains a 
relatively unconstrained variable in photosynthetic carbon isotope 
models (28), and thus could be an important consideration.

Comparison of our data with the diffusional model and culture 
study data suggests that variations in carbon supply and demand 
alone cannot explain the variations in εp and δ13Cphytol we observed 
across the euphotic zone at the BATS site, despite observed rela-
tionships between εp and measured [CO2] and growth rates (Fig. 2 
D and H). Despite the omitted variables, the diffusional model has 
been included in biogeochemical models and has historically been 
the framework for reconstructing ancient atmospheric CO2 con-
centrations from the δ13C values of sedimentary organic matter 
(e.g., refs. 4, 6, and 17). Further synthesis of data from mixed com-
munities and more varied cultures may offer insights on how to 
better interpret environmental εp data in the context of many simul-
taneously changing variables and elucidate the primary controls on 
δ13C values of phytoplankton biomass in natural environments.

What Is POC Composed of in the LEZ? Relatively low δ13CPOC values 
in the LEZ or upper mesopelagic have sometimes been assumed to 
indicate POC transformation during degradation (e.g., ref. 51), but 
our δ13Cphytol data suggest that in situ photosynthetic community 
biomass drives vertical variations in δ13CPOC values within the 
euphotic zone. We did not find a relationship between POC 
concentrations and δ13CPOC values in our samples, further suggesting 
that decreases in δ13CPOC values with depth in the euphotic zone 
are not controlled by POC degradation (SI Appendix, Fig. S11). 
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Fig. 3.   Relationships between photosynthetic carbon isotope fractionation (εp) and (A) specific growth rate (μ) divided by CO2 concentration, and (B) specific 
growth rate divided by CO2 concentration, divided by the phytoplankton surface area (SA) to volume (V) ratio. For our data, specific growth rates were calculated 
via measured NPP and estimated phytoplankton biomass from measured cell abundances (SI Appendix, SI 2.3). Surface area to volume ratios were also estimated 
via cell abundances (SI Appendix, SI 2.3). Phytoplankton culture data are compiled from nitrate-limited chemostat cultures of Alexandrium tamarense, Emiliania 
huxleyi, Phaeodactylum tricornutum, Porosira glacialis, and Synechococcus strains CCMP838 and 7002. Environmental data are from this study [both panels, filled 
diamonds; (B) “BATS site depth profile” trend lines], surface samples in the Southern Ocean (both panels), and various depths in the equatorial Pacific (panel A 
only due to lack of cell size data). Mathematical relationships modeled after ref. 24; however, linear relationships here were fit using orthogonal linear regression 
[MATLAB function linortfit2; (29)], which results in a slope and intercept for compiled culture data different from those in ref. 24. Legend superscripts denote 
data from 1) refs. 24, 27, 31, 33, and 34; 2) ref. 9; 3) ref. 18; 4) ref. 30.
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We observed decreases in the δ13C values of phytol, amino acids, and 
bulk POC with increasing depth; however, the variations in δ13Cphytol 
values were larger than those of the bulk POC and particulate amino 
acid pools (Fig. 1A). The δ13Cphytol values represent only the primary 
biomass of the living, in situ photosynthetic community, while bulk 
POC and particulate amino acids integrate the δ13C signals of living 
and dead autotrophic and heterotrophic biomass, heterotrophically 
altered POC, and other detritus. Thus, we suggest that the relatively 
low δ13C signature of phytoplankton in the LEZ is partially diluted 
in the total POC and particulate amino acid pools by contributions 
from heterotrophic or non-living organic matter with relatively high 
δ13C values.

Our estimates of phytoplankton biomass from cell counts and 
CTD fluorescence agree, suggesting that phytoplankton account 
for ~33 ± 12% of total POC on average within the euphotic zone 
(SI Appendix, Fig. S6B and SI 2.3). There was no significant differ-
ence between the UEZ and LEZ estimates (P > 0.05, Kruskal–Wallis 
test), similar to other findings at this site (52, 53). Because low-light 
phytoplankton biomass with relatively low δ13C values is an impor-
tant source of POC, the δ13C values of integrated euphotic zone 
POC and photosynthetic biomass are, respectively, 0.4‰ and 
1.1‰ lower than the surface values which are typically assumed to 
represent primary production. Thus, we conclude that it is not a 
greater proportion of non-phytoplankton POC (i.e., heterotrophic 
biomass or detrital POC) diluting the photosynthetic δ13C signal 
in the LEZ, but rather that the difference in δ13C values of phyto-
plankton and non-phytoplankton POC increases over depth. We 
used a mass balance calculation including the estimates of phyto-
plankton biomass above, the calculated δ13Cp, measured δ13CPOC, 
and measured POC concentrations to estimate the δ13C value of 
non-phytoplankton POC (SI Appendix, SI 2.5 and Eq. S1). The 
difference between δ13C values of phytoplankton biomass and 
non-phytoplankton POC was 4.6 to 6.5‰ in the LEZ and 0.4 to 
3.1‰ in the UEZ (SI Appendix, Fig. S4A). In general, this points 
to POC pools with relatively homogeneous δ13C values in the UEZ 
and relatively heterogeneous δ13C values in the LEZ (Fig. 4).

We suggest that efficient community recycling in the nutrient- 
limited UEZ results in similar isotopic properties of autotrophs, 
heterotrophs, and detritus. This is supported by the low trophic 
position of ≤1, the value of primary producers, which we found in 
total POM in the surface mixed layer (Eq. 4, Materials and Methods; 
SI Appendix, Fig. S12) despite the contribution of only ~20% auto-
trophic biomass to this total at this depth. In contrast, heterotrophic 
biomass and/or detrital POM are isotopically distinct from phyto-
plankton biomass in the LEZ (Fig. 4 and SI Appendix, Fig. S4A). A 
higher trophic position (1.5; Fig. 4 and SI Appendix, Fig. S12) of 
POM in the LEZ suggests this may be due to the introduction of 
metazoan waste products via disaggregation of large particles or an 
increasing reliance on amino acid catabolism by heterotrophic 
microbes (e.g., ref. 54). Overall, our isotopic data support a concep-
tual model of intense recycling in the nutrient-limited layer of a 
stratified water column and decreased reliance on the recycling of 
in situ primary production as nutrient concentrations increase with 
depth (Fig. 4).

Implications for Interpretation of δ13C Data from Open-Ocean 
Water Columns. A statistically significant decrease in δ13CPOC over 
depth in the euphotic zone has been observed in many stratified 
waters across the global ocean (3). The magnitude of this decrease 
in δ13CPOC we observed at the BATS site (2.7‰) is a product of 
both variable photosynthetic carbon isotope fractionation and some 
dilution of the photosynthetic signal by detrital and heterotrophic 
organic matter within the total POC pool. Thus, the large variations 
in carbon isotope fractionation over depth that result in differences 

in δ13C values of photosynthetic biomass may be beneficial to trace 
exported POC from its depth of origin. Further, the magnitude of 
vertical variation in δ13CPOC values in the euphotic zone has been 
shown to vary across locations, with differences up to 6‰ (3). 
Thus, if a photosynthetic driver is also responsible in these other 
locations, the magnitude of variation in phytol may be even larger 
than observed here. Alternatively, similar variation in phytol and 
POC δ13C values at a single site could indicate different organic 
matter dynamics from what we observed here. Better understanding 
the factors that control isotopic signatures of organic matter will 
allow for more accurate and thorough interpretation of δ13CPOC 
values in natural environments.

Stratified, oligotrophic conditions, which already encompass 
approximately half of the global ocean area, are expanding and 
are expected to continue to do so with continued ocean warming 
(14). The data we present here and compiled elsewhere (3) iden-
tifies vertical carbon isotope patterns in the small particles (<53 
μm) that dominate the contribution of total POC inventory in 
oligotrophic settings. Small particles can contribute to the sinking 
carbon flux through slow settling or aggregation/packaging (55, 
56) or through non-sinking mechanisms such as mixed layer shoal-
ing or eddy-driven subduction (57). Carbon export can originate 
from both the UEZ and the LEZ (e.g., ref. 58); for instance, 
zooplankton feeding and fecal packaging occur across the entire 
euphotic zone (e.g., ref. 59). Thus, variations in photosynthetic 
δ13C values based on depth of origin should be considered in the 
interpretation of δ13C values of sinking or sedimentary POM. For 
example, εp determined from δ13C values of sedimentary phytol 
(phytane) can be used as a proxy for reconstructing past pCO2 
(e.g., ref. 16): variations of ≤7‰ have been interpreted to reflect 
twofold to fourfold variations in reconstructed pCO2 (11, 60, 
61). Disregarding water column variations in δ13Cphytol values 
(6.3‰ observed at the BATS site; this study) could lead to large 
errors in these calculations. Similar considerations apply to the 
interpretation of marine dietary sources using consumer δ13C 
values in other stratified settings (e.g., refs. 5 and 62).
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Fig. 4.   Conceptual portrayal of quantities and isotopic characteristics (biomass 
δ13C values and TP, trophic position) of phytoplankton and non-phytoplankton 
POM in a stratified, subtropical water column. Green circles represent 
phytoplankton, of which the phylogenies and chlorophyll content vary with 
depth; black circles represent heterotrophic microbes. Large and small circles 
indicate eukaryotes and prokaryotes, respectively. Brown shapes represent cell 
debris and other non-living detritus, which are grouped with heterotrophic 
cells in our calculations of non-phytoplankton isotopic properties. While 
we calculated the relative proportion of phytoplankton biomass and non-
phytoplankton POM, the relative contribution of heterotrophic cells and non-
living material to the latter is unknown currently. Relative specific growth rates 
of phytoplankton are indicated as doubling times [ln(2)*μ−1]. Nearly all culture 
studies of carbon isotopic fractionation have simulated conditions similar to 
those of the mixed layer.
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Conclusions

Here, we show that the in situ phytoplankton community is driv-
ing vertical variations in δ13CPOC values within the euphotic zone 
in a stratified open-ocean setting. The observed δ13C signal of the 
photosynthetic community, represented by >6‰ variations in 
δ13Cphytol values, correlates with many factors known to influence 
photosynthetic carbon isotope fractionation, such as nutrient and 
DIC concentrations, light intensity, and various aspects of the 
photosynthetic community.

Much of the existing culture work addressing photosynthetic 
carbon isotopic fractionation has focused on phytoplankton isolates. 
However, in the natural environment with a mixed phytoplankton 
community, definitive explanations for variations in values of 
δ13Cphytol and δ13CPOC are complicated by simultaneous variations 
in multiple environmental parameters and/or phytoplankton com-
munity composition. In the context of existing models of photo-
synthetic carbon isotope fractionation, our observed variations in 
δ13Cphytol values cannot be explained by diffusive controls alone. We 
hypothesize that light availability and photosynthetic community 
composition may be important in explaining part of the decreasing 
δ13Cphytol and δ13CPOC values observed over depth. Future work on 
photosynthetic carbon isotope fractionation with an emphasis on 
culturing more species, multiple strains of the same species, or mixed 
communities will aid in the interpretation of environmental data. 
Finding approaches to further combine and compare culture data 
with environmental community data will also aid in interpretation 
of environmental δ13C data and may yield a better understanding 
of the factors dominating changes in photosynthetic carbon isotope 
fractionation in the natural environment.

Though the observed δ13CPOC values are affected by those of 
the living photosynthetic community, the full magnitude of the 
photosynthetic carbon isotope signal is not expressed in the bulk 
POC and particulate amino acid δ13C data, likely due to inputs 
of other types of POC (i.e., heterotrophic biomass and/or detri-
tus). Our data here indicate that different types of POC in the 
LEZ may be more isotopically heterogeneous than those in the 
UEZ, leading to the dilution of the photosynthetic δ13C signal 
despite similar fractional contributions from phytoplankton bio-
mass in the UEZ and LEZ. More thorough characterization of 
different types of POM may further aid our interpretation of water 
column POM data as well as our interpretations of exported mate-
rial collected in sediment traps and the sedimentary record.

Materials and Methods

Study Area and Environmental Conditions. The BATS site is located in the 
oligotrophic North Atlantic subtropical gyre, about 80 km southeast of Bermuda 
(31°40′N, 64°10′W; SI Appendix, Fig. S1). Water depth is >4,500 m. The site has 
a seasonally variable mixed layer depth, where the maximum winter mixed layer 
can be >300 m and summer mixed layer depths are typically less than 20 m (41).

Most samples were collected from the R/V Atlantic Explorer at the BATS site 
during July 3 to 6, 2018 (AE1819), with additional samples from August 5 to 8,  
2021 (AE2114), and at nearby Hydrostation S during November 10 to 13, 2021 
(AE2123). The BATS site and Hydrostation S are 60 km apart, with small seasonal 
differences between the two sites in the upper 1,500 m (63). Mixed layer depths 
during sampling were 18 ± 4 m, 18 ± 6 m, and 72 ± 5 m in July 2018, August 
2021, and November 2021, respectively, calculated from potential density (64). 
The depth of the deep chlorophyll maximum was 90 m during our main sam-
pling period.

Particle Samples for Geochemical and Taxonomic Analyses via In Situ 
Pumps. Size-fractionated particle samples were collected using McLane WTS-LV 
in situ pumps (McLane Research Laboratories, Inc.) in July 2018 (AE1819). Nine 
depths were sampled between the surface and 200 m, with high depth resolution 

within the euphotic zone. Most pumps were dual-flow pumps collecting water 
through two filter holders used, respectively, for 1) geochemical analyses and 2) 
taxonomic analyses. In some cases, individual, single-flow pumps were deployed 
for each type of analysis at depths 10 m apart. The sample depths were as follows 
(taxonomic single-flow pump depths in parentheses): 6, 28, 69 (79), 84, 112, 
120, 150, and 190 (203) m. Total collected seawater volumes were 141 to 551 L 
and 54 to 367 L per sample for geochemical and taxonomic analyses, respectively, 
depending on the depth. Pumps were equipped with four 142 mm diameter filter 
tiers. The filter tiers were equipped as follows (from top to bottom): 1) 20-μm 
Nitex filter for both geochemical and taxonomic analyses, 2) 6-μm Nitex filter 
for geochemical analyses, 5-μm Osmonics polycarbonate filter for taxonomic 
analyses, 3) two stacked 1.2-μm glass fiber filters (GF/C) for geochemical analy-
ses, 1.2-μm Millipore nitrocellulose mixed ester filter for taxonomic analyses, 4) 
two stacked 0.3-μm glass fiber filters (GF75) for geochemical analyses, 0.2-μm 
Supor polyethersulfone filter for taxonomic analyses. A 150-μm backing filter 
was placed beneath the filter(s) of interest on the first three tiers of all filter 
holders to ensure filter structural integrity. Nitex filters were acid and methanol 
washed beforehand, while glass fiber filters were pre-combusted (450 °C) for 
4.5 h. Average flow rates were 1.9 to 3.1 and 0.7 to 2.0 L/min through the filters 
for geochemical and taxonomic analyses, respectively. After pump recovery, fil-
ter holders were drained with a weak vacuum to remove excess seawater from 
the filters. Filters for geochemical analysis were photographed, removed, and 
folded with clean forceps, stored in combusted foil, and transported and stored 
at −80 °C. Filters for taxonomic analysis were stored in sealed polyethylene bags 
at −80 °C.

Carbon Isotopes and Concentrations of Bulk POC. Glass fiber filters were 
split while frozen; sample proportions of wedge-shaped splits were determined 
by weight. Filter splits were then freeze-dried, and carbonates were removed via 
direct, dropwise addition of concentrated sulfurous acid to the filters, which were 
then dried at 60 °C overnight. Bulk POC concentration and isotope composition 
were measured using a Thermo Flash elemental analyzer coupled to a Conflo IV 
and MAT 253 Plus isotope ratio mass spectrometer (EA-IRMS, Thermo Scientific). 
Acetanilide and glycine standards of known carbon isotope composition (Arndt 
Schimmelmann, Indiana University) and mass were run alongside samples in 
order to calibrate isotope data and calculate sample concentrations. Analytical 
uncertainty in bulk δ13CPOC values was 0.2‰. Values are reported relative to VPDB. 
Only results from the 1.2- to 6-μm and >20-µm size fractions are reported here, 
though the 0.3- to 1.2-µm size fraction was analyzed as well.

Extraction and Separation of Lipid Fractions. Chlorophyll was extracted 
from frozen or freeze-dried 1.2-μm GF/C and 0.3-μm GF75 filter splits as part 
of a total lipid extraction using a mixture of chilled methanol, dichloromethane, 
and milliQ water (2:1:0.8 v/v) (65, 66). Samples were sonicated for 5 min in 
an ice bath, vortexed/shaken vigorously for 5 min, and then cooled on ice in 
a −20  °C freezer for 5 min. This procedure was repeated 3 times. Additional 
dichloromethane and milliQ water were added to the sample to achieve a final 
methanol/dichloromethane/milliQ water ratio of 1:1:0.8. Samples were vortexed 
and centrifuged, and the lipid fraction was recovered. Lipid extracts were then 
filtered through a pre-combusted glass syringe packed with combusted glass 
wool to remove remaining filter material. The total lipid extract (TLE) was further 
purified via liquid–liquid extraction against salt water and dried under N2. Lipid 
classes from each TLE were separated on silica gel (80 to 200 mesh, 60 Å, Avantor 
Performance Materials, LLC) mini-columns, with a 0.9 mL bed volume packed into 
pre-combusted 5-inch glass Pasteur pipettes with glass wool in the tip (67). Silica 
gel was fully activated, combusted at 450 °C and stored in a desiccator prior to use. 
Lipid classes were eluted with two bed volumes each of 100% hexane (non-polar 
fraction), 4:1 hexane/ethyl acetate (v/v) (alcohol fraction), 3:1 hexane/ethyl acetate 
(v/v) (sterol fraction), and ethyl acetate followed by methanol (2 bed volumes 
each, collected together; polar lipid fraction; e.g., ref. 68). Intact chlorophyll was 
expected to be recovered in the polar lipid fraction, but we examined the alcohol, 
sterol, and polar fractions for possible chlorophyll (cleaved phytol) and/or free 
phytol content. A portion of each fraction was aliquoted by volume and saponified 
(3:1 0.5 N KOH in methanol:milliQ water (v/v), 100 °C, 2 h) to cleave the phytol 
side chain from intact chlorophyll. Neutral lipids were obtained via liquid–liquid 
extraction from the basic mixtures using 4:1 hexane/dichloromethane mixture 
and 1 M NaCl in 3× dichloromethane-extracted milliQ water and concentrated at 
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40 °C using a Turbovap evaporator (Biotage, Inc.). Filter splits for carbon isotope 
analysis of phytol from intact polar lipids contained between 37 to 125 L and 46 to 
99 L of seawater each for 1.2-μm GF/C and 0.3-μm GF75 filters, respectively. Free 
phytol was examined by analyzing unsaponified aliquots of the lipid fractions, 
i.e., without performing a cleavage reaction.

Carbon Isotopes and Concentrations of Phytol. Quantitative aliquots of both 
saponified and unsaponified alcohol, sterol, and polar lipid fractions were deri-
vatized to trimethylsilyl (TMS) ethers using 1:1 pyridine/N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA) (v/v) (60 °C, 45 min). Both saponified and unsapon-
ified TMS-derivatized samples were analyzed via gas chromatography–mass 
spectrometry (GC-MS; Agilent 6890N GC, 5973 MS) with a TG-5MS column 
(30 m × 0.25 mm, 0.25-μm film thickness; Thermo Scientific). Final prepared 
sample volumes were 5 to 16 μL. Samples were analyzed within the same day 
of derivatization and compared with phytol standards of known concentrations 
to calculate sample phytol concentrations. Chlorophyll concentrations were cal-
culated from measured phytol concentrations by using the molecular weight of 
chlorophyll a. Contaminant alkanes were identified in some samples and in the 
procedural blank, but no phytol was detected in the blank. In samples containing 
contaminant alkanes, cleaved phytol was further purified via a second round of 
silica gel column chromatography, wherein cleaved phytol was recovered in the 
3:1 hexane/ethyl acetate fraction.

Samples containing sufficient phytol were analyzed for stable carbon isotope 
composition via gas chromatography–isotope ratio mass spectrometry (GC-IRMS; 
Thermo Scientific Trace 1310 GC Isolink/ConFlo IV/MAT 253 Plus IRMS) equipped 
with a TG-5MS column (30 m × 0.25 mm, 0.25-μm film thickness; Thermo 
Scientific). A separate aliquot was derivatized for this purpose and analyzed on 
the same day of derivatization, as described for quantification via GC-MS. To 
improve GC-IRMS chromatography, the pyridine/BSTFA derivatization solution 
was evaporated to a small volume under N2, and small volumes of hexane were 
added according to expected phytol concentrations. Due to the small volume of 
pyridine/BSTFA remaining, sample volumes were not exact, and phytol concen-
trations obtained from GC-IRMS analysis are considered semi-quantitative. Final 
prepared sample volumes were ~1.5 to 15 μL. Samples were injected via a splitless 
injector held at 220 °C, and the GC column temperature was held at 60 °C for 1 
min, increased to 160 °C at 20 °C/min, increased to 300 °C at 13 °C/min, and then 
held constant at 300 °C for 5 min. The Thermo GC Isolink combustion interface 
was held at a constant temperature of 1,000 °C. Phytol standards of a known δ13C 
value (measured via EA-IRMS) were derivatized alongside samples to account for 
isotope fractionation during the derivatization reaction as well as the δ13C value 
of added derivative carbon. A mass balance calculation was used to correct for the 
added three derivative carbon atoms to the initial 20-carbon phytol molecule. 
Samples were analyzed with duplicate or triplicate injections where possible; for 
some samples, only a single injection was possible. 5 of 7 polar lipid fractions 
were measured in duplicate or triplicate; the samples at 152 and 190 m were only 
analyzed once due to limited sample. All measured sterol fractions were analyzed 
only once due to limited sample. For samples with duplicate or triplicate injections, 
error was propagated to include 1) uncertainty in the δ13C value of the standard, 
2) the replicate variability of the standard, and 3) the replicate variability of the 
sample. When only a single injection was possible, error was propagated the same 
way with an assumed sample SD of 0.38‰, the maximum daily SD of the phytol 
standard across all days where samples were analyzed. 7 samples in the 1.2- to 
6-μm size fraction and 3 samples in the 0.3- to 1.2-μm size fraction were analyzed 
for δ13Cphytol values; sample depths ranged from 31 to 190 m and 31 to 112 m for 
the 1.2- to 6- and 0.3- to 1.2-μm size fractions, respectively. Reported δ13Cphytol 
data are the measured δ13Cphytol values in the saponified polar lipid fraction or the 
weighted average of the saponified polar lipid and sterol fractions, where phytol 
was present in both. δ13C values are reported relative to VPDB.

Amino Acid Analysis. Quantitative splits from 0.3-μm GF75 and 1.2-μm GF/C 
filters were freeze-dried, hydrolyzed, purified, derivatized, and analyzed for nitro-
gen and carbon isotope composition of individual amino acids via GC-IRMS as in 
ref. 69. Detailed methods are described in SI Appendix, SI 5. Filter splits contained 
between 28 to 127 L and 46 to 70 L for 1.2-μm GF/C and 0.3-μm GF75 filters, 
respectively.

δ13C values of THAA (δ13CTHAA) were calculated as in ref. 15:

	 [3]

where δ13CAA and mol%AA are the δ13C value and the molar percentage contribu-
tion of each individual amino acid, respectively. δ13C values are reported relative 
to VPDB. SD for each sample was calculated as the square root of the weighted 
average of variances of each individual amino acid.

We also report POM trophic position (TP) as calculated from measured δ15N 
values of glutamic acid+glutamine (Glx) and phenylalanine (Phe) as in ref. 70:

	 [4]

TP propagated uncertainty was calculated as in ref. 71.

Phytoplankton Community Characterization. DNA extraction and ampli-
con sequencing methods for size-fractionated particle samples collected for 
taxonomic analysis are described in SI Appendix, SI 3.1 and 3.2. Water sam-
ples were also collected and analyzed for whole seawater amplicon sequencing 
(SI  Appendix, SI 3.3–3.5) and flow cytometry cell enumeration (SI  Appendix, 
SI 2.2). Phytoplankton community biomass was estimated using multiple inde-
pendent calculations: from chlorophyll to carbon ratios and measured CTD fluo-
rescence (52, 53) and measured cell abundances via flow cytometry, previously 
measured cell diameters (42), and a biovolume to cellular carbon conversion 
factor (72, 73); methods are described in further detail in SI Appendix, SI 2.3. 
Average phytoplankton cell diameters and surface area to volume ratios were 
also estimated from measured cell abundances via flow cytometry and previously 
measured cell diameters (42). NPP data averaged from BATS cruises in June and 
July 2018 to 2019 was normalized to estimated in situ phytoplankton biomass to 
estimate average phytoplankton growth rates (SI Appendix, SI 2.3). Overall, spe-
cific growth rates derived from NPP measurements presented here are consistent 
with 14C bicarbonate incubations as well as dilution experiments conducted in 
the Sargasso Sea (e.g., see ref. 74 and references therein).

Seawater Chemistry. Water samples were collected and analyzed for nitrate 
concentrations (SI Appendix, SI 4.1), DIC speciation, and DIC isotope composition 
(SI Appendix, SI 4.2). CO2 concentrations were calculated from measured DIC and 
alkalinity concentrations using CO2SYS [(75); SI Appendix, SI 4.3]. DIC concentra-
tions were also obtained for comparison from all BATS cruises in June and July, 
from 2012 to 2019 (available at http://bats.bios.edu/bats-data/). δ13CCO2 values 
were calculated from measured δ13CDIC values [(32, 46); SI Appendix, SI 4.3], and 
εp values for the integrated phytoplankton community were calculated according 
to Eq. 2.

Data, Materials, and Software Availability. All data in this manuscript have 
been deposited at the BIOS-SCOPE BCO-DMO page (76) (https://www.bco-dmo.
org/project/826178).
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