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Abstract

In oligotrophic oceans, the smallest eukaryotic phytoplankton are both sig-
nificant primary producers and predators of abundant bacteria such as Pro-
chlorococcus. However, the drivers and consequences of community
dynamics among these diverse protists are not well understood. Here, we
investigated how trophic strategies along the autotrophy-mixotrophy spec-
trum vary in importance over time and across depths at Station ALOHA in
the North Pacific Subtropical Gyre. We combined picoeukaryote community
composition from a 28-month time-series with traits of diverse phytoplankton
isolates from the same location, to examine trophic strategies across
13 operational taxonomic units and 8 taxonomic classes. We found that
autotrophs and slower-grazing mixotrophs tended to prevail deeper in the
photic zone, while the most voracious mixotrophs were relatively abundant
near the surface. Within the mixed layer, there was greater phagotrophy
when conditions were most stratified and when Chl a concentrations were
lowest, although the greatest temporal variation in trophic strategy occurred
at intermediate depths (45-100 m). Dynamics at this site are consistent with
previously described spatial patterns of trophic strategies. The success of
relatively phagotrophic phytoplankton at shallower depths in the most strati-
fied waters suggests that phagotrophy is a competitive strategy for acquiring
nutrients when energy from light is plentiful.

(Frias-Lopez et al, 2009; Li et al, 2022; Wilken
et al., 2023), and significant functional diversity has

In the ocean, small eukaryotic phytoplankton often con-
tribute a large fraction of primary production, especially
in nutrient-poor environments (Pasulka et al., 2013; Rii
et al., 2016). These unicellular protists come from a dis-
parate array of evolutionary lineages (Choi et al., 2020;
Pierella Karlusich et al., 2020), and most of these line-
ages include phago-mixotrophs that prey on other
organisms in addition to performing photosynthesis (Li
et al., 2022; Mitra et al., 2023). In oligotrophic waters,
the cyanobacterium Prochlorococcus is a major com-
ponent of the ecosystem (Partensky et al., 1999) and a
potentially significant source of nutrition for phago-
trophs. Previous work has shown that protistan preda-
tors of Prochlorococcus are taxonomically diverse

been documented among the mixotrophic taxa, with
substantial variation in rates of ingestion across groups
(Li et al., 2022). In addition, mixotrophic taxa with
higher ingestion rates tend to have lower phototrophic
performance and lower assimilation efficiency of prey
biomass, leading to a spectrum of mixotrophic strate-
gies (Edwards, Li, McBeain, et al., 2023; Li
et al., 2022). Integrating these experimental trait mea-
surements with Tara Oceans survey data (De Vargas
et al.,, 2015) shows that phytoplankton trophic strate-
gies shift across major environmental gradients: rela-
tively phagotrophic taxa are more prevalent under
stratified, low chlorophyll a (Chl a) conditions, and at
shallower depths, while autotrophs and relatively
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autotrophic mixotrophs are more prevalent under less
stratified, high Chl a conditions, and deeper in the pho-
tic zone (Edwards, Li, McBeain, et al., 2023). These
patterns are consistent with theoretical predictions that
relatively phagotrophic phytoplankton are better com-
petitors when dissolved nutrients are scarce and that
they can better compete with heterotrophs when light is
also plentiful (Edwards, 2019; Rothhaupt, 1996; Ward
etal., 2011).

Outstanding questions include how the functional
composition of smaller phytoplankton changes over
time, and what environmental variables drive these
changes. Studies have documented temporal dynamics
in protistan plankton communities, as well as substan-
tial community stratification across depths within the
photic zone (e.g., Blanco-Bercial et al., 2022; Choi
et al., 2020; Yeh & Fuhrman, 2022). A detailed survey
of picoeukaryote dynamics over several years in the oli-
gotrophic North Pacific found recurrent seasonal com-
munity changes, as well as shorter-term fluctuations
driven by deep mixing events and mesoscale
processes (Rii et al.,, 2022). Community dynamics
depended on depth within the photic zone, with more
consistent seasonal dynamics at shallower depths, and
episodic variation deeper in the photic zone associated
with temporary displacement of isopycnal depths (Rii
et al., 2022). Understanding how these shifts in commu-
nity composition translate into functional changes is
important for understanding the causal mechanisms
structuring communities, as well as the consequences for
ecosystem and biogeochemical processes. For example,
a shift from relatively autotrophic to relatively phagotrophic
phytoplankton is expected to alter nutrient cycling and pri-
mary production (Mitra et al., 2014), as mixotrophs likely
excrete less dissolved nutrients than heterotrophs, while
using ingested prey nutrients to enhance total carbon fixa-
tion. Similarly, relatively phagotrophic phytoplankton may
alter food web and export processes by transferring prey
biomass more efficiently to higher trophic levels, relative
to heterotrophic consumers (Edwards, Li, &
Steward, 2023; Ward & Follows, 2016).

In this study, we synthesized a time-series of
picoeukaryote relative abundances from the oligotro-
phic North Pacific (Rii et al., 2022) together with lab-
measured data on the trophic strategies of diverse taxa
isolated from the same location (Edwards, Li, McBeain,
et al., 2023; Li et al., 2022). We asked whether the abil-
ity of phytoplankton taxa to ingest prey correlates with
their environmental niches, including depth differences
and temporal patterns at seasonal and shorter-term
scales. We also explored how community-scale trophic
strategy may shift with depth and time based on the
subset of the community studied here. Finally, we con-
sidered whether the observed dynamics of trophic strat-
egies at this site are consistent with environmental
drivers previously identified in large-scale spatial com-
parisons (Edwards, Li, McBeain, et al., 2023).
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EXPERIMENTAL PROCEDURES
Picoeukaryote metabarcoding time series

Methods for collection and analysis of the picoeukar-
yote time series are described fully in Rii et al. (2022).
To summarize, samples were collected from eight
depths (5, 25, 45, 75, 100, 125, 150, and 175 m) on
19 research cruises to Station ALOHA (22°45 N,
158°00" W) in the NPSG between February 2011 and
May 2013. Two-litre seawater samples for DNA extrac-
tion were collected using a CTD rosette, prefiltered via
peristaltic pump through 3 pm pore size polycarbonate
membrane filters, and collected onto 0.2 um pore size
polyethersulphone filters. Filters were flash-frozen and
stored at —80°C until DNA extraction. The V9 regions
of 18S rRNA genes were amplified and sequenced via
lllumina MiSeq pair-end sequencing (300 cycles).
Sequences were trimmed and quality filtered, and
reads were clustered into operational taxonomic units
(OTUs) with UCLUST v1.2.22q, initially clustered with
the SILVA 119 database and then clustered de novo at
a 97% nucleotide identity threshold. Taxonomy was
assigned to representative OTU sequences with
BLAST (max E-value 103°), using the pre-clustered
PR? database v.4.12.0 (Guillou et al., 2012). This
yielded 29,062 distinct picoeukaryote OTUs with an
average sequencing depth of ~29,000 reads per sam-
ple. Raw sequence data was deposited into NCBI's
Sequence Read Archive as BioProject ID
PRJNA351881 (accession SRP092782). Contextual
environmental data (photosynthetically active radiation,
mixed layer depth, nutrient concentrations, picoeukar-
yote cell concentration, Chl a concentration, tempera-
ture, salinity, sea-level anomaly) were collected as
described in Rii et al. (2022).

Phytoplankton isolates

Phytoplankton isolates and corresponding trait mea-
surements used in this study were previously described
(Edwards, Li, McBeain, et al., 2023; Li et al., 2022). To
summarize, all strains were isolated from the euphotic
zone at Station ALOHA and were maintained as unial-
gal but not axenic cultures at 24°C in 0.2 pm-filtered
and autoclaved ALOHA seawater, under a 12:12
light:dark cycle with irradiance ~70 pmol photons
m~2s~". Mixotrophs (as described in Li et al., 2022)
were maintained in K medium without added nitrogen,
amended with Prochlorococcus prey. Four isolates
(Ostreococcus, Chloropicon, Micromonas, and Pelago-
monas) did not grow when fed Prochlorococcus as the
only added nitrogen source. These strains were main-
tained in full K medium and will be referred to as
“autotrophs,” while acknowledging they may take up
organic compounds osmotrophically. Strain taxonomy
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was characterized with phylogenetic analysis of 18S
rRNA gene sequences as described in Li et al. (2022).

Grazing ability of mixotrophs was quantified as body
volume-specific clearance rate when fed ~10° cells
mL~" Prochlorococcus. This trait was used because it
has been measured on a large number of isolates (Li
et al.,, 2022), and because it is negatively correlated
with growth efficiency when consuming prey (Li
et al., 2022) and negatively correlated with phototrophic
growth rate (i.e., growth rate when provided dissolved
nutrients and light but no added prey; Edwards, Li,
McBeain, et al., 2023). As described previously, the
clearance rates measured with these isolates approxi-
mate their maximum clearance rates, because prey
concentrations were low enough to not saturate the
ingestion rate (Li et al., 2022). Isolates determined to
be autotrophic by mixotrophy assays were given a
grazing ability of zero.

Matching isolates to OTUs

Isolates were matched to time-series OTUs by com-
paring near-full length 18S rRNA gene sequences of
the isolates to all OTU reference sequences using
nucleotide BLAST (Table S1). Some isolates are
closely related (Li et al., 2022) and matched to the
same OTU; the clearance rates of these isolates were
averaged for the purpose of comparing grazing ability
to OTU niches. In nearly all cases, the OTU with the
lowest E-value (which quantifies the number of hits
expected by chance) was frequent enough to analyse
abundance patterns across the time-series samples
(using a minimum occurrence threshold of 40 sam-
ples), and this OTU was chosen for further analysis. In
some cases, there was a second OTU with an equiva-
lent E-value but <10 reads, and this OTU was not
used. In one case (the prasinophyte Chloropicon),
three abundant OTUs had the same E-value, and their
reads were summed in each sample for further analy-
sis (choosing one OTU produced similar results).
Strains of the dictyochophyte Florenciella formed two
clades (Li et al., 2022), and strains from these two
groups best matched two different Florenciellales
OTUs. We matched an isolate of the bolidophyte Tri-
parma eleuthera with the OTU annotated as Triparma
eleuthera, because the best BLAST match of this iso-
late was the same OTU as an Triparma mediterranea
isolate (and this OTU was annotated as Triparma
mediterranea). In all cases, taxonomic annotation of
the OTUs was consistent with isolate taxonomy inde-
pendently derived by phylogenetic analysis of isolate
18S rRNA and related sequences from GenBank and
the PR? database (Li et al., 2022). In total, the isolate
matching process allowed us to match 21 isolates to
15 OTUs; after summing the three Chloropicon OTUs
and averaging clearance rates of isolates matching to
the same OTU, we obtained 13 distinct taxa (hereafter
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referred to as OTUs) whose niches could be com-
pared to lab-measured grazing ability.

Statistical methods

Statistical methods were similar to those described in
Edwards, Li, McBeain, et al. (2023). We asked whether
the environmental niches of phytoplankton OTUs are
correlated with their grazing ability. OTU niche axes
were chosen a priori to test whether the trait-niche rela-
tionships previously found when analysing Tara
Oceans metabarcoding samples are also present in the
picoeukaryote community at Station ALOHA. The depth
niche of OTUs was quantified as the slope of OTU rela-
tive abundance vs. depth in a generalized linear mixed
model (GLMM). The relationship between OTUs and
stratification was quantified as the slope of OTU relative
abundance in mixed layer samples vs. mixed layer
depth in a GLMM. To examine whether the recent his-
tory of stratification was more informative than contem-
poraneous stratification, we also used mean mixed
layer depth over the prior 7 or 14 days, calculated from
WHOTS subsurface sensor data as described in Rii
et al. (2022), and defining mixed layer depth using a
temperature difference of 0.2°C relative to temperature
at 15 m (de Boyer Montégut et al., 2004). Finally, the
relationship between OTUs and Chl a concentration
was quantified as the slope of OTU relative abundance
in mixed layer samples vs. mean mixed layer Chl
a concentration.

OTU relative abundances were modelled using the
beta-binomial distribution with a logit link function. For
the depth analysis, the model had the form: logit(p;)
= Isolate; + Cruise; + IsolateCruise;; + (CR*CReff  +
slope;)*Depthy, reads; ~ BetaBinom(pi, Vi, Ni). Here
pij is the probability that a metabarcode read in sample
jis from OTU j, Isolate; is an OTU-specific random inter-
cept capturing variation in mean relative abundance
across OTUs, Cruise; is a random effect capturing vari-
ation in mean relative abundance of all OTUs across
cruises, IsolateCruise; is a random effect capturing varia-
tion in mean relative abundance of OTU i across cruises,
CRis specific clearance rate of OTU /, CReff is the effect of
clearance rate on OTU responses to the environment,
slope; is a species-specific random slope capturing var-
iation in depth niches not attributable to CR, Depthy is
the depth of sample k, reads;c is number of reads of
OTU i in sample k, V; is an OTU-specific dispersion
parameter, and Ny is the total number of phytoplankton
reads in sample k. In summary, this model quantifies
whether the relationship between relative abundance
and depth for an OTU is predicted by that OTU’s clear-
ance rate. The GLMM approach is appropriate because
it models the number of reads while accounting for vari-
ation in total reads, and allows for uncertainty in relative
abundances and environmental relationships while
quantifying CReff. For the analysis using mixed
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layer depth, the model had the form logit(p;) =

Isolate; 4 Cruise; +IsolateCruise;; +Depth, +  Isolate
Depthim + (CR*CReff + slope;)*MLDy, reads;; ~ Beta-
Binom(pi, Vi, Ni), where Depth,, and IsolateDepth;.,
are additional random effects to account for depth vari-
ation while analysing temporal changes in OTU relative
abundance, and MLD, is the mixed layer depth

Pelagomonas calceolata Ostreococcus sp.
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FIGURE 1

corresponding to sample k. The analysis of Chl a had
the same model structure, but with log(Chl a) concen-
tration in the place of MLD.

The assumption of logit-linear environmental
responses in the GLMMs was largely appropriate
based on visual inspection of the data (Figures 1, 3,
and 4), although a few OTUs exhibited unimodal depth

Micromonas commoda Chloropicon sp.
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Depth niches of the phytoplankton OTUs analysed in this study. Relative abundance (proportion of reads) is plotted vs. depth,

and the curves display the fitted logistic functions from a beta-binomial GLMM. The slope parameters of these curves are subsequently
compared to the grazing ability of the corresponding isolate (Figure 2). To facilitate visual comparison of OTU slopes, the x-axes are logit
transformed and have the same limits on each panel. Panels are titled using the name of the corresponding isolate. The four top panels are
autotrophs, and the subsequent mixotroph panels are sorted by grazing ability from left to right and top to bottom. Colours of the fitted curves
correspond to the taxa colour scheme in Figure 2 (purple = pelagophyte, red = prasinophyte, blue = dictyochophyte, yellow = dinoflagellate,

orange = haptophyte, purple = bolidophyte, green = chrysophyte).
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FIGURE 2 Depth niches of phytoplankton OTUs compared to
their grazing abilities. The y-axis is the slope of relative abundance
vs. depth from a beta-binomial GLMM (Figure 1), with 95% CI error
bars. The x-axis is grazing ability quantified as the body volume-
specific clearance rate when consuming Prochlorococcus. Four
autotrophic OTUs are given values of zero on the x-axis. Text
adjacent to the points displays the names of the isolates.

profiles (e.g., Florenciella parvula and HAP2; Figure 1).
To consider nonlinear niche relationships in the same
GLMM framework, we also fit models where the envi-
ronmental variables were treated as categorical predic-
tors, which allowed for flexible nonlinear relationships.
The depth categories were the set of standard sampling
depths, while MLD and Chl a were binned into 5 and
6 equal-sized bins, respectively. Models were fit in R
using the package gimmTMB (Brooks et al., 2017). All
niche analyses were performed with two datasets: the
full set of 13 OTUs including autotrophs and mixo-
trophs, and the set of 9 mixotroph OTUs. This allowed
us to test for drivers of diversity within the mixotrophs,
and also test whether including autotrophs as end-
members of the trophic spectrum vyields consistent
results. To define the total number of phytoplankton
reads, we summed the reads of known phytoplankton
taxa (Bacillariophyta, Bolidophyceae, Chlorarachnio-
phyceae, Chlorodendrophyceae, Chlorophyceae,
Chloropicophyceae, Chrysophycea, Cryptophyceae,
Dictyochophyceae, Euglenozoa, Mamiellophyceae,
Pavlophyceae, Pelagophyceae, Phaeophyceae, Pin-
guiophyceae, Prymnesiophyceae, Pyramimonadales,
Trebouxiophyceae, other haptophytes, other chloro-
phytes, other prasinophytes). Dinoflagellates, with the
exception of the focal OTU Pelagodinium, were
excluded from the total phytoplankton read counts
because of the difficulty in assigning phototrophic
vs. heterotrophic status to all taxa. However, using
the total number of all picoeukaryote reads
(i.e., including heterotrophic taxa and dinoflagellates)
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instead of the total number of phytoplankton reads
yielded nearly identical results when testing relation-

ships between grazing ability and OTU niches.

Community mean trait dynamics

To assess how seasonal and episodic dynamics of tro-
phic strategies vary with depth, we calculated a com-
munity average trophic strategy. This average was
defined as the weighted mean clearance rate of the
focal phytoplankton community, where the weights are
the relative abundances of the focal phytoplankton
taxa. Because we do not have clearance rate data
(or tests of mixotrophy for putative autotrophs) for all
phytoplankton taxa, we make several assumptions to
construct an average frait value, with the recognition
that this analysis is a coarse approximation meant to
capture broad trends in trophic strategy. We assume
that the clearance rates measured on the isolates are
representative of their genera, and we assign the mean
clearance rate of a genus to all reads from that genus,
using the genera assigned to our OTUs using the PR?
database. For three OTUs from undescribed genera
(Florenciellales_X, Haptophyta_Clade_HAP2_XXX,
and Chrysophyceae_Clade-H_X), we sum the reads
from these clades. The dinoflagellate Pelagodinium
was omitted from this analysis, because its correspond-
ing OTU was annotated at a very coarse level
(Dinophyceae_XXX). Using the summed relative abun-
dance of all taxa in each genus, and corresponding
clearance rates (with zeros assigned to autotrophs), we
calculated a weighted mean clearance rate of the focal
phytoplankton community. We visually explore the
dynamics of the mean trait over time, with the rationale
that the diverse set of genera in this study are a reason-
able proxy for the trophic strategy of the whole picoeu-
karyote phytoplankton community. On average, these
genera account for 38% of total reads of the non-
dinoflagellate phytoplankton taxa.

RESULTS

Trophic strategies across depths in the
photic zone

As described previously (Rii et al., 2022), picoeukar-
yote taxa at Station ALOHA exhibit different depth
niches within the photic zone (Figure 1). For example,
Pelagomonas and Ostreococcus show a steep
increase in relative abundance below ~75 m, while Tri-
parma and chrysophyte clade H have the greatest rela-
tive abundance in the top 50 m. Previous analyses of
phytoplankton trophic strategies in the global ocean
found a shift from phototrophy to phagotrophy when
moving from deeper to shallower depths in the photic
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FIGURE 3 Niches of phytoplankton OTUs in response to variation in mixed layer depth. Relative abundance (proportion of reads) of samples
within the mixed layer is plotted vs. mean mixed layer depth over the prior 14 days, and the curves display the fitted logistic curves from a beta-
binomial GLMM. The slope parameters of these curves are subsequently compared to the grazing ability of the corresponding isolate (Figure 5A).
To facilitate visual comparison of OTU slopes, the y-axes are logit transformed and have the same limits on each panel. Panels are titled using the
name of the corresponding isolate. The four top panels are autotrophs, and the subsequent mixotroph panels are sorted by grazing ability from left
to right and top to bottom. Colours of the fitted curves correspond to the taxa colour scheme in Figure 2 (purple = pelagophyte, red = prasinophyte,
blue = dictyochophyte, yellow = dinoflagellate, orange = haptophyte, purple = bolidophyte, green = chrysophyte).

zone (Edwards, Li, McBeain, et al., 2023). In the current
study, autotrophs are represented by OTUs and iso-
lates of the pelagophyte genus Pelagomonas and the
prasinophyte genera Ostreococcus, Micromonas, and
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Chloropicon. Mixotrophs are represented by the hapto-
phyte genus Chrysochromulina (2 OTUs) and clade
HAP2, the dictyochophyte genus Florenciella (2 OTUs),
the bolidophyte genus Triparma (2 OTUs), the
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FIGURE 4 Niches of phytoplankton OTUs in response to variation in mixed layer Chl a. Relative abundance (proportion of reads) of samples
within the mixed layer is plotted vs. mean Chl a concentration in the mixed layer, and the curves display the fitted logistic curves from a beta-
binomial GLMM. The slope parameters of these curves are subsequently compared to the grazing ability of the corresponding isolate (Figure 5B).
To facilitate visual comparison of OTU slopes, the y-axes are logit transformed and have the same limits on each panel. Panels are titled using the
name of the corresponding isolate. The four top panels are autotrophs, and the subsequent mixotroph panels are sorted by grazing ability from left
to right and top to bottom. Colours of the fitted curves correspond to the taxa colour scheme in Figure 2 (purple = pelagophyte, red = prasinophyte,
blue = dictyochophyte, yellow = dinoflagellate, orange = haptophyte, purple = bolidophyte, green = chrysophyte).

dinoflagellate genus Pelagodinium, and chrysophyte
clade H (Table S1). When correlating depth niches at
Station ALOHA with grazing ability, mixotrophs tend to
become more abundant near the surface while
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autotrophs tend to become more abundant at depth,
with some overlap in response between these groups
(Figure 2). There is an overall significant relationship
between grazing ability and depth niche (;ﬁ =6.3,
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p=0.012, R?=0.38), and within the mixotrophs there
is a tendency for faster-grazing taxa to have shallower
niches (y2 = 3.1, p=0.076, R*=0.31). The association
between grazing ability and depth is moderately stron-
ger when allowing depth niches to be nonlinear (all phy-
toplankton: y2=43, p<10°, R?=0.46; mixotrophs:
22 =23,p<103 R?=0.40; Figure S2).

Temporal correlates of trophic strategies
in the mixed layer

The photic zone at Station ALOHA is permanently strat-
ified, but mixed layer depth varies over time, with dee-
per mixing in the winter and spring (Karl et al., 2012;
Figure S1). Previous analyses of the picoeukaryote
community showed that mixing within the mixed layer
has a homogenizing effect on community structure, and
that seasonal cycles of community structure are more
evident at shallower depths (Rii et al., 2022). The focal
OTUs in this study respond differentially to mixed layer
depth; for example relative abundances of Pelagomo-
nas and Florenciellales_X increase steeply with MLD,
while Chrysochromulina and Triparma tend to decline
(Figure 3).

Previous analysis of phytoplankton trophic strate-
gies found that increased stratification and reduced Chl
a were associated with more phagotrophy (Edwards,
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Li, McBeain, et al., 2023). When analysing phytoplank-
ton trophic strategies at Station ALOHA as a function of
mixed layer depth, we found that mixotrophs tend to
increase in relative abundance when the mixed layer is
shallower, while autotrophs increase under deeper mix-
ing (Figure 5A). There is a slightly stronger relationship
when using mean MLD over the prior 14 days as a pre-
dictor (2 =6.4, p=0.01, R*=0.42), compared to MLD
during the sampling cruise (y?=3.7, p=0.05,
R?=0.27) or mean MLD over the prior 7 days (r?=4.38,
p=0.03, R?=0.34). Allowing for nonlinear MLD niches
does not substantially strengthen the relationship with
grazing ability (;52221, p=0.004, R?=0.40;
Figure S3). Within the mixotrophs, there is a tendency
for faster-grazing mixotrophs to respond more posi-
tively to shallower MLD, though the relationship is not
statistically clear (y? =2.2, p=0.14, R*=0.25).

Chl a concentrations at shallower depths exhibit
fairly consistent seasonality at Station ALOHA, with
peak values in Dec-dJan ~50% higher than the gener-
ally low values from April-Sept (Winn et al., 1995, White
et al.,, 2015; Figure S1). If we define an OTU’s ‘Chl
a niche’ as the slope of relative abundance vs. Chl
a (Figure 4), using only mixed layer samples, then there
is a significant relationship between trophic strategy
and Chl a niche (Figure 5B). Mixotrophs tend to
become relatively more abundant than autotrophs as
Chl a declines (grazing ability vs. Chl a niche: y2 =8.3,

(b)
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FIGURE 5 Grazing abilities of phytoplankton isolates compared to OTU niches, defined as the OTU response to temporal variation in mixed
layer depth (A) and mixed layer Chl a (B). The y-axis is the slope of relative abundance vs. the environmental variable from a beta-binomial
GLMM (Figures 3 and 4), with 95% ClI error bars. The x-axis is grazing ability quantified as the body volume-specific clearance rate when
consuming Prochlorococcus. Four autotrophic OTUs are given values of zero on the x-axis. Text adjacent to the points displays the names of the

isolates.
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p=0.004, R?=0.52), and there is a relationship within

the mixotrophs as well, such that faster-grazing OTUs

mcrease more steeply at low Chl a (;(2 3.7, p=0.054,
=0.40). These relationships are moderately stron-

ger when allowing Chl a niches to be nonlinear

(;(3_30 p<10~*% R?=0.68, and y2=15 p=0.01,
=0.40, respectively; Figure S4).

Seasonal and episodic dynamics across
depths

To assess how seasonal and episodic dynamics of tro-
phic strategies vary with depth, we calculated a com-
munity average trophic strategy, defined as the

weighted mean clearance rate of the focal phytoplank-
ton community, where the weights are the relative
abundances of the genera containing the focal OTUs.
Variation in mean strategy is driven primarily by Pela-
gomonas, Chrysochromulina, chrysophyte clade H, and
Ostreococcus, as these are the most abundant genera
in the focal community (Figure S5). The general sea-
sonal pattern in mean clearance rate is a shift from more
phototrophy during October—March to more phagotrophy
during April-September (Figure 6). The amplitude of this
variation is greatest at intermediate depths (45-100 m),
with a ~ 60—-100% change in the community mean. The
shift in trophic strategy across depths is of greater mag-
nitude than the shift across seasons, especially when
comparing 5 and 25m to depths below 100m
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FIGURE 6 Temporal dynamics of community average grazing ability. The weighted mean specific clearance rate of the focal phytoplankton
community (Figure S5) is plotted by day of year and depth, to visualize the community-wide shift in phytoplankton trophic strategy. Panel titles
indicate the sample depth in meters. Grey curves and surrounding bands are fitted smoothers with 95% CI (generalized additive model with
circular basis function). Circles and triangles indicate whether the sample was in the mixed layer or not, respectively.
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FIGURE 7 Community average grazing ability vs. depth. The
weighted mean specific clearance rate of the focal phytoplankton
community (Figure S5) is plotted by depth, to visualize the
community-wide shift in phytoplankton trophic strategy. Boxes show
the 25th, 50th, and 75th percentiles, whiskers extend to
1.5%interquartile range, and points show samples beyond the
whiskers.

(Figure 7). Therefore, these patterns are consistent with
the MLD and Chl a correlations described above, but
this analysis provides more insight into the temporal
dynamics and depth-dependence of these patterns.
When considering shorter-term dynamics, there are
fluctuations in the community average strategy that
are consistent with the forcing events described in Rii
et al. (2022). During the deepest mixing event (March
2013), there is a > 2-fold shift towards phototrophy, and
then a subsequent recovery (Figure 6). This shift hap-
pens throughout the top 75 meters, consistent with a
deepening mixed layer and entrainment of deeper,
more phototrophic taxa. The shift may also reflect
competitive dynamics in response to lower mixed-layer
irradiance and potential nutrient entrainment. In late
June - early July 2012, there was an episode of isopyc-
nal uplift that only affected the lower photic zone. Dur-
ing that period, there was a> 2-fold shift towards
phototrophy at 100 meters, but not at shallower depths
(Figure 6). This is consistent with the more autotrophic
taxa that prevail below 100 m being displaced upwards.
In general, month-scale variability in community mean
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strategy is greater at shallower depths, and this contrib-
utes to fairly uniform variances in the top 75 meters
(Figure 7), even though regular seasonal trends are
weak at 5 and 25 m (Figure 6).

DISCUSSION

A unique combination of lab experiments on diverse
isolates and an extensive survey of community compo-
sition allowed us to document shifts in phytoplankton
trophic strategies with depth and over time at a well-
studied site in the oligotrophic North Pacific. The tem-
poral and spatial dynamics of phytoplankton trophic
strategies at Station ALOHA are consistent with spatial
patterns in trophic strategies previously documented
using Tara Oceans data (Edwards, Li, McBeain,
et al., 2023). The concordance of results across data-
sets collected by different researchers, using compara-
ble but distinct methods, suggests that the major
patterns are robust, multiscale features of ocean phyto-
plankton communities. Both analyses found a shift from
phototrophy to phagotrophy when moving from deep in
the photic zone to shallower depths. It is noteworthy
that the previous finding using Tara Oceans data only
had surface and DCM samples (Edwards, Li, McBeain,
et al., 2023)., while the data described here had better
resolution of temporal and depth community patterns,
but the general pattern is the same. When considering
community structure within the mixed layer, mixotrophs
tend to increase in relative abundance in time periods
and locations of greater stratification, and when mixed
layer Chl a is lower. There is also a shift within the mix-
otroph community towards more phagotrophic taxa as
Chl a declines. It is noteworthy that in both analyses
the correlation between niches and trophic strategies
was greater when considering niches along a Chl
a gradient, compared to niches based on metrics of
stratification. This may indicate that Chl a is a more
sensitive indicator of the environmental variables that
drive variation in trophic strategy, and it also highlights
the potential utility of Chl a as a predictor of phytoplank-
ton trophic strategies for applications where extensive
community sampling is impractical. The magnitude of
the shift in trophic strategy over time at ALOHA
(a ~ 1.6-2-fold change in community mean clearance
rate at intermediate depths) is smaller than the shift
across spatial locations in the global ocean (a ~ 4-fold
change across more than 10-fold variation in Chl a;
Edwards, Li, McBeain, et al., 2023), which is sensible
considering the modest seasonality at this location
(e.g., ~1.5-fold variation in mean mixed layer Chl a).
Both of these analyses have focused on relatively oli-
gotrophic regions of the ocean, and it will be important
to perform similar analyses that extend into more eutro-
phic regions where larger phytoplankton comprise the
bulk of the phytoplankton community.
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The consistency in patterns across analyses applies
not only to the general correlation between niches and
grazing ability but also to the niches of particular taxa.
For example, the chrysophyte clade H OTU has one of
the shallowest distributions, and one of the steepest
increases as Chl a declines, in both analyses. The cor-
responding isolates have a particularly high specific
clearance rate when consuming Prochlorococcus, and
are obligate mixotrophs, requiring both light and prey to
grow (Edwards, Li, McBeain, et al, 2023; Li
et al., 2022). Therefore, this taxon may be particularly
well adapted to living at shallow depths in permanently
stratified waters, where dissolved nutrients are consis-
tently scarce, concentrations of bacterial prey are fairly
constant, and light is reliably plentiful. A Florenciellales
OTU is the mixotroph that is most similar to the auto-
trophs in both analyses, with a fairly deep distribution
and a positive response to increasing Chl a. The iso-
lates corresponding to this OTU have a very low spe-
cific clearance rate, and this rate is lower than that of
the Florenciella parvula isolates whose corresponding
OTU has a shallower niche and a negative response to
increasing Chl a. Among the autotrophic phytoplankton,
in both analyses Pelagomonas and Ostreococcus
OTUs tend to have the deepest niches and exhibit the
greatest increases in relative abundance as Chl
a increases, when compared to Chloropicon and Micro-
monas. Niche variation among autotrophs cannot be
explained by the spectrum of trophic strategies that is
the focus of this study, and therefore represents
another dimension of phytoplankton trait variation,
potentially driven by investments in photosynthesis
vs. nutrient acquisition. In general, temporal dynamics
and depth differentiation in protist composition similar
to that found in Rii et al. (2022) have been observed in
other oligotrophic regions, such as the eastern South
Pacific (Shi et al., 2011), the eastern North Pacific
(Choi et al., 2020), and the subtropical North Atlantic
(Blanco-Bercial et al., 2022), suggesting that protist
community structure may be relatively predictable
across depths and at seasonal timescales. In addition,
the temporal dynamics in community function described
here, with a focus on the smallest eukaryotic phyto-
plankton, are consistent with dynamics observed
among the largest eukaryotic phytoplankton in more
productive waters. For example, in the North Atlantic,
autotrophic diatoms dominate in the winter and spring,
while plastid-bearing dinoflagellates (presumed to be
mixotrophic) increase in relative abundance during the
summer and fall, briefly overtaking diatoms during
August (Barton et al., 2013). However, whether there
are also seasonal shifts in trophic strategy within the
mixotrophic microphytoplankton remains to be studied.

Disentangling the mechanisms underlying the tem-
poral dynamics of trophic strategies is challenging,
because irradiance, dissolved nutrients, temperature,
and other factors tend to covary over time and with
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depth. Models show that lower nutrient supply benefits
relatively phagotrophic phytoplankton, in competition
with autotrophs and relatively phototrophic mixotrophs
(Edwards, Li, McBeain, et al., 2023; Ward et al., 2011),
while higher irradiance benefits mixotrophs in competi-
tion with heterotrophs (Edwards, Li, McBeain,
et al., 2023; Rothhaupt, 1996). The result is that condi-
tions of scarce nutrients and high irradiance are most
beneficial for mixotrophs, and relatively phagotrophic
mixotrophs in particular. These conclusions are consis-
tent with other models investigating seasonal variation
in trophic strategy, which find that stratified ‘summer’
conditions favour mixotrophs (Chakraborty et al., 2017;
Leles et al., 2021). The temporal dynamics and depth
differentiation observed at Station ALOHA are consis-
tent with the hypothesized dual role of light and nutrient
limitation in driving trophic strategies. A deeper mixed
layer, which reduces the integrated irradiance available
to phytoplankton, and which may be associated with
nutrient entrainment and greater turbulent diffusion
across the nutricline, is associated with a shift towards
phototrophy. Similarly, the greater nutrient concentra-
tions and lower irradiance at depth are associated with
a shift to phototrophy. Deepening of the mixed layer
should entrain relatively phototrophic taxa from below
the mixed layer, and therefore the association between
mixed layer depth and trophic strategy is likely a combi-
nation of short-term entrainment and longer-term com-
petition between trophic strategies. It is interesting that
the community mean trophic strategy shows the great-
est temporal fluctuation at intermediate depths. This is
consistent with the importance of shifts in light and
nutrient limitation, because photosynthesis is light-
saturated at depths <45 m throughout the year (Li
et al., 2011), and the bottom of the photic zone is light-
limited, while intermediate depths likely shift in the
degree of light and nutrient limitation as downwelling
irradiance shifts seasonally, and as these depths enter
and exit the mixed layer. Diversity of the total picoeu-
karyote community peaks at 75 m (Rii et al.,, 2022),
which could be driven in part by the co-occurrence of
diverse trophic strategies that shift in relative impor-
tance over time.

Gradients of prey availability may reinforce shifts in
trophic strategy driven by light and nutrient availability,
because the concentrations of both Prochlorococcus
and heterotrophic bacteria tend to be greatest in the
upper ~75m at this site (Figure S6), and steadily
decline below that. This further increases the ratio of
nutrients in prey biomass to dissolved nutrients at shal-
lower depths, which should select for phagotrophy
(Edwards, Li, McBeain, et al., 2023). Temperature vari-
ation could also reinforce shifts in trophic strategy, as
higher temperatures are associated with more light
and less dissolved nutrients, and heterotrophic
metabolism tends to increase faster than autotrophic
metabolism  with  rising temperatures  (Wilken
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et al., 2013), which could increase the payoff of invest-
ing in phagotrophy at higher temperatures. The strong
correlation of trophic strategies with mixed layer Chl
a may occur because Chl a is a function of biomass,
which tends to increase with nutrient supply, and also a
function of photoacclimation, which responds to irradi-
ance (more irradiance = less Chl a) as well as nutrient
supply (less nutrients = less Chl a). At Station ALOHA,
variation in mixed layer Chl a is thought to be primarily
driven by photoacclimation (Winn et al., 1995, Letelier
et al., 2017). In addition, change in community compo-
sition may itself contribute to variation in Chl a, if rela-
tively phagotrophic mixotrophs contain less Chl
a per C, and/or if a shift towards phagotrophy increases
consumption of smaller photoautotrophs.

The patterns of trophic strategy we have documen-
ted could have various ecosystem consequences that
might be explored in future research. For example, the
proportion of carbon fixation that is supported by nutri-
ents from ingested prey may vary systematically with
depth and season, although it is unclear how large that
fraction can become. Similarly, the rate of bacterial
ingestion and the efficiency with which that biomass is
transferred up the food chain may also vary systemati-
cally, if the abundance of mixotrophs relative to hetero-
trophs exhibits patterns similar to those found when
comparing mixotrophs to autotrophs. In general, our
understanding of microbial food web processes would
be aided by a greater understanding of which heterotro-
phic protists compete with mixotrophs for Prochlorococ-
cus and other bacterial taxa, and how their
ecophysiologies compare to the spectrum of mixotroph
strategies.
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