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Abstract

Picophytoplankton are a ubiquitous component of marine plankton communities and
are expected to be favored by global increases in seawater temperature and stratifi-
cation associated with climate change. Eukaryotic and prokaryotic picophytoplankton
have distinct ecology, and global models predict that the two groups will respond dif-
ferently to future climate scenarios. At a nearshore observatory on the Northeast US
Shelf, however, decades of year-round monitoring have shown these two groups to be
highly synchronized in their responses to environmental variability. To reconcile the
differences between regional and global predictions for picophytoplankton dynamics,
we here investigate the picophytoplankton community across the continental shelf
gradient from the nearshore observatory to the continental slope. We analyze flow
cytometry data from 22 research cruises, comparing the response of picoeukaryote
and Synechococcus communities to environmental variability across time and space.
We find that the mechanisms controlling picophytoplankton abundance differ across
taxa, season, and distance from shore. Like the prokaryote, Synechococcus, picoeukar-
yote division rates are limited nearshore by low temperatures in winter and spring, and
higher temperatures offshore lead to an earlier spring bloom. Unlike Synechococcus,
picoeukaryote concentration in summer decreases dramatically in offshore surface
waters and exhibits deeper subsurface maxima. The offshore picoeukaryote commu-
nity appears to be nutrient limited in the summer and subject to much greater loss
rates than Synechococcus. This work both produces and demonstrates the necessity
of taxon- and site-specific knowledge for accurately predicting the responses of pico-

phytoplankton to ongoing environmental change.
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1 | INTRODUCTION

Marine picophytoplankton are an abundant and diverse group of pho-
tosynthetic cells that are estimated to contribute up to 25% of global
marine primary production (Flombaum et al., 2013; Fogg, 1986).
Relative to larger phytoplankton, these smaller cells dominate in the
warm, oligotrophic regions that make up most of the surface ocean.
Increases in temperature and stratification associated with climate
change are expected to favor the picophytoplankton over larger cells
(Flombaum et al., 2020; Henson et al., 2021). The subsequent com-
positional changes in the plankton community are expected to have
largely negative ecological and economic consequences, contributing
to food web “degradation” and reducing yield from marine fisheries
(Cheung et al., 2011; Schmidt et al., 1998, 2020). Global predictions
about picophytoplankton are, however, largely derived from pat-
terns in the open ocean, whereas the majority of the world's fisheries
rely on coastal waters (Watson et al., 2016). Detailed knowledge of
coastal picophytoplankton ecology is therefore critical for evaluating
these predictions as they relate to ecosystems of economic interest.

The Northeast US Shelf (NES) is one example of a rapidly chang-
ing coastal ecosystem that supports a diversity of economically and
culturally important fisheries (Balch et al., 2022; Chen et al., 2020;
Mills et al., 2013; Shearman & Lentz, 2010). Since 2003, the picophy-
toplankton community within this ecosystem has been monitored at
the Martha's Vineyard Coastal Observatory (MVCO) via autonomous

in situ flow cytometry (Olson et al., 2003). This community can be

Martha's Vineyard Coastal Observatory

divided into Synechococcus and picoeukaryotes, with Prochlorococcus
only present offshore. Of these groups, picoeukaryotes are less abun-
dant but reproduce and die more rapidly, playing a distinct and im-
portant role within the ecosystem (Fowler et al., 2020). The ecological
consequences of increasing picophytoplankton abundance likely de-
pend on any compositional changes that occur within the picophyto-
plankton community (Massana & Logares, 2013).

At MVCO, Synechococcus and the photosynthetic picoeukaryotes
are highly synchronized in their responses to seasonal environmen-
tal variability. While different in magnitude, the annual cycles in cell
concentration for these two groups are very similar in shape (Fowler
et al., 2020). Daily cell division rate for both groups increases with
temperature in the spring and decreases with light availability in the
fall (Fowler et al., 2020; Hunter-Cevera et al., 2014, 2019) and both
communities exhibit a positive relationship between temperature and
cell concentration (Figure 1a,b). These findings at the nearshore site
might lead us to predict that the two groups of picophytoplankton
will have synchronized responses to other sources of environmental
variability.

Global analyses, in contrast, suggest that these two groups will
have divergent responses to climate change. Niche correlation models
fit to a global dataset predict that Synechococcus will be supported
at higher abundances under climate change scenarios, while the
abundance of picoeukaryotes will decrease (Flombaum et al., 2020;
Flombaum & Martiny, 2021). Why are the nearshore communities

of Synechococcus and photosynthetic picoeukaryotes synchronized,
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FIGURE 1 Relationships between temperature and observed cell concentration for Synechococcus (a, c, €) and picoeukaryotes (b, d, f)

from (a, b) Martha's Vineyard Coastal Observatory, (c, d) Northeast US Shelf LTER cruises, and (e, f) global observations compiled by Visintini
et al. (2021). The total number of observations included in each data set are 73,040 for MVCO; 61,097 underway and 995 Niskin samples for
NES cruises; and 42,278 and 22,509 global samples for Synechococcus and picoeukaryotes, respectively. Points are colored by the density of

neighboring points relative to the total within each dataset.
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when global data indicate the opposite? Answering this question will

reveal the conditions under which the predicted global changes in pi-

cop

hytoplankton community composition may or may not extend to

coastal ecosystems.

The difference between the trends in the coastal and global

datasets seems to lie within the picoeukaryote dynamics. For

Synechococcus, the positive relationship between temperature and

cell
obs

whi

concentration on the NES agrees well with global and open ocean
ervations (Flombaum et al., 2013; Stevens, Crockford, et al., 2023)
le for photosynthetic picoeukaryotes, this relationship is more

complicated (Figure 1). Thus, we here focus on the photosynthetic

picoeukaryotes and explore the extent to which nearshore dynamics

are

representative of the broader continental shelf. We make use of

flow cytometry data from 22 cruises on the NES and compare the

responses of picoeukaryote and Synechococcus communities to envi-

ronmental variability across seasons, latitude, and depth. We identify

the

conditions under which the two groups have either synchronized

or divergent responses to changes in their environment. Lastly, we

compare the realized niche of photosynthetic picoeukaryotes on the

NES to that predicted by the niche correlation model of Flombaum

eta

imp

. (2020) trained on a compilation of global observations. This work

roves our understanding of the mechanisms that control picophy-

toplankton abundance across the gradient from coast to open ocean,

and

helps to reconcile the differences between regional and global

predictions for picophytoplankton responses to ongoing environmen-

Latitude (°N)
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2 | METHODS

We analyzed data collected from 22 NES Long-Term Ecological
Research (LTER) cruises between 2018 and 2022 (Stevens, Sosik,
et al., 2023; Table S1). Cruises occurred in all seasons and transited
from the coast to the continental slope primarily along the 150-km
NES-LTER focal transect on the 70° 53'W longitude line. Surface
water was sampled automatically from the underway science seawa-
ter flow every 2min, and live picophytoplankton cells were counted
by an Attune NXT Flow Cytometer (ThermoFisher) as described in
Stevens, Crockford, et al. (2023). All particles within the samples
were automatically classified according to their fluorescence and
scatter characteristics (Sosik et al., 2003). Cells within these sam-
ples can be identified as eukaryotic phytoplankton, which have a
red fluorescence signal (chlorophyll a), or Synechococcus, which have
an orange fluorescence signal (phycoerythrin) as well as a red fluo-
rescence signal. The picoplankton can be distinguished from larger
cells on the basis of their scatter signature (Sosik et al., 2003). For
this work, we focus our analysis on the red fluorescing picoplankton,
which we will refer to as photosynthetic picoeukaryotes or simply
picoeukaryotes. We include in our analysis 61,113 0.4-mL samples
within the study region (Figure 2a). The corresponding underway
measurements of Synechococcus have been described by Stevens,
Crockford, et al. (2023). Comparable flow cytometry observations
are also available from nearby MVCO (41°19.500" N, 70°34.0’ W),

tal change. where the dynamics of Synechococcus and picoeukaryotes have
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FIGURE 2 (a) Map of the study region with colored circles overlaid at the location of every underway flow cytometry sample in our
data set (1=61,113). Color represents the four subregions, which are delineated by the 0, 50, 100, and 500 m bathymetry lines drawn

in black. Land is shaded in gray. Yellow triangles indicate locations of 214 CTD casts, for which we have subsurface data, and the yellow
star indicates Martha's Vineyard Coastal Observatory. (b-e) All underway picoeukaryote concentration measurements made within each
of the four subregions. Best-fit double Gaussian curves are shown in dotted or solid lines and redrawn in (f) to highlight the cross-shelf
differences in the annual cycle between the subregions. (g) Average daily temperature of underway samples within each of the subregions.
Lines are smoothed interpolations of daily data across the annual cycle. Winters are warmer offshore and the spring peak in picoeukaryote

con

centration is evident earlier offshore than nearshore.
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been described by Hunter-Cevera, Neubert, et al. (2016), Hunter-
Cevera et al. (2019) and Fowler et al. (2020). Throughout our analy-
sis, we will compare to and reference these previous works in order
to provide necessary context.

On 12 of the cruises, at designated NES-LTER stations, we an-
alyzed additional subsurface flow cytometry samples from Niskin
bottles on a CTD rosette (Figure 2a; Table S1). These samples were
collected into 2-mL cryovials and preserved with glutaraldehyde at a
final concentration of 0.125%. Starting in May 2019, Kolliphor-188
(previously Pluronic F68) was also added to samples at a final concen-
tration of 0.01% following Marie et al. (2014). Samples were frozen in
liquid nitrogen until they were returned to the shore-based laboratory
for processing on the same flow cytometer that measures the under-
way samples while at sea. Again, cells were identified based on their
scattering, phycoerythrin, and chlorophyll fluorescence signatures.
More details on the instrument configuration and discrete sample
processing are described in the metadata to the publicly available data
package (Peacock et al., 2024).

Environmental and meteorological data, including seawater tem-
perature, salinity, and incident solar radiation, were collected by each
vessel while underway and from the CTD casts. Dissolved inorganic
nutrients (nitrate plus nitrite, ammonium, silicate, and phosphate) were
also measured from Niskin bottles as described in Sosik et al. (2021)
and Marrec et al. (2021). For cruises with both underway and cast
data, underway flow cytometry samples were associated with esti-
mates of surface nutrient concentration by linearly interpolating
across longitude and latitude from nutrient measurements made at
depths less than 10m.

We estimated picophytoplankton division rate by analyzing
daily cycles in cell size within the underway flow cytometry data.
Scattering signals were converted into cell volume estimates ac-
cording to an empirically derived relationship from independently
sized phytoplankton cultures (Archibald, 2021). Picophytoplankton
cells generally grow while sunlight is available and decrease in size
through division. We detected these changes in size and used them
to estimate picoeukaryote division rate via a matrix model as de-
scribed in Fowler et al. (2020). This method has previously been
applied to flow cytometry data from both stationary (Dugenne
et al., 2014; Hunter-Cevera et al., 2019; Sosik et al., 2003) and un-
derway (Ribalet et al., 2015; Stevens, Crockford, et al., 2023) obser-
vations. As in Stevens, Crockford, et al. (2023), we report the division
rates for 24-h periods beginning at dawn, and use a sliding window
to quantify the sensitivity of each estimate to any discontinuities
that result from patchiness or the movement of the vessel. Daily di-
vision rates are understood to be a summary of the activity of what is
likely to be a diverse assemblage of picoeukaryote species.

To describe cross-shelf patterns in the cruise data, we grouped our
measurements into four subregions according to bottom depth: “Inner
Shelf” (<50m), “Mid Shelf” (50-100m), “Outer Shelf” (100-500m),
and “Upper Slope” (>500m). We also divided our observations into
four seasons following Hunter-Cevera et al. (2019) (winter, January
1-Mar 31; spring, April 1-June 14; summer, June 15-September 14;
and fall, September 15-December 31).

We compared our underway observations on the NES to the con-
centrations of picoeukaryote cells predicted by a niche correlation model
trained on globally distributed observations (Flombaum et al., 2020). The
model takes as input temperature, photosynthetically active radiation,
and nitrate concentration and predicts the concentration of photosyn-
thetic picoeukaryotes that will be present under the given conditions.
Flombaum et al. (2020) trained 100 realizations of the model on obser-
vations of picoeukaryotes from 39 cruises from around the world. We
provided these trained models with the environmental conditions we
observed on the NES-LTER cruises as input and compared the predicted
and observed picoeukaryote concentrations. Specifically, we used the
temperature measurements of each underway sample, nitrate plus nitrite
values interpolated from cast samples, and monthly surface photosyn-
thetically active radiation measurements for the study region obtained
from MODIS (NASA, 2023). To test for the effect of nutrient availabil-
ity specifically, we also compared the predicted concentration values to
those that would be predicted if nitrate concentrations were higher. That
is, we altered the environmental inputs to the model such that nitrate
values did not fall below 1 uM. This value is roughly where picoeukaryote
concentrations peak for selected fixed PAR and temperature values pre-
sented in Flombaum et al. (2020). Any nitrite plus nitrate measurements
below 1pM in our dataset were replaced with 1uM for this test. Higher
values were unchanged.

3 | RESULTS

Picoeukaryote concentration in surface waters ranged from 80 to
70,000 cells mL™. Averaged across space, surface concentration was
highest in the spring (mean 17,000 cells mL™*) and lowest in the win-
ter (mean 7000 cell mL™Y, but many cruises exhibited strong cross-
shelf gradients in surface abundance (Figure 3; Figure S1).

The direction of the cross-shelf gradients in surface abundance
changed regularly over the annual cycle (Figure 3). In winter and spring,
picoeukaryotes in surface waters were more abundant offshore than
nearshore. This pattern was evident in 8 of 10 cruises in these seasons
(Figure S1). In summer, surface concentration decreased with distance
from shore, from an average of 25,000 cells mL™! on the Inner Shelf to
3700cells mL™ on the Upper Slope. Notably, this gradient is opposite
in direction but equal in range to that seen in the spring, such that when
underway data from all cruises are pooled, concentration across the
four subregions shows no spatial trend. Five of six fall cruises sampled a
roughly even distribution of picoeukaryotes in surface waters across the
shelf (Figure S1). The average fall surface concentration was 8900cells
mL'i, which corresponds to an increase relative to the late summer val-
ues (Figure 2b-e).

Discrete flow cytometry samples from Niskin bottles reveal sea-
sonal differences in the depth distribution of the picoeukaryotes. In
winter, picoeukaryote concentration peaks at roughly 10,000 cells
mL™? at the surface and decreases gradually with depth (Figure 4).
In summer, subsurface maxima are regularly observed (49 out of 76
summer casts) with maximum concentrations approaching 40,000
cells mL™%. The depth of these maxima increases with distance from
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shore. That is, summer picoeukaryote abundances peak near the sur-
face on the Inner Shelf and this peak deepens to around 50m depth
on the Upper Slope (Figure 4). Late in the fall, the depth profiles in
cell concentration become more uniform for both picoeukaryotes
(Figure S2) and Synechococcus (Figure S3).

Picoeukaryote concentration peaks at intermediate temperatures
(Figure 1d). The temperature measurements of our underway sam-
ples ranged from 1 to 28°C, with waters tending to be warmer both
in summer and further from shore (Figure 2g). Below 22°C, the re-
lationship between temperature and underway concentration along

0 S ‘bT0T ‘98¥TSIEL

:sdny woxy papeoy

QSUADIT SUOWWO)) dANEAL)) d[qedijdde oyy £q pautoA0T are so[o1e Y asn Jo sa|n1 10j AIRIqIT UI[UQ A[IAN UO (SUONIPUOI-PUE-SULIN)/ W0 AA[1M " AIeiqi[oul[uo//:sdny) suonipuo)) pue suo |, 9y 998 "[$702/90/50] uo Areiqi surjuQ) Lojipy ‘Areiqi oy [9IN A9 91 €L1°998/1 1 11°01/10p/wod Kfim A



STEVENS €T AL.

o Ly S

(a) Picoeukaryotes

Winter
Depth (m)
=
o

Phosphate

—_
()
~
o

Temperature

Concentration (;M)
Temperature (°C)

Concentration (m

(c)
0 10000 ~ ~ 0
-l
8000
6000 S oo
4000
2000
200 200
41 40.5 40

!!l[llllllllllllllllll'l‘ll 1

ii 0.5

: 0
41 405 40

20
15
100
10
200 5
4 405 40

Concentration (;:M)
Temperature (°C)

4
x10

(b) o 3.~ (o
. o
5 _ g
£ 25

3 §}1oo g 100
=
O

200 © 200

40.5
Latitude (°N)

Mo
20
: 15
- 100
10
200 5

40.5 40.5
Latitude (°N)

Latitude (°N)

FIGURE 4 Average cross-shelf sections showing depth-dependence of (a, b) picoeukaryote concentration, (c-e) phosphate concentration
and (e, f) temperature in winter and summer. Available subsurface samples from each season (four winter cruises, four summer cruises) were
pooled and linearly interpolated across depth and latitude. The thick black line indicates the bottom depth along the main north-to-south
transect. Individual vertical profiles and fall data are in Figures S2 and S3.

the latitudinal transect resembles that seen at MVCO over the same
range of temperatures. However, in the summer, offshore waters are
at or above the maximum temperatures observed near the coast. On
summer cruises, the relationship between surface concentration and
temperature becomes strongly negative (Pearson's correlation coef-
ficient -0.58; p <.001; Figure 3g). Subsurface samples in the summer
likewise reveal a peak in concentration at temperatures just below
20°C (Figure S4a).

In stratified conditions, warm surface waters are extremely nu-
trient poor (Figure 4d). Nutrient samples from summer cruises regu-
larly approach our detection limits of 0.04uM for nitrate plus nitrite
(95% of samples from <10m depth) and 0.009 uM for phosphate
(27% of samples <10m depth). While picophytoplankton are gener-
ally successful in oligotrophic conditions, we find a positive correla-
tion between photosynthetic picoeukaryotes and phosphate when
phosphate falls below 0.1 M (Pearson's correlation coefficient 0.48;
p <.001; Figure S5a). We find no such relationship for Synechococcus
or for the picoeukaryotes and nitrite plus nitrate (Figure S5). It is
possible that limitation may occur in these cases below our nutrient
detection limits. Because we can detect phosphate at levels that are
evidently relevant to picoeukaryote ecology, we focus our nutrient
analysis on phosphate rather than nitrate. However, we note that
phosphate and nitrite plus nitrate are positively correlated with each
other and negatively correlated with temperature (Figure S4).

The niche correlation model trained on global data predicts the
surface concentration of picoeukaryotes on the NES with reasonable
accuracy. The model reproduces the overall shape of the relation-
ship between temperature and cell concentration, including both the
positive relationship in winter and the sharply negative relationship
in summer (Figure 5a,b). The model would not predict a decline in pi-
coeukaryote abundance in summer if our warmest observations did
not coincide with low nutrients (Figure 5c). The predictions and obser-
vations differ most noticeably in the 15-23°C range, when nutrients

are scarce but observed cell concentrations are higher than the model
predicts. These samples correspond primarily to nearshore, summer
conditions.

Picoeukaryote division rates estimated from the matrix model fit
to flow cytometry data ranged from 0.06 to 2.38 day ™. Division rates
were lowest in fall and winter (means both 0.46 day'l; SD 0.41 and
0.27 day'i, respectively) and highest in summer (mean 1.21 day’l; SD
0.72 day™%; Figure 6). Compared with division rates at MVCO, off-
shore values were particularly high in winter: The average (0.46 day ™
was greater than 99% of all winter division rate measurements made
at the observatory. When accounting for temperature, however, win-
ter division rates offshore are mostly within the range of values ex-
pected from the relationship at MVCO (Figure 6b). Fall division rates
were low considering water temperature (Figure 6c), as has been seen
at MVCO (Fowler et al., 2020), and comparable in value to division
rates at MVCO at the same time of year (Figure 6a). Division rates
from summer cruises were somewhat lower than the division rates
measured at MVCO. The average summer division rate offshore was
below 85% of all summer division rates at MVCO (mean 2.0 day’l),
and the warmest temperatures do not correspond to the highest divi-
sion rates in the cruise data set.

4 | DISCUSSION

We will now describe in detail the cross-shelf patterns in picoeukary-
ote dynamics and discuss the likely drivers of the dynamics observed.
Because the cross-shelf gradients in concentration vary dramatically
and predictably with the time of year, we will separate our discussion
by season. We will compare our observations of the picoeukaryotes
across the continental shelf both to the picoeukaryote community
at MVCO and to Synechococcus throughout the region, each of
which we have analyzed independently in our earlier work (Fowler
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FIGURE 5 Comparison between observed picoeukaryote concentrations and those predicted by the niche correlation model presented
in Flombaum et al. (2020). (a) Cell concentration measured within each underway sample taken at 2-min intervals. (b) Comparison of values
in (a) to cell concentration predicted by 100 neural networks trained on a global data set (not including Northeast US Shelf LTER data) given
the photosynthetically active radiation, temperature, and nutrient conditions associated with each observation in (a). Lines and shaded
regions indicate medians and interquartile ranges respectively for data grouped into 1°C bins. (c) Medians and interquartile ranges of model
predictions for true NES environmental conditions (solid line) and for NES conditions modified such that nitrate values never fall below 1M

(dashed line).
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et al., 2020; Stevens, Crockford, et al., 2023). By identifying controls
on the realized niche of picoeukaryotes across a coast-to-open ocean
gradient, we test the extent to which current understanding of global
picoplankton communities applies to nearshore systems.

4.1 | W.inter and spring

In winter and spring, picoeukaryote concentration increases with

distance from shore in both surface and subsurface samples
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(Figures 3 and 4). This spatial pattern can largely be explained by
the spatial variability in temperature. The offshore waters of the
NES are generally warmer than the nearshore waters, and this spa-
tial gradient is strongest early in the year before thermal stratifica-
tion is established (Figure 2g). Surface seawater samples in winter
and spring range from 1 to 20°C, and temperature is significantly
positively correlated with picoeukaryote concentration (Pearson's
correlation coefficient 0.53; p<.001). Note that this relationship
describes the variability across both space (within cruises) and
time (between cruises).
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A similarly positive relationship between temperature and pi-
coeukaryote concentration is observed at MVCO over time alone
(Figure 1b). Analysis of the annual cycle at MVCO suggests that the
nearshore picoeukaryote community is temperature limited in winter
and spring (Fowler et al., 2020). Specifically, increases in temperature
over the course of the spring lead to increases in division rate which
outpace mortality, resulting in an annual spring bloom. This conclusion
is further supported by the cruise data presented here. The division
rates measured on winter cruises were significantly higher than those
measured at MVCO at the same time of year (Figure 6a), but tend
to be within the range of values seen at MVCO on days at the same
temperatures (Figure 6c). The warmer offshore waters seem able to

sustain higher picoeukaryote division rates through the winter.

411 | Spring bloom phenology

The temperature variability across the shelf and the resulting dif-
ference in division rate evidently contribute to a cross-shelf differ-
ence in the timing of the picoeukaryote spring bloom (Figure 2b-f).
We define a bloom as a local maximum in cell concentration that
results from rapid population growth. Although we do not have
complete annual coverage in the cross-shelf data, it seems that
picoeukaryote concentration offshore increases before the con-
centration nearshore increases. In particular, the maximum con-
centrations we measured on the Upper Slope occurred on the
117th day of the year, which is 51 days prior to the average peak at
MVCO and earlier in the year than 18 of the 19 annual blooms in
the MVCO time series. Put briefly, bloom-level cell concentrations
occurred on the Upper Slope more than a month earlier than the
spring bloom would be expected at the nearshore observatory. Our
data indicate a cross-shelf shift in the timing of the annual cycle.
The cross-shelf pattern in the timing of the spring bloom is similar
to the pattern that has been described for Synechococcus on the NES
(Stevens, Crockford, et al., 2023). Moreover, these results support
the prediction that increased spring temperatures may lead to earlier
spring picoplankton blooms (Hunter-Cevera, Neubert, et al. 2016).
Such predictions presuppose, however, that top-down processes
will not change so as to alter the observed patterns. The analyses of
NES data have so far shown temperature in winter and spring to be
correlated both with picoplankton concentration and with maximum
division rate, suggesting that bottom-up processes are driving the
spatial and temporal patterns in picoplankton abundance during these

seasons.

4.2 | Summer

While the winter and spring cruise data support and extend the hy-
potheses developed in previous work, our summer cruise data are
not in line with our earlier expectations. On the basis of observa-
tions of picoeukaryotes at MVCO and of Synechococcus across the
NES, we expected to see high abundances of picoeukaryotes in

the summer throughout the region. At MVCO, picoeukaryotes are
most abundant in the summer, and their dynamics are synchronized
with those of Synechococcus (Fowler et al., 2020). Within underway
cruise data, Synechococcus are abundant in the summer across all
four subregions, from the Inner Shelf to the Upper Slope (Stevens,
Crockford, et al., 2023). We find that the same is not true for the
picoeukaryotes. Offshore surface waters have greatly reduced con-
centrations of picoeukaryotes during summer months (Figure 3c),
both compared with earlier in the year and compared with the
nearshore observations in summer. Something about the offshore
conditions is not captured by the nearshore observatory and elicits a
divergent response between the two picoplankton groups.

Note that while offshore surface concentrations are lowest in the
summer, picoeukaryote division rate is highest at that time of year
(Figure 6). High division rates in the spring and summer, paired with a
drop in concentration, imply high picoeukaryote mortality. Our previous
work emphasized that the picoeukaryotes at MVCO are subject to in-
tense top-down control in the summer, regularly experiencing loss rates
greater than 2.0 day™* (Fowler et al., 2020). If grazer or viral activity
is comparable across the shelf, only a slight reduction in reproduction
offshore could lead to a stark decrease in picoeukaryote concentration.
The results of Landry et al. (2023) suggest that grazing rates on pico-
phytoplankton will be even higher under more oligotrophic conditions
offshore, and a similar pattern was observed by Marrec et al. (2021) on
one of our summer LTER cruises. Such a trend in grazing pressure could
lead to the cross-shelf pattern in picoeukaryote abundance we observe.
On the California coast, Landry et al. (2023) found this relationship to
be even stronger for Synechococcus than picoeukaryotes, however,
which is at odds with the summer patterns in abundance on the NES.
We conclude that spatial differences in picoeukaryote division rate, ex-
acerbated by their high loss rates relative to Synechococcus, lead to the
distinct trend in surface picoeukaryote concentration that we see on
summer cruises.

There are a few possible explanations for a cross-shelf trend in
summer division rate. First, there may be spatial variability in the
taxonomic identity of the picoeukaryotes across the NES. The pi-
coeukaryotes are a diverse group (Diez et al., 2001; Moon-van Der
Staay et al., 2001; Zeidner et al., 2003), and it is very likely that our
flow cytometry measurements are summarizing multiple taxa. While
we might expect a taxon to invade the offshore waters if it were
capable of dividing more rapidly under the offshore conditions, we
know that coastal microbial community composition can vary across
short distances and may not reflect an ecologically stable state (Doré
etal., 2022; Wang et al., 2019). We will therefore discuss two physio-
logical explanations for the observed patterns, while recognizing that
taxonomic differences may also be at play.

Picoeukaryote division offshore may be inhibited directly by the
high temperatures of Slope Sea and Gulf Stream waters. The tem-
perature response curves of picoeukaryotes in culture have been
seen to peak anywhere between 8 and 30°C (Demory et al., 2019;
Stawiarski et al., 2016), and certain strains fail to grow at all above
their temperature optima (Stawiarski et al., 2016). At MVCO, tem-
peratures rarely exceed 22°C. Maximum division rate increases with
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increasing temperature, but many daily division rates fall below the
maximum at each temperature (Fowler et al., 2020). In the cruise
data, the highest division rate (2.38 day_l) was measured from sam-
ples with an average temperature of 24°C (July 18, 2021). The only
division rates measured at higher temperatures were 1.0 and 0.70
day™t in August, 2019 (Figure 6). These lower division rates could
indicate a strict temperature threshold, as observed in picoeukary-
ote cultures, but our limited sample size at temperatures above
24°C prevents us from saying so conclusively.

Alternatively, nutrient limitation may drive a cross-shelf dif-
ference in picoeukaryote division rate. Both picoeukaryotes and
Synechococcus are generally successful in nutrient-poor waters, but
Synechococcus may be more competitive during periods of intense
nutrient starvation (Schmidt et al., 2020). Prochlorococcus is arguably
even more successful in oligotrophic conditions and likely intensi-
fies the competition offshore. High abundances of Prochlorococcus
are evident in some offshore NES samples, consistent with previ-
ous descriptions of its distribution (Olson et al., 1990). In the Baltic
Sea, Alegria Zufia et al. (2021) found that competition for nutrients
among picophytoplankton was heightened at higher temperatures,
reducing picoeukaryote growth rates. On the NES, cyanobacterial
abundance is negatively correlated with all our nutrient measure-
ments (Figures S5 and Sé). In contrast, picoeukaryote concentration
is positively correlated with phosphate at very low phosphate con-
centrations (Figure S5a). Under extreme phosphate scarcity and high
temperatures, it seems the picoeukaryotes may be outcompeted by
cyanobacteria, disrupting the otherwise synchronous environmental
responses seen at MVCO.

Our division rates provide some additional support for the argu-
ment that nutrient availability limits picoeukaryote growth in offshore
waters. Average phosphate concentration of the cruise samples is a
reasonable predictor of the difference between each daily division
rate and that of the same yearday at MVCO (Figure S7). It is very
difficult, however, to distinguish between nutrient limitation and inhi-
bition by high temperatures within our dataset, since nutrient concen-
trations on the NES are negatively correlated with temperature across
season, latitude, and depth.

Instead, we can use global observations to consider the separate
effects of increased temperatures and reduced nutrients on picoeu-
karyote abundance. When provided with the true environmental con-
ditions on the NES as input, the niche correlation model of Flombaum
et al. (2020) predicts the observed summer decline in picoeukaryote
concentration at high temperatures (Figure 5b). If nutrients were more
freely available, however, the model predicts that picoeukaryote con-
centration in the warmest waters would be as much as 10 times the ob-
served values (Figure 5c). This analysis suggests that, based on global
distributions, high temperatures alone are not limiting the standing
stock size of the picoeukaryotes on the NES.

The distinction between inhibition by temperature or nutrient
limitation has implications for the evolutionary pressures on the pi-
coeukaryote community. For example, if the picoeukaryotes are in
fact nutrient-limited offshore, mixotrophy may be increasingly advan-
tageous since phagotrophy would increase a cell's access to limiting

ST e L

nutrients. Mixotrophy has been observed within picoeukaryotes both
in the lab and in situ (Li et al., 2022; McKie-Krisberg & Sanders, 2014;
Zubkov & Tarran, 2008). While the exact effects of mixotrophy on
microbial community ecology are not well known, its importance for
nutrient cycling in oligotrophic systems is increasingly recognized.
Incubation experiments with nutrient augmentation treatments would
be necessary to distinguish between nutrient limitation and tempera-

ture inhibition on picoeukaryote reproduction at our site.

4.2.1 | Depth distribution

Water column profiles reveal that although offshore cell concentration
is diminished in summer at the surface, relatively high picoeukaryote
densities persist at depth (Figure 4). Subsurface maxima in phyto-
plankton biomass are typically considered to arise from a balance of
light and nutrient limitation. During summer on the NES, the location
of the maximum in picoeukaryote concentration is deeper than the
peak in Synechococcus concentration (Figures S2 and S3). This depth
partitioning is consistent with the hypothesis that picoeukaryotes at
our site are more readily nutrient limited than Synechococcus. East of
the Sargasso Sea, Veldhuis et al. (2001) observed the same pattern
across depth, and found that pico- and nanoeukaryotes were more
likely than Synechococcus to have reduced viability in surface waters.
That is, large numbers of eukaryotic cells were unable to divide, con-
tributing to their relatively low abundance at the surface.

The same depth partitioning that we report here has been observed
in the central North Atlantic (Buck et al., 1996; Glover et al., 1986)
and central North Pacific (Campbell & Vaulot, 1993). In contrast, in
a more coastal setting, the opposite pattern was observed (Schmidt
et al., 2020). In that case, the success of Synechococcus at depth was
attributed to its superior green light-harvesting efficiency (Schmidt
et al., 2020). Synechococcus grows more efficiently under low green
light conditions, while some picoeukaryotes perform better under blue-
violet light (Glover et al., 1986). Interestingly, on the NES, we find the
location of the subsurface maximum in picoeukaryote concentration
deepens with distance from shore (Figure 4). Blue-violet light predomi-
nates in oceanic waters, so the gradient that we observe across the NES
transect may arise from differences in light color at depth. We argue
that the deepening of the peak in picoeukaryote abundance across the
shelf is the combined effect of reduced nutrients offshore, deepening
the upper limit of their depth distribution, and increased availability of
blue light, deepening the lower limit.

It is worth repeating that any effect of stratification on picoeu-
karyote division rate is relatively small. Even when surface conditions
are apparently inhibiting picoeukaryotes and ideal for cyanobac-
teria, the picoeukaryotes are dividing roughly 1 day™! faster than
Synechococcus. Still, Synechococcus are an order of magnitude more
abundant, while the picoeukaryotes are driven to winter-level con-
centrations at the surface. This result reinforces the idea that pi-
coeukaryotes on the NES are subject to extreme top-down control in
summer months. Even slight reductions in division rate coincide with

dramatic changes in standing stock.
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4.3 | Fall

The annual cycles in picoeukaryote concentration inferred
from our underway data are all suggestive of a small fall bloom
(Figure 2b-f). In the MVCO time series, a second annual peak in
concentration is observed in some, but not all, years, and does not
persist in the interannual average (Fowler et al., 2020). Interannual
differences in the timing of the fall bloom may hide this signal in
the MVCO average, while the cruise data, which includes fewer
years, might simply reveal a stronger signal because it is not as
smoothed. Alternatively, the lower offshore picoeukaryote con-
centrations in summer may make a slight increase appear more
dramatic than at MVCO.

It is possible that the increase in offshore surface concentration
in the fall is the result of physical processes only. As discussed in the
previous section, concentrations of picoeukaryotes at the end of the
summer are highest below the surface. In addition to reintroducing
nutrients, increased mixing associated with wind events and surface
cooling in the fall may transport cells directly toward the surface, dis-
tributing them more evenly throughout the water column.

One piece of evidence to suggest that the apparent fall surface
bloom is not strictly the result of vertical redistribution comes from
the division rate time series at MVCO. Even though the average annual
cycle in cell concentration at MVCO reveals no fall peak, the average
annual cycle in division rate does (Figure 6a). Over the course of the
fall at MVCO, growth of the picoeukaryotes is limited by the decreas-
ing light availability (Fowler et al., 2020). Since the reduction in light
availability is monotonic, the local maximum in division rate around
yearday 320 suggests a repeated transition either in the conditions
affecting growth rate or in the picoeukaryote community composition
itself. If at this time of year, there is a bloom in some picoeukaryote
taxa across the entire NES, that signal may be evident offshore but
masked nearshore by the already relatively high surface concentra-
tions of other taxa. More years of observation and an analysis of me-
tabarcoding data from the cruises will provide more insight into the
regularity of the fall dynamics and links to community composition.

4.4 | Isthe nearshore NES exceptional?

The seasonal and spatial patterns in picoeukaryote abundance on
the NES are consistent from year to year, but are at odds with some
of our expectations both from global trends and from the dynam-
ics of the picoplankton community at MVCO. Specifically, nearshore
picoeukaryote concentration is positively correlated with tempera-
ture at all temperatures (Figure 1b). The cruise data follows this same
positive trend at low temperatures, but at temperatures above those
experienced at MVCO, the relationship becomes negative. If we had
extrapolated from the observatory data, we would have made very
poor predictions of offshore picoeukaryote abundance.

The cruise data also do not align with the temperature trends of
global observations. At any fixed nutrient concentration, Flombaum
et al. (2020) reported that picoeukaryote density will peak at roughly

8.5°C and reach a local minimum at 21°C. The picoeukaryote com-
munity on the NES follows almost the opposite pattern (Figure 1d-f).
Picoeukaryotes in our dataset persist at high densities between 10
and 20°C and decline sharply at temperatures above 21°C. From fur-
ther analysis of the model presented in Flombaum et al. (2020), we
can attribute this difference to the low nutrient conditions that coin-
cide with warm offshore waters on the NES. Given observed nutrient
conditions as well as temperature, the niche correlation model trained
on global observations is able to predict the overall shape of the re-
lationship between temperature and cell concentration on the NES.

That said, the niche correlation model fails to predict the con-
centration of picoeukaryotes on the NES within the 15-23°C range
(Figure 5b). Measurements within this range are predominantly from
Inner and Mid Shelf samples on summer cruises, when nitrate and ni-
trite are scarce but cell concentrations are high. Comparing our ob-
servations to model predictions under simulated nutrient-enriched
conditions, it is as if the nearshore picoeukaryote community is resis-
tant to the effects of low nitrate.

It is possible that nitrogen remains available to the picoeukary-
otes in coastal waters either at concentrations that are below the de-
tection limit of our measurements (<0.04 uM) or in a different form.
Picophytoplankton have been shown to be efficient consumers of urea
and to have a preference for ammonium over nitrate (Alegria Zufia
et al., 2021; Balode et al., 1998; Domingues et al., 2011). Mixotrophic
picoeukaryotes, as previously mentioned, may be able to meet their
nitrogen needs through phagotrophy. It is also worth highlighting
that the niche correlation model uses nitrate as the only nutrient
input, while in our data, phosphate seems to be more well correlated
with picoeukaryote abundance and division rate (Figures S5 and S6).
Whether due to differences in the picoeukaryotes themselves or in
the N:P ratios they experience, it seems the global data that was used
to train the niche correlation model is not completely representative
of the nearshore NES community.

This result contrasts with that for Synechococcus, for which the
relationships between temperature, division rate, and cell concen-
tration are consistent across the NES and agree well with global
patterns (Stevens, Crockford, et al., 2023). Having documented syn-
chronized responses of Synechococcus and picoeukaryotes to envi-
ronmental variability at MVCO, we did not expect the cruise data
to reveal a divergent response to offshore conditions. Yet we find
that, for the picoeukaryotes, the offshore summer conditions are
meaningfully different from those experienced at the observatory.
This result highlights the limitations of making inferences about pi-
coeukaryotes from geographically disparate observations. The spa-
tial scope and resolution of our cruise data are evidently necessary

to characterize the realized niche of the picoeukaryotes on the NES.

5 | CONCLUSIONS

We have investigated the realized niche of photosynthetic pi-
coeukaryotes across a coast-to-open ocean gradient. We find
that the controls on picoeukaryote abundance vary across
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seasons and distance from shore and can be distinct from those on
Synechococcus. Specifically, picoeukaryote growth is temperature
limited in the winter and spring, but in summer, offshore nutrient
limitation may contribute to depth partitioning between picophy-
toplankton groups. As we have seen at MVCO, the picoeukaryotes
are subject to extreme top-down control relative to cyanobacteria,
rendering their standing stock sensitive to even slight reductions
in division rate. This result indicates that the picoeukaryotes are
an active and important component of the phytoplankton commu-
nity on the NES and underscores the necessity of taxon-specific
research in picophytoplankton ecology.

Our work also highlights the importance of site-specific research,
particularly for coastal ecosystems. On the NES, picoeukaryotes on
the Inner Shelf do not exhibit signs of nutrient limitation in the sum-
mer. Their response to increased temperature and stratification is
distinct from that seen on the Outer Shelf and in the open ocean.
We expect increasing temperatures to lead to earlier picoeukaryote
spring blooms across the region, but warmer summers and heat-
waves may lead to earlier ends to the spring bloom offshore. We
suspect that the diversity of the picoeukaryote assemblage contrib-
utes to the difficulty of generalizing across populations and of mak-

ing predictions for the future.
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