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Total annual net primary productions in marine and terrestrial ecosystems are similar. However, a large portion
of the newly produced marine phytoplankton biomass is converted to carbon dioxide because of predation.
Which food web structure retains high carbon biomass in the plankton community in the global ocean? In
6954 individual samples or locations containing phytoplankton, unicellular protozooplankton, and multicellular
metazooplankton in the global ocean, phytoplankton-dominated bottom-heavy pyramids held higher carbon
biomass than protozooplankton-dominated middle-heavy diamonds or metazooplankton-dominated top-
heavy inverted pyramids. Bottom-heavy pyramids predominated, but the high predation impact by protozoo-
plankton on phytoplankton or the vertical migration of metazooplankton temporarily changed bottom-heavy
pyramids to middle-heavy diamonds or top-heavy inverted pyramids but returned to bottom-heavy pyramids
shortly. This finding has profound implications for carbon retention by plankton communities in the
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global ocean.

INTRODUCTION

Before the industrial revolution, Earth's atmosphere contained 280
parts per million (ppm) of carbon dioxide (CO,), equivalent to 600
billion tonnes of carbon (GtC). However, human activities have in-
troduced 300 GtC CO, (equivalent to a 140-ppm increase) into the
atmosphere (1-3). Approximately 20 to 30% of total anthropogenic
CO, emissions are absorbed by the global ocean, and this process
can mitigate global warming (4-6). The ocean’s uptake of anthro-
pogenic CO, is primarily driven by the difference in CO, concen-
trations between the atmosphere and the ocean, which is greatly
influenced by rising atmospheric CO, levels. Marine organisms
only directly influence the absorption of anthropogenic CO, if al-
terations occur in the quantity of planktonic organic matter that
settles to the ocean’s depths or in the amount of organic matter re-
tained by marine organisms (7).

Total annual net primary production in marine ecosystems (~49
GtC) is similar to that in terrestrial ecosystems (~56 GtC), but the
total carbon biomass of all life (i.e., standing stocks) in marine eco-
systems is approximately 1% of that in terrestrial ecosystems (8, 9).
Most of the newly produced organic matter of primary producers in
marine ecosystems is decomposed due to nutrient depletion or pre-
dation by predators, mainly zooplankton (10). The decomposed
organic matter is converted to CO, by microbes, which sometimes
leads to hypoxia (11).

Marine phytoplankton account for more than half the carbon
biomass of marine photosynthetic organisms (12). Unicellular
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protozooplankton, such as heterotrophic flagellates, ciliates, and
amoeboid protists, are major grazers of phytoplankton (13-16).
In general, many marine protozooplankton grow rapidly on phyto-
plankton but starve to death within a few days, which causes the
conversion of organic carbon to CO, in a short period (17). Multi-
cellular metazooplankton, such as rotifers, copepods, and inverte-
brate larvae, are major predators of protozooplankton (18-21).
They also convert organic carbon to CO, through respiration
during active swimming and feeding on prey (22). Thus, feeding
by protozooplankton on phytoplankton and metazooplankton on
protozooplankton plays a crucial role in the uptake and retention
of organic carbon in the ocean. Heterotrophic bacteria are con-
sumed by diverse protozooplankton in a process called the micro-
bial loop (23, 24). Thus, in addition to the transfer of organic carbon
from phytoplankton to protozooplankton, that from heterotrophic
bacteria to protozooplankton should also be considered.

The carbon biomasses of phytoplankton, protozooplankton, and
metazooplankton in an individual sample or location reflect the
final production and predation output at a given time. The ratio
of carbon biomasses of phytoplankton, protozooplankton, and met-
azooplankton provides a diverse phytoplankton-based food web
structure. If the biomass of phytoplankton is greater than that of
protozooplankton, which is greater than that of metazooplankton,
then the food web structure is a phytoplankton-dominated bottom-
heavy pyramid. If the protozooplankton biomass is greater than that
of both phytoplankton and metazooplankton, then the food web
structure is a protozooplankton-dominated middle-heavy
diamond. If the biomass of metazooplankton is greater than that
of protozooplankton, which is greater than that of phytoplankton,
then the food web structure is a metazooplankton-dominated top-
heavy inverted pyramid. In the phytoplankton plus heterotrophic
bacteria—based food webs, the biomasses of phytoplankton and het-
erotrophic bacteria are summed. Food web structures in marine
plankton communities lead to the following critical questions: (i)
What is the dominant food web structure in individual plankton
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samples or locations in the global ocean? (ii) Which food web struc-
ture retains high carbon biomass in the plankton community? (iii)
Does the food web structure persist in time and space? If not, then
what are the mechanisms underlying these changes?

Phytoplankton and protozooplankton can only travel tens of
meters per day, whereas metazooplankton can travel hundreds of
meters (25-27). Thus, in the global ocean, it is more reasonable
to determine the carbon biomass ratio in individual samples or lo-
cations than to estimate the total carbon biomass of phytoplankton
compared to that of protozooplankton or metazooplankton.

All available data containing the abundances or carbon biomass
of phytoplankton, protozooplankton, and metazooplankton that
were found simultaneously in the same individual samples or loca-
tions in the global ocean from 1990 to 2021 were analyzed. Using
data from these 6954 plankton samples or locations, the phyto-
plankton-based food web structure and total carbon biomass of
each sample or location were determined and the mechanisms
that influence them were explored. Furthermore, all available data
containing the abundance or carbon biomass of phytoplankton,
protozooplankton, metazooplankton, and heterotrophic bacteria
found simultaneously in the same individual samples or locations
(n = 291), reflecting phytoplankton plus heterotrophic bacteria—
based food webs, were analyzed.

RESULTS AND DISCUSSION

Types of food web structures in the plankton communities
in the global ocean

In the phytoplankton-based food webs, the ratios of phytoplankton,
protozooplankton, and metazooplankton biomass in each individ-
ual or location sample formed a variety of food web structures
(Fig. 1, A and B, figs. S1 to S5, and data S1): bottom-heavy
pyramid or triangle (type 1), bottom-wide hourglass (type 2),
bottom-wide diamond (type 3), top-wide diamond (type 4), top-
wide hourglass (type 5), and top-heavy inverted pyramid or invert-
ed triangle (type 6).

Within the 6954 samples, type 1 constituted the largest propor-
tion (37%), followed by type 3 (26%) (Fig. 1C and table S1). In
51.6% of all individual samples or locations, phytoplankton
biomass exceeded total zooplankton biomass (combining protozoo-
plankton and metazooplankton) (Fig. 1D and table S2). Further-
more, in 11 of the 15 regions, types 1 and 2 dominated the food
web structure (fig. S6).

In contrast to the findings of the present study, several previous
studies have reported that the carbon biomass of heterotrophic
plankton is greater than that of phototrophic (autotrophic/mixotro-
phic) plankton in various marine environments, both locally and
globally (12, 28-30). Thus, some studies suggested high turnover
time as a reason because higher carbon biomass of heterotrophic
plankton than phototrophic plankton cannot sustain for a long du-
ration (12, 31). Marine phytoplankton require light and nutrients
for photosynthesis; thus, they spend many hours in lit surface
water (32, 33). However, surface water is often under conditions
of nutrient depletion (32). Freshwater input from rivers or large
streams after heavy rains temporarily elevates the nutrient concen-
trations in estuarine and coastal waters (34). Fast-growing phyto-
plankton can bloom by consuming elevated nutrients but die due
to nutrient depletion if additional nutrients are not supplied from
rivers (35). Large quantities of nutrients are stored in deep water
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(36). Upwelling of eutrophic deep waters can increase phytoplank-
ton biomass, but it decreases when the upwelling period ends (37).
Wind-driven mixing in coastal waters can also temporarily increase
the nutrient concentration in surface waters but it does not continue
(38). Thus, freshwater input after heavy precipitation, upwelling,
and mixing in shallow coastal waters during spring and fall can
provide high nutrient levels, supporting the high turnover time of
phytoplankton. However, these events usually persist for a few days
or weeks (39, 40). The results of our analysis suggest that the food
web structure in plankton communities is fairly stable and that a
high turnover of phytoplankton for a long duration is not necessary.

Impact of predation changing the food web structure type
In Masan Bay, South Korea, which is internationally known for fre-
quent red tide outbreaks, phytoplankton, protozooplankton, and
metazooplankton biomasses in individual samples or locations col-
lected daily from June 2004 to May 2005 fluctuated greatly; the ratio
of these three components varied, and the phytoplankton-based
food web structure types changed quickly over time (Fig. 2, A and
B). The proportion of type 1 was the largest (68%), followed by type
3 (27%), whereas those of types 4, 5, and 6 were almost zero
(Fig. 2C). The high predation impact of protozooplankton on the
populations of phytoplankton species often changed the food web
structure from type 1 to type 3, but the low predation impact did not
change the food web structure (Fig. 2, D to F). The changed food
web structure returned to the triangular shape within 1 to 8 days
(average = ~2 days). The results of laboratory experiments on
feeding by diverse protozooplankton species on phytoplankton
prey showed that their predation impacts could change phytoplank-
ton dominance to protozooplankton dominance (fig. S7). There-
fore, predation can affect the carbon biomass ratio of predators
and prey, ultimately altering the food web structure.

Trees are the major primary producers on land and are not easily
consumed by animals. Thus, some trees live >1000 years without
being consumed by animals (41-43). However, in the ocean, phyto-
plankton, which constitute half of the primary producer biomass,
are easily consumed by zooplankton (12, 44, 45). Therefore, the
ratio of the carbon biomass of the total primary producers relative
to that of animals on land is stable, whereas that in the ocean is tem-
porarily changeable.

Vertical migration changing the food web structure type

Migratory phytoplankton (mainly flagellates), protozooplankton,
and metazooplankton undergo vertical diurnal migration. Migrato-
ry phytoplankton and protozooplankton usually migrate over tens
of meters between surface and deep waters, staying in surface waters
during the day and in deep waters at night (46—48). Metazooplank-
ton usually migrate hundreds of meters between surface and deeper
waters, staying in deeper waters during the day but in surface waters
at night (25-27). In all samples collected from the waters of South-
ern California of phytoplankton-based food webs, type 2 constitut-
ed the largest proportion (48%), followed by type 1 (28%) and type 5
(22%) (Fig. 3, A to C). Types 3, 4, and 6 are rare. The cases of all
three depths with types 1 or 2 were 55%, and the upper two
depths had types 1 or 2, but the deepest depth with types 5 or 6
was 19% (Fig. 3D and fig. S8). Therefore, they generally predomi-
nate at depths where migratory phytoplankton can reach through
diurnal vertical migration. However, metazooplankton sometimes
predominate in surface or subsurface waters that they reach
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Fig. 1. Food web structure in the global ocean. (A) Type and color of the phytoplankton-based food web structure classified based on the ranking of the carbon
biomass of phytoplankton, protozooplankton, and metazooplankton. (B) Heatmap-like image of each type of individual plankton sample or location (n = 6954). (C)
Number and percentage of the individual samples or locations belonging to each type: phytoplankton-dominant (types 1 and 2), protozooplankton-dominant (types
3 and 4), and metazooplankton-dominant (types 5 and 6). (D) Number and percentage of the individual samples or locations in which the carbon biomass of total
phytoplankton was greater (phytoplankton > zooplankton) or smaller (phytoplankton < zooplankton) than that of total zooplankton (protozooplankton +

metazooplankton).

through diurnal vertical migration. Thus, the food web structure in
surface and subsurface waters is changeable because of diurnal ver-
tical migration.

Food web structure type retaining high carbon biomass

In phytoplankton-based food webs, when summing the carbon bio-
masses of each group in all the individual samples or locations,
those of total phytoplankton, protozooplankton, and metazoo-
plankton were 681,745, 242,538, and 61,786 ng C in a water
volume of 6954 ml, respectively (Fig. 4A). Thus, the food web struc-
ture of a marine planktonic community is triangular.

When summing the total carbon biomass of each type in all in-
dividual samples or locations, type 1 was the highest (636,276 ng C
ml™), followed by type 3 (175,337 ng C ml™) (Fig. 4B). Further-
more, type 1 had the highest mean carbon biomass of the three
plankton groups (phytoplankton + protozooplankton + metazoo-
plankton) at 247 ng C ml™" (Fig. 4C and table S3). Thus, the trian-
gular food web structure retained the highest carbon biomass.

Kang et al., Sci. Adv. 9, eadk0842 (2023) 15 December 2023

Among the top 100 ranked samples in terms of total carbon
biomass, 92 samples were types 1 or 2, eight samples were type 3,
and none were types 4, 5, or 6. Furthermore, the top 43 samples were
types 1 or 2, and the sample with the highest total carbon biomass of
type 3 was ranked 44th, whereas that of type 5 was ranked 173rd
(Fig. 4D). Diatoms, phototrophic nano or microflagellates, and
phototrophic dinoflagellates were dominant among the top 43
samples. Thus, the carbon biomass of total plankton in a given
water parcel or location may be affected by the food web structure,
but not by phytoplankton-dominant groups.

Phytoplankton plus heterotrophic bacteria-based food
web structure

Heterotrophic bacteria usually decompose dead plankton or take up
dissolved organic materials and are consumed by protozooplankton
(23, 24). Therefore, phytoplankton, heterotrophic bacteria, proto-
zooplankton, and metazooplankton form a food web. By
summing phytoplankton and heterotrophic bacteria, additional
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Fig. 2. Food web structure in Masan Bay and temporal variation. (A) Map of the fixed station [Station SNUMS; redrawn from (49)]. (B) Variations in phytoplankton,
protozooplankton, and metazooplankton biomasses and phytoplankton-based food web structure types from 1 June 2004 to 31 May 2005. (C) Number and percentage
of the individual samples or locations belonging to each type. (D to F) Variations in carbon biomass (in ng C ml~") of phytoplankton, protozooplankton, and metazoo-
plankton, types, and predation impact (in hour™") by the dominant protozooplankton (open black circles) and metazooplankton (closed gray squares) on the populations
of the dinoflagellate Prorocentrum cordatum, the dominant phytoplankton species. Between 29 January and 8 February 2005, phytoplankton continuously dominated
due to negligible predation impact (D), between 4 and 9 March 2005, a short-time lag between the phytoplankton and protozooplankton peaks was found because of
high predation impact (E), and between 10 February and 20 February 2005, a long time-lag between the phytoplankton and protozooplankton peaks was found because
of moderate predation impact (F). The percentage in (D) to (F) is a portion of the number of 10-day periods in which the continuous phytoplankton dominated, the short-
or long-time lag occurred for 333 days (i.e., n = 33).

six food web structure types PB1, PB2, PB3, PB4, PB5, and PB6 were
established.
A total of 291 samples that contained an abundance of phyto-

the highest mean carbon biomass of total plankton (1416 ng C
ml™") (Fig. 5, A and B). Phytoplankton plus heterotrophic bacte-
ria-based food webs, when considering both phytoplankton and

plankton, protozooplankton, metazooplankton, and heterotrophic
bacteria were available for determining the phytoplankton plus het-
erotrophic bacteria—based food web types in Masan Bay (Fig. 5). In
the phytoplankton plus heterotrophic bacteria—based food web type
analyses, type PB1 constituted the largest proportion (80%) and had

Kang et al., Sci. Adv. 9, eadk0842 (2023) 15 December 2023

heterotrophic bacteria as prey for protozooplankton, can support
a stable ecosystem at the base of food webs. In the top 20 ranked
samples in terms of the total carbon biomass of phytoplankton
plus heterotrophic bacteria—based food webs, the carbon biomass
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Fig. 3. Food web structure in Southern California and vertical variation. (A) Map of sampling stations [redrawn from (57)]. (B) Heatmap-like image of each type of
individual samples or locations in the phytoplankton-based food webs (n = 485). (C) Number and percentage of the individual samples or locations belonging to each
type. (D) Percentages of types at three comparative depths (i.e., shallow, middle, and deep) of surface and subsurface waters. In 55% of the samples or locations, phy-
toplankton dominated at all three depths (types 1 and 2), while in 9%, metazooplankton dominated at all three depths (types 5 and 6).

of heterotrophic bacteria accounted for a small fraction compared
with that of phytoplankton (Fig. 5C).

The prevalence of phytoplankton-dominated and phytoplank-
ton plus heterotrophic bacteria—dominated bottom-heavy pyramids
(triangles) in marine planktonic communities worldwide carries an
important implication for understanding carbon retention by
plankton communities and the role of ocean biology in the
uptake of oceanic CO,.

Kang et al., Sci. Adv. 9, eadk0842 (2023) 15 December 2023

MATERIALS AND METHODS
Data acquisition on the abundance or carbon biomass of
each taxon or group in the plankton communities
To investigate the phytoplankton-based food web structure of
plankton communities in the global ocean, all available data con-
taining the abundances or carbon biomasses of phytoplankton (cy-
anobacteria, diatoms, autotrophic/mixotrophic dinoflagellates, and
autotrophic/mixotrophic nano or microflagellates), protozooplank-
ton (heterotrophic dinoflagellates, heterotrophic nano or microfla-
gellates, ciliates, and others), and metazooplankton (copepods,
cladocerans, polychaetes, invertebrate larvae, cnidarians, and
others) were collected together throughout 1990-2021.

The data of 6954 individual samples or locations were obtained
from literature, open-access databases, and our data (table S1); 333
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Fig. 4. Total carbon biomass of each plankton group and the dominant groups in the 20 highest total carbon biomass samples. (A to C) Carbon biomasses (in ng C
in 6954 ml) of total phytoplankton, protozooplankton, and metazooplankton (A), total carbon biomass (in ng C ml~") of each type (B), and mean carbon biomass (in ng C
ml™") of each type (C) in all the individual samples or locations in the phytoplankton-based food webs. Symbols in (C) represent treatment means + 1 SE. (D) Dominant
groups and types of samples or locations retaining the top 20 highest carbon biomasses of a total of three plankton groups. In addition, the samples retaining the highest
carbon biomasses among types 3 (blue) and 5 (green) ranked in the 44th and 173rd places, respectively.

were collected from coastal waters off Masan, South Korea (13, 14,
49, 50), 485 from waters of Southern California, USA, from the En-
vironmental Data Initiative (51-53), 731 from Australian coastal
waters from the Australian Ocean Data Network database
(AODN; http://portal.aodn.org.au/) (54), 349 from coastal waters
off Plymouth, UK, in the western English Channel from the
Ocean Biodiversity Information System (55-57), 52 from the South-
ern Ocean, Antarctica from the France-Joint Global Ocean Flux
Study/Biogeochemical Processes in the Oceans and Fluxes
Program (Antares2 and Antares3; www.obs-vlfr.fr/cd_rom_dmtt/
start_france_jgofs.htm) (58, 59), 761 from coastal waters off Gwan-
gyang, South Korea, and 4243 from coastal and offshore waters of
the South Sea of Korea (15, 16, 60).

In all samples, except for those collected in Australia, the abun-
dance or carbon biomass of phytoplankton and protozooplankton
was analyzed using water samples obtained at various depths.
However, for samples collected in Australia, the waters were
sampled at the surface and at 10-m-depth intervals, and the
samples obtained from each depth were mixed in equal volumes
before analysis (54). The abundance or carbon biomass of metazoo-
plankton was analyzed using water samples obtained by vertically
hauling a net from the target depth or bottom to the surface, as mul-
tiple opening/closing nets and environmental sampling system
samples were not available.

Some unusually high or low values compared to published
papers were screened. Data on environmental factors, such as

Kang et al., Sci. Adv. 9, eadk0842 (2023) 15 December 2023

water temperature, salinity, and nitrate concentrations, were ob-
tained from each source if provided. In addition, to explore the phy-
toplankton plus heterotrophic bacteria—based food web structure of
plankton communities including heterotrophic bacteria, 291
samples containing the abundances or carbon biomasses of phyto-
plankton, protozooplankton, metazooplankton, and heterotrophic
bacteria were analyzed.

Calculation of the carbon biomass of each plankton group

The carbon biomass of each plankton taxon or group was used as
reported in the literature. To determine the carbon biomass of each
plankton group, the abundance data were converted into carbon
biomass using the following methods: the carbon content of each
cultured phytoplankton or protozooplankton taxon was measured
using a CHN analyzer (14, 49, 50), and biovolume was calculated
using the width and length of cells in preserved samples that were
measured using a light microscope and by considering geometry.
The biovolume was converted to carbon content as described in a
previous study (61). The carbon contents of many other taxa were
obtained from the literature. Furthermore, if the phytoplankton
abundance is provided as chlorophyll-a, then a factor of 40 was
used to convert chlorophyll-a into carbon (62). The carbon
content of each phytoplankton and protozooplankton taxon at
Plymouth Station L4 in the western English Channel was obtained
from the PANGAEA database (63, 64). The carbon content of each
metazooplankton taxon was obtained from the literature, if
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and percentage of individual samples or locations belonging to each type (A) and mean carbon biomass (ng C mI~") of each type in the phytoplankton plus heterotrophic

PB

bacteria (PB)-based food webs (B). Symbols represent treatment means + 1 SE. (C)

biomasses of total plankton in the phytoplankton plus heterotrophic bacteria—based food webs. In addition, the samples retaining the highest carbon biomasses

among type 3 (blue) ranked in the 33rd place.

reported, or calculated using a factor of 0.2, converting wet to dry
weight and 0.5 for converting the dry weight to carbon (65). The
final unit was unified as ng C ml™". Carbon biomass data of all in-
dividual samples used in this study are provided in data S1.

Classification of food web structure types

The phytoplankton-based food web structure types were classified
according to the rank of total phytoplankton, protozooplankton,
and metazooplankton carbon biomasses in individual samples or
locations (Fig. 1A); type 1 was assigned to the samples with
carbon biomasses of phytoplankton > protozooplankton > meta-
zooplankton; type 2 with phytoplankton > metazooplankton > pro-
tozooplankton; type 3 with protozooplankton > phytoplankton >
metazooplankton; type 4 with protozooplankton > metazooplank-
ton > phytoplankton; type 5 with metazooplankton > phytoplank-
ton > protozooplankton; and type 6 with metazooplankton >
protozooplankton > phytoplankton. In phytoplankton plus hetero-
trophic bacteria—based food webs, phytoplankton and heterotro-
phic bacteria were summed.
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Dominant groups and types of the samples retaining the top 20 highest carbon
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Supplementary Text

Food web structures in five regions of the global ocean

In the global ocean, the regions from which data on the abundances of phytoplankton,
protozooplankton, and metazooplankton are simultaneously available were highly limited. In
addition to Masan Bay in Korea and southern California, in the coastal waters of Australia,
Plymouth Station L4 in the Western English Channel, the Southern Sea off the Antarctic,
Kwangyang Bay of Korea, and the South Sea of Korea, data on the abundance or biomass of
phytoplankton, protozooplankton, and metazooplankton were available simultaneously (figs. S1 to
S5). In these five regions, only phytoplankton-based food web structure types were analyzed
because data on the abundance of heterotrophic bacteria were not available.

In 731 individual samples collected from nine coastal stations off Australia, phytoplankton-
dominant food web structures predominated (51%) (fig. S1); Type 2 was the most common
(41%), followed by Type 5 (33%).

In 349 individual samples collected from Plymouth Station L4 in the Western English
Channel, the numbers of phytoplankton-dominant food web structure types and metazooplankton-
dominant food web structure types were comparable (50 and 49%, respectively) (fig. S2). The
number of Type 5 was the largest (47%), followed by Type 2 (43%).

In 52 individual samples collected from the Southern Sea, Antarctica, metazooplankton-
dominant food web structures predominated (83%) (fig. S3); the number of Type 5 was the largest
(50%), followed by Type 6 (33%). Water temperature during the sampling period in this region
was very low, from —1.6 to 5.3 °C, which may inhibit phytoplankton growth. Furthermore,
metazooplankton, including copepods, can survive in cold waters by regulating their body size and
fat content (66, 67). In this region, sub-Antarctic copepod species, such as Calanus simillimus,
Calanoides acutus, and Rhincalanus gigas, were dominant (59, 68).

In 761 individual samples collected from the coastal waters off Kwangyang, Korea,
phytoplankton-dominant food web structures predominated (71%) (fig. S4); Type 1 was the most
common (48%), followed by Type 2 (22%).

In 4,243 individual samples collected from the South Sea of Korea, phytoplankton-dominant
food web structures predominated (53%) (fig. S5); Type 1 was the most common
(41%), followed by Type 3 (37%).

Change in food web structure caused by intensive feeding of diverse protozooplankton species on
phytoplankton prey

Our previous studies on the feeding effects of diverse protozooplankton species on their
phytoplankton prey species showed that their high predation impact could change food web
structure types (fig. S7) (69—71). The phytoplankton-based food web structure type changed from
Type 1 (without metazooplankton) on day 0 to Type 3 (without metazooplankton) on day 2 at the
2 or 3 prey concentrations owing to the high predation impact of the heterotrophic dinoflagellate
(HTD) Polykrikos kofoidii on the phototrophic dinoflagellate (PTD) Alexandrium pacificum or
Alexandrium minutum. Furthermore, the food web structure type changed from Type 1 on day 0
to Type 3 on day 2 owing to the high predation impact of the ciliate Tiarina fusus on the PTD
Lingulodinium polyedra at two prey concentrations, but the type did not change at one prey
concentration. Predation by the naked ciliate Rimostrombidium sp. on the kleptoplastidic
dinoflagellate Shimiella gracilenta also changed the food web structure from Type 1 on day 0 to



Type 3 on day 1 at two prey concentrations, but the type did not change at one prey concentration.
Kleptoplastidic dinoflagellates retain plastids obtained from their algal prey through feeding
(72, 73). Therefore, the high predation impact of common protozooplankton on
phytoplankton can change the food web structure.
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Fig. S1.

Phytoplankton-based food web structure in Australian coastal waters. (A) Map of sampling
stations (redrawn from 53). (B) Heat map-like image of each type of individual plankton sample
or location (n = 731). The colors indicate each food web structure type. (C) Number and
percentage of the individual samples or locations belonging to each type.
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Phytoplankton-based food web structure in the coastal waters off Plymouth, UK, in the
Western English Channel. (A) Map of the sampling station. (B) Heat map-like image of each
type of individual plankton sample or location (n = 349). The colors indicate each food web
structure type. (C) Number and percentage of the individual samples or locations belonging to
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Phytoplankton-based food web structure in Kwangyang Bay, Korea. (A) Map of sampling
stations. (B) Heat map-like image of each type of individual plankton sample or location (n =
761). The colors indicate each food web structure type. (C) Number and percentage of the
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Phytoplankton-based food web structure in the South Sea of Korea. (A) Map of sampling
stations (redrawn from 59). (B) Heat map-like image of each type of individual plankton sample
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Change in the phytoplankton-based food web structure type due to predation by
protozooplankton on phytoplankton at 2-3 prey concentrations after 1-2 days of
incubation. (A and B) The food web structure type changed from Type 1 (without
metazooplankton) on day 0 to Type 3 (without metazooplankton) on day 2 due to predation by
the heterotrophic dinoflagellate (HTD) Polykrikos kofoidii on the phototrophic dinoflagellate
(PTD) Alexandrium pacificum (A) or Alexandrium minutum (B). (C) The food web structure
type changed from Type 1 on day 0 to Type 3 on day 2 due to predation by the ciliate Tiarina
fusus on the PTD Lingulodinium polyedra at two prey concentrations, but the type did not
change in one prey concentration. (D) The food web structure type changed from Type 1 on day
0 to Type 3 on day 1 due to predation by the ciliate Rimostrombidium sp. on the kleptoplastidic
dinoflagellate (KPD) Shimiella gracilenta at two prey concentrations, but the type did not change
in one prey concentration. Orange triangles indicate the lowest prey concentration, red circles the
medium prey concentration, and blue squares the highest prey concentration. Graphs were
replotted using 2—3 of 69 prey concentrations in the original papers (69—71) because the others
showed patterns similar to these 2—3 concentrations, which increased visibility.
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Fig. S8.

Sampling stations and phytoplankton-based food web structure types at three comparative
depths in southern California, USA. (A) Map of sampling stations (redrawn from 46). (B) The
carbon biomasses of phytoplankton (red closed circle), protozooplankton (blue open circle), and
metazooplankton (green closed squares) and types at three comparative depths (i.e., shallow,
middle, and deep) of the surface and subsurface waters at each station in July 2006. The results
of this analysis were used for one example for calculating the percentages of types in Fig. 3D in
the main text. Dashed inverted triangles with the number 5 indicate a potential metazooplankton-
dominant type if metazooplankton stay at this depth while phytoplankton and protozooplankton
do not reach this depth.



Table S1.

All data used in this study. Sampling regions and periods and the number of each type in the
phytoplankton-based food web structure in each region.

Number of each type
Region Period
Type 1 2 3 4 5 6 Total
Masan Bay, Jun 2004-May 2005 225 17 89 0 2 0 333
Korea
Southern Jul 2005-Nov 2010 135 231 4 1 105 9 485
California, USA
Australia Feb 2009-May 2021 71 303 55 31 241 30 731
Plymouth, UK Oct 1992-May 2006 22 151 5 1 165 5 349
Southern Ocean, Feb 1990-Oct 1995 1 5 2 1 26 17 52
the Antarctic
Kwangyang Bay, Feb 2003-Oct 2010 368 170 100 17 82 24 761
Korea
South Sea of Korea May to Nov 2014 1,757 493 1,561 260 84 88 4,243
Total 2,579 1,370 1,816 311 705 173 6,954
% 371 19.7 26.1 45 101 2.5 100
% 56.8 30.6 12.6 100




Table S2.

Number and percentage of the individual samples or locations in which the carbon biomass of
total phytoplankton was greater (phytoplankton > zooplankton) or smaller (phytoplankton <
zooplankton) than that of total zooplankton (protozooplankton + metazooplankton) in each

region.
Number %

Region

Phyto>Zoo Phyto<Zoo Phyto>Zoo Phyto<Zoo
Masan Bay, Korea 240 93 72.1 27.9
Southern California, USA 283 202 58.4 41.6
Australia 340 391 46.5 535
Plymouth, UK 151 198 43.3 56.7
Southern Ocean, the Antarctic 3 49 5.8 94.2
Kwangyang Bay, Korea 482 279 63.3 36.7
Southern Sea of Korea 2,089 2,154 49.2 50.8
Total 3,588 3,366 51.6 48.4




Table S3.

Mean carbon biomass (ng C mL™") of phytoplankton, protozooplankton, metazooplankton, and a
total of each type in the phytoplankton-based food web structure. Numbers in parentheses are
standard errors.

Type Phytoplankton Protozooplankton = Metazooplankton Total
1 204 (14.0) 39 (2.1) 4 (0.1) 247 (15.2)
2 72 (9.9) 4(0.2) 11 (0.4) 87 (10.0)
3 26 (1.3) 68 (3.2) 3(0.1) 97 (4.2)
4 3(0.3) 35(4.2) 7(0.4) 45 (4.5)
5 11 (0.5) 3(0.2) 37 (3.3) 52 (3.6)
6 4 (0.5) 7(0.7) 21 (5.0) 33(5.3)

Total 98 (5.6) 35(1.2) 9(0.4) 142 (6.2)




Data S1.

Sampling information, carbon biomasses (ng C mL!) of total phytoplankton, protozooplankton,
metazooplankton, and heterotrophic bacteria in each type in the phytoplankton- and
phytoplankton plus heterotrophic bacteria-based food webs. The data on all individual samples
or locations were used in these analyses.
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