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Abstract

The combination of taxa and size classes of phytoplankton that coexist at any location affects the structure of the
marine food web and the magnitude of carbon fluxes to the deep ocean. But what controls the patterns of this com-
munity structure across environmental gradients remains unclear. Here, we focus on the North East Pacific Transi-
tion Zone, a ~ 10° region of latitude straddling warm, nutrient-poor subtropical and cold, nutrient-rich subpolar
gyres. Data from three cruises to the region revealed intricate patterns of phytoplankton community structure: pole-
ward increases in the number of cell size classes; increasing biomass of picoeukaryotes and diatoms; decreases in
diazotrophs and Prochlorococcus; and both increases and decreases in Synechococcus. These patterns can only be par-
tially explained by existing theories. Using data, theory, and numerical simulations, we show that the patterns of
plankton distributions across the transition zone are the result of gradients in nutrient supply rates, which control a
range of complex biotic interactions. We examine how interactions such as size-specific grazing, multiple trophic
strategies, shared grazing between several phytoplankton size classes and heterotrophic bacteria, and competition for
multiple resources can individually explain aspects of the observed community structure. However, it is the combina-
tion of all these interactions together that is needed to explain the bulk compositional patterns in phytoplankton
across the North East Pacific Transition Zone. The synthesis of multiple mechanisms is essential for us to begin to
understand the shaping of community structure over large environmental gradients.

Phytoplankton are single-celled microscopic photosynthesizing
organisms that play important roles as the base of the marine food
web and are a key component of Farth’s carbon cycle. These

organisms are extremely diverse, spanning many orders of magni-
tude in size and playing different roles in biogeochemical cycles.
Different communities of phytoplankton (defined here as the
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combinations of coexisting types) occur over a wide range of spa-
tial and temporal scales in the ocean (Margalef 1978; Aiken
et al. 2009; Fremont et al. 2022), support a variety of food webs,
and have diverse roles in the carbon cycle (Fuhrman 2009; Guidi
et al. 2009; Cermefio et al. 2016). Observations have offered
insights into the global scale biogeography of different phyto-
plankton functional types, including different types of pic-
ophytoplankton (e.g.,, Flombaum et al. 2013; Flombaum
et al. 2020), nitrogen fixers (e.g., Tang and Cassar 2019), dia-
toms (e.g., Tréguer et al. 2018), as well as aspects of community
structure such as cell size (e.g., Acevedo-Trejos et al. 2018). In
an attempt to understand these biogeographies, several studies
have examined mechanisms, including biotic interactions such
as grazing pressure or competition for limiting nutrients, to
explain the geographical patterns of specific functional types
(e.g., nitrogen fixers, Ward et al. 2013; Schlosser et al. 2013) or
the size structure of the population (Armstrong 1999;
Banas 2011; Ward et al. 2014). These studies have, in general,
focused on a single group of organisms (e.g., nitrogen fixers) or
one aspect of community structure (e.g., size distribution) and
have examined one underpinning mechanism (e.g., role of
grazing pressure) at a time to help explain the observed patterns
across environmental gradients. However, phytoplankton com-
munities are diverse, comprising various taxa, and it is likely
that multiple mechanisms occur simultaneously at any given
location. Here, we explore the necessity of multiple biotic inter-
actions together to understand observed biogeographical pat-
terns and, in particular, the intricate community structures
observed transitioning between oligotrophic and eutrophic con-
ditions. We capitalize on data collected during three cruises in
the North East Pacific Transition Zone to both describe
observed community structure across environmental gradients
and provide a conceptual and theoretical interpretation of the
combination of several mechanisms that control these patterns.

The North East Pacific Transition Zone is an area of approxi-
mately 10° in latitude stretching from the warm, oligotrophic
waters of the subtropical gyre to the cold, nutrient-replete, sub-
polar gyre. Within this transition zone, satellite imagery and
several field expeditions have shown large gradients in chloro-
phyll a (Chl a) (Fig. 1a—c), sea surface temperature (Fig. 1d),
nutrients (e.g., nitrate and nitrite, Fig. 1e) and in related biogeo-
chemical and ecosystem variables (Polovina et al. 2001; Church
et al. 2008; Kavanaugh et al. 2014; Follett et al. 2021). These
gradients persist, though they shift seasonally (Follett
et al. 2021). Surface waters moving southeast from the subpolar
gyre across this region have nutrients removed by the export of
organic matter through the wintertime mixed layer (Follett
et al. 2021), leading to large gradients in the rate at which
nutrients are supplied to the sunlit layer (Fig. 1f). Strong shifts
in phytoplankton communities are observed by many expedi-
tions across this transition zone, with the south dominated by
picophytoplankton and the north by larger autotrophs
(e.g., Bogorov 1958; Endo et al. 2018; Juranek et al. 2020; Xu
et al. 2022). However, observations obtained during three

Biotic interactions establish community structure

cruises across the North East Pacific Transition Zone in the
spring/early summer of 2016, 2017, and 2019 (we will refer to
these cruises as G1, G2, and G3) along a meridional transect at
158°W (Fig. 1) revealed more complex spatial successions of
phytoplankton than just a shift in the average size of the com-
munity. Moving northward, data from these cruises show a
sharp increase in some pico- and nanoplankton across this
region (Juranek et al. 2020) and sharp declines in both
nitrogen-fixing bacteria (Gradoville et al. 2020) and the smallest
autotroph Prochlorococcous (Follett et al. 2022).

In this study, we first describe the broad-scale patterns of size
structure and taxonomic patterns that were consistent across
the three cruises. Our goal is to identify the mechanisms that
set these distribution patterns, not of a single group of organ-
isms, but of several phytoplankton groups that together form
the majority of the community. We use simple ecological the-
ory together with a complex global/ecosystem model to show
that a combination of biotic interactions is needed to explain
the bulk compositional patterns in phytoplankton across the
North East Pacific Transition Zone: these include size-based
growth and grazing, changing lengths of trophic chains, and
stoichiometric constraints. This same set of interactions is likely
to be relevant over large swaths of the ocean where there is a
strong gradient in resource supply rates.

Methods

Observations from three cruises

As part of the Simons Collaboration on Ocean Processes
and Ecology (SCOPE) project, three SCOPE-Gradients cruises
(G1, G2, and G3) transited from the oligotrophic waters off
Hawaii northward along 158°W and returned along the same
longitude (Fig. 1). G1 took place in April and May 2016; G2 in
May and June 2017; and G3 in April 2019. Each cruise col-
lected a wide variety of ecological and biogeochemical data,
and many results have been discussed in previous publications
(Bjorkman et al. 2018; Gradoville et al. 2020; Juranek
et al. 2020; Pinedo-Gonz’alez et al. 2020; Heal et al. 2021;
Allen et al. 2022; Boysen et al. 2022; Carlson et al. 2022;
Lambert et al. 2022; Graff van Crevel et al. 2023; Park
et al. 2023). For the purposes of this study, we focus on latitu-
dinal patterns of Chl a-containing organisms as measured by
three optical instruments (Supporting Information Fig. S1)
and molecular techniques from water collected near the sur-
face either from the ship’s underway intake or from conduc-
tivity, temperature, depth sensor casts.

Continuous underway flow-cytometer (SeaFlow) was used in
all three cruises to estimate the biomass of small-size phytoplank-
ton, nominally 0.5-3 ym in diameter. These data were classified
into four different populations: the picocyanobacteria
Prochlorococcus and  Synechococcus, small eukaryotes, and the
diazotroph Crocosphaera (Fig. 2b-d; Supporting Information
Figs. S2, S3). In addition, the data was divided into biomass
within specific size bins (Supporting Information Fig. S4).
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Fig. 1. Environmental context of three SCOPE-Gradients cruises (G1-G3): (a—c) NASA MODIS-Aqua Satellite estimate of monthly mean Chl a (mg m~3),
with cruise tracks superimposed (a) G1, Apr 2016; (b) G2, June 2017; (c) G3, Apr 2019; (d) sea surface temperature (°C) from each cruise; (e) nitrate
+ nitrite (mmol N m~3) from each cruise; (f) flux of dissolved inorganic nitrogen into the top 50 m (mmol N m~2 d~') from the numerical model. For
(a)-(c), the black contour is 0.1 mg Chl m~3. For (d) and (e) circles indicate GT, squares G2, and diamonds G3. In (f), the modeled rates include supplies
by vertical and horizontal transport, vertical mixing, and from remineralization from organic matter by heterotrophic organisms. Gray lines in (f) are

monthly means, and thicker black line is the annual average.

Imaging FlowCytobot (IFCB; McLane Labs) was used to estimate
the size and taxonomy of phytoplankton cells, from ~ 3 to
100 ym in diameter (Supporting Information Fig. S5).

We use these observations to determine the total biomass of
diatoms (Fig. 2f) and the non-rare maximum-sized phytoplank-
ton at each latitude (Fig. 2a). However, IFCB data are only avail-
able for G2. A laser in situ scattering and transmissometry sensor
(LISST 100-X; Sequoia Scientific Inc.) was used for all three
cruises to estimate particle size distributions between ~ 1.25 and
100 ym (Supporting Information Fig. S4). For further details of
these measurements, assumptions, and conversions to biomass,
see Ribalet et al. (2019), White et al. (2015), Juranek et al. (2020),
and Supporting Information Text S1.1.

Nitrogen-fixing diazotrophs are important biogeochemical
components of the phytoplankton, but the most dominant

type observed along the transition zone, the UCYN-A1l/
haptophyte symbiosis (Gradoville et al. 2020), cannot (as yet)
be identified optically. Here, we used discrete DNA samples to
provide patterns of nifH gene abundances of this group
(Fig. 2e). For more details on the methodology used, see Grad-
oville et al. (2020) and Supporting Information Text S1.2.

Theoretical framework

Ecological theories reduce a system of interest to the sim-
plest possible components and interactions needed to explain
a specific phenomenon. Here, we consider several planktonic
interactions that we believe are at play in setting community
structure in the transition zone and consider each of five
“mechanisms” individually (labeled A-E, Fig. 3). In the theo-
retical frameworks, we consider the biomass of phytoplankton
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G1/G2/G3 observations
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Fig. 2. Patterns: (a—f) Observations of phytoplankton communities from surface waters (5-7 m) during G1, G2, and G3, averaged into 1° latitude bins.
(@) ESD (um) of 90 percentile of the largest-sized phytoplankton imaged by IFCB (see below and Supporting Information Text S1.1); (b) Prochlorococcus
biomass (mg C m~3); (c) Synechococcus biomass (mg C m~3); (d) small (ESD < 3 um) eukaryote biomass (mg C m~3); (e) nifH gene copies abundance of
the diazotroph UCYN-A (10° genes L™"); (f) diatom biomass (mg C m~3). Circles indicate G1, squares G2, and diamonds G3. Given that rare larger cells
are present, for (a) we plot the maximum ESD below which 90% of the phytoplankton biomass falls. For (b)-(d) biomass estimated from light scattering
measured by SeaFlow, (e) gene copies abundances derived from gPCR, and () biomass estimated from IFCB. IFCB data was only available for G2. The
bottom row (g-1) provides schematics highlighting the large-scale patterns deduced from the top row plots; solid lines indicate robust patterns, dashed
lines indicate patterns that differ between cruises. See Supporting Information Text S1.3 for a description of how these qualitative patterns were

determined.

(P), herbivorous zooplankton (Z), carnivorous zooplankton (C,
that graze only on herbivorous zooplankton), and heterotro-
phic bacteria (H) along with inorganic resource (R,) and
organic resource (Ry) (symbols defined in Supporting Informa-
tion Table S1). We take a strictly trait-based approach where
the plankton types are described in terms of size, resource
requirement, and trophic strategy. For simplicity, we assume
that grazing is also strictly size-based: a larger predator con-
sumes a smaller prey. We first write down a set of differential
equations (Supporting Information Table S2; Supporting

Information Text S2.1) to encapsulate these simplified ecologi-
cal interactions (e.g., predator—prey interactions). We then
solve these equations in a steady state (i.e., no change of bio-
mass over time) for the resource concentration and biomass of
each plankton type (Supporting Information Table S3). In this
way, we gain insight into when different plankton types can
coexist or not (labeled “insight” in Supporting Information
Table S3). We consider what these solutions suggest about the
coexistence of biomass patterns along an axis of resource
(e.g., inorganic nutrients) supply rate (Sg,). This approach is
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Fig. 3. Mechanisms A-E (see Supporting Information Tables S1-S3): Cartoon (gray shaded area) of the ecosystem components used in each of the theo-
retical frameworks, and schematic graphs indicating the patterns of plankton biomass across a gradient of inorganic resource supply rate (Sgp) as
suggested by the theoretical frameworks in steady state (Supporting Information Table S3). The interactions occur between phytoplankton (P), herbivo-
rous zooplankton (2), carnivorous zooplankton (C), and heterotrophic bacteria (H) along with inorganic resource (R,) and organic resources (Rp,). Sgn is
the rate of supply of organic resources. Symbols are defined in Supporting Information Table S1. The relative amount of biomass in each steady-state
solution will differ depending on the parameters chosen, as such, the schematics are designed to provide overall patterns across the resource supply rate
gradient. The smallest number of plankton types required to explain the theory are used here, but each theory can be extended to include many more
size classes/types.
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relevant for the North East Pacific Transition Zone, as it ranges
from oligotrophic conditions (low supply rate) to high (sea-
sonal) resource supply rates in the north (Fig. 1e). The differ-
ent frameworks and the insight obtained are shown
schematically in Figure 3.

Numerical model

We additionally use a mechanistic numerical model. The
model is based on differential equations describing our best
understanding of the dynamics at play in the physics, biogeo-
chemistry, and ecology of the ocean. These equations are dis-
cretized and stepped forward in time computationally and, as
such, the model results are never in a steady state. Specifically,
we use the Darwin ecosystem model configured to include the
cycling of elements through inorganic, dissolved and particu-
late detrital pools and 50 plankton types (Fig. 4). The phyto-
plankton span across 15 size classes and multiple functional
groups including diatoms, coccolithophores, prokaryotes,
picoeukaryotes (equivalent spherical diameter, ESD < 2 ym),
diazotrophs, and mixotrophic dinoflagellates. There are 16 size
classes of zooplankton and 3 size classes of heterotrophic bac-
teria. This complex ecosystem, along with inorganic, dis-
solved, and particulate material, is transported within a three-
dimensional global ocean model (MITgcm; Marshall
et al. 1997; Wunsch and Heimbach 2007). This specific model
setup was previously used in Follett et al. (2022), and the
large-scale global distribution and seasonality of bulk ecosys-
tem properties such as Chl a, as well as distributions of size
classes and functional groups, are plausible in comparison

Biotic interactions establish community structure

with satellite and in situ observations (see supplement of
Follett et al. 2022). For more details, see Supporting Informa-
tion Text S3.1. Nutrient fluxes, as shown in Figure 1f, are cal-
culated from the model as discussed in Supporting
Information Text S3.2. We conducted a series of numerical
model sensitivity experiments to test each of Mechanisms A-E
examined in the theoretical frameworks. These experiments
are named relative to the mechanism (A-E) that they are
targeting (summarized in Supporting Information Table S4).

Results

Observations of community structure

In all three cruises, SeaFlow results showed that the
smallest Chl a-containing organism (see Supporting Informa-
tion Fig. S1 for relative sizes), the picocyanobacterium
Prochlorococcus, contributed a large portion of the total phyto-
plankton biomass in the southern portions of the transects,
had relatively uniform distributions to the south, and declined
to zero biomass further north (e.g., between 33°N and 36°N
depending on the year; Fig. 2b; Supporting Information
Fig. S2). This decline to absence of cells occurred sharply
(defined here to be a change of more than two standard devia-
tions over 1° latitude, see Supporting Information Text S1.3).
The next smallest phytoplankter, the pico-cyanobacterium
Synechococcus, had low biomass in the southern part of the
transect, increasing (by more than one standard deviation, see
Supporting Information Text S1.3) between 30°N and 34°N
and decreasing further north (Fig. 2¢).

1636
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Fig. 4. Schematic of the numerical model ecosystem with plankton arranged by size classes in rows, and functional groups in columns. Note that zoo-
plankton are arranged in the same row as their 10 times smaller prey. Arrows indicate the predator—prey interactions; dark arrows for preferential grazing
and lighter for less preferred prey (cross-size grazing). Carnivory is indicated through the curved arrows on the right-hand side. Note that zooplankton
that prey on other zooplankton in the model are omnivores, as they also typically prey on phytoplankton.
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Small eukaryotes, a diverse set of organisms including
picoeukaryotes (ESD<2pm) as well as some small
nanophytoplankton (ESD 2-3 ym), formed a substantial and
stable fraction of the biomass in the southern portion of the
transect (sometimes similar in magnitude to Prochlorococcus,
Supporting Information Fig. S2), and increased in the north-
ern portion (Fig. 2d; Supporting Information Fig. S$2).
The distribution of the gene marker for nitrogen-fixing
organisms, diazotrophs, showed a similar pattern to the
picocyanobacteria: The most dominant diazotroph along this
transect, UCYN-A, identified by its nifH gene (Gradoville
et al. 2020), had a sharp decline between 28°N and 33°N
depending on the cruise (Fig. 2e). This pattern was also mir-
rored by the less abundant diazotroph, Crocosphaera
(Gradoville et al. 2020, Supporting Information Fig. S3). There
are suggestions of isolated low abundances of Crocosphaera fur-
ther north, as observed from cell counts, but also nifH genes
(Gradoville et al. 2020). [FCB measurements, only available for
G2, revealed a distinct pattern in diatom distributions: mini-
mal biomass in the southern part of the transect and increas-
ing toward the north (Fig. 2f). Similar patterns of notable
increases in diatoms poleward have been observed in previous
cruises (e.g., Bogorov 1958; Endo et al. 2018), albeit with less
spatial resolution.

Optical imagery (both SeaFlow and IFCB) shows a pattern
where phytoplankton biomass is predominantly found in
smaller size classes toward the southern end of the transect,
while larger phytoplankton tend to coexist more promi-
nently toward the northern section (Fig. 2a; Supporting
Information Figs S4, S5). Though the IFCB optical imagery
is only available for G2, consistent patterns of increased
biomass and particulate organic carbon in larger size classes
moving northward were observed in all three cruises, as
evidenced by LISST measurements (Supporting Information
Fig. S4). This shift in phytoplankton size classes has been
noted by Juranek et al. (2020).

Differences in the locations of community structure
shifts observed between cruises likely reflect seasonal and
interannual environmental changes as indicated by varia-
tions in Chl g, temperature, and nutrients (e.g., Fig. 1). In
this discussion, we focus on the robust patterns (schemati-
cally shown with solid lines in Fig. 2g-1) rather than the
cruise-to-cruise variability. We also note that similar pat-
terns have been observed in previous cruises, though with
less spatial resolution or fewer types of measurements
(e.g., Polovina et al. 2001; Church et al. 2008; Juranek
et al. 2012). These robust patterns are (going from south to
north): (1) that small cells dominate the phytoplankton
community in the southern part of the transect, with larger
plankton becoming more important further north (Fig. 2g);
(2) a sharp decline in Prochlorococcus (Fig. 2h); (3) a low
Synechococcus biomass with an increase and (sometimes)
subsequent decease (Fig. 2i); (4) an increase in small Chl
a-containing eukaryotes (Fig. 2j); (5) a sharp decrease in

Biotic interactions establish community structure

diazotrophs as suggested by nifH genes (Fig. 2k); and (6) an
increase in diatoms (Fig. 21).

Theoretical framework of biotic interactions

The simple frameworks discussed in this section are
designed to provide insight into a single set of biotic interac-
tions at a time and, in general, have been examined before in
previous literature (see equations and references in Supporting
Information Tables S2, S3). More details and nuances of these
mechanisms can be found in that literature and in Supporting
Information Text S2.1. Here, we consider how these interac-
tions could impact phytoplankton groups across the North
Pacific Transition Zone.

Mechanism A: Size-specific grazing

Here, we consider a system of two phytoplankton (P;) of
different sizes, along with predatory herbivorous zooplankton
(Z;) that we assume graze only on a specific size class (Fig. 3a)
along a gradient of resources supply rate (Sg,, x-axis in Fig. 3).
In the absence of grazers the smaller phytoplankton (P;), with
the highest nutrient affinity, will out-compete the larger phy-
toplankton (sector i, that is, before the first dashed vertical
line, in graph Fig. 3a). When resource supply rates are high
enough to sustain sufficient P;, a herbivorous zooplankton
predator (Z;) can also be supported and the biomass P, is
capped (sector ii in Fig. 3a). At higher resource supply, with
sufficient grazer pressure from Z;, the two sizes classes can
coexist (sector iii, i.e., when R+, equals R,+»; Supporting Infor-
mation Table S3; Eqs. SAla,b, SAI). Summary: Size-specific graz-
ing allows an increase in the number of size classes that can
coexist along a transect of increasing resource supply rates and
sets a uniform distribution of each size class once it is under
grazer control. This mechanism can, therefore, explain the
inclusion of larger size classes in the north of the transect
where nutrient supplies are higher, as seen in pattern
1 (Fig. 2a).

Mechanism B: Third trophic level

Here, we consider a framework with a single phytoplankton
type, its predator (herbivorous zooplankton), and a third tro-
phic level (carnivorous zooplankton). At a high enough
resource supply rate, Z; reaches biomass sufficient to support
the next trophic level, the carnivore (sector iii in Fig. 3b;
Supporting Information Table S3; Eq. SBI). Without a strong
grazer control, the phytoplankton biomass can now increase
with higher resource supply rates. Summary: When nutrient
supply rates are high enough to support a third trophic level
(carnivory), the release of grazing pressure allows phytoplank-
ton biomass to increase. This mechanism can explain some of
the sharp increases observed along the transition zone
(e.g., small eukaryotes, Fig. 2d).

Mechanism C: Shared predation with heterotrophic bacteria
We again consider two size classes of phytoplankton along
with their grazers, but now also include two size classes of
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heterotrophic bacteria. Phytoplankton consume the inorganic
nutrient (R,) and produce the organic resource (Ry) that fuels
the heterotrophic bacteria. As total plankton biomass increases
along a gradient of inorganic resource supply rate, the supply
of the organic resource also increases. At high enough organic
resource supply rates, the larger bacteria (H,;) can be supported
(sectors v and vi). In the process of shared predation (also
known as “apparent competition,” Holt 1977; Holt and
Bonsall 2017), the combined biomass of P; and H; has a uni-
form concentration (Supporting Information Table S3,
Eq. SC3). Thus, as the biomass of H; increases, P; biomass
must decrease (sector v) and eventually reaches zero (sector
vi). Summary: Shared predation with a similar-sized heterotro-
phic bacterium can lead to the decline and eventual collapse
of that phytoplankton size class with an increasing supply of
inorganic (and hence organic) resources. This mechanism can
explain the sharp decrease of, for instance, Prochlorococcus
(Fig. 2b) across the transition zone.

Mechanism D: Shared predation through cross-size grazing

Though grazers appear to have a preference for a certain prey
size (Fenchel 1987; Hansen et al. 1997; Kigrboe 2019), they also
graze across several size classes, though not all with the same
preference (Hansen et al. 1994). Here, we allow multiple zoo-
plankton to graze on a single phytoplankton size class. We call
this “cross-size class grazing” and introduce the symbol ¢,
which describes the degree of palatability of a phytoplankton
type to a zooplankton type (preferred prey ¢ = 1, less preferred
prey has ¢ < 1). Once the nutrient supply rate is high enough
to support P,, P; decreases (sector iii, see also Supporting Infor-
mation Fig. S6): Shared grazing by the single zooplankton leads
to a cap in the combined biomass of the two phytoplankton
types. Summary: Shared predation, though cross-size class graz-
ing, alters the relative abundance of different size classes and
can lead to the exclusion of one size class. This mechanism can
explain how a size class (e.g., Synechococcus, Fig. 2c) could have
low biomass relative to other classes.

Mechanism E: Different limiting resources

The four previous mechanisms focused on when different
size classes of phytoplankton could coexist (or not). Here, we
instead focus on when two phytoplankton types (the same
size or not) can coexist if they are limited by different
resources, X, and Y, (Fig. 3E). We consider a faster-growing
phytoplankton P; limited by X, but which requires both X
and Y, and a slower growing phytoplankton P, which only
requires Y,. Here, the theory suggests that coexistence occurs
when the ratio of the two resources supply rates (Sy /Sx, where
resource X, is limiting the faster grower) is in excess of the
faster-growing phytoplankton’s requirements (yxy;), as indi-
cated in Eq. SEI (sector i, in Fig. 3e). Summary: Two phyto-
plankton types limited by different resources can coexist if the
ratio of the supply rates between the two resources (slower
grower limiting resource to faster grower limiting resource) is
in excess of the faster-growing phytoplankton’s stoichiometric
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requirements for those two resources. This mechanism can
explain where diazotrophs coexist with non-diazotrophs and
non-diatoms with diatoms across the transition zone.

Each mechanism discussed above has been considered inde-
pendently, but in fact, all mechanisms are at play in the real
ocean, and the mechanisms likely interact with one another in
a nonlinear manner. It becomes intractable to develop a frame-
work that includes all components together along with addi-
tional trophic strategies. Even if possible, such a setup would
rapidly lose the benefit of theoretical constructs: the clarity that
comes from simplicity. In addition, other environmental fac-
tors, such as temperature and light, impact growth and grazing
rates. These, too, lead to complexity that is difficult to incorpo-
rate in a useful theoretical framework.

Numerical model experiments to explore biotic
interactions

As a next step in this study, we utilize the numerical
(or computational) mechanistic global model of the ocean and
its ecosystem. Our numerical model includes all the interactions
described by the theoretical frameworks (see Supporting Informa-
tion Table S2), but is significantly more complex. It includes plas-
ticity in trophic levels, many size classes (Fig. 4), multiple
limiting nutrients, and growth that is also impacted by light and
temperature. In addition, resources and plankton are transported
within a three-dimensional moving ocean, with seasonally vary-
ing forcing, and are therefore never in a steady state. Our initial
simulation (termed the “default”, EXP-0, to differentiate it from
the sensitivity experiments discussed below) shows patterns
across the North East Pacific (Fig. Sa) that are consistent with the
observations (Fig. 2): a sharp drop-off of Prochlorococcus and
diazotrophs toward the north; relatively uniform picoeukaryotes
in the south with a sharp increase in the middle of the domain;
and almost no diatoms to the south with a sharp increase in the
middle of the domain. In the southern portion of the domain,
only a few size classes coexist, but many larger size classes coexist
further north (Fig. 5a, right panel).

Each of the sensitivity experiments that we discuss next
(Supporting Information Table S4) highlights one of the
mechanisms A-E (as denoted by experiment name, e.g., EXP-A
focused on mechanism A, size-specific grazing) and is com-
pared to the “default” experiment (EXP-0) in terms of phyto-
plankton community structure. We describe how these
expand our understanding relative to the simple theoretical
frameworks discussed in the previous section. For additional
details and nuances, see Supporting Information Text S3.3.

EXP-A: Single generalist grazer

This experiment was designed to explore mechanism A and
how size-dependent grazing allows for multiple size classes to
coexist. In EXP-A, instead of a range of size classes of zoo-
plankton (as in EXP-0), we have a single zooplankton type
that grazes indiscriminately on all size classes of plankton
(phytoplankton and bacteria). The number of size classes that
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(a)
EXP-0:
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Fig. 5. Modeled annual mean biomass (surface, 0-10 m) of Prochlorococcus, Synechococcus, picoeukaryotes, diazotrophs, and diatoms (mg C m‘3) and
(right most column) number of coexisting phytoplankton size classes for experiments: (a) EXP-0 (the default); (b) EXP-A (single generalist grazer); (c)
EXP-B (no carnivory); (d) EXP-C (no explicit bacteria); (e) EXP-D1 (higher cross-size class grazing); (f) EXP-Eal (low eolian iron deposition); (g) EXP-Eb1
(lower requirements of silica in diatoms). Difference plots relative to the default (EXP-A) are shown in Supporting Information Fig. $8. Results from addi-
tional experiments are also shown in Supporting Information Figs. S9 (EXP-D2), S11 (EXP-Ea2), and S12 (EXP-Eb2). Here, we show results only for the
North East Pacific, but the model is global (see, for instance, Supporting Information Fig. S11).

coexist drops dramatically (Fig. 5b, right panel), suggesting
that this mechanism is important in maintaining size diver-
sity. However, the number of size classes does not reduce to
just the smallest, indicating that other mechanisms can also
maintain some level of size diversity (see Discussion).

EXP-B: No third trophic level
This experiment was designed to explore whether carnivory
allows for increases in biomass as observed for some

phytoplankton types across the transect (e.g., picoeukaryotes,
Fig. 2d). In EXP-B we do not allow zooplankton to graze on
other zooplankton (e.g. removing all the curved arrows in
Fig. 4). In this experiment, modeled picoeukaryote biomass is
almost uniform across the entire region (Fig. 5c, third panel),
in sharp contrast to the default experiment with carnivory
(EXP-0). However, diazotroph and diatom patterns do not
change much between experiments, suggesting other mecha-
nisms control their distribution.
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EXP-C: No explicit bacteria

This experiment was designed to show that shared graz-
ing with a similar-sized heterotrophic bacterium could lead
to the poleward collapse of Prochlorococcus (mechanism C).
In EXP-C, bacteria are not modeled explicitly, but rather
remineralization is treated as a rate dependent process. In
this experiment, without sharing a grazer with bacteria,
Prochlorococcus exists across the entire domain (Fig. 5d, left
panel). Also noticeable during EXP-C is that in the far north
Synechococcus (second panel) biomass increases significantly
as well, suggesting that shared grazing with the heterotro-
phic bacteria also limits the Synechococcus domain.

EXP-D: Cross-size class grazing
In the default experiment, grazers preferentially (¢ =1)
grazed on prey 10 times smaller than themselves, but also

(a) Complex
marine
ecosystem

(b) Theoretical framework

Biotic interactions establish community structure

grazed on one size class smaller and larger with the preference
of ¢ = 0.3 (see Fig. 4). We consider the impact of increasing the
cross-size grazing (¢ = 0.6) in EXP-D1 and removing any cross-size
grazing (¢ =0) in EXP-D2 (Fig. Se; Supporting Information
Figs. S7-89). Synechococcus biomass becomes significantly decreased
(Fig. Se, second panel) with the higher cross-grazing (EXP-D1).

EXP-Ea: Altered iron supply

Diazotrophs in the default simulation are found where there
is an excess supply of iron and phosphate relative to non-
diazotroph needs (see Supporting Information Fig. S10e,f). In
this region, phosphate is, in general, sufficient to support
diazotrophs. We conduct two experiments (EXP-Fal and EXP-
Ea2) where we halve or double the amount of iron dust that
reaches the ocean, respectively (Fig. 5f; Supporting Information
Figs. S8, S11). This effectively alters the ratio of supply rates of

Mechanism E:

Mechanism A:
Size-based grazing

Mechanism B:

Mechanism C: Shared
grazing (bacteria)

Mechanism D: Shared
grazing (size classes)

Multiple limiting
nutrients

Additional trophic level @

4

°N Pattern 1
(© | rocern 2

Observationally g
based patterns

Latitude

/

%

o

)4

Pattern 5

Prochlorococcus

ax size
M biomass

Synechococcus
biomass

Diatom
biomass

Small euk

4 Diazotroph
biomass

biomass

Fig. 6. Summary: (a) Marine ecosystems consist of a complex combination of competitive and trophic interactions; (b) we separate this complexity into
several key “mechanisms” (labeled A-E) and explored these first from a theoretical basis, and then with targeted experiments with a complex computer
model that includes all these (and other) processes. We show that a combination of these mechanisms (arrows between panels b and ) control the (c) “pat-
terns” of phytoplankton distributions observed in the SCOPE-Gradients Cruises. Note that (c) are the same plots as in Fig. 2g-l, and (b) shows the same
frameworks as in Fig. 3. The interactions occur between phytoplankton (P), herbivorous zooplankton (Z), carnivorous zooplankton (C), and heterotrophic
bacteria (H), including their consumption of inorganic resource (R,), and organic resources (Ry,). Symbols are defined in Supporting Information Table S1.
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Fe to N (Sge : Sn) and dramatically changes the biogeography of
diazotrophs. There is also an alteration in the diatom distribu-
tion (Supporting Information Fig. S11, see Discussion).

EXP-Eb: Altered silica requirements for diatoms

We additionally consider two experiments where we alter
the stoichiometric demands for silica relative to nitrogen (ysin)
for diatoms (EXP-Eb1, halved and EXP-Eb2, doubled). Lower
rsin (EXP-Ebl) leads to more diatoms (Fig. 5g; Supporting
Information Figs. S8g, S12). With less utilization of silicic acid
in the north, more of this nutrient is transported southward
across the region and there is a subsequent extension of the
spatial distribution of diatoms relative to the default experi-
ment (EXP-0).

Discussion

Marine food webs have a complex set of competitive and
trophic interactions that occur simultaneously (shown sche-
matically in Fig. 6a). We have separated out five different
biotic interactions to formally examine each individually
within a theoretical framework (Fig. 6b). These interactions
are then tested in the more comprehensive mechanistic global
model. Our holistic approach demonstrates that the intricate
pattern of community structure observed during the SCOPE-
Gradients cruises can be understood through multiple inter-
acting mechanisms (schematically shown by multiple arrows
between panels b and c in Fig. 6) rather than by only a single
mechanism operating in isolation:

1. Size class distribution: The observations suggest that nutrient
supply rates, even in the southern portion of the transect,
can support several size classes with the two smallest types
(Prochlorococcus, Synechococcus) as well as picoeukaryotes and
some nanophytoplankton coexisting (Fig. 2, Supporting
Information Fig. S2). As we transit northward across the
transect, higher nutrient supply rates support more grazer
control, allowing even larger phytoplankton size class to
coexist with the smaller classes (mechanism A, size-specific
grazing, Fig. 2a; Supporting Information Fig. S4, S5). How-
ever, large enough ratios of nutrient supplies, in particular
iron vs. nitrogen, can also lead to different size classes
coexisting (e.g., the small cells and the slightly larger
diazotrophs in the south part of the transition zone). Here, it
is the different needs for nutrients (mechanism E, multiple
limiting nutrients) rather than grazing pressure that allows
the coexistence. Thus, it is a combination of resource com-
petition, size-specific grazing, and different limiting nutri-
ents that control the number of size classes that can coexist.

2. Prochlorococcus distribution: In the southern part of the tran-
sect, Prochlorococcus biomass is controlled/capped by its grazer
and remains relatively uniform (mechanism A, size-specific
grazing). In the transition zone where resource supply
increases rapidly northward, the coexistence of omnivores
preying on Prochlorococcus’ herbivorous grazers can lead to an
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increase in Prochlorococcus (mechanism B, third trophic level),
as is seen in some of the cruises. However, shared grazing
with similar-sized copiotrophic heterotrophic bacteria (mecha-
nism C) and other size classes of phytoplankton (mechanism
D) leads to the ultimate decline of Prochlorococcus. Whether
the coexistence of the omnivore occurs before or after the crit-
ical biomass of plankton sharing the grazer(s) determines
whether an increase in Prochlorococcus occurs before its
decline. This can explain why, in the observations, there is
sometimes an increase in Prochlorococcus before its decline and
sometimes not (Fig. 2b).

. Synechococcus distribution: Theory and model simulations

suggest that a relative amount of shared grazing with
other size classes of plankton can lead to lower Syn-
echococcus biomass in the southern portion of the transect
(mechanism D). The small eukaryotes are (for the most
part) the largest phytoplankton size class along the south-
ern part of the transect (at least with any major biomass)
and so are themselves freed from higher size class cross-
grazing pressure. Prochlorococcus, on the other hand, will
be protected from cross-grazing since it is on the lowest
end of size classes and has additional protection from
cross-size class grazing if Synechococcus is mostly excluded.
Similarly, as described in pattern 2 above, we anticipate a
relatively uniform biomass of Synechococcus in the south-
ern part of the transect (capped/controlled by herbivorous
grazers), and an increase in the transition zone when car-
nivory reduces this grazing pressure (mechanism B, third
trophic level). A decline even further north, seen on two
cruises, can be explained by a shared grazer with hetero-
trophic bacteria and higher size classes of phytoplankton
(mechanisms C and D).

Herbivorous grazing leads to
the relatively uniform biomass of picoeukaryotes across the
southern part of the transect (mechanism A), and the pres-
ence of carnivores further north leads to the abrupt increase
in this size class of phytoplankton (mechanism B, third tro-
phic level).

. Diazotroph distribution: The excess supply of iron and phos-

phate relative to DIN, given the needs of the non-
diazotrophs, allows for diazotrophs to exist in the southern
portion of the transects. Further north, there is no such
excess and there is a sharp decline in diazotroph abun-
dances (mechanism E, multiple limiting nutrients).

. Diatom distribution: Insufficient silica to fulfill diatom stoi-

chiometric requirements (mechanism E, multiple limiting
nutrients) in the southern portion of the transect strongly
limits the diatom biomass in this region. Silicic acid sup-
ply is, however, strongly related to the degree of iron limi-
tation of diatoms upstream (e.g., Equatorial Pacific and
Northern Pacific subpolar gyre), and changes in the iron
supply could lead to shifts in the diatom biogeography
(experiment EXP-Ea; Supporting Information Fig. S11;
Supporting Information Text S2.1).
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Our study highlights that it is a combination of microbial
interactions that alter across a gradient of resource supply
rates that are key in understanding coexistence: competition
for scarce resources, grazing pressure, and shared grazing with
other plankton. Though previous studies have considered
some of these mechanisms individually to explain similar
types of observed biogeography (e.g., cell size along the Atlan-
tic Meridional Transect, Acevedo-Trejos et al. 2018;
Dutkiewicz et al. 2020, or global distribution of nitrogen fixers
Ward et al. 2013) this study is unique in synthesizing multiple
mechanisms to explain a community of phytoplankton.

Previous observational studies (e.g., Fuhrman 2009; Lima-
Mendez et al. 2015) have shown through correlation that
biotic interactions appear important in setting community
structure. Here, we have shown this mechanistically. We find
that the magnitude of the resource supply rate facilitates
these different interactions among organisms. The critical
values of the supply rate that allows coexistence (“insights”
in Supporting Information Table S3) differ in whether
they are set by phytoplankton physiological parameters
(e.g., mechanism A, Insight SAI), grazing parameters (e.g.,
mechanisms C and D; Eq. SC3, Insight SDI), or stoichiometric
requirements (mechanism E, Insight SEI). Since these parame-
ters may or may not be controlled by the environment (such
as photosynthetically available radiation, temperature), the
critical values of the supply rates will vary over both time and
space scales. For instance, mechanism A (Insight SAI) is a
function of maximum phytoplankton growth rate (impacted
by temperature and light), while mechanism B is a function
of maximum grazing rate (impacted by temperature, but not
light). Given these important differences, and because nutri-
ent supply rates vary temporally (see Fig. 1f), the features of
the increases and decreases in different plankton types should
move latitudinally with season (see Supporting Information
Fig. S13) and interannually, but not necessarily at the same
rate. This likely causes some of the differences observed
between the three cruises. These results also suggest that abi-
otic factors (e.g., temperature) alone are unlikely to be able to
provide realistic predictions of community structure.

Here, we have considered five mechanisms and the patterns
of only a subset of the complex phytoplankton community
and trait distributions. However, the ocean is far more complex
and includes many more types of organisms (e.g., viruses)
and interactions (colony formation, symbiosis, chemical signal-
ing) than discussed here. As such, we view our study as an ini-
tial attempt at understanding the first-order, large-picture,
patterns. Traits such as buoyancy control, morphology (see,
e.g., Ryabov et al. 2021), symbiosis, chain/colony formation,
and mixotrophy might allow larger size classes to coexist in
lower nutrient regions than the theory suggests. Other compo-
nents of the marine food web, such as higher trophic levels
and, in particular, viruses will also interact in ways that are
likely important. For instance, Carlson et al. (2022) hypothe-
sized, also using SCOPE-Gradients observations, that viruses

Biotic interactions establish community structure

can play, at times, a critical role in Prochlorococcus distributions.
In addition, there are other patterns of community structure
(for instance, the latitudinal gradient in mixotrophy, Lambert
et al. 2022) across the transition zone that we have not
attempted to explain here. Several of the observed
picoeukaryotes are mixotrophic (e.g., Li et al. 2022), and how
this plasticity in trophic strategy plays out in maintaining size
diversity is important to explore in a follow-on study. (Our
numerical model only included larger mixotrophic dinoflagel-
lates.) Furthermore, motility might also be an important mech-
anism to explore: For instance, some picoeukaryotes are motile
and this will impact their level of shared grazing with the non-
motile cyanobacteria. Our study is holistic, not exhaustive, but
does provide clear hypotheses on some of the mechanisms
structuring community composition across strong gradients in
the supply of resources.

We hypothesize that a combination of biotic interactions
driven by size-based growth and grazing; changing lengths of
trophic chains; and stoichiometric constraints are needed to
explain the bulk compositional patterns in phytoplankton
across the North East Pacific Transition Zone. Additional mea-
surements and further analysis could help expand on the
mechanisms discussed in this study. For instance, estimates of
the patterns in size classes of zooplankton (for mechanism A,
size-specific grazing) could be obtained from imaging flow
cytometers. Further analysis of metatranscriptome and meta-
genomic data from G1 to G3 (and other cruises) could provide
insights and identify the grazing partners, particularly in com-
munity composition and trophic modes of the picoeukaryotes
and other groups. In particular, these data might identify the
shared grazers in mechanisms D and E. Additional measure-
ments to ascertain the length of food chains and exploration
of trophic level of grazers (for mechanism B, third trophic
level), higher resolution of heterotrophic bacteria size classes
(mechanism C), evaluation of the grazers of the smallest size
classes in both field observations and laboratory experiments
(mechanism D, cross-size class grazing), and quantification of
ratio of supply rate of different nutrients (mechanism E)
should be priorities in future plans.

Conclusions

Phytoplankton form the base of the food web and drive the
cycling of carbon in the sea. They contain a high diversity of
species and form complex spatial-temporal patterns in the
environment, which can be difficult to simplify. Our study
provides a holistic understanding of the large scale, and yet
intricate, patterns of community composition observed in the
North East Pacific Transition Zone. We find that it is not
enough to examine a single mechanism to explain the
observed patterns, but that multiple co-occurring biotic inter-
actions are needed. Such a complete synthesis is essential for
us to begin to understand the complexity of the natural world,
and the insight it provides is crucial for us to be able to predict
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what will happen to phytoplankton communities in a
warming world.

We have shown that multiple competitive and trophic inter-
actions work together to establish community structure. Where
these biotic interactions occur is set by the gradient in resource
supply and in the ratio of multiple resource supplies across the
transition zone. The mechanisms suggested by our study are
general and likely set community structure across many envi-
ronmental gradients in the global ocean. Our work provides
testable hypotheses, a path for large synthesis efforts, a catalyst
for further data analysis, and suggests a cross-gradient observa-
tional strategy for fully understanding and predicting plankton
community structure in our changing oceans.

Data availability statement

Cruise data are freely available via Zenodo.org. SeaFlow
data for G1-G3 used in this study (as well as additional
cruises) is available at https://doi.org/10.5281/zenodo.
2678021. LISST data for G1-G3 are available at https://doi.org/
10.5281/zenodo.7754538. IFCB data is available at https://doi.
org/10.5281/zen0do.4267140 and https://doi.org/10.5281/
zenodo.4267135. nifH gene abundance data for G1 and G2
were published in a supplement of Gradoville et al. (2020) and
G3 is available at https://doi.org/10.5281/zenodo.7779671. All
data can be accessed and viewed via SimonsCMAP (Ashkezari
et al. 2021). The general circulation model (MITgcm) is avail-
able through mitgcm.org, and the generic biogeochemical/
ecosystem code used in this study is available at https://
github.com/darwinproject/darwin3. The specific version and
modifications for the setup used here, and all parameter values
are freely available through Harvard Dataverse at https://doi.
0rg/10.7910/DVN/SGCZMC. Model output used in this study
is available at https://doi.org/10.7910/DVN/5YRVHO.
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