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Abstract
To identify the effect of microzooplankton grazing on phytoplankton abundance and size structure, we

quantified phytoplankton growth and herbivorous grazing rates throughout the euphotic zone and across a
light gradient on the North Pacific EXport Processes in the Ocean from RemoTe Sensing (EXPORTS) cruise near
Ocean Station Papa. During 30 days of continuous, Lagrangian observation in August and September of 2018,
depth integrated chlorophyll a (Chl a) concentrations were stable and averaged 20 � 2 mg m�2. Bottle-
incubation experiments revealed that phytoplankton growth was balanced by microzooplankton grazing even
when phytoplankton growth rates varied from 0 to 0.4 d�1 in response to light manipulation.
Microzooplankton grazing caused a decline in phytoplankton abundance that was balanced by increased phyto-
plankton cell size resulting in consistent phytoplankton biomass over time. Microzooplankton grazed phyto-
plankton at an average rate of 0.11 � 0.17 d�1 which lead to an intrinsic phytoplankton growth rate of
�0.07 � 0.26 d�1. Predicted stocks from grazing experiments aligned closely (within 16%) with in situ Chl a
dynamics and phytoplankton abundance, suggesting that the dominant loss process of phytoplankton was graz-
ing by microzooplankton rather than physical mixing or sinking of phytoplankton. Consequently,
microzooplankton played a critical role in regulating primary producer biomass and in transferring particulate
organic carbon through the food web where a fraction could then be exported as byproducts of food web
processes.

Planktonic food web interactions are key biological pro-
cesses driving the flow of carbon in marine systems
(reviewed in Steinberg and Landry 2017). Phytoplankton
convert inorganic carbon (C) into approximately 50 Pg of
organic C annually (Field et al. 1998). Intertwining physi-
cal, chemical, and biological forces influence the fate of
organic carbon removal with a variable fraction (1–40%)
exported below the euphotic zone either directly as phyto-
plankton biomass (e.g., subduction or sinking cells) or as
byproducts of trophic interactions (e.g., fecal pellets)
(Passow and Peinert 1993; Boyd et al. 2019). Within the
euphotic zone, grazing by herbivorous protists plays a cen-
tral role in routing organic carbon through the ecosystem
to higher trophic-level consumers or to pools of dissolved
and particulate material. Grazing by herbivorous protists
(i.e., microzooplankton < 200 μm) constitutes the single

largest loss factor of phytoplankton biomass across ocean
ecosystems (reviewed in Steinberg and Landry 2017). While
the global average removal of daily primary production by
protistan grazing ranges from 49% to 67% (Calbet and
Landry 2004; Schmoker et al. 2013), there is considerable
variance which includes conditions when grazing rate
exceeds 100% of daily primary production but also occa-
sions where grazing by microzooplankton is nonexistent
and does not impact phytoplankton biomass (Lessard and
Murrell 1998; Landry et al. 2011b, 2016). These studies
show that grazing often removes a large fraction of primary
production and at times induces population decline of the
standing stock. Despite the central role grazing holds in
ecosystem carbon cycling, temporal variability, relation-
ships with depth, and environmental regulation of grazing
rates are not well understood (Strom et al. 2001, 2007;
Strom 2002).

Protistan grazers influence the fate of primary production
in numerous ways. Grazers directly consume phytoplankton,
which reduces primary producer biomass and alters the abun-
dance, size, and composition of phytoplankton available for
export through advection and sinking (Mariani et al. 2013).
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Protistan grazers also impact export by altering the characteristics
and abundance of sinking particles and aggregates (Tiselius and
Kiørboe 1998; Passow 2002; Mari and Rassoulzadegan 2004), and
by serving as prey to larger, often vertically migrating, zooplank-
ton (Stoecker and Capuzzo 1990; Steinberg and Landry 2017;
Stoecker and Pierson 2019). Global models suggest that tight
coupling between primary production and microzooplankton
grazing leads to a short lag time between phytoplankton growth
and export production (Henson et al. 2015).

While it is well-established that microzooplankton grazing is
an important factor governing pathways of organic carbon, envi-
ronmental and biological drivers of grazing rates and the propor-
tionality of grazing to primary production remain unclear. In a
global assessment, neither temperature nor chlorophyll a (Chl a)
concentration, a proxy for phytoplankton abundance, were pre-
dictors of grazing rates (Schmoker et al. 2013). The frequency of
physical disturbance, such as wind-driven mixing, in an ecosys-
tem appears to show some relation to the relative magnitude of
primary production consumed, with microzooplankton remov-
ing a large fraction of daily primary production in more quies-
cent conditions such as gyres (Lessard and Murrell 1998), the
equatorial Pacific (Landry et al. 1995, 2011b), the more stable off-
shore waters of the California Current (Li et al. 2011), and during
stratified conditions in the North Atlantic (Morison and
Menden-Deuer 2015; Morison et al. 2019). The physical stability
of the system promotes a community equilibrium, where
populations reach a carrying capacity and microzooplankton
grazing maintains phytoplankton biomass at a steady state
(Franks 2001). These quiescent conditions also permit grazer
populations to increase when prey types are suitable (Sherr and
Sherr 2009; Morison and Menden-Deuer 2015; Morison
et al. 2019). Yet other studies have documented a relatively
greater impact of microzooplankton grazing in bloom and
upwelling conditions (Strom et al. 2001; Gutiérrez-Rodríguez
et al. 2011). To understand the regulation of grazing rates in the
ocean, it appears necessary to not only examine co-occurring
biotic and abiotic environmental conditions but also consider
how fluctuating conditions can decouple phytoplankton growth
from microzooplankton grazing.

Varying light intensity can decouple phytoplankton growth
and grazing rates (Morison et al. 2020). Phytoplankton growth is
inherently tied to light intensity through photosynthesis
(e.g., Falkowski et al. 1985). Light intensity decays exponentially
with depth and light availability can change rapidly based on
cloud cover, mixing, and turbulence. The dependence on light
of producers but not consumers signifies a potentially predictable
gradient between light availability and grazing pressure, where
grazing can outpace light-limited phytoplankton growth at the
base of the euphotic zone (Gutiérrez-Rodríguez et al. 2009;
Landry et al. 2011a; McNair and Menden-Deuer 2020).

The subarctic Pacific near Ocean Station Papa is a well char-
acterized region with seasonal dynamics that are strongly
influenced by iron limitation and microzooplankton grazing.
The relatively low phytoplankton biomass and high

concentration of macronutrients in the North Pacific was
initially hypothesized to be the result of high copepod graz-
ing rates (Parslow 1981). The paradigm of the system has
evolved to the current thinking that iron (Fe) limits the
growth of large phytoplankton like diatoms, while
microzooplankton grazing controls the populations of
smaller phytoplankton which are generally less susceptible
to Fe limitation (Miller et al. 1991; Strom et al. 1993; Boyd
et al. 2007).

To build a predictive understanding of factors that influ-
ence grazing rates and how grazing affects export pathways,
we quantified phytoplankton growth and microzooplankton
grazing throughout the euphotic zone and across a manipu-
lated gradient in light intensity during the North Pacific
Export Processes in the Ocean from RemoTe Sensing
(EXPORTS) field campaign. The campaign took place from
10 August to 12 September 2018, near Ocean Station Papa
(50.1� N, 144.9� W) on board the R/V Roger Revelle and R/V
Sally Ride. The two-ship sampling effort enabled concurrent
large-scale surveying of the region (R/V Sally Ride) and process
studies of the progression of the environment from a Lagrang-
ian framework (R/V Roger Revelle). An overview of the cruise
can be found in Siegel et al. (in review). Continuous sampling
of the same water parcel permitted an opportunity to contex-
tualize the role of microzooplankton grazing in regulating car-
bon export pathways.

Methods
Environmental context

A suite of environmental data, including concentrations of
nutrients, Chl a, and particulate organic carbon (POC), was
collected daily using a 24-Niskin rosette equipped with a Sea-
Bird 911 CTD outfitted with a WETlabs ECO Fluorometer and
PAR sensor. Mixed layer depth was calculated as the first
depth where the change in potential temperature exceeded
0.2�C (de Boyer Montégut et al. 2004). Temperature, nutrient,
and PAR data were collected by EXPORTS team members and
can be found with all other EXPORTS data in the SeaBASS
database (doi: 10.5067/SeaBASS/EXPORTS/DATA001).

Microzooplankton grazing rate and phytoplankton
grow rate

Rates of phytoplankton growth and microzooplankton
grazing were quantified using the two-point dilution tech-
nique (Landry and Hassett 1982; Morison and Menden-
Deuer 2017). Microzooplankton grazing was quantified by
comparing the relative growth rate of phytoplankton incu-
bated in whole seawater and seawater diluted to 20% of the
whole seawater concentration. Dilution reduced the encoun-
ter rates between predominantly protistan grazers and phyto-
plankton, thereby reducing grazing and grazer-induced losses.
Experiments yielded estimates of grazing rate (g), phytoplank-
ton growth rate in the absence of grazing (μ), and net
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phytoplankton growth rate, k (Landry and Hassett 1982).
Water was collected for dilution incubations between 23.00 h
and 3.00 h local time from either the surface (�5 m) or from
discrete depths that spanned the euphotic zone, depending
on sampling scheme (see below).

Following CTD sampling, the undiluted treatment was pre-
pared by gently transferring seawater from the Niskin to tripli-
cate 1 L polycarbonate bottles using silicon tubing with a
200 μm mesh prefilter to exclude mesozooplankton. The 20%
dilution treatment was prepared by first gravity filtering whole
seawater from the Niskin through a 0.2 μm cartridge filter
(PAL) into a 10 L carboy to create diluent, then adding seawa-
ter that has been passed through 200 μm mesh prefilter from
the Niskin to achieve a 20% dilution. The 20% seawater was
gently mixed to homogenize and then siphoned into triplicate
1 L polycarbonate bottles. To examine the potential effect of
nutrient limitation, two additional replicates of each the
diluted and undiluted treatments were prepared as above and
amended with 10 μM NO3, 10 μM SiOH4, 0.63 μM PO3,
and trace metals in f/2 ratios (Guillard 1975) such that the
concentration of Fe added was 2 nM. Fe was not measured in
the dilution bottles. All dilution experiments were incubated
for 24 h in deckboard surface seawater flow-through or chilled
incubators. Light intensity measured in lux (lx) and incuba-
tion temperature were recorded at five-minute intervals using
Hobo (Onset) data loggers.

We alternated between three sampling schemes (Fig. 1).
First, to determine vertically resolved growth and grazing
rates, water was collected and incubated at light levels from
depths that represented 65%, 40%, 20%, 10% and 5% or 1%
of surface PAR. Because sampling occurred pre-dawn PAR
values were determined from the previous daytime CTD cast.
All incubators were maintained at in situ surface temperature
using flow-through seawater, except the darkest incubator,

representing 5 or 1% PAR, which was chilled to �6�C to reflect
the in situ water temperature found at deeper depths (Fig. 1a).
Higher resolution estimates of vertically resolved growth and
grazing rates were also determined twice during the cruise by
performing dilution experiments on water collected at 5 m
intervals throughout the euphotic zone (to 1% PAR, Fig. 1b).
Due to the increase in depths sampled, replication was not
performed, similar to the methods of Landry et al. (2011b).
Data from the high-resolution sampling experiments (Fig. 1b)
are combined with the vertical experiments (Fig. 1a) in the
results and discussion because both sampling schemes
resolved growth and grazing rates throughout the euphotic
zone. The last sampling scheme was designed to isolate and
quantify the effect of light on growth and grazing rates
(Fig. 1c). Water collected at one depth (between 5 and 9 m)
was used to perform dilution experiments that were incubated
at five light levels (100%, 65%, 40%, 20% and 0% PAR,
Fig. 1c). These light-treatment experiments were all incubated
at surface water temperature.

Regardless of sampling scheme, phytoplankton growth (μ)
and grazing rates (g) were determined using (1) corrected Chl
a concentration (see below) as an approximation of phyto-
plankton biomass and (2) cell abundance using flow cyto-
metry. Chl a and flow cytometry samples were collected at the
beginning (T0) and end (T24) of each incubation. Chl a based
growth and grazing rates were determined for two phyto-
plankton size fractions, >�0.7 μm (GF/F Watman) and >5 μm
(polycarbonate, Millipore). At the initial time point (T0), tripli-
cate 180 mL samples were filtered for Chl a. After 24 h (T24),
triplicate 180 mL were filtered from one of the triplicate dilu-
tion bottles, single measurements were made from the
remaining replicate dilution bottles. Following filtration, filters
were immediately immersed in 6 mL of 96% ethanol and
extracted for 12 h, in the dark, at room temperature.

Fig 1. Schematic of the three sampling schemes employed during the cruise. Horizontal dashed lines show depths of water collection. Bottle icons
depict replicate treatments in the experiments conducted with and without additional nutrients. (a) Vertical sampling assessed growth and grazing across
the euphotic zone at depths that represented 65, 40, 20, 10 and 5 or 1% PAR and (b) high-resolution of phytoplankton growth and microzooplankton
grazing every 5 m from 5 to 50 m. (c) Light gradient experiments collected water at one depth (65% PAR) and assessed growth and grazing by incubat-
ing water across a range of light intensities.
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Fluorescence and corresponding Chl a concentration was
determined with a recently calibrated Turner 10 AU fluorome-
ter (Holm-Hansen et al. 1965). Phytoplankton cell abundance
and group-specific attributes like relative size and fluorescence
were measured using flow cytometry. For flow cytometric
analysis, single subsamples were collected at T0 and from each
dilution bottle at T24. These live subsamples were prefiltered
through 40 μm mesh, to avoid clogging the flow cell, and
immediately processed using a Guava easyCyte 5HT flow
cytometer fitted with a 488 nm, 50 mW laser (Luminex). Cell
abundance, cell size as approximated by forward scatter (FSC),
Chl a intensity from red fluorescence, and phycoerythrin
intensity from yellow fluorescence (695/50, 583/26, and
525/30 nm respectively, peak and width of fluorescence detec-
tion) were determined for three phytoplankton groups: Syn-
echococcus spp., pico-, and nanoeukaryotes. Picoeukaryotes
were identified as the well-defined cluster of cells that pos-
sessed red fluorescence and FSC forward scatter values similar
to and less than the FSC of 2 μm polystyrene beads.
Nanoeukaryotes were characterized by cells that possessed red
fluorescence and FSC > 2 μm beads. The gain settings for for-
ward scatter and side scatter were such that cells with sizes
ranging from 1–2 μm to 20 μm were measured and well dis-
played in the cytograms. Guava performance and accuracy
was tested daily before sampling using the easyCheck kit
(Luminex).

Chl a correction factor
To minimize the effect of light and Fe addition on Chl

a growth rates, we corrected measurements of extracted Chl
a using fluorescence from the flow cytometer. Phytoplankton
growth rates estimated from changes in chlorophyll concen-
tration are subject to artifacts from photophysiology, which
can occur within 24 h and can be documented with flow cyto-
metry (e.g., Graff and Behrenfeld 2018). Cellular Chl
a concentration changes in response to light availability
through photoacclimation (see review by Falkowski and
LaRoche 1991) or as a response to nutrient availability
(e.g., Zettler et al. 1996). Additionally, our incubations were
performed with standard equipment (i.e., not trace metal
clean), thus it is likely that in addition to the 2 nM Fe added
to the nutrient bottles, Fe was also introduced into the control
bottles. The addition of Fe to the control bottles could release
phytoplankton from Fe limitation and thus cause an over esti-
mation of in situ growth rate. However, increased growth rate
tends to lag Fe addition by a few days (Greene et al. 1992;
Coale 2004; Boyd et al. 2005). On the other hand, changes in
Chl a pigmentation in response to Fe addition occur more rap-
idly (Greene et al. 1992). Thus, changes in chlorophyll con-
centration do not always correspond to changes in
phytoplankton biomass.

Here, we use cellular fluorescence data from flow cytometry
to correct our Chl a based growth rate estimates for environ-
mentally driven changes in cell physiology. This approach is

similar to that of Morison et al. (2019) but does not normalize
to forward scatter because we are equating red fluorescence to
Chl a and not phytoplankton biomass directly. Here we define
the correction factor (cor) as:

cor¼
Pn

i
REDTF i
REDT0 i

* cellsml�1*REDTF

� �
i

� �

Pn
i cellsml�1*REDTF

� �
i

The ratio of the red fluorescence per cell (RED) of each defined
group (i) from flowcytometry weighted by the group’s contri-
bution to total red fluorescence at the beginning (T0) of the
incubation divided by the same property at the end of
the incubation (T24). Chl a concentration from TF was divided

by cor to correct for physiological changes in chl.

Rate determination
Grazing rate (g, d�1) was determined by calculating the dif-

ference in the net growth rate (also known as accumulation
rate or apparent growth rate) (k, d�1) in the 100% and 20%
diluted treatments. Final measurements of corrected Chl a or
cell abundance were considered significantly different from
the starting concentration if the difference in the T24 value
was greater or less than two standard deviations from the
mean of the T0 concentration (i.e., a 95% CI). If there was not
a significant difference, k was set to 0. If there was a significant
difference (α = 0.05), k was calculated as

k¼1=t� ln PT24=PT0ð Þ

where PT24 and PT0 are the Chl a or cell abundance at the end

and beginning of the incubation, respectively, and t is the incuba-

tion time in days. The net growth rate (k, d�1) was calculated for

each replicate bottle of each experiment. Grazing rate (g, d�1) is

the slope of the line between the net growth rate in the 100% (k)

and 20% (kd) treatments:

g¼ kd – kð Þ= 1 –Dð Þ

Where D is the realized dilution calculated from the achieved Chl

a concentration in the 100% and 20% treatments at the beginning

of the incubation. If the slope of the linear regression was not sig-

nificantly different from zero (α = 0.05), the grazing rate was set to

0 (Calbet and Landry 2004). Experiments for which net growth

rate was higher in the 100% treatment than in the 20% violate

assumptions of the dilution experiment (Landry and Hassett 1982),

in these instances g is not detectable (ND). The gross

(or instantaneous) growth rate (μ) of the phytoplankton in the

experiment was determined either as the intercept of the regression

if the p-value of the intercept was significant (α = 0.05), or if the

intercept was not significant, μ was set equal to k + g, the growth

rate in the undiluted treatment plus the loss due to grazing. There

was not a significant difference between average red fluorescence

cell�1 (p = 0.27), FSC cell�1 (p = 0.52) nor were growth rates
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significantly different between nutrient and control treatments

(p = 0.27). Thus, growth and grazing rates were calculated by

pooling data from all treatments. All phytoplankton growth and

grazing rate data are available in SeaBASS (doi: 10.5067/Sea-

BASS/EXPORTS/DATA001).

In situ phytoplankton characterization
Characterization of in situ phytoplankton abundance and

identification was determined using a Becton Dickinson
Influx Cell Sorter (BD-ICS) flow cytometer following previ-
ously published protocols (Graff and Behrenfeld 2018).
Briefly, the ICS was equipped with a blue (488 nm) laser and
four detectors: forward scatter (FSC) with enhanced small
particle detection, side scatter (SSC), fluorescence at
692 � 40 nm (FL692) and fluorescence at 530 � 40 nm
(FL530). The ICS optical alignment was calibrated daily with
fluorescent beads following standard protocols (Spherotech,
SPHEROTM 3.0 μm Ultra Rainbow Calibration Particles).
Photomultiplier tube (PMT) gains were identical for all sam-
ples, thus minimizing artifacts due to instrument settings.
Samples were collected multiple times per day from CTD
rosette casts from depths ranging from the surface down to
500 m and were analyzed within �30 min of collection from
each Niskin. On average >5000 cells were interrogated per
sample and groups were identified based on light scattering
and fluorescence properties. Data used here for calculating
in situ accumulation rates were constrained to casts where
samples were collected from a minimum of four depths, that

spanned from the surface to the base of the euphotic
zone (�80 m).

Analyses and statistics
All analyses were performed with R version 3.6.1 (R Core

Team 2019). The net rates of change of in situ phytoplankton
Chl a concentration and cell abundance were calculated as the
linear least squares regression of the natural log of euphotic
zone integrated stocks. Differences in growth rate within and
below the mixed layer were tested using a Welch’s t-test. Nega-
tive grazing rates indicate a violation of the method assump-
tions and are set to ND (see above) causing the distribution of
grazing rates to be truncated at zero. Thus, differences
between grazing rates above and below the mixed layer were
assessed using the nonparametric, Wilcoxon Signed Rank test.
The relative balance between growth and grazing (μ:g) was
determined using a model II regression (lmodel2 package,
Legendre 2018). All data are presented as the mean with one
standard deviation unless noted otherwise.

Because observations were made in a Lagrangian fashion,
we were able to compare the accumulation of phytoplankton
in the incubation bottles to the in situ accumulation. To avoid
instrument specific mismatches in cell abundance or Chl
a concentration, we calculated a predicted phytoplankton and
Chl a concentration by applying the integrated (to 1% PAR)
net accumulation rate (k) from the bottles to the in situ Chl a,
and in situ phytoplankton cell concentration measured with
the BD-ICS. The in situ phytoplankton data was collected
from CTD casts that occurred around local noon. Because

Fig 2. (a) Cruise average profiles of temperature (black) and salinity (gray). (b) Average vertical phytoplankton distribution for the whole cruise in terms
of Chl a and (c) cell abundance. Each point represents the average initial concentration (T0, n = 61), binned by %PAR depth, recorded during grazing
experiments, error bars show one standard deviation.
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grazing rate experiments were offset from in situ measure-
ments, we assumed a linear change in abundance between in
situ data points. We compared the predicted phytoplankton
concentration from the incubations to the corresponding time
point on the linear extrapolation between the two in situ data
sets. Stocks were integrated using trapezoidal integration to
the 1% PAR depth and integrated rates were determined by
weighing rates by the Chl a or cell abundance at each depth
interval (as in Landry et al. 2011b).

Results
Environmental setting

The surface ocean during the North Pacific EXPORTS cruise
was characterized by an average mixed layer depth of
29.4 � 4.5 m and 1% photosynthetically active radiation
(PAR) at an average depth of 81 � 5.5 m. The average water
temperature within the mixed layer was 14.1 � 0.2�C and rap-
idly decreased below the mixed layer to an average value of
8.6 � 2.1�C between 30 and 80 m (Fig. 2a). Macronutrient
concentrations were high, as expected in a High-Nutrient
Low-Chlorophyll (HNLC) region, with PO4 always > 0.83 μM,
SiOH4 > 12.5 μM, and NO2 + NO3 > 7.9 μM. All environmen-
tal data are available in SeaBASS, doi: 10.5067/SeaBASS/
EXPORTS/DATA001. Cloud cover was common throughout the
cruise, the daily integrated PAR from underway data averaged
26.7 � 9.2 mol photons m�2 d�1 (see Siegel et al. in review).
The concentration of Chl a within the top 70 m of the water
column ranged from a minimum of 0.13 μg L�1 to a maxi-
mum of 0.43 μg L�1 over the duration of the cruise, with an
average of 0.25 � 0.05 μg L�1(Fig. 2b).

Synechococcus spp. and picoeukaryotes numerically domi-
nated the phytoplankton community (Fig. 2c). Within the
mixed layer, the relative abundance of Synechococcus spp. and
picoeukaryotes was 50% � 20% and 35% � 8% respectively of
the phytoplankton community assessed with flow cytometry.
Synechococcus spp. abundance increased four-fold below the
mixed layer and comprised 75% � 34% of the total phyto-
plankton abundance between 30 and 70 m. The numerically
dominant Synechococcus spp. and picoeukaryotes, however,
contributed only a minor fraction to the total red fluorescence
of the community imaged with the flow cytometer, 15% �
22% and 14% � 9% respectively, with the nanoeukaryotes
contributing the remainder of red fluorescence. Although the
dynamic range of Chl a concentration was low in this study,
the relationship between red fluorescence and extracted Chl
a had an identical slope (4.59 � 106) to that found for the
same instrument in a study in the North Atlantic (Morison
et al. 2020, 4.59 � 106 RFU, p < 0.001) suggesting the relation-
ship measured in this study represents the relationship
between red fluorescence and Chl a concentration.

The stock of phytoplankton Chl a and cell abundance within
the euphotic zone changed relatively little over the course of the
cruise (Fig. 3). Chl a, integrated to 1% PAR, did not show a

significant trend over time (slope = 0.003 d�1, p = 0.27) while
integrated phytoplankton cell abundance determined by flow
cytometry decreased during the cruise (slope = �0.02 d�1,
p = 0.03, Fig. 3b). The consistency of the Chl a concentration
over the course of the cruise was the result of a gradual increase
in average cell size and a proportional increase in red fluores-
cence cell�1. While total integrated cell abundance decreased
(Fig. 3b) and the fractional contribution of each flow cytometry
group to total cell abundance remained constant (p = 0.37), the
average FSC cell�1, a proxy for cell size (Veldhuis and
Kraay 2000), increased for nanoeukaryotes (p = 0.002) and
picoeukaryotes (p = 0.007), while the FSC of Synechococcus spp.
did not change (p = 0.14) (Fig. 3c). The increase in cell size
resulted in a greater fractional contribution of Chl a > 5 μm
which increased gradually (p = 0.008) from about 20% to about
30% (Fig. 3a) during the cruise.

Fig 3. (a) The fraction of Chl a >5 μm (blue) increased significantly with
time (0.6% d�1, p = 0.008), while total integrated Chl a (black) remained
unchanged (p = 0.27). (b) Integrated phytoplankton cell abundance
decreased with time (�0.02 d�1, p = 0.03). (c) the average FSC per cell
over time for nanoeukaryotes (p = 0.002) and picoeukaryotes (p = 0.007)
increased while Synechococcus spp. FSC did not change (p = 0.14). Error
bars in (a) and (c) show standard deviation across all euphotic zone
depths. Gray shading shows the standard error of linear regression.
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Growth and grazing rate vertical distribution
Over the course of the cruise, grazer-induced losses closely bal-

anced growth (Fig. 4). On a day-to-day basis, phytoplankton
growth and protistan grazing rates varied so that at any point in
time grazing rate or growth rate may exceed the other. The incu-
bation duration (24 h) was likely too short to observe changes in
growth rate due to the addition of Fe, which in other studies
tend to manifest �4 d after Fe addition (e.g., Coale 2004). Verti-
cally resolved (Fig. 1a, c) measurements of growth and grazing
rates, which include the high-resolution sampling scheme, of the
whole phytoplankton community showed that Chl a based

estimates of phytoplankton growth ranged from �0.61 to 1.0
d�1 with an average of 0.01 � 0.27 d�1. Based on size fraction-
ated Chl a concentration, the average growth rate of the >5 μm
phytoplankton was 0.19 � 0.38 d�1 and ranged from �0.36 to
1.19 d�1. While growth rates varied with depth, growth was not
consistently higher above or below the mixed layer and thus
there was no significant difference in average growth rates within
and below the mixed layer for the whole phytoplankton com-
munity nor the >5 μm size fraction (Fig. 4, Welch t-test, mini-
mum p = 0.22). The average integrated phytoplankton growth
rate weighted by Chl a concentration was 0.04 � 0.11 d�1 for
the whole community and 0.30 � 0.25 d�1 for the community
>5 μm, the standard deviation in this instance is the variance of
the integrated daily rates. Grazing rates on the whole phyto-
plankton community, determined from changes in Chl a,
ranged from 0 to 0.61 d�1 and averaged 0.11 � 0.17 d�1. Graz-
ing pressure was similar on the >5 μm fraction, 0.15 � 0.30 d�1,
with grazing rates ranging from 0 to 1.03 d�1. Protist grazing
rates did not differ significantly above and below the mixed
layer for the whole community or >5 μm size fraction
(Wilcoxon rank, minimum p = 0.08). The average integrated
grazing rate weighted by Chl a concentration was 0.09 � 0.10
d�1 for the whole community and 0.10 � 0.10 d�1 for the com-
munity >5 μm. The standard deviation in this instance is the
variance of the integrated daily rates.

Flow cytometric data showed that phytoplankton growth
and grazing rates based on cell abundance varied between
phytoplankton groups (Fig. 5). Similar to Chl a based rates,
abundance-based estimates of phytoplankton growth mea-
sured on the flow cytometer, that is, cell division rates, ranged
from �0.52 to 0.47 d�1 with an average of �0.02 d�1 for the
whole phytoplankton community. Among the three phyto-
plankton groups, nanoeukaryote growth rate (μ) varied the
most (�1.3 to 0.98 d�1) while the range of growth rates of

Fig 4. Phytoplankton growth (μ) and microzooplankton grazing (g) rates for the whole plankton community (a) and >5 μm size fraction (b) within the
mixed layer and euphotic zone (to 1% PAR) based on Chl a. (a) Phytoplankton growth (black) and grazing (gray) for the whole phytoplankton commu-
nity and (b) phytoplankton growth (dark blue) and grazing (light blue) for the fraction of the community >5 μm. Each point represents a rate from a sin-
gle experiment, larger diamond point shows the average, box plot shows 25%, median, and 75% percentile range.

Fig 5. Rates of phytoplankton group specific growth (μ, black box, filled
symbols) and grazing mortality (g, gray box, open symbols) based on cell
abundance distinguished by flow cytometry. Each point represents a rate
from a single experiment, larger diamond point shows the average, box
plot shows 25%, median, and 75% percentile range.
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picoeukaryotes (�0.50 to 0.57 d�1) and Synechococcus spp.
(�0.60 to 0.63 d�1) were similar. Abundance based grazing
rates (g) for the whole community ranged from 0 to 0.58 d�1

and averaged 0.08 d�1. Among phytoplankton groups, grazing

on nanoeukaryotes was on average highest (0.27 d�1) yet the
most variable (0–1.1 d�1). Grazing on picoeukaryotes and Syn-
echococcus spp. were similar (range 0–0.8 d�1, mean 0.11 and
0.08 d�1, respectively).

Fig 6. Phytoplankton growth (μ) and grazing mortality (g) determined by (a) phytoplankton cell abundance and (b) Chl a concentration of the whole
community and (c) Chl a concentration >5 μm. The dashed line represents the 1:1 ratio.

Fig 7. (a) Group specific phytoplankton growth (black points) and grazing rates (gray points) across light treatments. (b) Phytoplankton growth (μ) and
microzooplankton grazing rates (g) plotted against each other with fill color corresponding to light intensity. The dashed line shows the 1:1 ratio where
growth and grazing are equal. Rates were determined from changes in cell abundance. For both plots, error bars represent standard error.
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Phytoplankton growth rates and protistan grazing rates
were generally positively correlated (Fig. 6). The relationship
between growth and grazing indicated a tendency toward
over-grazing in terms of changes in cell abundance (Fig. 6a, g
= 1.1 μ, model II linear regression, p = 0.009, nperm = 1000,
r2 = 0.62), which would explain the observed decline in inte-
grated phytoplankton abundance during the cruise. The total
Chl a based growth and grazing relationships were more vari-
able and a greater fraction of the Chl a based grazing rates was
not significant (Fig. 6b), while the relationship for the > 5 μm
Chl a indicate growth rate outpaced grazing rate which is con-
sistent with the greater fractional contribution of > 5 μm Chl
a over time.

Light effects on growth and grazing rates
Phytoplankton growth rate and protist grazing rate fluctu-

ated across light intensity, but the response varied from day to
day and among phytoplankton groups. Thus, there was not a
coherent, unifying relationship between light and growth or
grazing (Fig. 7a) nor was there a consistent difference between
phytoplankton groups. However, among all light manipula-
tion experiments there was a consistent coupling of growth
and grazing rates (Fig. 7b). Light-induced increases in phyto-
plankton growth rate were generally matched by equal
increases in protist grazing rate.

Comparison between incubation rates and in situ
phytoplankton stock

The Lagrangian sampling scheme of the cruise allowed for
comparisons between the plankton dynamics in our experiments
and the realized in situ changes in phytoplankton Chl
a concentration and cell abundance. The predicted daily inte-
grated Chl a concentration, based on Chl a weighted
integrated values of net growth rate from the incubation aligned
well with the in situ measured Chl a (Fig. 8a). Instances where
growth outpaces grazing rate show a net accumulation of Chl
a while net loss of Chl a result when grazing outpaces growth
rate. On average, the predicted Chl a from the incubation was
within 16% of the linear extrapolation of the in situ data. Over
the course of the cruise, Chl a fluctuated between days of net
growth and net loss but overall, there was no directional trend.
The change in the in situ concentration of integrated Chl a was
0.003 d�1 (p = 0.27). The change in the predicted concentration
of integrated Chl a from the incubation experiments was �0.001
d�1 (p = 0.96). Thus overall, phytoplankton growth was well bal-
anced by grazer induced mortality.

Contrary to the consistent phytoplankton Chl
a concentration, phytoplankton cell abundance decreased
over the course of the cruise (Fig. 8b). The predicted cell abun-
dance from the incubation was within 14% of the linear
extrapolation of the in situ data on average. Integrated in situ
cell abundance declined by �0.02 d�1 (p = 0.03). The inte-
grated phytoplankton cell abundance predicted from the net
growth rates in the incubations closely matched in situ

measurements (Fig. 8b) and declined at a rate of �0.03 d�1

(p = 0.004). The abundance of all phytoplankton groups
declined at roughly the same rate and were well approximated
by the incubation experiments (Fig. 9). Nanoeukaryotes
declined at a rate of �0.01 d�1 (p = 0.05) in situ and by �0.05
d�1 (p = 0.01) as predicted from the integrated rates of growth
and grazing from the incubation experiments, weighted by
cell abundance. Picoeukaryotes declined at a rate of �0.01 d�1

(p = 0.04) in situ and by �0.03 d�1 (p = 0.09) as predicted
from the incubation experiments. Synechococcus spp. declined
at a rate of �0.02 d�1 (p = 0.05) in situ and by �0.02 d�1

(p = 0.02) as predicted from the incubation experiments.
The decrease in phytoplankton cell abundance and the

steady Chl a concentration suggests an overall removal of cells
that is driven by protistan grazing and that maintenance of
Chl a concentration was due to an increase in phytoplankton
cell size. The FSC to red fluorescence ratio did not change over

Fig 8. (a) Black circles show daily phytoplankton Chl a (mg Chl a m�2)
integrated to 1% PAR and change over time (linear regression black line).
Blue triangles show the projected Chl a given the net growth rates from
the incubation experiments and the change over time (linear regression
blue line). (b) As in (a), integrated phytoplankton cell abundance (cells
m�2, black) and projected abundance using net growth rates from the
incubations (blue). Gray shaded area and blue shaded areas mark 95%
confidence intervals of regressions.
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time for any of the phytoplankton groups (nanoeukaryotes
p = 0.25, picoeukaryotes p = 0.98, and Synechococcus spp.
= 0.85). The average forward scatter (FSC) per cell of
nanoeukaryotes and picoeukaryotes was roughly 30% and
20%, respectively, greater at the end of the cruise than the ini-
tial FSC. The fact that increased cell size contributed to
maintaining Chl a concentration while cell concentration
decreased is confirmed by weighting the cell abundance by
FSC. Based on this proxy, the estimated in situ “biomass” (FSC
� cell abundance) of each of the three phytoplankton groups
did not change significantly during the cruise
(nanoeukaryotes, p = 0.76, picoeukaryotes p = 0.87, Syn-
echococcus spp. p = 0.09).

Discussion
The importance of grazing in regulating phytoplankton

populations in the subarctic Pacific has been well established
(Miller et al. 1991; Strom et al. 1993; Boyd et al. 2007), while
the relative importance of grazing in influencing the five
export pathways is less well constrained. Here, we identify
herbivorous grazing by microzooplankton as a central process
that acts as a conduit for transferring organic matter from pri-
mary producers to higher trophic levels. Subsequent export of
organic matter from the surface ocean facilitated through mac-
rozooplankton (e.g., Steinberg and Landry 2017) is the most
probable pathway of carbon export for this ecosystem.

The cruise occupation in August and September 2018 coin-
cided with the historic end of the phytoplankton growing sea-
son, where nitrate and silicate have been marginally drawn
down and water temperature is at its maximum (Plant
et al. 2016). The Chl a, nutrient concentrations, and mixed
layer depths observed during the cruise agree well with the
expected seasonal conditions (Harrison et al. 1999; Plant
et al. 2016). Phytoplankton growth rates (μ) observed in 2018
(�0.61 to 1.0 d�1) were lower than previous average growth
rates, 0.2–0.35 d�1 from August and September (Strom and
Welschmeyer 1991; Landry et al. 1993; Rivkin et al. 1999).
Protistan grazing rates (g) were similar to previous rates
recorded in the region which ranged from 0.04 to 0.36 d�1

(Strom and Welschmeyer 1991; Landry et al. 1993; Rivkin
et al. 1999).

At sea incubations produce valuable measurements of bio-
logical rates that can contribute to a mechanistic understand-
ing of an ecosystem. However, bottle incubations can induce
artifacts that should be considered in order to accurately assess
dynamics of the natural system. The incubation conditions
for this study were designed to replicate the in situ light and
temperature environment. Microbial communities within bot-
tles were isolated and thus subject to a confined environment
that prohibits exchange of material with the surrounding
environment. Controlled nutrient manipulations showed that
the addition of macronutrients did not alter phytoplankton
growth rates. Similarly, the addition of Fe likely did not signif-
icantly increase phytoplankton growth within 24 h because of
the multi-day lag between Fe addition and growth rate
increases (Greene et al. 1992; Coale 2004; Boyd et al. 2005).
The minimal influence of additional nutrients suggests that
phytoplankton growth rates assessed in the incubation should
reflect in situ growth rates. Elimination of major ocean ecosys-
tem processes in bottle incubations, such as mesozooplankton
grazing or mixing can help assess their relative contribution to
in situ processes. The excellent agreement between bottle
incubations and in situ characteristics of cell abundance, size,
fluorescence properties and overall Chl a concentration pro-
vides strong support that bottle incubations captured the
essential processes governing the plankton population dynam-
ics in this system.

Fig 9. Daily integrated cell abundance in situ (black) for phytoplankton
groups: (a) nanoeukaryotes, (b) picoeukaryotes, and (c) Synechococcus
spp. colored triangles show the projected cell abundance from the net
growth rates measured during incubations. Shaded area marks 95% confi-
dence intervals of regressions.
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Dilution experiments, which decrease encounter rates
between organisms (Landry and Hassett 1982), enable the rate
measurement of concentration-dependent loss processes, like
grazing. Of the �80 phytoplankton growth rates (μ) measured
during the cruise, roughly 1/3 were negative, indicating popu-
lation decline. Several processes can lead to negative growth
rates, the loss of phytoplankton biomass in the absence of
grazing, such as viral lysis (see review by Brussaard 2004) or
programed cell death (see review by Bidle 2015), both of
which can be independent of dilution. One quarter of the
negative growth rates (n = 6) occurred in the high light treat-
ments of our manipulation experiments, which could indicate
in some instances that the negative μ was driven by high light
intensity (Agustí and Llabrés 2007). Negative growth rates
could also be a consequence of measurements made close to
the detection limit of the dilution method, � 0.1 d�1 (Morison
and Menden-Deuer 2017). When growth rate, grazing rate,
and biomass are low, differences between diluted and
undiluted treatments become harder to detect and grazing
losses can get incorporated into μ. The loss of phytoplankton
biomass to microzooplankton grazing (g) was one and half
times greater than grazing independent biomass loss. Thus,
while we did observe grazing-independent phytoplankton
mortality, quantitatively, grazing removed the largest fraction
of phytoplankton biomass.

Changes in the phytoplankton community and stability of
the system

The balance between primary production and grazing dur-
ing the cruise suggests that microzooplanktons are the
balancing loss factor of phytoplankton biomass and contrib-
ute to the stabilized state of the system. The upper limit of
phytoplankton biomass in the North Pacific system is set by
grazing rate and resource competition (Miller et al. 1991;
Strom et al. 1993; Boyd et al. 2007). It is possible that
microzooplankton grazing also plays a role in the lower limit
of phytoplankton biomass. While microzooplankton consume
phytoplankton, grazing also facilitates nutrient recycling
(Caron and Goldman 1990) and a microbial loop (Azam
et al. 1983) that can sustain growth of phytoplankton. These
regeneration dynamics are especially salient in a micronutri-
ent limited HNLC ecosystem because microzooplankton graz-
ing regenerates cellular iron from phytoplankton (Barbeau
et al. 1996; Strzepek et al. 2005; Sato et al. 2007). The lower
phytoplankton concentration limit could be set by a grazing
threshold where phytoplankton become too sparse to support
grazing. Yet this is unlikely because Chl a concentration at
this site is fivefold greater than the oligotrophic ocean where
microzooplankton grazing is prominent (e.g., Lessard and
Murrell 1998; Caron et al. 1999; Sanders et al. 2000).
Omnivory could set a lower limit to phytoplankton biomass,
where microzooplankton switch food sources when phyto-
plankton are less abundant thus contributing to stable
phytoplankton populations (Strom et al. 2000). For example,

in waters receiving <1% PAR, microzooplankton grazers con-
sumed phytoplankton and bacteria at the same rate (McNair
and Menden-Deuer 2020). We conclude that the constancy in
phytoplankton biomass with underlying changes in commu-
nity composition, shown here, is a result of a tightly coupled
food web, with herbivorous grazers as the key agent in setting
both the upper and lower limits of phytoplankton biomass.

The stability of the system additionally requires the balance
of microzooplankton growth and loss. Mesozooplankton can
impact phytoplankton abundance through direct consump-
tion or by feeding on microzooplankton, which in turn could
ease predation pressure on phytoplankton (Nejstgaard
et al. 2001). The close alignment between results from the
incubation experiments, which exclude mesozooplankton,
and in situ phytoplankton concentrations suggest that
mesozooplankton did not substantially contribute to daily
fluctuations in phytoplankton concentrations. This is con-
firmed by measurements of mesozooplankton biomass, distri-
bution, fecal pellet production and metabolic rates during the
cruise and an assumed assimilation efficiency of 30%
(Stamieszkin et al. in review; Maas et al. in review). It is esti-
mated that mesozooplankton grazing was �1% and �7% of
the microzooplankton grazing rates in the mixed layer and
below the mixed layer to the base of the euphotic zone,
respectively (Maas et al. in review). This grazing included her-
bivory, detrivory, as well as carnivory on both the micro- and
mesozooplankton communities. Therefore, both the
microzooplankton grazing data presented here and the
mesozooplankton assessments by colleagues (Stamieszkin et al.
in review; Maas et al. in review) indicate minimal removal of
phytoplankton biomass by mesozooplankton. However, over
longer time and space scales, due to their longer lifespans and
lower abundances, mesozooplankton likely play an important
role in regulating microzooplankton populations and thus preda-
tion pressure (Irigoien et al. 2004; Sherr and Sherr 2009), which
ultimately keeps the phytoplankton and herbivore abundances
in balance. The minimal impact of mesozooplankton is consis-
tent with other studies in HNLC regions (Landry et al. 2011b)
and with studies that find a relatively smaller grazing impact
from mesozooplankton as new primary production decreases
(Landry et al. 2009, 2016).

A steady-state system can become unbalanced by changing
environmental conditions, like physical disturbances, nutrient
pulses, or changes in light. Light has been shown to decouple
growth and grazing in some instances, with phytoplankton
growth increasing with light while grazing rates remained
constant, which resulted in an increase in phytoplankton bio-
mass (Morison et al. 2020). However, across the range of light
intensities in the light manipulation experiments, growth and
grazing remained coupled, indicating an immediate response
by protistan grazers to changing phytoplankton growth rates.
This immediate grazing response is similar to findings from
the Costa Rica dome where grazing rates closely matched light
manipulated phytoplankton growth rates (Gutiérrez-Rodríguez
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et al. 2016). The close coupling between growth and grazing
rates across a fourfold range in light availability suggests that
changes in phytoplankton growth rate from lack of growth to
a doubling every other day were not substantial enough to cre-
ate an imbalance. Our results indicate that in the subarctic
Pacific, environmental fluctuations would have to result in
increased growth of the phytoplankton community during
this season by more than 0.4 d�1 or reduce microzooplankton
grazing to cause an imbalance in the system.

Implications for carbon export
The close agreement between plankton population dynam-

ics in incubations and in situ plankton population dynamics
constrains the active pathways that contribute to the export
of a small fraction primary produced organic carbon. The
deckboard incubations eliminated losses of phytoplankton
from sinking, mixing, advection, and mesozooplankton con-
sumption. Thus, if the in situ phytoplankton biomass were
lower than the biomass predicted from the incubations, it
would indicate that the incubations had missed an important
export pathway. However, the close agreement between the
incubation and in situ phytoplankton biomass dynamics indi-
cated that these export pathways: physical mixing, sinking
aggregates, direct consumption by mesozooplankton, and
sinking cells, likely contributed minimally to export during
the observation period. The minimal contribution of sinking
cells, phytoplankton aggregates, and physical mixing to
export from the euphotic zone, is also confirmed by visual
analysis of particles sinking from the euphotic zone where
senescent phytoplankton were less than 5% of the total flux,
and fecal pellets were roughly 80% of the sinking material
(Durkin et al. 2021 PREPRINT). These observations imply that
the pathways contributing to export were restricted to those
involving microzooplankton grazing, which includes trophic
transfer of phytoplankton biomass into forms that are subject
to removal from the surface ocean such as sinking fecal pellets
and diel vertical migration. The major contribution of fecal
pellets to flux is consistent with previous studies in the subarc-
tic Pacific that document 90% of the total flux to be processed
algae, like fecal pellets (Boyd et al. 2008).

It is important to note that while phytoplankton growth
rate and grazing losses were well balanced on the whole, there
were fluctuations in the dynamics from day to day, with
depth, and across light intensity. There was no evidence of
environmental drivers of variation in growth and grazing.
Phytoplankton growth and grazing rates did not vary system-
atically with depth—the rates within and below the mixed
layer had similar magnitude and variability and were not sig-
nificantly different. Nor did phytoplankton growth and graz-
ing systematically vary with light intensity. However, the
ability of protistan grazers to keep pace with phytoplankton
growth was consistent across light intensity. These findings align
with previous studies from the region that have found a close
coupling between phytoplankton growth and microzooplankton

grazing (Frost 1991; Strom and Welschmeyer 1991; Landry
et al. 1993). Based on these prior and our observations, the close
coupling of grazing rates to phytoplankton growth suggests that
the majority of net primary production, which can be assessed
with remote platforms such as satellites, gliders and floats
(Westberry and Behrenfeld 2014; Hemsley et al. 2015; Plant
et al. 2016) is predictably routed through protistan grazers before
a fraction is exported from the euphotic zone in this system.

Conclusions
Plankton dynamics in the North Pacific HNLC region at

the end of the growing season reveal a stable, balanced rela-
tionship between phytoplankton growth and grazing. The
overall balance between growth and grazing was consistent
with depth as well as light, indicating that in similar environ-
mental conditions and for growth rate changes of up to 0.4
d�1, a majority of primary production will predictably be con-
sumed by microzooplankton grazers. The close alignment
between the plankton dynamics captured in the incubation
bottles and the dynamics in situ suggest that the most influen-
tial process that affect phytoplankton population dynamics is
represented in the incubations bottles and can be identified as
microzooplankton grazing. Thus, rather than the sinking or
mixing of phytoplankton cells and aggregates to depth, pri-
mary production during the cruise occupation was largely
routed through microzooplankton before a portion was trans-
ported out of the euphotic zone via sinking zooplankton fecal
pellets or through active vertical migration of larger meso- and
macrozooplankton.

Data availability statement
All data presented here are publicly available on the NASA

data repository, SeaBASS along with all other EXPORTS data.
The data can be accessed here: https://seabass.gsfc.nasa.gov/
experiment/EXPORTS or through the doi: 10.5067/SeaBASS/
EXPORTS/DATA001.
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