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Abstract
We examined variability in the euphotic zone (0–175 m) picoeukaryotic community based on time-series observa-

tions (2011–2013) at Station ALOHA in the North Pacific Subtropical Gyre. By sampling over scales ranging from
daily to approximately monthly over 2.25 years, we evaluated the resilience of the picoeukaryotic community to
seasonal- to episodic-scale physical disturbances, such as convective mixing and mesoscale processes, respectively.
We quantified the frequency and intensity of disturbances that altered upper ocean light and nutrients in the con-
text of the Hawaii Ocean Time-series program climatology, and evaluated picoeukaryotic community resilience based
on shifts in dissimilarity in community structure at different depths in the euphotic zone. Our results suggest that in
this stratified habitat, picoeukaryote communities are resilient on timescales of days to weeks in response to these
physical disturbances, and that the juxtaposition of mesoscale and submesoscale disturbances on more predictable
seasonality requires spatially and temporally resolved assessment of community response and resilience. We high-
light the value of examining recent (days to weeks) physical forcing of the upper ocean for insight into the influ-
ences of physical habitat alterations that structure the contemporaneous plankton community.

The capacity of an ecosystem to sustain functionality
(e.g., productivity, nutrient cycling) following disturbance is
defined by the cumulative resilience of the biological community
(Holling 1973; Walker et al. 2004). Resilience is quantified as the
time required for a system to return to some predisturbed state,
providing a quantifiable metric to assess ecosystem stability
(Carpenter et al. 2001; Ives and Carpenter 2007). Thus, quantify-
ing resilience requires time-resolved information, where the
predisturbed reference state can be established (Rykiel 1985; Pick-
ett et al. 1989). Resilience reflects the cumulative tolerance or
flexibility of the biological community to disturbance, where the

bounds on resilience are shaped by the historical legacy of distur-
bance and solidified by natural selection.

Studying disturbance and resilience as forces shaping ecosystem
stability in the open ocean is challenging, in part owing to a need
for time-resolved observations to quantify the initial reference state
of a system and due to the spatially heterogenous nature of the
fluid environment (Stommel 1963; Karl and Church 2017). In the
sunlit waters of the open ocean, plankton growth rates are rapid
(generation times on the order of days or less), allowing fast physi-
ological responses to temporal and spatial perturbations to the
environment (Margalef 1978; Reynolds et al. 1993). Such rapid
response times suggest that studying time-varying changes in
plankton population structure could prove to be a powerful tool
for quantifying the resilience of aquatic systems (Reynolds
et al. 1993; Shade et al. 2012). This may be particularly true for sub-
tropical ocean gyres where relative constancy of environmental
conditions, together with expansive species diversity, appear to pro-
mote ecosystem stability (Hayward and McGowan 1979; Ven-
rick 1993). However, planktonic communities in subtropical gyres
may be particularly susceptible to disturbances whose frequencies
or intensities fall outside the normal envelope of variability.

Open ocean disturbances come in many forms and across a
continuum of time and space scales. Pulsed, event-scale
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disturbances, such as storms, eddies, and submesoscale fila-
ments physically modify the upper ocean at spatial scales
ranging from a few to hundreds of kilometers, driving subse-
quent biological responses over timescales ranging from days
to weeks (DiTullio and Laws 1991; McGillicuddy et al. 1998;
Cullen et al. 2002). Short duration, high frequency events, such
as submesoscale features and internal waves, can alter depth dis-
tributions of plankton and nutrients relative to the upper ocean
light gradient (Karl et al. 2003). Similarly, mesoscale eddies alter
the vertical position of the pycnocline, resulting in local-scale dis-
ruption to rates of plankton growth and community structure
and ultimately modifying ecosystem function (McGillicuddy
et al. 1998; Letelier et al. 2000; Barone et al. 2019). Episodic
events are superimposed on seasonally recurring physical dynam-
ics, such as stratification and turbulent mixing, which alter light
availability and nutrient supply, with subsequent recurrent
changes in plankton biomass, community structure, net produc-
tivity, and export (Sverdrup 1953; Venrick 1993; Karl
et al. 2003). Lower frequency disturbances (e.g., sub-decadal to
decadal scales), such as those controlled by basin-scale ocean-
climate oscillations (e.g., El-Niño Southern Oscillation, ENSO),
have also been shown to modify oceanic plankton community
structure in the open sea (Karl et al. 1995; Corno et al. 2007;
Bidigare et al. 2009). In some cases, infrequent, but intense,
“pulsed” disturbances, as well as continuous, low-frequency
“pressed” disturbances can be so disruptive that they push the
system to a new regime or alternate state (Folke et al. 2004).

Emergent biological responses to disturbances can be com-
plex, deriving from feedbacks among multiple interacting com-
ponents of the ecosystem, with the resulting responses often
nonlinear (Sugihara and May 1990). For example, in large
regions of the ocean, predicted climate-driven increases in strati-
fication have the potential to reduce turbulent nutrient
exchange (Sarmiento et al. 1998; Polovina et al. 2008), stimulat-
ing chaotic oscillations in phytoplankton biomass and commu-
nity structure (Huisman et al. 2006). Developing robust
statistical tools to better understand the mechanisms and iden-
tify specific feedbacks underlying such complexity requires
time-resolved observations conducted across scales ranging from
those matching plankton generation times (daily) to those cap-
turing seasonal- to decadal-scales of climate variability.

The North Pacific Subtropical Gyre (NPSG) is one of the
largest biomes on Earth (Karl 1999). The upper ocean of
the NPSG has historically been considered a physically and
biologically stable system (Hayward and McGowan 1979; Ven-
rick 1999), owing in large part to the latitudinal position of
the gyre, with low seasonality in solar energy input and basin-
scale spatial homogeneity in physical and biological structure.
The perennial source of light energy available in this ecosys-
tem fuels rapid phytoplankton growth and establishes a ther-
mally stratified upper ocean (Karl and Lukas 1996). Together,
these dynamics impose a two-layer upper ocean habitat,
where the light-saturated upper euphotic zone is persistently
devoid of bioavailable nutrients, while the dimly lit lower

euphotic zone remains relatively enriched in nutrients. Plank-
ton communities, including phytoplankton (Venrick 1993; Li
et al. 2013) and heterotrophic protists (Hu et al. 2018; Ollison
et al. 2021), demonstrate discrete vertical partitioning across
this upper ocean light-nutrient gradient. Recycling of nutri-
ents through tightly coupled food web dynamics drives the
majority of biomass production in the well-lit upper ocean
(Karl and Church 2017), resulting in low fluctuations in
plankton biomass and export. The two layers of the upper
ocean habitat experience physical disruption at different fre-
quencies and intensities, with the well-lit region undergoing
strong seasonal modification, while the dimly lit region expe-
riences frequent perturbation arising from submesoscale- to
mesoscale-driven vertical fluctuations in the pycnocline
(Church et al. 2009; Johnson et al. 2010; Barone et al. 2019).

The oligotrophic conditions of the NPSG waters favor pro-
liferation of picoplankton (≤ 3 μm diameter; Karl 1999, Rii
et al. 2016). Due in large part to the >30 years of time-
resolved, Eulerian (fixed in space) observations conducted at
Station ALOHA by the Hawaii Ocean Time-series (HOT) pro-
gram, much is known about the variability in abundances,
productivity, and composition of phytoplankton in this eco-
system (e.g., Campbell and Vaulot 1993; Letelier et al. 1993;
Venrick 1997). Expanded use of genomic techniques has pro-
vided additional insights into temporal and vertical variation
in diversity and metabolic functioning of bacteria and archaea
(DeLong et al. 2006; Bryant et al. 2016; Mende et al. 2017);
less is known about variability of the eukaryotic plankton in
the NPSG. Single-celled protists account for the majority of
eukaryotic diversity (de Vargas et al. 2015; Caron et al. 2017;
Keeling and Burki 2019) and these organisms have been the
focus of several recent studies in the NPSG (Hu et al. 2018;
Ollison et al. 2021). These eukaryotic plankton are sensitive to
perturbations in light and nutrients (Alexander et al. 2015),
with important subsequent biogeochemical impacts
(Mahaffey et al. 2012; Rii et al. 2018). Furthermore, improved
understanding of their responses to such perturbations, in
metabolic rates and population structure with respect to their
functional diversity, metabolic processes, and species interac-
tions (Caron et al. 2017), is important for elucidating biogeo-
chemical dynamics and community resilience. To date, the
resilience of the picoplankton community, specifically
the responsiveness of the abundant picoeukaryotes to seasonal
and episodic disturbances, remains largely unexplored.

In this study, we examined temporal variability in the
euphotic zone (0–175 m) picoeukaryote community based on
Eulerian time series observations (2011–2013) at Station
ALOHA. By sampling a spatially fixed point over timescales
ranging from daily to approximately monthly over 2.25 years,
we quantified the frequency and intensity of disturbances in
both the upper and lower regions of the euphotic zone.
Through these analyses, we evaluated the resilience of the
picoeukaryote community in response to seasonal and epi-
sodic physical disturbances.
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Methods
Shipboard sampling and measurements of seawater
biogeochemistry

Samples were collected from eight discrete depths (5, 25,
45, 75, 100, 125, 150, and 175 m) on 19 research cruises to
Station ALOHA (22.75�N, 158�W) in the NPSG between
February 2011 and May 2013. All sampling occurred within
a ~10-km radius circle centered at Station ALOHA, defining a
surface area encompassing ~314 km2. This included 18 approx-
imately monthly, 4-day HOT program cruises (between H230
to H252) and 1 cruise (HOE-DYLAN 5; HD5) where samples
were collected at approximately weekly timescales ( 1). This
latter cruise was part of a more intensive shipboard sampling
campaign in 2012 (Wilson et al. 2015). Seawater from discrete
depths was collected in 12-L polyvinylchloride bottles affixed
to a 24-bottle rosette sampler, equipped with a Sea-Bird 911
+ conductivity, temperature, and pressure sensor package. Sea-
water for subsequent analyses of nutrient concentrations,
picoplankton cell counts, and cellular DNA were collected
once each on different days during the 4-day HOT cruise.
More intensive sampling was performed on two cruises: DNA
profiles were collected once each on 10 July 2012, 16 July
2012, and 22 July 2012 (during HD5) to examine weekly
scale variability, and once each on 06 March 2013 and
07 March 2013 (during H250) to examine daily variability in
picoeukaryote communities.

Daily vertical profiles of midday downwelling photosyn-
thetically active radiation (PAR; 400–700 nm) and incident
PAR were measured using a HyperPro radiometer, and a
LICOR LI-1500 logger with a cosine collector, respectively.
Daily PAR (mol quanta m�2 d�1) at discrete depths was calcu-
lated based on measured attenuation coefficients (KPAR)
together with daily-integrated incident PAR measurements.
The mixed layer depth was defined as the depth where a
0.125 kg m�3 potential density offset was observed relative to
the surface ocean (Brainerd and Gregg 1995). Determinations
of nitrate + nitrite (N+N) and phosphate (PO4

3�) concentra-
tions in the upper 100 m relied on high-sensitivity chemilu-
minescent methods (Garside 1982; Dore and Karl 1996) and
the MAGnesium-Induced Co-precipitation method (MAGIC;
Karl and Tien 1992), respectively. Concentrations of N + N,
PO4

3�, and silicic acid (Si[OH]4) at depths >100 m were mea-
sured colorimetrically using a three-channel Bran + Luebbe
Autoanalyzer III. Photosynthetic picoeukaryote cell abun-
dances were distinguished and quantified using a Cytopeia
Influx Mariner™ flow cytometer based on forward scatter
and fluorescence characteristics. Concentrations of total
chlorophyll a (TChl a = monovinyl chlorophyll a + divinyl
chlorophyll a) were obtained from filter extracts detected
using high-performance liquid chromatography following
protocols described in Bidigare et al. (2005). All HOT program
data used in this study are available at http://hahana.soest.
hawaii.edu/hot/hot-dogs/interface.

High-frequency physical habitat measurements
High-frequency temperature and salinity measurements were

obtained from an instrumented physical and meterological
bottom-moored buoy termed the Woods Hole Oceanographic
Institution Hawaii Ocean Time-series Station (WHOTS), which
is deployed on the edge of the Station ALOHA circle. This moor-
ing is equipped with subsurface Sea-Bird SeaCAT sensors (col-
lecting data at < 10 min sampling intervals). For this study, we
used selected data deriving from WHOTS 7, 8, and 9 deploy-
ments (spanning July 2010 through July 2014, http://www.
soest.hawaii.edu/whots/). Measurements of daily sea-level anom-
aly (SLA) were downloaded in October 2019 from Copernicus
(http://marine.copernicus.eu/faq/ssaltoduacs-integrated-sealevel-
anomalies-products-changes-updates/?idpage=169/#FtpAccess),
and seasonality and the long-term linear increase associated
with SLA observations in this region were removed to obtain
SLAcorr (Barone et al. 2019; Karl et al. 2021).

We defined disturbances based on examining physical
processes that resulted in perturbations to upper ocean light
and nutrient gradients. Disturbances stemming from convec-
tive mixing were defined as those occasions where the mixed
layer depth was deeper than the depth of the 1% surface
PAR isopleth. We further defined disturbances based on
mesoscale physical processes as those occasions when
SLAcorr ≥ 5 cm or ≤�5 cm, corresponding approximately to
the highest and lowest quartile measured throughout 1993–
2015 HOT climatological measurements of SLAcorr (Barone
et al. 2019). With this qualification and based on the fre-
quency of our shipboard sampling, we only consider meso-
scale events as disturbances in these analyses, and do not
consider submesoscale filaments, inertial oscillations, and
internal waves whose influence on the pycnocline would
not be captured by variations in SLAcorr.

Nucleic acid sample collection, extraction, and
quantification

Seawater samples (2 L) for subsequent extraction of plank-
tonic DNA were collected into acid-washed polyethylene bot-
tles and sequentially filtered using a peristaltic pump onto
25 mm diameter, 3 μm pore size polycarbonate membranes
(Millipore Isopore™), followed by filtration through 25 mm
diameter, 0.2 μm pore size polyethersulfone filters (Pall
Supor®). After filtration, filters were placed in sterile 1.5 mL
microcentrifuge tubes, immediately flash-frozen in liquid
nitrogen, and stored at �80�C until analyzed. Back in the
shore-based laboratory, DNA from the 0.2 μm filter mem-
branes was extracted and purified using the QIAGEN DNeasy
Plant Mini Kit including a bead-beating step (with 0.1 and
0.5 mm beads) and Proteinase K (QIAGEN) for additional cell
disruption and lysing (Rii et al. 2018). Extracts were eluted in
200 μL of nuclease-free PCR grade water and quantified fluoro-
metrically (Qubit dsDNA high sensitivity assay kit; Thermo-
Fisher Scientific).
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PCR amplification and sequence analyses
The hypervariable V9 region of 18S rRNA genes was ampli-

fied (in triplicate reactions per sample) using PCR primers
1391F (50-GTACACACCGCCCGTC-30; Saccharomyces cerevisiae
NCBI GenBank Accession #U53879 position 1629–1644) and
Euk Br (50-TGATCCTTCTGCAGGTTCACCTAC-30; S. cerevisiae
NCBI GenBank Accession #U53879 position 1774-1797) fol-
lowing the methods outlined in Amaral-Zettler et al. (2009).
Triplicate PCR products were pooled, fragment size was
determined visually by gel electrophoresis, and DNA concen-
trations were subsequently quantified fluorometrically
(Thermo-Fisher Scientific). From each sample, ~50 ng of PCR
product was combined and purified and the quality of the
resulting pooled PCR products was determined on a Bio-
analyzer 2100 (Agilent). Paired-end sequencing (300 cycles)
was conducted using an Illumina MiSeq at the University of
Hawaiʻi Core Functional Genomics Facility.

Sequences were merged using PEAR and quality-filtered
with reads trimmed to 100–150 bp, a maximum expected
error of 1%, no ambiguous bases allowed, and an average
Phred quality threshold > 34. Reference-based and de novo
chimeras were detected and removed using USEARCH
v7.0.1090 using the SILVA 119 database pre-clustered at 97%
sequence identity (Quast et al. 2013). Remaining reads were
clustered using UCLUST v1.2.22q (max accepts = 20, max
rejects = 500) into operational taxonomic units (OTUs) using
subsampled open-reference OTU picking through the QIIME
pipeline (Caporaso et al. 2010). OTUs were first clustered with
the SILVA 119 database and then clustered de novo at the
97% 18S rRNA gene identity thresholds. The centroid
sequence within each OTU was selected as the representative
sequence, and sequences that failed to align using PyNAST
(minimum percent identification 0.75) were removed. Single-
tons (OTUs composed of only one sequence in the data set)
and OTUs present in only one sample were removed. Taxon-
omy was assigned to representative sequences with BLAST
(max E value/expectation threshold at 1e-30) using a
preclustered PR2 database v.4.12.0 (Guillou et al. 2013). A total
of 29,062 distinct picoeukaryote OTUs at 97% sequence simi-
larity from an average sequencing depth of ~29,000 sequences
per sample were retrieved after removal of metazoan and bac-
terial OTUs, with 18% of OTUs not able to be classified at any
taxonomic level. After rarefaction to equal sequencing depth,
each sample contained 9100 sequences for a total of 21,040
OTUs. Raw sequence data was deposited into NCBI’s Sequence
Read Archive as BioProject ID PRJNA351881 (accession
SRP092782).

Statistical analyses
Sequencing reads were processed with the package phyl-

oseq (McMurdie and Holmes 2013) and vegan (Oksanen
et al. 2013) within R 3.6.1. Samples were rarefied to even sam-
pling depth, and alpha diversity analyses were performed
using the Chao1 and Shannon indices to identify differences

between depths. Differentially abundant taxa between depths
were identified using the package DeSEQ2 by grouping sam-
ples within either the upper (5–75 m) or lower (100–175 m)
euphotic zone. DeSEQ2 comparisons were performed on sam-
ples without rarefaction; however, minimum sequence abun-
dance thresholds of 0.1% of the dataset at the OTU level were
used to remove low abundance lineages. Graphical outputs
were constructed with Ocean Data View 4.6.2 and with the
package ggplot2 (Wickham 2009) in R. When possible, we
determined resilience by evaluating the timescales over which
communities responded to disturbance and returned to pre-
disturbance conditions; community response was measured
by beta-diversity comparisons between samples using the
Bray–Curtis dissimilarity index. Dissimilarities were visualized
in both a pairwise manner, in relation to a single sample or
depth, and via multiple sample comparisons using nonmetric
multidimensional scaling (NMDS) ordinations. Permutational
ANOVA (PERMANOVA) with the function adonis was used to
determine if environmental parameters significantly explained
community composition.

Results
Two-layer euphotic zone habitat

During our study, physical, biological, and chemical fea-
tures of the euphotic zone (0–175 m) were consistent with
HOT program climatology, including a persistently low-nutri-
ent, high-light habitat (< 75 m), a deeper, relatively nutrient-
enriched low-light region (100–175 m), and seasonally
variable stratification, with shallow mixed layers during the
summer and fall and deeper mixed layers in the winter and
spring (Table 1, Figs. 1, 2a,b, Supporting Information
Fig. S1b). SLAcorr ranged between approximately � 8.0 and
7.7 cm, with most observations falling within the 5 and
95 percentiles of SLAcorr variations at Station ALOHA (Barone
et al. 2019; Table 1, Fig. 2c,d, Supporting Information
Fig. S1a). Anomalously deep mixed layer depths often coin-
cided with periods of positive SLAcorr in our dataset, and more
generally in the HOT program observations (Table 1,
Supporting Information Fig. S1c). In the lower regions of the
euphotic zone (e.g., at 125 m), PAR ranged from 0.2 to
0.8 mol quanta m�2 d�1 in spring and summer, decreasing to
between 0.02 and 0.2 mol quanta m�2 d�1 in fall and winter
(Table 1). Notably, nutrient concentrations tended to co-vary
with vertical oscillations in isopycnal surfaces (Fig. 1b); consis-
tent with previous analyses (Barone et al. 2019), elevated
PO4

3� concentrations in the upper 75 m often coincided with
periods when SLAcorr was positive (Supporting Information
Fig. S2a), although this pattern was less apparent when SLAcorr

exceeded 5 cm. In contrast, N+N concentrations were
inversely related to SLAcorr in the lower euphotic zone
(Table 1, Supporting Information Fig. S2b). A deep chlorophyll
maximum layer (DCML) was evident between 100 and 150 m
(Fig. 1c), and depth-integrated cell inventories of
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Fig. 1. Temperature and nutrients are vertically structured at Station ALOHA, with a persistent DCML. Contour plots depicting upper ocean (0–175 m)
biogeochemistry: Temporal and vertical variations in (a) seawater temperature, (b) N+N concentrations, and (c) TChl a concentrations between Febru-
ary 2011 and May 2013. Superimposed contour lines (dashed) indicate (a and b) isopycnal density surfaces (σθ) and (c) PAR isolumes. Black circles indi-
cate discrete depths where samples for picoeukaryote community structure was examined, and black stars indicate depths of the 1% surface PAR
isopleth. Seasonal mixing events (yellow stars), and episodic mesoscale events when cruise-averaged SLAcorr ≤ �5.0 cm (open triangles) and
SLAcorr ≥ 5.0 cm (black triangles) are marked above each panel.
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photosynthetic picoeukaryotes were in general greater in the
upper (0–75 m) euphotic zone than in the lower (100–175 m)
euphotic zone, with highest abundances observed during
February and March 2013 (H249 and H250; Table 1).

Quantification of disturbances
Disturbances were defined based on physical forcing of the

upper ocean which were expected to alter light availability
and nutrient supply. We considered disturbances attributable
to both seasonal (convective mixing) and episodic (mesoscale)
events. We observed 3 (January 2012 H239, February 2013

H249, and March 2013 H250) out of 22 total sampling occa-
sions when the mixed layer depths deepened to below 1% sur-
face PAR isopleth during the cruise (Fig. 2e). Retrospective
analyses of HOT program observations revealed 17 such dis-
turbances (approximately 10% of all cruises) for the period
when both downwelling light and mixed layer depths have
been measured (1998–2019), all occurring in the late winter or
early spring. We also identified nine episodic mesoscale distur-
bances during our study period: three cruises (August 2011
H234, November 2011 H236, and July 2012 HD5) occurred
when SLAcorr ≤ �5 cm, and six cruises (July 2011 H233, April

Fig. 2. Mixed layer depth and SLAcorr highlight disturbance events in the context of HOT climatology. Calculated mixed layer depths of all HOT cruises
from 1988 to 2019 (a) binned by month and (b) combined. SLAcorr of all HOT cruises from 1993 to 2019 (c) binned by month and (d) combined.
Relationships between the 1% surface PAR isopleth and the (e) mixed layer depth, and the (f) 24.2 kg m�3 σθ. (g) Relationship between the
24.2 kg m�3 σθ and SLAcorr, with dashed lines marking when SLAcorr ≤ �5.0 cm and SLAcorr ≥ 5.0 cm. For (a–g), red circles indicate samples collected
during our time series (2011–2013). For (e–g), samples collected during other HOT cruises are noted by gray open circles. For each boxplot, the median
is indicated by the dark horizontal line, and box borders depict the 1st (Q1; 25th percentile) to the 3rd quartile (Q3, 75th percentile), with the whiskers
extending to the maximum (Q3 + 1.5*[Q3 � Q1]) and minimum (Q1-1.5*[Q3 � Q1]).
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2012 H241, December 2012 H248, February 2013 H249,
March 2013 H250, and May 2013 H252) occurred when
SLAcorr ≥ 5 cm (Fig. 2g). Variability in SLAcorr generally
reflected temporal variability in the depth of the pycnocline
(defined here as where σθ = 24.2 kg m�3) with a relatively con-
stant 1% surface PAR isopleth (Fig. 2f), providing confidence
that variations in SLAcorr lend insight into vertical displace-
ments of the pycnocline with respect to upper ocean light
fields. Retrospective examination indicated 54 total occasions
out of the 270 (20%) HOT cruises conducted since 1993 where
SLAcorr was < �5 cm, and 24.2 kg m�3 σθ was shallower than
the 1% surface PAR isopleth in 34 of those occasions.

Vertical structuring of picoeukaryote community
The picoeukaryote community demonstrated strong verti-

cal structure (Supporting Information Fig. S3c), with depth-
specific alpha diversity (e.g., Shannon index and Chao1)
remaining relatively constant through the well-lit euphotic
zone (< 75 m), and decreasing and becoming more variable at
deeper depths (100–175 m; ANOVA, p = 1.9 � 10�10;
Supporting Information Fig. S3a). OTU richness, based on the
Chao1 metric, increased somewhat in the mid-euphotic zone
(75–100 m; ANOVA, p = 2.2 � 10�6; Supporting Information
Fig. S3b). Beta diversity comparisons (Bray–Curtis dissimilar-
ity) showed that communities became more dissimilar, rela-
tive to the near-surface waters, with increasing depth. Greater
temporal variability was observed at depths between 75 and
175 m, consistent with more frequent disturbances observed
in the lower regions of the euphotic zone (Supporting Infor-
mation Fig. S3d).

Relative abundances of picoeukaryote taxa varied with
depth, with specific taxa dominant in different regions of
the upper ocean (Fig. 3 and Supporting Information
Fig. S4a). Differentially abundant taxa across the upper and
lower regions of the euphotic zone included picoeukaryotes
from 26 taxa, including organisms such as Chrysophyceae,
Dictyochophyceae, and Prymnesiophyceae that were most
abundant in the upper euphotic zone, as well as organisms
belonging to Acantharea, Mamiellophyceae, Pelagophyceae,
and Polycystinea that tended to be more abundant at depth
(Fig. 3). OTUs related to the Syndiniales displayed notable
depth segregation, with approximately half of the popula-
tion being more differentially abundant in the upper eupho-
tic zone and the other half in the lower euphotic zone
(Fig. 3). Relative abundances of specific OTUs occasionally
demonstrated large changes (up to 10-fold) in the upper
ocean (Fig. 3). For example, Pelagophyceae, which typically
displayed highest abundances at 125 and 150 m, increased
in relative abundance in the upper 75 m of the euphotic
zone in January 2012 (H239) and March 2013 (H250) when
mixed layer depths exceeded the 1% surface PAR isopleth
(Figs. 3, 7a, Supporting Information Fig. S4b). Such seasonal
scale increases of taxa typically found in the lower euphotic
zone were also observed among the Mamiellophyceae,

Radiolaria, and Syndiniales. The opposite pattern was also
observed, where taxa typically residing in the upper euphotic
zone (e.g., Chrysophyceae, Dinophyceae, MAST-3, MAST-4,
Prymnesiophyceae, Trebouxiophyceae, and Syndiniales)
increased in relative abundance at depth during spring and
winter months (Fig. 3).

Seasonality and mixing
To explore potential drivers of seasonal and vertical differ-

ences in picoeukaryote community structure, we compared
communities within the euphotic zone using Bray–Curtis dis-
similarities (Fig. 4). NMDS analyses of picoeukaryote commu-
nities revealed apparent seasonality in the upper euphotic
zone (25 m), with samples from the spring and winter cluster-
ing more closely together than those from the summer and
fall (Fig. 4a). In contrast, picoeukaryote communities in the
lower euphotic zone (150 m) did not demonstrate clear sea-
sonal variations (Fig. 4b). These patterns were confirmed by
within-depth comparisons of picoeukaryote communities at
25 and 150 m. Pairwise comparison of all communities col-
lected at 25 m relative to a community collected in March
2012 (H240) revealed seasonal scale modification in commu-
nity structure (Fig. 4d); in contrast, pairwise comparisons for
samples collected at 150 m revealed no clear seasonal varia-
tion in community structure and overall higher dissimilarity
(> 0.55) throughout the year (Fig. 4e). Environmental controls
on picoeukaryote communities revealed that while seasonality
explained ~25% of variability in community structure for both
upper and lower euphotic zones, change in SLAcorr was a more
significant control on picoeukaryote communities at 150 m
(10%) compared to those at 25 m (5%, Appendix S1). These
results suggest picoeukaryote communities in the upper and
lower euphotic zones are controlled by varying processes oper-
ating over different timescales.

We further examined how variations in the mixed layer
depth influenced vertical distributions of picoeukaryotes based
on Bray–Curtis dissimilarity. We compared a representative
mixed layer community (25 m) within a given depth profile
against the community composition at all other depths sam-
pled from that same vertical profile. For five representative
depth profiles, communities within the mixed layer were more
similar (~0.25 Bray–Curtis dissimilarity) to each other than
communities below the mixed layer, implying mixing-driven
vertical homogenization of picoeukaryote communities
(Fig. 5a). Furthermore, photosynthetic picoeukaryote cell
abundances and N + N concentrations also appeared to be
influenced by mixed layer depth, with cell abundances
remaining constant within the mixed layer (Supporting Infor-
mation Fig. S5). In instances when the mixed layer was
shallower than the 1% surface PAR isopleth, the 1% surface
PAR coincided with the top of the nitracline and the DCML
where highest picoeukaryote cell abundances were observed;
however, in those instances when the mixed layer extended
past the 1% surface PAR isopleth (e.g., H250), cell abundances
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appeared homogenous down to the 1% surface PAR isopleth
(Supporting Information Fig. S5). To determine if community
composition varied seasonally due to deepening of the mixed
layer, communities from 25 m were compared with all other
samples collected within the same season. Comparisons of
communities at 5 and 45 m against the 25 m depth horizon
displayed similar dissimilarities (between 0.25 and 0.5 Bray–
Curtis dissimilarity) regardless of season (Fig. 5c), consistent
with these depths being perennially within the mixed layer.
In contrast, the 25 m community appeared to be more similar
(lower Bray–Curtis dissimilarity) to communities at 75 m only
during spring and winter, when this depth resided within the
mixed layer. Comparisons of the 25 m community to commu-
nities 100 m and deeper revealed them to be more similar dur-
ing spring compared to other seasons, presumably due to
more frequent occurrences of deeper mixed layers resulting in

physical homogenization of the typically stratified
communities.

For further insight into the mixing-driven controls on verti-
cal distributions of picoeukaryote communities, we examined
a period (February to March 2013) during our observations
when the mixed layer was anomalously deep relative to the
HOT climatology. Our relatively short time series (2011–2013)
coincided with periods when Station ALOHA experienced sev-
eral occasions of anomalously deep mixing (Fig. 2a,b). We lev-
eraged high-frequency (minute to hourly scale) measurements
of temperature and salinity from the WHOTS mooring,
together with daily scale estimates of SLAcorr, for insight into
short-term (daily to weekly) physical forcing associated with
these deep mixing events. These higher frequency observa-
tions provided historical context on physical disturbances that
preceded our shipboard sampling of picoeukaryote

Fig. 4. Picoeukaryotic communities at different depths show varying responses to seasonal variability. NMDS of samples collected at (a) 25 m
(stress = 0.17) and (b) 150 m (stress = 0.10), colored and grouped by season. (c) High-frequency (2 Hz) temperatures measured on the WHOTS moor-
ing at 25 m (yellow) and 155 m (green). Bray–Curtis dissimilarity depicting pairwise comparison of samples collected on 26 March 2012 (H240, red
arrow) against all other samples collected at (d) 25 m and (e) 150 m.
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communities. Here, we focus on two sampling events that
occurred during back-to-back HOT cruises in February (H249)
and March 2013 (H250), to describe how leveraging informa-
tion on the time history of physical disturbances aided our
understanding of plankton community resilience.

During February 2013 (H249), the mixed layer depth varied
between 46 and 164 m over the course of the 4-day sampling
period, suggesting substantial submesoscale spatial variability
within and around Station ALOHA (Supporting Information
Fig. S6). The mixed layer depth on the cast we collected sam-
ples for picoeukaryote DNA (12 February) was 56 m. Consis-
tent with this, our analyses of Bray–Curtis dissimilarity
suggested picoeukaryote communities within the mixed layer
differed from those below the mixed layer (Fig. 6b). We used
mooring-based temperature and salinity measurements to
examine physical dynamics immediately prior to our ship-
board sampling, which revealed that in the days prior to our
sampling (10–11 February), the upper ocean experienced a
short-period isopycnal uplift, reflected as decreases in tempera-
ture and salinity through the lower euphotic zone (95–155 m;
Figs. 6a, Supporting Information Figs. S7, S8). Following this

short-duration event, isopycnal surfaces appeared to relax,
with subsequent reestablishment of the thermocline between
100 and 135 m. The resulting upward displacement of cold
water during this event was limited in duration to a ~12-h
period between 10 and 11 February (Fig. 6). Such punctuated
uplift in isopycnal surfaces would be expected to vertically
introduce nutrient-enriched waters into the euphotic zone,
potentially stimulating plankton growth. However, our ship-
board sampling on 12 February coincided with the period
where isopycnal surfaces had relaxed, and the mixed layer was
beginning to vertically expand (as evidenced by the deepening
mixed layer throughout the cruise). Hence, our sampling cap-
tured the short window of time between a punctuated
isopycnal uplift event and a deepening mixed layer. In this
case, the vertically stratified picoeukaryote community pro-
vides insights into rapid time-scales of the community
response to such spatially heterogeneous physical disturbances
to the euphotic zone.

In March 2013 (H250), we sampled one of the deepest
mixing events ever recorded at Station ALOHA. Similar to con-
ditions during H249, the mixed layer depth was highly

Fig. 5. Seasonal changes in mixed layer depth influence picoeukaryotic community structure. (a) Bray–Curtis dissimilarity of five different vertical pro-
files; plots are pairwise comparisons of community sampled at 25 m against other depths from the same vertical profile. The gray box represents the
mixed layer depth of the specific cast when picoeukaryotic community sample was collected. (b) Cruise-averaged mixed layer depths grouped by season.
(c) Bray–Curtis dissimilarity depicting pairwise comparisons of picoeukaryote communities sampled at 25 m against communities from other depths
within the same season. Season colors are the same as in (b). For each boxplot, the median is indicated by the dark horizontal line, and box borders
depict the 1st (Q1; 25th percentile) to the 3rd quartile (Q3, 75th percentile), with the whiskers extending to the maximum (Q3 + 1.5*[Q3 � Q1]) and
minimum (Q1-1.5*[Q3 � Q1]).
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Fig. 6. Picoeukaryotic communities respond on daily-to-weekly timescales after an anomalous deep mixing event. (a) WHOTS mooring-based daily temperature
measurements at 25, 95, 105, 135, and 155 m; yellow bars represent the days where picoeukaryote sampling occurred (12 February 2013 for H249, 06 March
2013 and 07 March 2013 for H250), wide light gray bar indicates where upper ocean temperatures appear homogenized to nearly 135 m, and dark gray bar
depicts where temperatures appear to homogenize down to 155 m. (b, c, d) pairwise comparisons, based on Bray–Curtis dissimilarity, of picoeukaryote communi-
ties; communities at discrete depths from H249 and two discrete profiles on H250 are compared relative to the 100 m community. Light gray squares indicate
communities within the mixed layer. (e) Variations in seawater temperature measurements at 25, 95, and 105 m from WHOTS mooring from 01 March 2013 to
08 March 2013.
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variable over the course of this 4-day cruise (varying between
16 and 164 m; Table 1, Supporting Information Fig. S6). The
WHOTS mooring provided a robust time series record docu-
menting the interaction of spatial heterogeneity and seasonal-
scale modification of the upper ocean. The daily-averaged
mooring-based temperature and salinity measurements rev-
ealed that approximately 10 d prior to our shipboard sampling
on 06 March, the mixed layer penetrated to at least 155 m
(Figs. 6a,e, Supporting Information Fig. S9). Three days later,
the mixed layer began to shoal, with temperatures through
the upper 105 m warmer than those at 135 and 155 m
(Fig. 6a). On 05 March 2013, one day prior to the period of
our shipboard sampling, temperatures in the upper 45 m
began to show signs of stratification, continuing to progress
through the HOT shipboard occupation of Station ALOHA
(Fig. 6e). Our sampling for picoeukaryote community structure
over two consecutive days (06 and 07 March) captured this
period of deep mixing and subsequent onset of stratification.
On 06 March, despite evidence that upper ocean temperature
structure had begun to restratify following the deep mixing
event, Bray–Curtis dissimilarity analyses revealed that the
picoeukaryote community remained vertically homogenized
down to 125 m (Fig. 6c). Taxa which were typically observed
at shallower depths were present in higher abundances as
deep as 175 m (Fig. 3b), consistent with a mixed layer which
had previously exceeded 155 m (e.g., on 25 February). How-
ever, 1 d later (07 March), the mixed layer depth shoaled
to ~57 m and communities in the well-lit upper ocean demon-
strated increasing dissimilarity relative to the deeper commu-
nities (Fig. 6d). These results provide unique insight into
timescales of picoeukaryote community response to spatially
and temporally variable mixing disturbances, with the
resulting timescales of apparent picoeukaryote resilience in
the upper ocean of approximately 1 week.

Episodic disturbances
We also examined disturbances due to vertical fluctuations

in the pycnocline, such as those attributable to temporal and
spatial perturbations stemming from mesoscale physics. We
defined such disturbances as when SLAcorr was ≥ 5.0 cm and
≤ �5.0 cm, consistent with Barone et al. (2019) who identified
such conditions as imparting distinct biogeochemical signa-
tures on the upper ocean at Station ALOHA. In order to exam-
ine picoeukaryote community response to changes in SLAcorr,
we examined relative abundances of Pelagophyceae and Poly-
cystinea, which are found almost exclusively in the lower
euphotic zone (and deeper for Polycystinea; Ollison
et al. 2021). Hence, vertical displacement of isopycnals would
be expected to disrupt their depth distributions. Consistent
with this expectation, OTUs related to the Pelagophyceae, typ-
ically most abundant between 100 and 150 m, increased in
relative abundance at shallower depths when SLAcorr was
≤ �5.0 cm (August 2011, November 2011, and July 2012;
Fig. 7a,c). When communities were grouped based on events

when SLAcorr > 0 cm or SLAcorr < 0 cm, differences in
Pelagophyceae relative abundances were significantly different
at 100 m depending on SLAcorr (t-test, p < 0.03). Similarly,
OTUs related to the Polycystinea typically found at 175 m
showed periodic fluctuations in relative abundances at
shallower depths, coincident with the shoaling of isopycnal
surfaces during periods when SLAcorr was ≤ �5.0 cm (Fig. 7b,
d). Differences in Polycystinea relative abundances as a func-
tion of SLAcorr were significant at 125 and 175 m when
grouped by SLAcorr > 0 cm or SLAcorr < 0 cm (t-test, p < 0.04).
Few occasions when SLAcorr was ≥ 5.0 cm (February and March
2013) coincided with deep mixing events; on these occasions,
Pelagophyceae appeared entrained into the upper euphotic
zone (Fig. 7a).

During the summer of 2012, we collected samples for sub-
sequent analyses of picoeukaryote community structure on
five separate occasions over a ~5-week period. At the begin-
ning of this more intensive shipboard sampling campaign
(26 June), SLAcorr was weakly positive (1 cm; Fig. 8b). How-
ever, by the following sampling period (10 July), SLAcorr had
decreased to �6 cm, coincident with uplift of cooler water
into the lower euphotic zone (as reflected based on the
WHOTS temperature record; Fig. 8a,b). Mixed layer tempera-
tures remained unaffected by this event, with temperatures in
the near-surface ocean (5 m) demonstrating seasonal warming
(Fig. 8a). The uplift of cooler waters into the lower euphotic
zone coinciding with SLAcorr ≤ �5.0 cm indicates a mesoscale
feature passed through Station ALOHA during this focused
summer sampling period (Fig. 8b). This disturbance appeared
most intense between 26 June and 10 July, and resulted in ini-
tial decreases in temperature and increases in N + N concen-
trations in the lower euphotic zone, consistent with isopycnal
uplift (Fig. 8b–d). Picoeukaryotic community structure
appeared to respond to the passage of this feature, with NMDS
analyses for the lower euphotic zone demonstrating marked
differences in community composition between 26 June and
10 July (Fig. 4e, Fig. 8c,d). Coincident with the period of
isopycnal uplift, picoeukaryote taxa typically found deeper in
the euphotic zone demonstrated elevated relative abundances;
for example, Polycystinea increased significantly in relative
abundance over this time period (Fig. 8e). Approximately
1 week later (16 July 2012), temperatures in the lower eupho-
tic zone had warmed and N+N concentrations had decreased,
reflecting the relaxation of isopycnal surfaces that had previ-
ously been displaced upward with consumption of N+N along
those surfaces. NMDS analyses revealed that the picoeukaryote
community structure was distinct from the previous sampling
1 week earlier, yet remained very different from the initial
community sampled in late June (Fig. 8c–e). Approximately
1 week later (22 July), the community in the lower euphotic
zone (150 m) shifted again, this time becoming increasingly
similar in structure to the community sampled prior to the
onset of this event (Fig. 8c,d). Throughout this entire period,
no change in temperature, N+N, and community
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composition in the upper euphotic zone (25 m) was apparent,
indicating the influence of this feature was isolated to the
lower euphotic zone (Supporting Information Fig. S10).

Discussion
Results from this study suggest that in the face of physical

disturbances, including deep mixing events and vertical dis-
placement of the pycnocline, euphotic zone picoeukaryotic
communities in the NPSG were relatively resilient, recovering
on daily to weekly timescales. Unfortunately, our Eulerian
time series does not allow disentangling biological responses
to discrete disturbances from movement of physically and

biologically distinct water masses through the Station ALOHA
sampling region. However, our observations highlight the role
of submesoscale and mesoscale physical processes in modify-
ing distributions of plankton, and emphasize that such epi-
sodic events are superimposed on seasonal-scale modification
of the upper ocean. We observed that although mixing events
vertically homogenized distributions of picoeukaryote taxa
including entraining picoplankton typically restricted to the
lower euphotic zone into the well-lit upper ocean and vice
versa, these communities rapidly reorganized to their prior
vertically structured state within days following the onset of
stratification. In the lower euphotic zone, fluctuations in the
pycnocline attributable to mesoscale physical disturbances

Fig. 7. Lower euphotic zone-associated lineages are more abundant at shallower depths when SLAcorr is negative. Contour plots depicting relative abun-
dances of (a) Pelagophyceae Pelagomonas calceolata and (b) Polycystinea Spumellarida group I during this study. Isopycnal surfaces (kg m�3, σθ) are
overlaid on each plot (white dashed lines) and black circles indicate depths of sample taken. Variability in relative abundances of (c) all Pelagophyceae
OTUs and of (d) all Polycystinea OTUs binned based on periods of either negative or positive SLAcorr and arranged by depth. Note scale differences in rel-
ative abundance for each panel. Seasonal mixing events (yellow stars), and episodic mesoscale events when cruise-averaged SLAcorr ≤ �5.0 cm (open tri-
angles) and SLAcorr ≥ 5.0 cm (black triangles) are marked. For each boxplot, the median is indicated by the dark horizontal line, and box borders depict
the 1st (Q1; 25th percentile) to the 3rd quartile (Q3, 75th percentile), with the whiskers extending to the maximum (Q3 + 1.5*[Q3 � Q1]) and mini-
mum (Q1 � 1.5*[Q3 � Q1]).
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altered the vertical distributions and relative abundances of
picoeukaryote taxa. Again, following these events, the
picoeukaryote community structure recovered on daily to weekly
timescales. Thus, irrespective of the form of disturbance, our time
series sampling revealed that picoeukaryote communities in both
the well-lit and the dimly lit regions of the euphotic zone were
resilient, often on timescales faster than our approximately
monthly scale sampling. Whether such biological reorganization
reflects the balance of plankton growth and removal processes or
stems from vertical or horizontal redistribution of organisms due
to submesoscale spatial variability remains unresolved by our
observations, but disentangling these dynamics is central to

improving our understanding of the stability of this ecosystem
(Lévy et al. 2018).

Plankton resilience based on seasonal-scale dynamics of
disturbance in the NPSG

Strong vertical gradients in light energy, nutrient concen-
trations, and seawater density promote vertical partitioning
among plankton communities in the NPSG (Venrick 1993;
Ollison et al. 2021). We hypothesized that deep mixing events
would act as disturbances by reducing light available to sup-
port plankton growth in the upper ocean and disrupting the
vertical structure of depth-segregated communities. Seasonal-

Fig. 8. Picoeukaryotic communities respond on weekly-to-monthly timescales to an anomalous SLA event moving through Station ALOHA. (a) Daily-
averaged WHOTS mooring-based temperatures at 5 and 155 m, and (b) SLAcorr, from June to September 2012, encompassing five sampling periods
(indicated by gray bars, on 26 June, 10 July, 16 July, 22 July, and 17 August, from H243, HD5, and H245). NMDS depicting similarities of 150 m
picoeukaryote community composition colored by (c) temperature and (d) N+N concentrations from 26 June 2012 to 17 August 2012. (e) Time-vary-
ing changes in the relative abundances of picoeukaryote taxa (150 m) at class level from 26 June 2012 to 17 August 2012.
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scale changes in light energy, due to mixing and stratification
dynamics, have long been considered as key determinants on
plankton productivity (Sverdrup 1953). We predicted such
mixing and stratification dynamics would also impact the ver-
tical distributions and relative abundances of plankton.
Throughout our study, seasonal mixing variability was consis-
tent with the HOT program climatology (Karl and
Church 2014); however, we observed large variations in the
depths of the mixed layer during our entire sampling period
at Station ALOHA. Our time series of picoeukaryote communi-
ties revealed that in the well-lit region of the euphotic zone,
the composition of picoeukaryote communities demonstrate
modest seasonal fluctuations, with communities becoming
increasingly dissimilar (relative to the summer) during periods
of destratification and deepening of the mixed layer. Our
amplicon time series data provide examples of apparent
mixing entrainment of taxa that are typically relegated to the
dimly lit waters into the upper euphotic zone, and mixing-
driven vertical redistribution of upper euphotic zone taxa to
depths outside their typical range.

Seasonal patterns in plankton community composition
coincident with convective mixing have been previously
documented (Giovannoni and Vergin 2012; Choi et al. 2020),
revealing highly adapted organism structure and successional
patterns. Previous analyses at Station ALOHA revealed that
microorganism community structure is sensitive to wind-
driven forcing of the upper ocean; Bryant et al. (2016)
observed a correlation between alpha diversity and wind
speeds 3 to 10 d prior to sample collections, suggesting tightly
coupled biological responses to wind-induced turbulent
mixing. Persistence of taxa that typically reside at depth in
the euphotic zone (e.g., Pelagophyceae) during periods of
deeper mixing may reflect the ability of these taxa to rapidly
adapt to variable light conditions through xanthophyll
cycling (Dimier et al. 2009; Bidigare et al. 2014). Choi
et al. (2020) observed notable increases in pelagophytes in the
surface waters as well as in the DCML where they are typically
found, during seasonal deep mixing in the western North
Atlantic, and speculated that they rely on nitrate as a primary
nitrogen source. During March 2013 (H250), deep mixing that
occurred days prior to our sampling appears to have vertically
redistributed N+N in the euphotic zone (Supporting Informa-
tion Fig. S5a), which may have entrained Pelagophyceae into
the upper euphotic zone, but also increased their growth rates
through the availability of nutrients in the upper euphotic
zone. Conversely, redistribution of upper euphotic zone taxa
like prymnesiophytes, chrysophytes, and MAST groups
beyond their typical depth range may drive such taxa to rely
more heavily on heterotrophic and/or mixotrophic physiol-
ogies (Hartmann et al. 2012), influencing food web dynamics
throughout the euphotic zone. Whereas acquisition of nutri-
ents via mixotrophy could confer competitive advantages to
these taxa in the nutrient-limited upper euphotic zone at Sta-
tion ALOHA, their physiologies and activities when

distributed into relatively nutrient-rich regions are unknown
and remain to be explored (Caron et al. 2017; Choi
et al. 2020).

Examining high-frequency mooring-based temperature and
salinity measurements during the deep mixing event in March
2013 (H250) allowed temporal contextualization of our obser-
vations on picoeukaryote community structure, including the
short timescales (~3 d) of vertical reorganization of the com-
munity following the onset of stratification. While the
communities were vertically distinct at depths exceeding the
125-m mixed layer depth, many taxa from the upper ocean
persisted at 175 m, indicating these communities had not yet
completely recovered from the deep mixing disturbance that
occurred prior to H250. These rapid timescales of resilience are
consistent with generation times for picoeukaryotes in the
upper euphotic zone (ranging 0.6–1.3 d�1; Worden
et al. 2004, Rii et al. 2016). Interestingly, biomass-normalized
production rates at Station ALOHA during the period of the
current study indicate rates were greatest coincident with
the March 2013 deep mixing event (Rii et al. 2016). Such find-
ings suggest rapid picoeukaryote growth, in response to turbu-
lent supply of nutrients coincident with increased incident
light availability, may underlie the resilient response to one of
the deepest recorded mixing events in the 30+ year shipboard
time series record. In fact, it is possible that the distinct
picoeukaryote communities in the winter and spring may
allow them to rapidly capitalize on increased nutrients sup-
plied through deeper mixing.

Event-scale dynamics of disturbance and variable
timescale of resilience at NPSG

While the timescale of resilience among picoeukaryotes in
the euphotic zone appears to be on the order of 1 week
in response to seasonal deep mixing, the timescales of resil-
ience to meso- to submesoscale events, whose impacts are
largely restricted to the lower euphotic zone, appear somewhat
longer, on the order of weeks to a month. Mesoscale dynamics
appear to be key contributors to biological variability in the
NPSG (Barone et al. 2019), as mesoscale eddies in this region
vary in size, amplitude, rotational velocity, and polarity
(Chelton et al. 2011). SLAcorr has been widely used to detect
and describe variability in the ocean pycnocline due to meso-
scale physical dynamics such as eddies (e.g., McGillicuddy
et al. 1998). Approximately 30% of historical (1992–2012)
HOT program sampling at Station ALOHA appears influenced
by the passage of mesoscale eddies, and approximately half of
the variability associated with SLAcorr in this region has been
attributable to eddies (Barone et al. 2019). Consistent with
previous studies (McGillicuddy et al. 1998; Church et al. 2009;
Barone et al. 2019), we found that fluctuations in SLAcorr cor-
related with variability in the depth of isopyncal surfaces posi-
tioned in the lower euphotic zone. Specifically, SLAcorr

explained ~40% of the variability in the depth of 24.2 kg m�3

σθ that typically intersects the DCM at Station ALOHA.
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Variability in SLAcorr at Station ALOHA has previously been
linked to fluctuations in nutrient concentrations and stoichi-
ometry, and variations in photosynthetic picoeukaryote abun-
dances, particularly through the lower euphotic zone (Church
et al. 2009; Ascani et al. 2013; Barone et al. 2019). Barone
et al. (2019) found that across 23 years of observations (1993–
2012), SLAcorr at Station ALOHA varied between approxima-
tely �20 cm and 20 cm; in comparison, SLAcorr varied
between �8 cm and 8 cm during our study. Hence, our period
of study appears to have coincided with a relatively quiescent
period for mesoscale events at this site. Nonetheless, even
with the relatively weak variation in SLAcorr, we found evi-
dence that mesoscale dynamics have a demonstrable effect on
vertical structure of picoeukaryote communities in the lower
euphotic zone.

Mesoscale physical dynamics alter plankton communi-
ties in several ways, including through changes in the verti-
cal positioning of the pycnocline and through physical
reorganization of the habitat (e.g., stirring or mixing).
Eddy-driven vertical heaving of isopycnal surfaces alters
distributions of plankton and nutrients relative to gradients
in sunlight; for example, changes in isopyncal surfaces
attributable to cyclonic (McGillicuddy et al. 1998; Benitez-
Nelson et al. 2007) and anticyclonic (Dufois et al. 2016)
eddies have been shown to shift phytoplankton commu-
nity structure in the euphotic zone. Eddies can also trap
plankton communities, behaving as isolated vortices with
the potential to horizontally transport biological communi-
ties (Chelton et al. 2011).

We conducted higher frequency (weekly scale) sampling
from June to August 2012 (H243, HD5, H245), which coin-
cided with one of the stronger SLAcorr excursions during our
study and provided unique insight into the resilience of the
plankton community in response to mesoscale disturbances.
In particular, we sampled the passage of an event that resulted
in isopycnal uplift into the lower euphotic zone, as evidenced
by intrusion of cooler, more nutrient-enriched waters into the
lower euphotic zone. We saw evidence of shifts in
picoeukaryote community in the lower euphotic zone over
the course of several days during and after this event. We also
saw evidence of a shift in picoeukaryote community that coin-
cides with the period when nutrients supplied through
isopycnal uplift are assimilated into plankton biomass, illus-
trating the rapid response capabilities of upper ocean plankton
to this physical disturbance. As the cyclone moved through
the sampling region, isopycnal uplift relaxed (as evident from
both increasing SLAcorr and seawater temperatures) and the
picoeukaryote community began to resemble the predisturbed
community. These findings are consistent with changes in
physical properties, productivity, and increased picoeukaryote
abundances at depth observed during this same time period at
Station ALOHA (Wilson et al. 2015). A previous study at Sta-
tion ALOHA that coincided with the period of the current
study found rates of picoeukaryote biomass-normalized

production were time variable, but that rates in the lower
euphotic zone were ~three-fold lower than those in the upper
euphotic zone (Rii et al. 2016), consistent with observations
here that time-scales of resilience in the lower euphotic zone
appear somewhat longer than those due to mixing in the
upper euphotic zone.

Eulerian perspectives on a spatially and temporally
heterogeneous ocean

Since our study relied on Eulerian time series observations,
our evaluation of resilience in this community cannot distin-
guish spatial variability associated with water transport from
time-varying changes in plankton growth rates. Thus, it is dif-
ficult to disentangle whether our observations of resilience
derive from planktonic growth and succession, or reflect spa-
tial heterogeneity in community structure at the meso- and
submesoscales. Chelton et al. (2007) estimated that mesoscale
eddy diameters in the subtropical Pacific range from 100–
200 km, and these features generally propagate westward with
horizontal velocities of ~4–10 km d�1. Hence, a 200-km eddy
could take between 22 and 60 d to move completely through
the Station ALOHA sampling region. Consistent with these
estimates, Barone et al. (2019) found that the time for meso-
scale eddies to propagate through Station ALOHA was approx-
imately 1 month, consistent with our observations during the
summer of 2012. In 1997, a cyclonic eddy passing by a moor-
ing near Station ALOHA in March to April (H81 and H82)
resulted in uplift of the nitracline and the DCML; however, by
May of that year, all indications of any disruption to the bio-
logical community had disappeared, and there was no evi-
dence of a significant increase in Chl a in the upper euphotic
zone (Letelier et al. 2000). However, eddies demonstrate het-
erogeneity at submesoscales; eddy structure can vary from the
center to edges (Lévy et al. 2018), and such spatial heterogene-
ity at submeso- and mesoscale is well-documented around Sta-
tion ALOHA (Calil and Richards 2010) and apparent in our
data. Vertical displacement of isopycnal surfaces resulting
from internal waves, tidal forcing, and near-inertial period
oscillations can displace the depth of the DCML on time-
scales <1 d (Karl et al. 2003). Short-lived (< 2 months) nutrient
pulses, such as described here, with effects in the lower eupho-
tic zone, can alter local and regional scale plankton processes,
with cumulative effects on community structure and biogeo-
chemical cycles in the NPSG (Karl 2002).

We found that the spatiotemporal mosaic of physical dis-
turbances are not mutually exclusive, such that mesoscale
events, over and above seasonal changes in the depth of
mixing and light, may define the emergent distributions and
resilience of the euphotic zone picoeukaryote community. In
the stratified, oligotrophic NPSG, mixing is generally restricted
to the upper 60 m, with the 1% surface PAR isopleth residing
between 84 and 125 m. We collected samples on two consecu-
tive days (06 March 2013 and 07 March 2013) during H250
which revealed a shallowing of the mixed layer depth from
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154 to 57 m after 1 d (Supporting Information Fig. S6). Such
results likely reflect submesoscale spatial-scale heterogeneity
in the habitat, where two physically distinct parcels of water
were likely sampled on these different days. The Eulerian
design of our study does not allow us to differentiate influ-
ences of spatial heterogeneity from those deriving from time-
varying dynamics. At the submesoscale, biological response
times overlap with timescales of the physical movement (spa-
tially horizontally and possibly vertically) of water. For exam-
ple, at an approximate net growth rate of 0.5 d�1 in the
NPSG, the time for a population to double would be ~1.3 d. If
a submesoscale feature, with a distinct biological community,
advected through Station ALOHA at a rate of ~ 5 km d�1, the
resulting perturbation to the community and subsequent
return to predisturbed state (resilience) would be less than
1 week, indistinguishable from the net biological response.
Hence, although our study provides insights into variable
time-scales of resilience of the picoeukaryote community to
different forms of disturbance at Station ALOHA, whether that
resilience derives from biological responses following distur-
bance (i.e., re-establishment of equilibrium in growth and
removal) or reflects the return of biological structure following
physical movement of organisms associated with advected
water mass features through our sampling site remains
unclear. Thus, a Lagrangian sampling design, where a specific
meso- or submesoscale feature with its associated plankton
dynamics can be tracked over time, would aid in understand-
ing the mechanisms that underlie the resilient responses to
disturbance observed in picoeukaryote community structure
at Station ALOHA. Such a study, coupled with Lagrangian
instruments such as ocean gliders and floats to attain high
spatial and temporal frequency measurements of temperature
and salinity, and satellite-derived measurements such as
SLAcorr, would be required to assess recent history of distur-
bances and the varying timescales of response by the plankton
community at Station ALOHA.

Conclusions
This study highlights that plankton communities in the

NPSG are susceptible to disturbances that redistribute organ-
isms relative to gradients in light and nutrients. Our results
suggest the picoeukaryote community is relatively resilient to
such physical disturbances, with postdisturbance community
structure typically returning to resemble the predisturbance
structure on daily to weekly timescales. The overlap in biologi-
cal response times and timescales of submesoscale physical
water movement makes it difficult to disentangle which of
these mechanisms controls community structure based on the
Eulerian observations from this study. However, this collective
set of observations highlight a number of intriguing biological
dynamics, including that the juxtaposition of mesoscale and
submesoscale disturbances on more predictable seasonal suc-
cession patterns complicates assessment of community resil-
ience. Seasonally variable patterns on succession present

moving targets with respect to identifying the time required
for the community to respond and return to a predisturbed
state following disturbances occurring at a higher frequency
than seasonal scales. In addition, observations suggest that
the duration, intensity, speed, and possibly the age of meso-
scale physical dynamics influences eukaryote community resil-
ience. We emphasize the importance of examining the near-
time (days to weeks) history of disturbances for insights into
contemporaneous plankton community structure. Such stud-
ies are relatively rare for the open ocean, largely as a result of
the necessity for time-resolved observations.
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