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Significance

Mortality interactions are less 
understood than growth 
processes in marine microbial 
food webs but equally important 
for determining population 
increases or decreases with 
changing environmental 
conditions. Experimental studies in 
the California Current reveal new 
insights about complex microbial 
trophic interactions across ocean 
productivity gradients. High 
production is shown to drive 
intensified grazing on 
heterotrophic bacteria, but shared 
predation does not transfer 
up-shifted mortality to co-
occurring picophytoplankton of 
similar size. We found order-of-
magnitude variability in mortality 
ratios indicative of highly selective 
predators or environmental 
selection for microbes with tightly 
coupled tradeoffs in growth 
advantages and grazing 
vulnerabilities. Study results 
challenge simplistic 
representations of mortality 
processes in marine ecosystem 
models and clear distinctions 
between virus and grazer roles in 
diversity maintenance.
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Picophytoplankton populations [Prochlorococcus, Synechococcus (SYN), and picoeukar-
yotes] are dominant primary producers in the open ocean and projected to become 
more important with climate change. Their fates can vary, however, with microbial food 
web complexities. In the California Current Ecosystem, picophytoplankton biomass 
and abundance peak in waters of intermediate productivity and decrease at higher 
production. Using experimental data from eight cruises crossing the pronounced CCE 
trophic gradient, we tested the hypothesis that these declines are driven by intensified 
grazing on heterotrophic bacteria (HBAC) passed to similarly sized picophytoplank-
ton via shared predators. Results confirm previously observed distributions as well as 
significant increases in bacterial abundance, cell growth, and grazing mortality with 
primary production. Mortalities of picophytoplankton, however, diverge from the bacte-
rial mortality trend such that relative grazing rates on SYN compared to HBAC decline 
by 12-fold between low and high productivity waters. The large shifts in mortality rate 
ratios for coexisting populations are not explained by size variability but rather suggest 
high selectivity of grazer assemblages or tightly coupled tradeoffs in microbial growth 
advantages and grazing vulnerabilities. These findings challenge the long-held view that 
protistan grazing mainly determines overall biomass of microbial communities while 
viruses uniquely regulate diversity by “killing the winners”.

growth rate | grazing mortality | shared predation | heterotrophic bacteria | Synechococcus

Picophytoplankters, comprising the photosynthetic bacteria Prochlorococcus (PRO) and 
Synechococcus (SYN) as well as <2-µm phototrophic eukaryotes (PEUK), are collectively 
the smallest and most abundant of the ocean’s primary producers and account for most 
productivity over vast open-ocean areas with low nutrient concentrations (1, 2). 
Picophytoplankton importance is generally expected to increase with ocean warming and 
stratification associated with climate change. Nonetheless, Earth system and niche parti­
tioning models diverge on whether this will increase or decrease total phytoplankton 
biomass and production in various regions (3–5), with neither model type accounting for 
the interactive complexities of microbial food webs. In the California Current, for example, 
high abundances of PEUK are predicted in coastal upwelling areas by a neural network–
based niche model utilizing the habitat variables of temperature, light, and nutrients (5). 
In contrast, field data from the same region suggest that high protistan grazing pressure 
depresses abundances of picophytoplankton populations in the upwelling areas (6, 7).

The southern California Current Ecosystem (CCE) spans variability from open-ocean 
oligotrophy to upwelling eutrophy over distances that research ships can travel in a day 
or less and can consequently serve as a model system for studying trophic interactions 
that apply to a wide spectrum of ocean productivity conditions. Across the CCE gradient, 
biomasses of all picophytoplankton groups peak at intermediate levels of trophic richness 
and decline in richer waters (6–8). The mechanism advanced to explain these declines, 
the Enhanced Microbial Loop (EML) hypothesis (7), postulates that growth and activity 
of heterotrophic bacteria (HBAC) increase strongly in richer areas due to high levels of 
dissolved organic carbon (DOC) produced by dominant large autotrophs, which stimu­
lates grazing on HBAC and indirectly increases grazing mortality on similarly sized 
picophytoplankton.

The EML hypothesis is consistent with the originally defined microbial loop function 
of HBAC in utilizing and returning DOC to the food web (9) as well as the strong rela­
tionships observed between HBAC and primary production (PP) in aquatic systems 
globally (10, 11). In the CCE, the hypothesis is also supported by fourfold to fivefold 
increases in both HBAC and phagotrophic flagellates, the presumptive major grazers of 
pico-sized cells (12, 13), which parallel the rise of large (>20-µm) phytoplankton to >75% 
of total autotrophic biomass and the decline of picophytoplankton to <1% (7). Nonetheless, 
the mechanistic inferences derived from these standing stock distributions have not been 
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tested and confirmed by actual rate measurements. Especially 
critical to the EML hypothesis is shared predation, a concept that 
strongly links the mortalities of similarly sized HBAC and pico­
phytoplankton to the grazing activities of their common predators 
(14–16).

Here, we test the EML hypothesis using rate measurements of 
growth and grazing for picophytoplankton and HBAC across the 
California Current trophic gradient from eight process cruises of 
the CCE-LTER (Long Term Ecological Research) Program. Using 
measured rates of PP as the trophic richness metric, we validate 
many elements of the hypothesis but find that it breaks down in 
translating the elevated rates of grazing mortality on HBAC to 
picophytoplankton via shared predation. To the contrary, inten­
sified grazing in richer waters falls selectively on HBAC, effec­
tively punishing the growth rate winners and sustaining diversity. 
Thus protistan grazers exhibit roles generally ascribed to viruses 
(17–19).

Results and Discussion

Environmental Relationships. Environmental sampling and 
rate measurements were conducted on eight 3 to 4-wk process 
cruises of the CCE-LTER Program from May 2006 to June 2017 
(Table 1). Cruises P0605, P0704, and P0810 studied stock and 
rate relationships in distinct homogeneous water masses (20, 21). 
Cruises P1106 and P1208 investigated mesoscale variability across 
ocean fronts (22). Cruises P1408 and P1604 sampled the system 
during anomalous warm-water oligotrophic conditions associated 
with the 2014 heat wave (23, 24) and the 2015-16 El Niño. Cruise 
P1706 was designed to follow the rapid offshore transport of a 
coastal bloom in an upwelling filament (25). Individual cruises 
span greater than order-of-magnitude variabilities in nutrients, 
Chla, PP and abundances of picoplankton populations (Table 1). 
Collectively, the 103 experiments capture much of the system’s 
seasonal, spatial, and interannual variability of microbial growth 
and grazing mortality over the decade of study.

Measured cruise variables show environmental relationships 
consistent with a wind-driven upwelling ecosystem (26). New 
nutrients (nitrate) enter the upper euphotic zone by upward trans­
port or mixing of cooler deeper water along the coast or at ocean 
fronts and are therefore negatively related to temperature (Fig. 1A). 
PP responds strongly to nitrate concentration (Fig. 1B), as does 
Chla biomass (not shown). PP and Chla are consequently well 
correlated to one another (Fig. 1C), validating the use of Chla as 
a proxy for system productivity, as was assumed in the original 
description of the EML hypothesis (7). Hereafter, we use measured 

PP as the preferred metric for testing hypothesized relationships 
of population abundances, growth, and grazing mortality rates 
over the range of CCE trophic conditions.

Although environmental conditions overlap broadly among 
cruises (Table 1), Fig. 1 also highlights some differences at the 
extreme ends of the spectrum. Cruises P1408 and P1604, con­
ducted during anomalous warm years, are the main, but not exclu­
sive, contributors to low-nutrient and low-PP data. In contrast, 
cruises that actively sought out the richest habitats (P0605 and 
P1706) provide the most data for cooler, high-nutrient and 
high-productivity conditions.

Population Abundances and Growth Rates. Prior observations 
(7) have demonstrated that picoplankton populations differ 
significantly in their biomass distributions across the CCE 
trophic gradient, with HBAC increasing uniformly as more 
phytoplankton biomass is added and picophytoplankton peaking 
at intermediate biomass values and declining at higher levels. We 
confirm these findings for our more limited cell abundance data by 
breaking them into overlapping segments of low-to-medium and 
medium-to-high PP (<100 and >10 mg C m−3 d−1, respectively) 
(Fig. 2 A–D), where intermediate PP (10 to 100 mg C m−3 d−1) 
corresponds to the range of Chla values (~0.2 to 2 mg m−3) where 
peak picophytoplankton biomass is observed to occur (7). HBAC 
abundances increase significantly with PP for both PP < 100 and 
PP >10 mg C m−3 d−1 segments (Fig. 2A), consistent with the 
monotonic increase with trophic state reported previously (7). 
PRO abundances show no significant trend at very low PP (<10 
mg C m−3 d−1) but drop off dramatically at higher PP, including 
many zero abundances not shown on the log-scale plot (Fig. 2B 
and SI Appendix, Table S2). SYN abundances increase significantly 
at the lower end of the PP scale (<100 mg C m−3 d−1) and decrease 
significantly at the higher end of the scale (PP > 10 mg C m−3 d−1) 
(Fig. 2C). PEUK abundances increase for PP < 100 mg C m−3 
d−1and stabilize for PP > 10 mg C m−3 d−1 (Fig. 2D). While the 
PEUK data suggest an eventual abundance decline with increasing 
PP, we found the decrease to be marginally insignificant (too few 
observations) in further regression testing for very high PP > 100 
mg C m−3 d−1 (Fig. 2C). The above results are consistent with both 
the trends and the previously observed order of picophytoplankton 
decline with increasing trophic state: PRO declines first, followed 
by SYN, with PEUK last and least (7).

Measured growth rates show a significant increase across the 
CCE trophic gradient for HBAC only (Fig. 2E and Table 2). 
Quantitatively, mean (±SEM) cell growth rates of HBAC increase 
3.4 fold from 0.23 ± 0.02 d−1 at very low PP < 10 mg C m−3 d−1 

Table 1. Ranges of environmental variables and cell abundances of microbial populations measured on eight CCE 
process cruises in the southern CCE

Cruise Mon/y Exp (#) Temp (°C)
Nitrate 

(µM)
Chla  

(mg m−3)
Prim Prod 

(mg C m−3 d−1)
Abundance (103 cells ml−1)

HBAC PRO SYN PEUK

P0605 May 2006 18 11.3–16.4 0.04–13.5 0.10–6.5 4.5–367 710–2,480 0–191 3.5–29 2.6–27

P0704 April 2007 11 11.5–14.3 0.06–11.1 0.18–3.6 9.0–263 740–1,040 0–95 4.5–16 6.8–37

P0810 October 2010 16 14.7–17.6 0.06–2.6 0.19–1.8 6.2–84 374–3,310 0–323 4.2–92 6.0–45

P1106 June 2011 12 13.6–16.1 0.00–8.2 0.11–2.7 4.4–49 311–2,260 0–136 2.9–111 7.9–40

P1208 August 2012 10 14.3–16.8 0.01–2.5 0.09–5.8 2.8–72 373–6,140 6.7–191 2.2–246 2.6–32

P1408 August 2014 15 15.3–19.2 0.01–0.4 0.10–1.9 1.8–15 701–2,300 5.3–165 1.7–110 0.8–16

P1604 April 2016    9 12.8–16.0 0.03–6.7 0.11–7.6 2.2–115 271–4,400 0–255 7.3–113 2.3–145

P1706 June 2017 12 12.0–14.9 0.99–12.1 0.31–13.3 27.4–299 912–3,030 0–0 1.3–11 5.3–50
Cruises are noted by identification number and the main month and year of sampling. Exp (#) is the number of experimental measurement profiles conducted on each cruise. For each 
measured parameter, the range (presented as min-max) are the lowest (min) and highest (max) mean values for the upper euphotic zone for all profiles done on that cruise.D
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to 0.79 ± 0.07 d−1 at PP > 100 mg C m−3 d−1. Growth rates for 
SYN and PEUK are more stable, averaging 0.48 ± 0.07 and 0.42 
± 0.08 d−1, respectively, for PP < 10 mg C m−3 d−1 and 0.38 ± 0.04 
and 0.45 ± 0.06 d−1, respectively, for PP > 100 mg C m−3 d−1 (Fig. 2 
G and H and Table 2). SYN growth suggests a declining trend 
across the PP spectrum, but the slopes are not significantly different 
from zero for either SYN or PEUK. PRO growth averages 0.47 ± 
0.05 d−1 for all experiments where they were present (Fig. 2F). 
Overall, HBAC grow slower than picophytoplankton at low PP 
but substantially faster than picophytoplankton at high PP.

Temperature relationships presented as SI Appendix, Fig. S1 
provide some insights to help explain the observed differences in 
population abundance and growth rate trends. PRO cells, for 
example, are virtually absent at seawater temperatures <14 °C 
(SI Appendix, Fig. S1A). Thus, while shared grazing might contrib­
ute to the disappearance of PRO in productive waters, the sharp­
ness of this decline is better explained as a low temperature effect 
(27, 28), below which PRO cells are physiologically unable to 

sustain populations in competition with other actively growing 
microbes. For HBAC, growth rates show negative trends with 
temperature for all cruises, significant for four individual cruises 
and for all cruises combined (SI Appendix, Fig. S1B). HBAC 
growth therefore appears to be held substantially below physiolog­
ical potential in warmer oligotrophic waters where organic resources 
are limiting but more closely approaches temperature-dependent 
potential in colder waters with higher PP and organic cycling. In 
effect, the growth stimulatory effect of organic substrates for 
HBAC overwhelms the expected general decline of growth poten­
tial with cooling (29). In contrast, by virtue of small size and large 
surface area:volume ratios, picophytoplankton enjoy competitive 
advantages for nutrient uptake over larger primary producers, 
which allows them to operate closer to their physiological growth 
potentials on low nutrient concentrations in warm oligotrophic 
waters (30, 31). While such cells might still benefit from higher 
nutrients in productive waters, the reduced growth potential at 
colder temperatures substantially diminishes the effect. Thus, 

Fig.  1. Relationships between nitrate concentration and temperature (A), primary production and nitrate (B) and primary production and chlorophyll a  
(C) during CCE process cruises in the southern CCE. Data are the averages of 3 to 4 depths of sampling in the upper euphotic zone (upper 26 m on average) at each 
experimental location; uncertainties are SEM values. Regression slopes with P values ≤ 0.05 are significant. Full regression statistics are in SI Appendix, Table S1.

Fig. 2. Relationships of picoplankton population abundances (A–D) and cell growth rates to measured PP (E–H) for CCE Process cruises. HBAC = heterotrophic 
bacteria; PRO = Prochlorococcus; SYN = Synechococcus; PEUK = photosynthetic picoeukaryotes. Cruise abbreviations correspond to Table 1. Data are mean ± 
SEM estimates for the upper euphotic zone. For multiple panel regressions, P values are color-coded to the lines plotted: PP < 100 (black), PP > 10 (red), and PP 
> 100 (blue). Full regression statistics are in SI Appendix, Table S1.D
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whether there are net growth rate advantages for SYN and PEUK 
in cold nutrient-rich waters likely varies with circumstances, leav­
ing insignificant temperature trends overall for our mixed group 
of cruises (SI Appendix, Fig. S1 C and D).

Grazing Mortality Rates and Ratios. Grazing mortality of HBAC 
increases significantly with increasing PP (Fig. 3A and Table 2), 
but not for picophytoplankton populations. To the contrary, 
grazing mortalities trend downward at higher PP for both SYN 
and PEUK (Fig.  3 C and D and Table  2), most strongly and 
significantly for SYN. As a consequence of the different rate 
trends, the mortality ratios of picophytoplankton relative to 

HBAC decrease sharply with PP. SYN:HBAC mortality is a factor 
of 12 lower (0.32 ± 0.05 vs. 3.9 ± 0.6) at PP > 100 compared to PP 
< 10 mg C m−3 d−1 (Fig. 3F). PEUK:HBAC mortality ratio varies 
4.2 fold (0.62 ± 0.11 vs. 2.4 ± 0.4) (Fig. 3G). While the regression 
for PRO:HBAC mortality ratios suggests a 1:1 relationship, on 
average, the slope is strongly influenced by very low PRO grazing 
rates at low PP values during the 2014 heat wave and 2016 El 
Niño events (Fig. 3E). However, the data above 4 mg C m−3 d−1 
show a significant negative slope (P = 0.007), similar to mortality 
ratios for SYN and PEUK, which is a better predictor of the 
relative mortality trend for PRO at increasing PP. Experimental 
results therefore support some elements of the EML hypothesis, 

Table 2. Abundances and instantaneous rates of growth, grazing mortality, and net growth for HBAC, PRO, SYN, 
and photosynthetic picoeukaryotes (PEUK) for experiments conducted at CCE stations with low, intermediate, and 
high values of PP
Production/Population Abundance (103 cells mL−1) Growth rate (d−1) Grazing rate (d−1) Net growth (d−1)
PP < 10 mg C m−3 d−1

HBAC 798 ± 65 0.23 ± 0.02 0.21 ± 0.02 0.02 ± 0.02

PRO 153 ± 13 0.46 ± 0.08 0.38 ± 0.06 0.08 ± 0.04

SYN 17 ± 4 0.48 ± 0.07 0.57 ± 0.09 −0.09 ± 0.05

PEUK 6.3 ± 0.6 0.42 ± 0.08 0.46 ± 0.08 −0.04 ± 0.03
10 < PP < 100 mg C m−3 d−1

HBAC 1,480 ± 160 0.42 ± 0.03 0.34 ± 0.02 0.08 ± 0.02

PRO 54 ± 13 0.48 ± 0.05 0.34 ± 0.04 0.13 ± 0.04

SYN 49 ± 7 0.38 ± 0.02 0.30 ± 0.02 0.08 ± 0.02

PEUK 26 ± 3 0.44 ± 0.04 0.34 ± 0.02 0.09 ± 0.04
PP > 100 mg C m−3 d−1

HBAC 1,820 ± 240 0.79 ± 0.07 0.61 ± 0.07 0.18 ± 0.03

PRO 0 ± 0 nd nd nd

SYN 13 ± 6 0.38 ± 0.04 0.19 ± 0.03 0.19 ± 0.03

PEUK 22 ± 5 0.45 ± 0.06 0.30 ± 0.04 0.15 ± 0.06
Uncertainties are SEM values.

Fig. 3. Relationships of picoplankton grazing mortality (A–D) and mortality ratios (E–G) to measured PP in the southern CCE. Cruises and populations as defined 
in Fig. 2 and Table 1. Regression slopes with P values ≤ 0.05 are significant. Full regression statistics are in SI Appendix, Table S1.D
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notably that high PP stimulates large increases in abundance, 
cell growth rate, and grazing turnover of HBAC. However, the 
hypothesis breaks down in translating the intensified mortality 
environment for HBAC to other microbes via rate coupling by 
shared predation.

The magnitude of the relative grazing shift with trophic state 
can best be appreciated by considering what the mortalities of 
SYN and PEUK would be at high PP if scaled to the mean mor­
tality rate of HBAC in high PP waters (0.61 ± 0.07 d−1) and the 
mean mortality ratios of SYN:HBAC and PEUK:HBAC at low 
PP. For SYN, the scaled mortality (3.9 × 0.61 d−1) would be 2.38 
d−1, which is 6.3-fold greater and net 2.0 d−1 higher than the 
measured SYN growth rate at high PP. Such a growth-mortality 
disparity would drive a daily 86% decline of SYN population 
abundance. For PEUK, mortality scaling to HBAC at high PP 
would be 1.46 d−1 or a population decline rate of 69% d−1. At 
such rates, SYN and PEUK would be driven to nominal local 
extinction of <1 cell mL−1 in 4.6 and 9.1 d, respectively.

The fact that SYN and PEUK populations persist despite the 
greatly intensified grazing environment for HBAC highlights the 
unexpected importance of shifting mortality impact in maintain­
ing a stable niche for picophytoplankton in high PP waters. This 
grazing phenomenon needs to be better understood, including its 
variability. Comparing SYN: HBAC mortalities among different 
cruises (Fig. 3F), for example, the ratios during anomalous heat 
wave conditions (P1408 and P1604) fall substantially below those 
(i.e., higher grazing on HBAC) for normal conditions (P0605 and 
P1704). Such differences require more detailed consideration of 
circulation, biogeochemistry, and expanded food-web context but 
may provide insights into altered microbial dynamics and inter­
actions associated with a warmer future ocean.

For all experiments and environmental conditions examined, the 
percentages of HBAC, SYN, and PEUK production consumed by 
micrograzers (i.e., the mean ratios of grazing mortality to growth rate) 
were 99 ± 15%, 100 ± 3%, and 87 ± 10%, respectively, indicating a 
system-level balance for picoplankton cell growth and grazing pro­
cesses in the CCE overall (balance for PRO is indeterminate due to 
low presence at many sampling locations). Nonetheless, significant 
net growth of picoplankton (0.15 to 0.19 d−1) is evident in high 
productivity waters (Table 2), consistent with narrow upwelling zones 
close to the CCE coast being centers of biomass accumulation. This 
net production is transported by wind stress, mesoscale eddies, and 
filaments to offshore waters where it is eventually utilized (32, 33).

Because the decline of PRO in CCE coastal waters has similar­
ities to PRO distributions in the North Pacific Transition Zone 
that can be explained by a shared predation model (22), we exam­
ine further here whether our experiments where PRO was present 
at intermediate values of 10 < PP < 100 mg C m−3 d−1 can provide 
any direct support for that model. This dataset comprises 27 exper­
iments with elevated HBAC abundances and grazing mortalities 
(1.62 ± 0.26 × 106 cells mL−1 and 0.39 ± 0.03 d−1, respectively) 
and where net growth rates of PRO and SYN can be compared 
both from the results of bottle incubations and from directly meas­
ured net changes of populations in the ambient environment from 
day-to-day sampling following the satellite-tracked drifter, a 
unique feature of our Lagrangian experimental design. Mortality 
rates do not differ significantly between PRO and SYN for these 
experiments (0.34 ± 0.04 vs. 0.31 ± 0.03 d−1, respectively; P = 
0.56), but net growth rates of PRO are significantly higher than 
for SYN (0.13 ± 0.04 vs. 0.002 ± 0.03 d−1; P = 0.018). Observed 
net growth rates in the ambient mixed layer support the bottle 
experiment results, with neither PRO nor SYN (0.03 ± 0.10 vs. 
0.04 ± 0.08 d−1; P > 0.60) showing cell abundance declines in the 
direction of current flow. Further, net growth rates of PRO do not 

decrease with increasing HBAC abundance (P = 0.75; SI Appendix, 
Fig. S2), and they are higher at lower PRO abundances (P = 0.048) 
suggesting a resistance to decline. Overall, where PRO were present 
at intermediate values of PP, they exhibited mean steady-state 
dynamics and provided no evidence of being driven to local extinc­
tion by elevated grazing on HBAC.

Potential Explanations for Varying Relative Mortality Impacts. 
We consider three general hypotheses to explain how relative 
grazing mortality impacts might vary so markedly among coexisting 
microbial populations with presumptive shared consumers: 1) 
systematic variability in relative cell sizes across the productivity 
gradient; 2) behavioral or compositional variability of the grazer 
assemblages that alter prey selectivity; and 3) environmental 
selection of microbial prey populations with different tradeoffs 
in growth rate maximization vs. predation defenses.

The simplest explanation for the current results would be if 
HBAC cells were much larger in the high PP growth environment, 
greatly increasing their vulnerability to size-selective grazers rela­
tive to picophytoplankton. Using bead-normalized forward angle 
light scatter (FALS) as an index of relative size (34) for the five 
cruises where we have such data, HBAC cells do in fact show 
evidence of a size increase at higher PP (Fig. 4A). However, the 
relative size (FALS) ratios of SYN:HBAC and PEUK:HBAC do 
not indicate a significantly altered size structure for alternate prey 
(Fig. 4 B and C). Additionally, since flagellate grazer clearance 
rates scale with cell radius (35) while FALS scales only to radius0.55 
(36), cell size variability is insufficient to explain the order of 
magnitude differences in grazing mortality ratios observed 
(Fig. 3F). We thus reject cell size variability as the main explana­
tion for shifting mortality impacts.

The second mechanism considers changes in grazer behavior or 
selection for different assemblages of grazing specialists in response 
to changes in prey characteristics over the trophic gradient. For 
example, switching behaviors of protistan grazers (37) analogous 
to those observed for some metazoan zooplankton (38, 39) might 
involve perceived quality differences between heterotrophic and 
phototrophic prey and active frequency-reinforced selection based 
on their relative abundances. For our data, mortality ratios of 
SYN:HBAC and PEUK:HBAC show strong relationships to the 
phototroph:heterotroph (P:H) ratio (Fig. 4 D and E) consistent 
with switching, or equally with environmental selection of grazer 
specialists that respond to P:H variability. We cannot rule out 
however that these relationships simply arise from strong 
covariability of P:H with PP due mainly to the pronounced decline 
of PRO in cold productive waters. For grazer switching or highly 
selective behaviors to be operative at the community level, 
substantial portions of the assemblages would need to perceive 
and respond to relative prey qualities similarly. While this may 
seem unlikely for diverse grazer assemblages, variability in the 
relative nutritional qualities of HBAC and picophytoplankton 
prey (stoichiometry, lipids, vitamins, or other factors) could 
underlie a fitness mechanism that selects for grazer assemblages 
that match and best utilize the prey resources available (40).

The third hypothesis considers picoplankton populations with 
vastly different vulnerabilities to protistan grazers independent of 
size. Given laboratory evidence for significant SYN strain differences 
in flagellate grazing vulnerability (41, 42), part of the large shift in 
SYN:HBAC mortality might be explained by selection of SYN 
defensive traits in high PP waters. It seems more likely, however, 
that mortality variability would arise principally from the diverse 
phylogenies, morphotypes, behaviors, and biogeochemical func­
tions of HBAC, rather than variability within a single genus of 
cyanobacteria. We note, for example, that SYN clade dominance D
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(clades I and IV) and their proportions remained similar in both 
low (offshore) and high PP (onshore) habitats during P1604 (24) 
while SYN:HBAC mortality for P1604 showed the same large shifts 
as other cruises (Fig. 3F). For the same cruise, HBAC community 
composition varied far more extensively, with SAR11 declining from 
30 to 7% of the HBAC assemblage from offshore to inshore sam­
pling sites, while Flavobacteria increased >460 fold (200 to >105 
cells mL−1), OM60 Proteobacteria increased >210 fold (1,600 to 
>3.3*105 cells mL−1), and Roseobacter increased >38 fold (12,900 
to >4.9*105 cells mL−1) (24). Cell surface hydrophobicity and motil­
ity are among the factors that can increase bacterial vulnerability to 
flagellate grazers by factors of 2 or more (43, 44). The notably 
hydrophilic SAR11, for example, is retained by the fine filters of 
appendicularians at up to order-of-magnitude lower rates compared 
to β and γ Proteobacteria with more hydrophobic “sticky” surfaces 
(45). We posit that HBAC traits that allow certain cell types to 
achieve high growth rates in enriched substrate waters are balanced 
by tradeoffs in grazer vulnerability. If so, rate studies aimed at resolv­
ing species-level dynamics are likely to reveal heretofore unimagined 
variability of microbial growth and grazing across ocean productivity 
gradients.

Implications for Theory and Models. Regardless of the specific 
mechanism, large shifts in relative grazing mortalities on co-
occurring microbes challenge the long-held view that protistan 
grazing mainly determines overall biomass of microbial commu­
nities while viruses uniquely regulate diversity by “killing the 
winners” (17–19). Because the dilution technique used for our 
experiments does not measure the component of microbial growth 
lost to viral lysis (46, 47), our mortality results are attributable to 
grazing only. In high PP waters, successful fast-growing HBAC 
are clearly punished by compensatory high grazing impacts not 
experienced by slower-growing phototrophs. For HBAC, this 

group-level kill-the-winner phenomenon accounts for more than 
order-of-magnitude variability in mortality rates compared to a 
common prey type (SYN) over the trophic richness gradient, 
implying even higher range ratios for extreme HBAC taxa relative 
to the group mean. Similar to the suggested role for viral lysis, 
these shifts in relative grazing promote microbial community 
diversity by selecting against the growth-rate winners, in the 
present case allowing SYN and PEUK populations to persist in 
PP-enriched waters despite growth rates substantially less than the 
average HBAC. One important difference is that the portion of 
microbial growth lost to viral lysis represents a net energy drain 
shunted mainly to a closed loop of dissolved organic cycling 
(48) while a portion of grazed mortality remains available to 
larger consumers via the trophic hierarchy, often becoming a 
main source of zooplankton nutrition in oligotrophic habitats 
(49). These two mortality processes thus have some overlapping 
functions in production utilization and diversity maintenance 
but are sufficiently different in food web implications to require 
separate understanding.

Given the general paucity of comparative microbial grazing 
rate data for marine systems, it is not surprising that model rep­
resentations of mortality processes are overly simplistic. Models 
designed to examine the general interplay of bottom–up and 
top–down processes in shaping size structure of whole plankton 
communities typically ignore microbial interactions entirely or 
parameterize only its nutrient remineralization function (50). 
Community self-assembly and niche partitioning models both 
highlight the physiological capabilities of competing ecotypes as 
the main determinant of distributional outcomes (5, 51, 52), with 
little consideration of mortality variability among ecotypes or 
environments. Here, we note that dynamic several-fold variability 
in microbial mortality pressures that scales with primary produc­
tivity might provide insights or explanations for distributional 

Fig. 4. Potential mechanisms to explain observed shifts in grazing mortality on phototrophic picoplankton (SYN and PEUK) relative to heterotrophic HBAC 
across trophic gradients in the CCE. (Upper) Bead-normalized FALS used as an index of HBAC cell size (panel A) and mean size ratios of SYN:HBAC and PEUK:HBAC 
(panels B and C). (Lower) Relationships of grazing mortality ratios SYN:HBAC (panel D) and PEUK:HBAC (panel E) with relative prey abundances of phototrophic 
and heterotrophic cells. Full regression statistics are in SI Appendix, Table S1.
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patterns, especially in coastal environments, that are poorly 
understood or that have previously been ascribed solely to phys­
iological differences. Grazing functions that selectively impact 
faster-growing populations should substantially alter source pop­
ulation contributions to carbon and energy flows but not neces­
sarily require massive change in model complexity if tradeoffs in 
growth advantages and grazing vulnerability are rapidly enforced 
and self-correcting. A judicious first step might be to test alternate 
model constructs to see what will achieve the best results in sys­
tems, like the CCE, with sufficient data on both distributional 
patterns and process rates.

Materials and Methods

Experimental Setup. On each of eight CCE Process cruises, we conducted multi-
day quasi-Lagrangian experiments during which we sampled and measured pro-
cesses on a consistent daily schedule following a satellite-tracked free-drifting 
array (20). The drift array (Pacific Gyre, San Diego) consisted of a surface float, 
a 3-m drogue centered at 15 m, coated wire with stainless-steel attachment 
rings for hanging net bags of bottles for in situ incubations, and a separately 
attached smaller float with iridium transmission (10-min position frequency) 
and a nighttime strobe light.

For each experiment, we collected seawater from Niskin bottles on early-
morning Conductivity-Temperature-Depth (CTD) hydrocasts (~02:00 local time) 
at 6 to 8 depths spanning the euphotic zone. For each depth, we prepared a 
two-treatment dilution experiment (53, 54), with one polycarbonate bottle (2.7 L) 
containing unfiltered seawater (100%) and the second (diluted) bottle consisting 
of ~33% whole seawater with filtered water from the same depth. Seawater was 
filtered directly from the Niskin bottles using a peristaltic pump, silicone tubing, 
and in-line 0.1-µm Suporcap filter capsules (Pall Acropak) that had previously 
been acid rinsed and soaked (10% trace metal grade HCl, several hours before 
use). Dilution bottles (all bottles also 10% HCl rinsed and soaked for the entire 
period between uses) were first given a measured volume of filtered water and 
then filled gently to the top with unscreened water from the Niskin bottles to avoid 
physical damage to fragile protists. Consistent with previous studies, nutrients 
were not added to the incubation bottles because additions have been found to 
suppress grazing in oligotrophic waters (55) and ambient concentrations should 
not limit picophytoplankton growth in productive coastal waters. Each filled bottle 
was subsampled for flow cytometry (FCM) analysis (1 to 2 mL) for initial micro-
bial concentrations. In addition to the dilution experiments, triplicate 250-mL 
polycarbonate bottles and one 250-mL “dark” bottle were filled with water from 
each depth and spiked with H14CO3

− to measure net PP.
All bottles (dilution plus 14C-PP) were placed in coarse net bags, attached to 

the line below the drifter float and incubated in situ for 24 h at the depth of col-
lection. For back-to-back daily experiments, the new experiment was set up in net 
bags on deck before hand recovery of the drifter. The previous day’s experiments 
were then removed, the new experiments attached, and the drifter redeployed—a 
process that took 10 to 15 min while the ship maintained position. Sampling for 
daily experiments was done in close proximity (~100 m) to the drifter position, 
and all recovery and deployments were carried out before sunrise. Upon recovery, 
the bottles were sampled for assessments of community composition (final FCM 
samples) and 14C uptake as described below.

Population Abundances. Samples for FCM analysis of HBAC, PRO, SYN, and 
PEUK populations were preserved with 0.5% paraformaldehyde (final con-
centration) and flash-frozen in liquid nitrogen. On shore, the samples were 
stored at −80 °C and then thawed in batches and stained with Hoechst 33342  
(1 µg mL−1, final concentration) immediately prior to analysis (56). The analyses 
were done using a Beckman-Coulter Altra flow cytometer equipped with a 
Harvard Apparatus syringe pump to quantify volume sampled and two argon 
ion lasers tuned to yellow-green (UV or YG) (200 mW) and 488 nm (1 W) 
excitation. Fluorescence signals were collected using filters for Hoechst-bound 
DNA, phycoerythrin, and chlorophyll, all normalized to internal bead stand-
ards of 0.5- and 1.0-µm YG polystyrene beads. Listmode files were analyzed 
with FlowJo software to define populations based on DNA signal (all cells), 
absence of photosynthetic pigments (HBAC), Chla presence (PRO, SYN, and 

PEUK), phycoerythrin (SYN), and FALS (relative size). Further methodological 
details are provided as SI Appendix.

Experimental Rate Determinations. For each dilution experiment, net rates 
of population growth from initial and final FCM samples in diluted (kd) and undi-
luted (k) treatments were used to compute microzooplankton grazing mortality 
(m, d−1) and instantaneous growth (µ, d−1) as: m = (kd − k)/(1 − D) and µ = k + 
m, where D is the mean measured dilution factor from initial FCM subsamples of 
the dilute treatment bottles (53). For each station (=drift array day), incubations 
conducted in the upper half of the experimental depths were treated as inde-
pendent rate assessments for the upper euphotic zone, where rates are highest 
and not light-limited. On average, these rate determinations came from the upper 
26.8 m, corresponding closely to the 0-30 m depth range for data from which 
the EML hypothesis derives (7). All results are presented as mean rates ± SE 
uncertainties (±SEM) for the upper euphotic zone. Regression analyses were done 
using R lmodel2 (version 1.7-3) and protocols (57). For log-scale regressions of 
mortality or mortality ratios (e.g., Fig. 3), the few rate estimates with negative 
values (SI Appendix, Table S2) were given a low positive value of 0.01. This had 
no effect on regression significance compared to linear-scale analyses of the same 
data including negative values.

The process of filtering water to prepare dilution experiments has the potential 
to release dissolved organics that could bias rate estimates for HBAC, especially 
in experiments with rich coastal bloom waters with high plankton biomass  
(58, 59). Relevant to this possible artifact, we found no evidence for a systematic 
bias between rich and poor waters when comparing dilution-based estimates 
of bacterial carbon production to standard 3H-leucine rates for three of the CCE 
Process cruises (P1408, P1604, and P1708). For cell carbon conversions informed 
by size variability from FCM, the two bacterial production estimates give a 1:1 
regression relationship across the CCE productivity range (60).

Associated Environmental Measurements. Temperature measurements (CTD 
sensors) and subsamples for Chla and nutrient analyses were taken for all depths 
on the casts for experimental setup. Chla samples (250 mL) were filtered onto GF/F 
filters and extracted with 90% acetone at −4 °C for 24 h. Extracted samples were 
quantified on shipboard with a calibrated Turner Designs model 10 fluorometer. 
Nutrient samples were filtered through in-line 0.1-µm Suporcap capsules, frozen 
at −20 °C, and subsequently analyzed in the laboratory against prepared stand-
ards by continuous-flow Autoanalyzer or Flow Injection techniques. The contents 
of PP incubation bottles were filtered through GF/F filters and fumed with HCl 
to remove inorganic 14C. After addition of scintillation cocktail, beta decays were 
detected with a Beckman–Coulter scintillation counter. Dark bottle uptake was 
subtracted from light bottle uptake to correct for nonphotosynthetic carbon uptake 
or adsorption onto particles.

Data, Materials, and Software Availability. All cruise data for CCE Process 
cruises, including hydrography, nutrients, PP, and population abundances, are 
publicly available at https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/
datasets (61). Mean values and uncertainties (SEM) for environmental variables 
and population cell abundances are tabulated in SI Appendix, Table S2. Mean 
daily (±SEM) growth and grazing mortality rates of HBAC, PRO, SYN, and PEUK 
populations are tabulated in SI Appendix, Table S3. All other data are included 
in the article and/or SI Appendix.

ACKNOWLEDGMENTS. We thank the many colleagues who contributed to 
experimental studies on CCE Process cruises, notably A. Taylor, D. Taniguchi,  
A. Pasulka, A. Freibott, B. Valencia, L. Linacre, T. Kelly, C. Quackenbush, S. Dovel,  
M. Roadman, J. Wokuluk, and D. Wick. This research was supported by NSF 
Grants OCE-0417616, -1026607, and -1614359 to the CCE-LTER site and by 
grant SMSEGL20SC02 from the Hong Kong Branch of Southern Marine Science 
and Engineering Guangdong Laboratory (Guangzhou).

Author affiliations: aScripps Institution of Oceanography, University of California at San 
Diego, San Diego, CA 92093; bEarth, Ocean, and Atmospheric Science Department, Florida 
State University, Tallahassee, FL 32306; and cDepartment of Oceanography, University of 
Hawai’i at Manoa, Honolulu, HI 96822

Author contributions: M.R.L. designed research; M.R.L., M.R.S., and R.G. performed 
research; K.E.S. analyzed flow cytometry data; M.R.L. wrote the paper; and M.R.S., K.E.S., 
and R.G. commented on paper.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.o

rg
 b

y 
15

1.
12

4.
10

4.
85

 o
n 

O
ct

ob
er

 2
3,

 2
02

3 
fr

om
 IP

 a
dd

re
ss

 1
51

.1
24

.1
04

.8
5.

http://www.pnas.org/lookup/doi/10.1073/pnas.2220771120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220771120#supplementary-materials
https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets
https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets
http://www.pnas.org/lookup/doi/10.1073/pnas.2220771120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220771120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220771120#supplementary-materials


8 of 8   https://doi.org/10.1073/pnas.2220771120� pnas.org

1.	 S. W. Chisholm, "Phytoplankton size" in Primary Productivity and Biogeochemical Cycles in the Sea, 
P. G. Falkowski, A. D. Woodhead, Eds. (Plenum Press, New York, 1992), pp. 213–237.

2.	 N. S. Agawin, C. M. Duarte, S. Agustí, Nutrient and temperature control of the contribution of 
picoplankton to phytoplankton biomass and production. Limnol. Oceanogr. 45, 591–600 (2000).

3.	 L. Bopp et al., Multiple stressors of ocean ecosystems in the 21st century: Projections with CMIP5 
models. Biogeosciences 10, 6225–6245 (2013).

4.	 J. K. Moore et al., Sustained climate warming drives declining marine biological productivity. 
Science 359, 1139–1143 (2018).

5.	 P. Flombaum, W. L. Wang, F. W. Primeau, A. C. Martiny, Global picophytoplankton niche partitioning 
predicts overall positive response to ocean warming. Nat. Geosci. 13, 116–120 (2020).

6.	 R. Goericke, The size structure of marine phytoplankton–What are the rules? Calif. Coop. Ocean Fish 
Invest. Rep. 52, 198–204 (2011).

7.	 A. G. Taylor, M. R. Landry, Phytoplankton biomass and size structure across trophic gradients in the 
southern California Current and adjacent ocean ecosystems. Mar. Ecol. Prog. Ser. 592, 1–17 (2018).

8.	 J. L. Collier, B. Palenik, Phycoerythrin-containing picoplankton in the Southern California Bight. 
Deep Sea Res. Part II 50, 2405–2422 (2003).

9.	 F. Azam et al., The ecological role of water-column microbes in the sea. Mar Ecol. Prog Ser 10, 
257–263 (1983).

10.	 J. J. Cole, S. Findlay, M. L. Pace, Bacterial production in fresh and saltwater ecosystems: A cross-
system overview. Mar. Ecol. Prog Ser. 43, 1–10 (1988).

11.	 P. A. White, J. Kalff, J. B. Rasmussen, J. M. Gasol, The effect of temperature and algal biomass on 
bacterial production and specific growth rate in freshwater and marine habitats. Microb. Ecol. 21, 
99–118 (1991).

12.	 T. Fenchel, Ecology of heterotrophic microflagellates. IV. Quantitative occurrence and importance a 
bacterial consumers. Mar. Ecol. Prog Ser. 9, 35–42 (1982).

13.	 C. A. Vargas, P. Y. Contreras, J. L. Iriarte, Relative importance of phototrophic, heterotrophic, and 
mixotrophic nanoflagellates in the microbial food web of a river-influenced coastal upwelling area. 
Aquat. Microb. Ecol. 65, 233–248 (2012).

14.	 B. R. Kuipers, H. J. Witte, Prochlorophytes as secondary prey for heterotrophic nanoflagellates in the 
deep chlorophyll maximum layer of the (sub)tropical North Atlantic. Mar. Ecol. Prog. Ser. 204, 53–63 
(2000).

15.	 M. R. Landry, D. L. Kirchman, Microbial community structure and variability in the tropical Pacific. 
Deep Sea Res. Part II 49, 2669–2694 (2002).

16.	 C. L. Follet et al., Trophic interactions with heterotrophic bacteria limit the range of Prochlorococcus. 
Proc. Natl. Acad. Sci. U.S.A. 119, e2110993118 (2022), 10.1073/pnas.2110993118.

17.	 T. F. Thingstad, Elements of a theory for the mechanisms controlling abundance, diversity, and 
biogeochemical role of lytic bacterial viruses in aquatic systems. Limnol. Oceanogr. 45, 1320–1328 
(2000).

18.	 C. Winter, T. Bouvier, M. G. Weinbauer, T. F. Thingstad, Trade-offs between competition and defense 
specialists among unicellular planktonic organisms: the “Killing the Winner” Hypothesis revisited. 
Microbiol. Mol. Biol. Rev. 210, 42–57 (2010).

19.	 S. Väge et al., Simple models combining competition, defence and resource availability have broad 
implications in pelagic microbial food webs. Ecol. Lett. 21, 1440–1452 (2018).

20.	 M. R. Landry, M. D. Ohman, R. Goericke, M. R. Stukel, K. Tsyrklevich, Lagrangian studies of 
phytoplankton growth and grazing relationships in a coastal upwelling ecosystem off Southern 
California. Prog. Oceanogr. 83, 208–216 (2009).

21.	 M. R. Landry et al., Pelagic community responses to a deep-water front in the California Current 
Ecosystem: Overview of the A-Front study. J. Plankton Res. 34, 739–748 (2012).

22.	 M. R. Stukel et al., Mesoscale ocean fronts enhance carbon export due to gravitational sinking and 
subduction. Proc. Natl. Acad. Sci. U.S.A. 114, 1252–1257 (2017).

23.	 M. D. Ohman, Introduction to collection of papers on the response of the southern California Current 
Ecosystem to the Warm Anomaly and El Niño, 2014–16. Deep Sea Res. Part I 140, 1–3 (2018).

24.	 B. Valencia et al., Relating sinking and suspended microbial communities in the California Current 
Ecosystem: Digestion resistance and the contributions of phytoplankton taxa to export. Environ. 
Microbiol. 23, 6734–6748 (2021).

25.	 S. A. Kranz et al., Lagrangian studies of marine production: A multimethod assessment of 
productivity relationships in the California Current Ecosystem upwelling region. J. Geophys. Res. 
Oceans 125, e2019JC015984 (2020), 10.1029/2019jc015984.

26.	 R. J. Lynn, J. J. Simpson, The California Current System: The seasonal variability of its physical 
characteristics. J. Geophys. Res. 92, 12947–12966 (1987).

27.	 F. Partensky, W. R. Hess, D. Vaulot, Prochlorococcus, a marine photosynthetic prokaryote of global 
significance. Microbiol. Mol. Biol. Rev. 63, 106–107 (1999).

28.	 Z. I. Johnson et al., Niche partitioning among Prochlorococcus ecotypes along ocean-scale 
environmental gradients. Science 311, 1737–1740 (2006).

29.	 A. P. Allen, J. F. Gillooly, J. H. Brown, Linking the global carbon cycle to individual metabolism. Funct. 
Ecol. 19, 202–213 (2005).

30.	 J. A. Raven, R. J. Geider, Temperature and algal growth. New Phytol. 110, 441–461 (1988).
31.	 B. Stawiarski, E. T. Buitenhuis, C. Le Quéré, The physiological response of picophytoplankton 

to temperature and its model representation. Front. Mar. Sci. 3, 164 (2016), 10.3389/
fmars.2016.00164.

32.	 T. B. Kelly, R. Goericke, M. Kahru, H. Song, M. R. Stukel, CCE II: Spatial and interannual variability in 
export efficiency and the biological pump in an eastern boundary current upwelling system with 
substantial lateral advection. Deep Sea Res. Part I 140, 14–25 (2018).

33.	 P. Chabert, F. d’Ovidio, V. Echevin, M. R. Stukel, M. D. Ohman, Cross-shore flow and implications for 
carbon export in the California Current Ecosystem: A Lagrangian analysis. J. Geophys. Res. Oceans 
126, e2020JC016611 (2021).

34.	 M. D. DuRand, R. J. Olson, Contributions of phytoplankton light scattering and cell concentration 
changes to diel variations in beam attenuation in the equatorial Pacific from flow cytometric 
measurements of pico-, ultra- and nanoplankton. Deep Sea Res. Part II 43, 891–906 (1996).

35.	 B. C. Monger, M. R. Landry, Prey-size dependency of grazing by free-living marine flagellates. Mar. 
Ecol. Prog Ser. 74, 239–248 (1991).

36.	 B. J. Binder, S. W. Chisholm, R. J. Olson, S. L. Frankel, A. Z. Worden, Dynamics of picophytoplankton, 
ultraphytoplankton and bacteria in the central equatorial Pacific. Deep Sea Res. Part II 43, 907–931 
(1996).

37.	 S. M. Vallina, B. A. Ward, S. Dutkiewicz, M. J. Follows, Maximal feeding with active prey switching: 
A kill-the-winner functional response and its effect on global diversity and biogeography. Prog. 
Oceanogr. 120, 93–109 (2012).

38.	 M. R. Landry, Switching between herbivory and carnivory by the planktonic marine copepod Calanus 
pacificus. Mar. Biol. 65, 77–82 (1981).

39.	 T. Kiørboe, E. Saiz, M. Viitasalo, Prey switching behaviour in the planktonic copepod Acartia tonsa. 
Mar. Ecol. Prog. Ser. 143, 65–75 (1996).

40.	 T. H. Chrzanowski, B. L. L. Foster, Prey element stoichiometry controls ecological fitness of the 
flagellate Ochromonas danica. Aquat. Microb. Ecol. 71, 257–269 (2014).

41.	 K. Zwirglmaier, E. Spence, M. V. Zubkov, D. J. Scanlan, N. H. Mann, Differential grazing of two heterotrophic 
nanoflagellates on marine Synechococcus strains. Environ. Microbiol. 11, 1767–1776 (2009).

42.	 J. K. Apple, S. L. Strom, B. Palenik, B. Brahamsha, Variability in protists grazing and growth on 
different marine Synechococcus isolates. Appl. Environ. Microbiol. 77, 3074–3084 (2011).

43.	 B. C. Monger, M. R. Landry, Size-selective grazing by heterotrophic nanoflagellates: An analysis 
using live-stained bacteria and dual-beam flow cytometry. Arch. Hydrobiol. Beih. 37, 173–185 
(1992).

44.	 B. C. Monger, M. R. Landry, S. L. Brown, Feeding selection of heterotrophic marine nanoflagellates based 
on the surface hydrophobicity of their picoplankton prey. Limnol. Oceanogr. 44, 1917–1927 (1999).

45.	 A. K. Dadon-Pilosof et al., Surface properties of SAR11 bacteria facilitate grazing avoidance. Nat. 
Microbiol. 2, 1608–1615 (2017).

46.	 C. Evans, S. D. Archer, S. Jacquet, W. H. Wilson, Direct estimates of the contribution of viral lysis and 
microzooplankton grazing to the decline of a Micromonas spp. population. Aquat. Microb. Ecol. 30, 
207–219 (2003).

47.	 A. C. Baudoux et al., Estimates of virus vs. grazing induced mortality of picophytoplankton in the 
North Sea during summer. Aquat. Microb. Ecol. 52, 69–82 (2008).

48.	 J. A. Fuhrman, Marine viruses and their biogeochemical and ecological effects. Nature 399, 
541–548 (1999).

49.	 M. R. Landry, M. R. Décima, Protistan microzooplankton and the trophic position of tuna: 
Quantifying the trophic link between micro- and mesozooplankton in marine food webs. ICES J. 
Mar. Sci. 74, 1885–1892 (2017).

50.	 F. Poulin, P. J. S. Franks, Size-structured plankton ecosystems: Constraints, controls and assembly 
instructions. J. Plankton Res. 32, 1121–1130 (2010).

51.	 S. Dutkiewicz, J. R. Scott, M. J. Follows, Winners and losers: Ecological and biogeochemical changes 
in a warming ocean. Glob. Biogeochem. Cycles 27, 463–477 (2013).

52.	 A. Coello-Camba, S. Agustí, Picophytoplankton niche partitioning in the warmest oligotrophic sea. 
Front. Mar. Sci. 8, 651877 (2021).

53.	 M. R. Landry et al., Depth-stratified phytoplankton dynamics in Cyclone Opal, a subtropical 
mesoscale eddy. Deep Sea Res. Part II 55, 1348–1359 (2008).

54.	 M. R. Landry et al., Phytoplankton growth, grazing and production balances in the HNLC equatorial 
Pacific. Deep Sea Res. Part II 58, 524–535 (2011).

55.	 E. J. Lessard, M. C. Murrell, Microzooplankton herbivory and phytoplankton growth in the 
northwestern Sargasso Sea. Aquat. Microb. Ecol. 16, 173–188 (1998).

56.	 B. C. Monger, M. R. Landry, Flow cytometric analysis of marine bacteria with Hoechst 33342. Appl. 
Environ. Microbiol. 59, 905–911 (1993).

57.	 P. Legendre, Model II regression user’s guide, R edition (CRAN R Project, version 1.7-3, 2022). 
https://cran.r-project.org/web/packages/lmodel2/vignettes/mod2user.pdf.

58.	 J. A. Fuhrman, T. M. Bell, Biological considerations in the measurement of dissolved free amino 
acids in seawater and implications for chemical and microbiological studies. Mar. Ecol. Prog Ser. 25, 
13–21 (1985).

59.	 B. C. Pree et al., A simple adjustment to test reliability of bacterivory rates derived from the dilution 
method. Limnol. Oceanogr. Meth. 14, 114–123 (2016).

60.	 M. R. Landry, S. R. Rivera, M. R. Stukel, K. E. Selph, Comparison of bacterial carbon production 
estimates from dilution and 3H-leucine methods across a strong gradient in ocean productivity. 
Limnol. Oceanogr. Meth. 21, 295–306 (2023), 10.1002/lom3.10546.

61.	 California Current Ecosystem LTER, Cruise data. Datazoo. https://oceaninformatics.ucsd.edu/datazoo/
catalogs/ccelter/datasets. Accessed 6 December 2022.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

15
1.

12
4.

10
4.

85
 o

n 
O

ct
ob

er
 2

3,
 2

02
3 

fr
om

 IP
 a

dd
re

ss
 1

51
.1

24
.1

04
.8

5.

https://doi.org/10.1073/pnas.2110993118
https://doi.org/10.1029/2019jc015984
https://doi.org/10.3389/fmars.2016.00164
https://doi.org/10.3389/fmars.2016.00164
https://cran.r-project.org/web/packages/lmodel2/vignettes/mod2user.pdf
https://doi.org/10.1002/lom3.10546
https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets
https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets

	Coexisting picoplankton experience different relative grazing pressures across an ocean productivity gradient
	Significance
	Results and Discussion
	Environmental Relationships.
	Population Abundances and Growth Rates.
	Grazing Mortality Rates and Ratios.
	Potential Explanations for Varying Relative Mortality Impacts.
	Implications for Theory and Models.

	Materials and Methods
	Experimental Setup.
	Population Abundances.
	Experimental Rate Determinations.
	Associated Environmental Measurements.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 23



