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Abstract
The mechanism of mortality plays a large role in how microorganisms in the open ocean contribute to global energy and nutrient 
cycling. Salps are ubiquitous pelagic tunicates that are a well-known mortality source for large phototrophic microorganisms in 
coastal and high-latitude systems, but their impact on the immense populations of smaller prokaryotes in the tropical and 
subtropical open ocean gyres is not well quantified. We used robustly quantitative techniques to measure salp clearance and 
enrichment of specific microbial functional groups in the North Pacific Subtropical Gyre, one of the largest ecosystems on Earth. We 
discovered that salps are a previously unknown predator of the globally abundant nitrogen fixer Crocosphaera; thus, salps restrain 
new nitrogen delivery to the marine ecosystem. We show that the ocean’s two numerically dominant cells, Prochlorococcus and 
SAR11, are not consumed by salps, which offers a new explanation for the dominance of small cells in open ocean systems. We also 
identified a double bonus for Prochlorococcus, wherein it not only escapes salp predation but the salps also remove one of its major 
mixotrophic predators, the prymnesiophyte Chrysochromulina. When we modeled the interaction between salp mesh and particles, 
we found that cell size alone could not account for these prey selection patterns. Instead, the results suggest that alternative 
mechanisms, such as surface property, shape, nutritional quality, or even prey behavior, determine which microbial cells are 
consumed by salps. Together, these results identify salps as a major factor in shaping the structure, function, and ecology of open 
ocean microbial communities.
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Significance Statement

The vast open oceans are dominated by small bacteria that are interspersed with larger, but less abundant, functionally diverse 
phytoplankton. We show that selective feeding of ubiquitous pelagic tunicates (salps), contributes to this microbial community struc-
ture in several ways. Salps do not retain Prochlorococcus and SAR11 during feeding, consume the protistan predators of these small bac-
teria, maintain low nutrient levels by removing the nitrogen-fixer Crocosphaera, and ease competition for nutrients by capturing other 
primary producers, such as diatoms and Synechococcus. We also found that cell size could not completely explain Prochlorococcus and 
SAR11 escape from salp grazing, suggesting novel mechanisms for evading predation by the world’s most numerous marine bacteria 
and a globally important role for salps in shaping microbial community structure in one of Earth’s largest ecosystems.
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Introduction
Mortality mechanisms play a large part in determining the specif-
ic contributions of marine microorganisms to ecosystems. For ex-
ample, carbon from a marine microorganism will be recycled 
upon viral lysis (1), delivered to higher trophic levels if consumed 
by nanoflagellates (2), or exported to the deep sea if incorporated 
into sinking particles (3, 4). Therefore, knowledge of specific mor-
tality mechanisms, beyond overall loss rates, is a key to under-
standing the different ways marine microorganisms contribute 
to global processes.

Recent work has advanced quantitative understanding of the 
rates, dynamics, and selectivity of viral lysis and protistan preda-
tion (5–7), the most well-understood microbial mortality sources 
in the oceans. However, when this understanding is brought to-
gether, predictions of mortality do not always match observations 
(8–13). Thus, there are likely other key microbial predators that re-
main poorly understood. Quantifying predation rates and select-
ivity for powerful but poorly understood predators is of utmost 
importance to closing this gap and producing accurate models 
of open ocean microbial communities and their dynamic interac-
tions with higher trophic levels.
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Salps are one of the most understudied microbial predators in 
the surface ocean. These pelagic tunicates are ubiquitous filter 
feeders that capture a range of particles by pumping seawater 
through mucous mesh nets. Salp feeding can export microbial 
carbon to the deep sea as sinking fecal pellets (3, 14–17) or “short- 
circuit” food webs by transferring microbial carbon to top trophic 
levels in just a few predation interactions (18–20). Salp feeding 
may also be selective among microbial prey, where microbes 
with similar properties (e.g. size) are consumed nonuniformly 
(21–25). This selective feeding may influence microbial commu-
nity composition, size structure, and direct and indirect interac-
tions between microorganisms. However, nearly all existing 
studies of salp predation on marine microorganisms are focused 
on high latitude or coastal systems where microbial biomass is do-
minated by relatively large eukaryotic microbial taxa (3, 24). 
These systems contrast with the small-cell-dominated open- 
ocean gyres that cover much of Earth (26) and harbor previously 
overlooked pelagic tunicate biomass (27). Earlier studies relied 
on microscopy (28), coulter counters (29), or were based on cul-
tured prey (30) or microspheres (31) and therefore could not ac-
count for small cells, especially those <1 µm. More recent 
studies that have been conducted in small-cell dominated sys-
tems lack robustly quantitative approaches and precise microbial 
taxonomy that would yield conclusive insight into feeding select-
ivity between coexisting microorganisms (21–23). Thus, a major 
gap exists in understanding the role of pelagic tunicates in micro-
bial mortality within large open ocean gyres.

In this study, we examined the predation of salps on several 
functionally distinct and coexisting microbial taxa in the vast 
oligotrophic North Pacific Subtropical Gyre (NPSG). We used blue- 
water diving techniques to quantify clearance rates (CRs) and 
feeding-organ enrichment of the different microbial prey precise-
ly (i.e. with highly sensitive flow cytometry and qPCR). We also 
modeled the interaction between spherical particles and salp 
mesh to identify whether particle size or some other physical 
mechanism governs salp selective feeding on these microorgan-
isms. These results identify salps as an important control on mi-
crobial community size structure, function, and productivity of 
the open ocean gyres.

Results
Salp and microbial species sampled in the 
oligotrophic open ocean
Our sampling station was offshore of the island of Hawai’i, chosen 
for its narrow shelf region (Fig. 1A) and access to deep open-ocean 
waters representative of the NPSG (32). Regional satellite-derived 
sea surface temperatures during field sampling (September 2022) 
matched station ALOHA, a representative site for the NPSG (33). 
The satellite-derived sea temperatures at the study site 
(∼26–28 °C) corresponded to in situ measurements (26–27 °C) 
during SCUBA dives within the top 25 m of the surface ocean.

The community structure and abundances of marine microor-
ganisms we encountered were consistent with previous observa-
tions at Station ALOHA (13, 34–36) and the broader region 
(37–39). Prochlorococcus and SAR11 numerically dominated the mi-
crobial community, with counts exceeding other picocyanobacte-
ria (Synechococcus), nitrogen-fixing cyanobacteria (Crocosphaera), 
and pigmented picoeukaryotes (PPEs), including diatoms and the 
mixotrophic prymnesiophyte Chrysochromulina by 2–3 orders of 
magnitude (Fig. 1B). Despite its small size (40), Prochlorococcus do-
minated the microbial biomass of the system, followed by the 

PPEs and Crocosphaera. Synechococcus and SAR11 provided the low-
est biomass contributions (Fig. 1C).

We encountered a wide range of pelagic tunicates during blue- 
water SCUBA dives at the field site. For experimentation and col-
lection, we targeted common and abundant open ocean salp spe-
cies, including Pegea confoederata and Salpa maxima (Fig. 1D). 
Free-swimming salps were identified at the moment of live cap-
ture. Both solitary and aggregate (i.e. colonial) life stages were in-
cluded in the study.

CRs on phytoplankton
To quantify the impact of salp feeding on open ocean microbial 
communities, we began by measuring the CRs of different coexist-
ing salp taxa on phytoplankton that we could enumerate by flow 
cytometry. We performed feeding incubations with 13 live salps 
(P. confoederata, n = 9 and S. maxima, n = 4) alongside 13 nonanimal 
controls. While all salps pumped seawater throughout the incu-
bations, we were unable to visually confirm the presence of feed-
ing meshes through the incubation jars.

We observed significant differences in CRs between the micro-
bial prey types (Fig. 2). Crocosphaera was cleared at rates higher 
than the other phytoplankton (P < 0.01), with medians of about 
3,000 mL (P. confoederata) and 2,000 mL (S. maxima) of seawater 
per animal per hour. In some cases, P. confoederata and S. maxima 
removed all Crocosphaera from the incubation bottles within an 
hour (Fig. S1), suggesting that CRs in an unrestricted prey field 
(i.e. the ocean) would be even higher. PPE CRs were lower than 
Crocosphaera (P < 0.01 P. confoederata, not significant S. maxima 
due to low n) but exceeded the picocyanobacteria. Among the pi-
cocyanobacteria, Synechococcus clearance rates exceeded 
Prochlorococcus (P = 0.0028 P. confoederata, n.s. S. maxima due to 
low n). Prochlorococcus CRs were at or below zero, indicating no sig-
nificant difference from the no-animal controls. CRs for the indi-
vidual phytoplankton prey were negatively correlated to cell 
concentrations in the prey field (Fig. S2) and positively correlated 
to predicted cell diameters (Fig. S5).

Biomass contributions of cleared phytoplankton
To discern the contribution of each microbial lineage to the total 
phytoplankton biomass consumed by the salps, we calculated 
the biomass of the cells removed from the P. confoederata incuba-
tions using the CRs to derive the number of cells removed and per- 
cell carbon quotas from previous works for these organisms in this 
system (Table S2). We found that the PPEs and Crocosphaera con-
tributed the same amount of carbon to the salps (P > 0.05), which 
exceeded the very low average contributions of Synechococcus (P <  
0.01; Fig. 3). As Prochlorococcus CRs were not different from zero, 
biomass contributions were not calculated.

Gut enrichment of diverse major microbial 
functional groups
To broaden the microbial taxa we could study, differentiate be-
tween functional groups, and quantitatively test for feeding se-
lectivity, we used qPCR to quantify the gene copy number (i.e. 
cell number) of several dominant microbial taxa in dissected 
salp guts. Given its strong feeding signal, and numerous replicates 
collected, we focused on P. confoederata for the qPCR analysis. The 
prey quantities in guts were compared with seawater, all normal-
ized by volume, and corrected for multiple gene copies per cell, to 
calculate the enrichment of each microbial taxa in the salp guts 
relative to seawater.
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We found dramatic differences in how enriched the different 
microbial prey were in the salp guts compared with surrounding 
seawater (Fig. 4). Prochlorococcus and SAR11 were not different be-
tween the seawater and P. confoederata guts (P > 0.05), indicating 
no enrichment in the gut compared with the same volume of sea-
water. All other microbial taxa were significantly enriched in the 
salp guts relative to seawater (P << 0.01). Crocosphaera cells were 
most enriched at over 57,000-fold more abundant in the guts 
than the same volume of seawater. Synechococcus and the diatoms 
were enriched about 3,500-fold in P. confoederata guts compared 
with the same volume of seawater (P < 0.01). Chrysochromulina 
was enriched about 300-fold in the salp guts compared with 
seawater (P < 0.01).

Pegea particle encounter predictions
To identify whether size is the mechanism by which salps retain 
some microbial prey and pass over others, we compared theoret-
ical model predictions of P. confoederata particle encounter under 
two different scenarios: either direct interception or simple siev-
ing of spherical particles (Fig. 5A–C). The direct interception scen-
ario is a low-Reynolds (low-Re) number hydrodynamics model 
based on classic aerosol filtration theory (41). At sufficiently small 
length scales and low velocities, low-Re filtration theory predicts 
that flow separation around filter elements will be minimal and 
particles smaller than the mesh openings can be directly inter-
cepted on mesh fibers. The simple sieving scenario assumes that 
any particles larger than the mesh openings will be captured, 
where the mesh openings are described by a Gaussian distribution 
around the mean mesh opening size. The direct interception mod-
el predicts that particles >1.2 µm will be captured with 100% effi-
ciency and the simple sieving model predicts that particles 
>∼3 µm will be captured with 100% efficiency (Fig. 5D).

Both models predicted patterns directly counter to the enrich-
ment and CR empirical results. Predicted capture was highest for 
Prochlorococcus, followed by Synechococcus and PPEs, while predicted 
capture of Crocosphaera was negligible (Fig. 5E). The model of sim-
ple sieving showed overall slightly lower capture efficiency and 
encounter rates than those predicted by the direct interception 
model (Fig. S3A and B). While these models accurately predicted 
the capture of inert spherical particles of different sizes in a previ-
ous study with the same salp species (P. confoederata) (18), we show 
that the models do not accurately predict live cell capture. 
Collectively, these results suggest that simple mechanical princi-
ples—particle size, mesh dimensions, and flow rates through the 
mesh—are not sufficient to explain cell capture by salps. 
Instead, other properties of the mucous mesh and/or microbes, in-
cluding shape, surface properties, nutritional quality, or behavior 
may be governing capture.

Discussion
This work examined salps as a mortality source for the large mi-
crobial populations that dominate the Earth’s open ocean gyres. 
Using classic blue-water SCUBA techniques to ensure undis-
turbed feeding (42, 43), we measured CRs on diverse microbial 
prey. Using taxa-specific molecular assays, we compared specif-
ic prey in their enrichment level in salp guts relative to sur-
rounding seawater. To understand the mechanism by which 
certain microbial groups escape grazing, we compared model- 
derived prey profiles from different particle encounter scenarios 
to our results. We found that salps play a unique role in the bio-
geochemical function and ecosystem structure of the open 
oceans through selective feeding on different microbial func-
tional groups.

Fig. 1. A) Sea surface temperature at the sampling site in September 2022 and proximity to Station ALOHA, an oceanographic station representative of 
the North Pacific Subtropical Gyre. B) Concentration of microbial cells (cells per mL) determined by flow cytometry or qPCR (denoted *). Counts from qPCR 
were corrected if organisms had multiple gene copies per cell, as described in the Materials and methods section. C) Biomass contributions (pg C) of 
microorganisms with known per-cell carbon quotas (Table S2). D) Illustrations of studied salps in solitary and colonial forms (by Franz Anthony). Croco, 
Crocosphaera sp.; Chrys, Chrysochromulina; Dia, diatoms; Pro, Prochlorococcus; Syn, Synechococcus.
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Salps are a previously unknown predator  
of Crocosphaera
Crocosphaera stood out from the other microbial taxa due to its 
high CRs by both salp taxa, high enrichment in salp guts, and 
high contributions to prey biomass. This is the first evidence 
that mucous mesh grazers are the predators of Crocosphaera. 

As a ubiquitous cell adapted to widespread ocean regimes 
(44, 45), especially the nutrient poor open ocean, our finding has 
important implications for how Crocosphaera contributes to mar-
ine food webs and biogeochemical cycles on global scales.

The identification of pelagic tunicates as Crocosphaera predators 
adds new complexity to the understanding of Crocosphaera loss 
processes and their consequences, which are only just beginning 
to be addressed. Viruses are one possible mortality source 
for Crocosphaera (46). While the details of the viral lysis of 
Crocosphaera have yet to be revealed, we hypothesize that viral ly-
sis releases unique dissolved organic matter to the surrounding 
seawater as it does for other microbial cells (1). However, at the 
moment, the bulk of Crocosphaera mortality is attributed to a var-
iety of protists, which range in size from 6 to 30 µm, and include 
mixotrophs (38). Culture work suggests diel dynamics in protistan 
grazing on Crocosphaera (47), potentially influencing the rhythm of 
nutrient supply to the microbial loop through sloppy feeding. In 
contrast to viral lysis and protistan sloppy feeding, Crocosphaera 
captured by salps could be propelled to the highest trophic levels 
when salps are predated by seabirds and sea turtles (48) or ex-
ported to the deep ocean through sinking fecal pellets, as salps 
and other pelagic tunicates do for phytoplankton in higher lati-
tude systems (3, 4, 17). Indeed, sinking particulates from the sum-
mer export pulse at Station ALOHA contain Crocosphaera (49), 
suggesting a role for salps in exporting phytoplankton biomass 
in the oligotrophic open ocean as well as at high latitudes. A direct 
comparison of these mortality sources will be important to ex-
pand our understanding of the ecosystem consequences of 
Crocosphaera loss.

Removal of Crocosphaera by salps also has important repercus-
sions for biogeochemical pathways in the surface ocean. As a diaz-
otroph, Crocosphaera delivers new nitrogen to low nutrient 
environments, supporting diverse microbial life across huge areas 

Fig. 2. Clearance rates of each salp type, A) Pegea confoederata and B) Salpa maxima, on each phytoplankton prey type detected by flow cytometry. The 
number of salps tested is indicated by n. For boxplots, the middle line is the median, the top line is the 75th percentile, and the bottom line is the 25th 
percentile. Whiskers extend to the largest and the smallest values within the interquartile range. Dots are the individual data points (i.e. each salp). The 
overall test of differences by sample type was performed with Kruskal–Wallis. Croco, Crocosphaera sp.; Pro, Prochlorococcus; Syn, Synechococcus.

Fig. 3. Biomass contributions of prey populations consumed by 
P. confoederata calculated from the number of cells removed during the 
live incubations and their per-cell carbon quotas (Table S2). For boxplots, 
the middle line is the median, the top line is the 75th percentile, and the 
bottom line is the 25th percentile. Whiskers extend to the largest and the 
smallest values within the interquartile range. Dots are the individual 
data points for each incubated salp. The overall test of differences by 
sample type was performed with Kruskal–Wallis.
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of the ocean and playing a globally important role in the nitrogen 
cycle (39, 44). This versatile cell can also incorporate fixed 
nitrogen, competing against nondiazotrophic phytoplankton and 
heterotrophic microorganisms for nitrogen species, such as 
ammonium (50). These nitrogen metabolisms, especially the 
nitrogen-fixation machinery, come with a very high iron demand, 
which Crocosphaera is uniquely adapted to manage despite very 
low iron availability in open ocean gyres (51, 52). With these adap-
tations, Crocosphaera contributes to net primary production in the 
subtropical gyres on the same scale as the more abundant PPEs at 
around 11% of the net community production (34, 38, 39). Thus, in 
the removal of Crocosphaera, salps restrict the amount of new ni-
trogen that enters the surface ocean, limit productivity, and 
may direct these macro- and micronutrients to the deep sea 
through their fast-sinking fecal pellets or to higher trophic levels 
rather than to the microbial loop. Salp predation on Crocosphaera 
also brings more complexity to the interplay of iron availability, 
atmospheric carbon dioxide concentrations, and nitrogen fixation 
in future climate scenarios (53, 54).

The ocean’s dominant cells evade grazing by 
ubiquitous predators
This study is the first to show in a robustly quantitative way that 
Prochlorococcus and SAR11 evade grazing by open ocean salps. 
While a previous study reported that nonsalp mucous filter 
feeders capture Prochlorococcus but not SAR11 (21), that conclusion 
relied on amplicon sequence data, which is compositional and 
thus ambiguous in inferring changes in absolute cell abundances 
between samples (55–58). Two other studies also reported low re-
tention of Prochlorococcus by salps, but Prochlorococcus identification 
was not definitive due to a low sensitivity flow cytometry method 
(22) or uncertain identification with microscopy (24). In summary, 
while previous works have alluded to this finding before, ours is 
the first study that combines precise microbial identification 

with a statistically rigorous approach to show that open ocean 
salps do not feed on Prochlorococcus and SAR11.

Prochlorococcus and SAR11 evasion of salp grazing in these ex-
periments adds to the building evidence that protists and viruses 
are the key predators of these dominant bacterial lineages (5, 7, 36, 
59–61). This finding will improve parameterization of all of these 
predators (zooplankton, protists, and viruses) in ecosystem mod-
els (9). Further, the insight into SAR11 and Prochlorococcus predator 
avoidance has implications for the structure and evolution of 
marine microbial communities.

Prochlorococcus and SAR11 escape from salp grazing also relate 
to a long-standing question of why the tropical and subtropical 
open ocean gyres are dominated by small cells. This question is 
especially relevant to climate science as small marine cells may 
flourish in future climate scenarios (62–64) and to fundamental 
questions in biology as the Earth’s most numerous cells are small. 
Bottom-up explanations, such as the theory of streamlining 
(65, 66) and the temperature-size rule (67, 68), are powerful in ex-
plaining why small cells thrive in the warm nutrient-poor open 
ocean. Our work complements these two bottom-up explanations 
of the small-cell dominance phenomenon. First, our work shows 
that salps remove larger cells from the ocean system through se-
lective feeding, possibly through selection based on more than 
size, leaving populations of smaller cells unchanged. Second, 
while untested, it is also possible that SAR11 and Prochlorococcus 
small size is an adaptive trait used to escape predation by large 
mucous mesh feeders. Though patchy in their distribution, mu-
cous mesh feeders are constantly present in the open ocean and 
have formidable filtration rates (19). In the study area near the 
Hawaiian Islands, salp biomass ranges from 100 to 1,000 mg C m−3, 
representing some of the highest global salp biomasses (69). In the 
oligotrophic Atlantic Ocean (Sargasso Sea), mean salp abundances 
are 3.32 ± 25.5 ind m−3, reaching a maximum of 281 ind m−3 (70). 
Collectively, these data point to salps as an important source of mor-
tality in the oligotrophic ocean. For SAR11, their slippery membranes 

Fig. 4. Concentration (cells per mL) of prey in each P. confoederata gut compared with surrounding seawater as determined by qPCR using RA to reduce 
inhibition. Counts from qPCR were corrected if organisms had multiple gene copies per cell, as described in the Materials and methods section, to get cells 
per volume. The significance of the differences between salp and seawater for each qPCR assay (x-categories) is indicated by its P-value and the fold 
enrichment in the salp gut relative to seawater (enrichment). For boxplots, the middle line is the median, the top line is the 75th percentile, and the 
bottom line is the 25th percentile. Whiskers extend to the largest and the smallest values within the interquartile range. Dots are the individual salps 
tested for each qPCR assay. The overall test of differences by sample type was performed with Kruskal–Wallis. Seawater abundances are less here than in 
Fig. 1, because we used RA in all qPCRs to reduce inhibition by the salp guts and wanted to allow a fair comparison between gut and seawater 
amplification (see Materials and methods). Chryso, Chrysochromulina; Pro, Prochlorococcus; Syn, Synechococcus.
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may work together with their small cell size as an adaptative strategy 
to avoid pelagic tunicates and ascidians (21).

This story becomes more complicated because it is expected 
that small size makes cells more susceptible to protist predation 
(71). Thus, in escaping mucous mesh grazers, Prochlorococcus and 
SAR11 may be more susceptible to small predators, such as nano-
flagellates and ciliates. Given that Prochlorococcus and SAR11 likely 
coevolved in the early ocean (72), the avoidance of salps by both 
taxa may tie into their shared evolutionary trajectory. While 
many open questions remain on this topic, our work makes it 
clear that these cells must tread a fine line to balance their size, 
nutrient acquisition efficiency, and vulnerability to a range of 
predator sizes and strategies.

Salps shape direct and indirect microbial 
interactions
The qPCR approach enabled direct study of known microbial func-
tional groups; thus, we can infer how salps influence organismal 
interactions relevant to the open ocean ecosystem.

We discovered several direct interactions that would be altered 
by salp feeding. In quantifying salp removal of Chrysochromulina, a 
known Prochlorococcus predator (36, 59), we show that salp feeding 
may lessen this protist’s predation on Prochlorococcus by reducing 
the abundance of the predator population. Given that 
Prochlorococcus escapes the salp predation too, salp predation on 
Chrysochromulina is a double bonus for Prochlorococcus. Salp 
feeding may also alter direct competition between open ocean 
phytoplankton. By capping the population sizes of larger 

phytoplankton, salps may reduce direct competition between 
phytoplankton for scarce nutrients in the oligotrophic oceans.

Our work also shows that salps influence indirect interactions 
between microorganisms, which are difficult interactions to de-
tect, but are key layers in microbial community dynamics and 
function. We reveal that salps are shared predators of 
Synechococcus, diatoms, and mixotrophic phytoplankton, meaning 
that salp growth from feeding on one of these phytoplankton 
groups will increase mortality of the other groups, which can 
seem like competition between the phytoplankton (a.k.a. appar-
ent competition) (73). This insight is important for parameterizing 
predator–prey relationships in ecosystem models. In particular, 
recent work shows that incorporation of shared predation into 
models of marine bacteria biogeography improves model accur-
acy and alignment with ship-based observations (12).

Factors other than cell size govern escape
Our results from natural prey populations are in direct opposition 
to capture rates predicted by two theoretical models. Models of 
direct interception and simple sieving filtration suggest that 
even though capture efficiencies are low (57 and 8%, respectively, 
Figs. 5 and S3) for small particles like Prochlorococcus, they are pre-
dicted to be captured at high rates due to their numerical abun-
dance. Conversely, large particles like Crocosphaera are predicted 
to be captured at close to 100% efficiency but represent a very 
low proportion of the salp diet due to their low abundances in 
the seawater. Intriguingly, previous incubation experiments 
with P. confoederata grazing different-sized artificial polystyrene 

Fig. 5. Investigation of two different models of particle encounter between salp mesh and microorganisms. A) Illustration of salp mesh after microscopy 
images published in Sutherland et al. (18) with mesh fiber cross-section (gray rectangle) to indicate the perspective of B and C. B) Visualization of direct 
interception looking at cross-sections of the salp mesh fibers (gray), with arrows indicating the path of fluid flow, and spheres indicating particles of 
different sizes. C) Visualization of simple sieving as in B. D) Particle capture probabilities based on direct interception and simple sieving with a Gaussian 
mesh for P. confoederata. E) Comparison of the relative abundance of retained prey (colors) from theoretical particle encounter models (direct interception 
vs. simple sieving), results from qPCR analysis, and CRs from flow cytometry analysis. For the qPCR data, diatom abundance is shown as one component 
of the PPEs. Predicted particle encounter efficiencies and predicted counts of captured cells are presented in Fig. S3.
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microspheres matched the results from the low-Re number par-
ticle capture model (18); therefore, differences between model 
and experiment observed here are likely not due to shortcomings 
of the model but instead should be attributed to aspects of natural 
particles other than size that mediate particle capture. This phe-
nomenon has also been observed in benthic ascidians (74), where 
polystyrene beads were captured much less efficiently than 
planktonic cells, building evidence that properties such as cell 
surface may be important in prey capture by filter feeders.

Existing understanding of these open ocean microorganisms 
provides some hypotheses for what cell properties could govern 
the predation interaction. Particle shape has been shown to 
influence capture (75) but this effect is insufficient to account 
for different capture rates in the present study. For example, 
Prochlorococcus and Synechococcus are similar in size and both 
roughly spherical but they experienced divergent capture rates 
in this study (Figs. 2 and 4), consistent with previous studies of gel-
atinous grazers (23). Surface properties of particles, including 
hydrophobicity, have also been shown to mediate particle capture 
(74, 76). In particular, members of the SAR11 clade have a lower 
hydrophobicity index than other dominant microbes and have 
been shown to evade capture by some benthic and pelagic tuni-
cates (21). Though untested, Prochlorococcus may similarly evade 
capture due to cell surface attributes. Further, the behavior of 
salps or the prey may also dictate capture. Salps can swim back-
ward and eject the feeding mesh to reject particles in bulk (77) 
but this behavior does not account for more nuanced particle se-
lection. Behavioral responses to predators are almost completely 
unknown and unexplored for the small prey cells in this study, 
but bacteria from other systems are known to have varied tools 
of defense (78–80).

In conclusion, this work shows a major role for salps in control-
ling the abundances and collective function of microbial commu-
nities in the vast nutrient-poor open ocean. By removing 
larger microorganisms, salps alter the encounters between small 
bacteria, their competitors, and their protistan predators. 
Comparison of our results to different models of particle retention 
on mucous mesh filters suggests that unknown cell properties, 
such as surface characteristics, behavior, and shape, may play a 
role in determining which cells are captured by salps and which 
cells escape to populate and thrive in one of the Earth’s most ex-
pansive ecosystems.

Materials and methods
Oceanographic setting and sampling
Collections and experiments were conducted in the North Pacific 
Subtropical Gyre, at a field site 3 nautical miles offshore of Kona, 
Hawai’i (19.710746 N, 22.75 W; Fig. 1A). This site was chosen for its 
position within the North Pacific Subtropical Gyre, and close prox-
imity to the long-term Station ALOHA, which is strongly represen-
tative of this oceanic region (32). Satellite-measured sea surface 
temperatures were analyzed retrospectively with the Group for 
High Resolution Sea Surface Temperature Level 4 using version 
4 Multiscale Ultrahigh Resolution (MUR) L4 analysis at the begin-
ning of the field sampling period (2022 September 11). The 
data were obtained from the Physical Oceanography Distributed 
Active Archive Center (PODAAC; https://podaac.jpl.nasa.gov/ 
MEaSUREs-MUR).

All samplings were conducted from a recreational dive boat 
using blue-water SCUBA techniques (43). Dives were conducted 
just prior to sunset or immediately after sunset to have the 

opportunity to sample different salps at different times in case of 
shifting community composition due to vertical migration (81). 
Sample collection occurred in the top 25 m.

Salp and prey field collections
To capture salps for incubations or gut dissections, divers ap-
proached salps slowly and enclosed them in 1 L jars. We used 
this method to limit disturbance to the salp feeding process, 
such as ejection or cessation of feeding net production. For salps 
intended for incubations, an initial sample (“time zero”) of an un-
disturbed parcel of seawater (i.e. the prey field) near the animal 
was collected in a 3-mL syringe immediately after animal capture. 
Negative controls for the incubations were treated the same as the 
salp, without the capturing of an animal. Within 15 min of collec-
tion, divers surfaced and passed the collection jars and time-zero 
samples to a person on the dive boat deck, who continued the in-
cubations, sampling at several intervals across the time-course, or 
performed the gut dissections.

Feeding incubations
Feeding incubations were initiated at the point of collection (time 
zero) and finished on board the dive boat. Incubations were shel-
tered from direct sunlight or deck lights (for after dark incuba-
tions) and lasted from 45 to 90 min. The incubation jar lids were 
custom-fitted with self-healing rubber injection ports (13 mm 
diameter, Ks-Tek), allowing sample collection using a needle 
and syringe without disturbing the animals. Samples for flow cy-
tometry were collected at regular intervals (about every 30 min) in 
1 mL volumes fixed with a final concentration of 0.125% electron 
microscopy grade glutaraldehyde (Tousimis, Rockville, MD, 
USA). Fixed samples were gently inverted 10 times, then incu-
bated at ambient temperature in the dark. Samples were stored 
on blue ice (∼0 °C) until the dive boat returned to shore when sam-
ples were frozen on dry ice then archived at −80 °C.

Gut dissections and volume estimates
Additional P. confoederata were collected to quantify prey within 
the gut. Within 30 min of collection, the salps were poured gently 
from the collection jar onto a mesh sieve and gently rinsed three 
times with 0.2 µm filtered seawater from the site. Dissection tools 
were sterilized in ethanol and treated with Thermo Scientific DNA 
AWAY (Thermo Fisher Scientific, Waltham, MA, USA) before each 
use. Dissecting scissors were used to cut the gut out of the animal 
and place it in a sterile bead-beater tube preloaded with 100 µL 
DNA/RNA Shield (Zymo Research, Irvine, CA, USA). Gut volumes 
were estimated at 100 µL, based on their diameter and estimation 
as a sphere.

Flow cytometry
In the live salp incubations, the predicted size and concentrations 
of Prochlorococcus, Synechococcus, PPEs, and Crocosphaera were quan-
tified via flow cytometry using a BD Influx high-speed cell sorted 
(BD Biosciences, San Jose, CA, USA) equipped with a small particle 
detector. Cells were excited by a 488-nm laser with a trigger on for-
ward light scatter (FSC). Yellow-green, 1-µm-diameter polystyr-
ene beads (Polysciences, Inc., Warrington, PA, USA) were used 
for laser alignment, size calibration, and as a reference for gating. 
The volume of each sample analyzed was calculated from the 
time analyzed and flow rate of the instrument. Gating of the 
phytoplankton populations was done in FlowJo version 10.4.1 (BD 
Biosciences), following many previous works in this system 
(13, 82) and recent descriptions of marine phytoplankton 
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populations commonly detected by flow cytometry (83). The Mie 
theory was used to estimate the average equivalent spherical 
diameter (ESD) for each population of cells detected via flow cy-
tometry, following previous work that validated this approach 
on phytoplankton in the NPSG (84). First, we calculated the opti-
mized Mie model for the BD Influx instrument used in this study 
using a range of spherical particles. We measured mean FSC for 
each population (Fig. S4A) then, following Ribalet et al. (84), we es-
timated the average ESD of each phytoplankton population based 
on the instrument-specific Mie relationship and the FSC means 
(Fig. S4B).

Biomass calculations
We estimated the biomass contributed by each microbial group 
detected via flow cytometry and selected groups detected by 
qPCR (i.e. SAR11). Microbial population biomass (pg C L−1) was 
calculated by multiplying previously published per-cell carbon 
quotas by the number of cells per volume (measured in this study 
via flow cytometry or qPCR). Table S2 presents the values and 
references for all carbon cell quota values. While there are per 
cell carbon quotas published for relatives of Chrysochromulina 
and Thalassiosira (84–86), we did not compute biomass estimates 
for these two taxa, due to the lack of published values on strains 
of these lineages acclimated to open ocean conditions, which 
could be significantly different from strains in culture.

Quantitative PCR
The qPCR was used to quantify six different microbial prey types 
in the DNA from dissected guts of P. confederata and surrounding 
seawater (50 mL volumes filtered on 0.2 µm pore-sized filters). 
Targets included Prochlorococcus eMIT9312, SAR11, marine 
Synechococcus (clade 2), Crocosphaera, diatom Thalassiosira sp., and 
haptophyte Chrysochromulina. This approach follows work devel-
oped for the quantification of eukaryotic phytoplankton in doliol-
ids (87, 88). We corrected gene copies per mL detected by qPCR to 
cells per mL based on copy number per cell, which is 1 for all bac-
terial assays, 2 for Chrysochromulina (36), and 1 for the diatom (with 
the caveat that diatom 18S rRNA gene copy number per cell can 
vary substantially across taxa, as described (89)). We found sub-
stantial qPCR inhibition by the salp DNA, which informed many 
of the subsequent steps. Seawater DNA did not inhibit qPCRs.

DNA was extracted from seawater filters and from salp guts us-
ing the DNeasy Plant Tissue Mini kit or the Blood and Tissue kit 
(Qiagen, Hilden, Germany) with some modifications to the manu-
facturer’s protocol. We added three cycles of freezing the samples 
in liquid nitrogen for 30 s and thawing them at 65 °C before the 
TissueLyser step, followed by a proteinase K treatment before 
the RNase treatment step. DNA was eluted in 100 µL of “AE” buf-
fer. The two kits resulted in the same DNA yields. We found no dif-
ference in how DNA from the two different extraction methods 
inhibited PCR by using a universal internal positive control (IPC) 
to quantify inhibition, as previously published (90). To minimize 
PCR inhibition, we also used the OneStep PCR Inhibitor Removal 
kit (Zymo Research) for the salp gut DNA samples.

We performed the qPCRs using either the Power SYBR Green PCR 
Master Mix (Applied Biosystems, Waltham, MA, USA) or the 
TaqMan Universal Master Mix (Thermo Fisher Scientific), depend-
ing on the published assay protocols (Table S1). We had 10 seawater 
DNA samples and 13 P. confoederata gut DNA samples. Standard 
curves for each assay were created between 100 and 106 gene 
copies using gBlocks synthetic oligonucleotides (Integrated DNA 
Technologies, Coralville, IA, USA) in Tris-EDTA or “AE” buffer, 

following published recommendations (91). Oligonucleotide se-
quences used for the standards are provided in Table S2. All reac-
tions were run in duplicates or triplicates, and at least two 
no-template controls were used in each qPCR run. At the end of 
each run, a melt curve analysis confirmed that only one amplicon 
was produced. The qPCRs were run on either a MiniOpticon 
System (Bio-Rad Laboratories, Hercules, CA, USA) or on a ViiA7 
Real-time PCR system (Thermo Fisher Scientific) in 20 µL volume.

To further minimize inhibition, we diluted (1:5) the salp DNA to 
reduce the presence of inhibitors and added 1 µL of 20 mg/mL re-
combinant albumin (RA; New England Biolabs, Beverley, MA, USA) 
to each qPCR reaction (1 mg/mL final concentration). When RA 
was used in the reactions, the same amount was added to the 
standard curve reactions. We confirmed that these treatments 
eliminated inhibition using an IPC (90). However, we noticed 
that while eliminating inhibition, the RA reduced the maximum 
fluorescence of double-stranded DNA in the qPCRs. Previous stud-
ies indicated that while albumin can counteract polymerization 
inhibitors, it does not eliminate the quenching of fluorescence 
(92). Furthermore, in the IPC reactions with RA, we consistently 
observed lower fluorescence and a small but consistent increase 
in cycle number (Cq). In order to ensure that we did not introduce 
any difference between the salp and seawater DNA gene copy 
numbers with the method, we ran a subset of seawater DNA sam-
ples with RA. We calculated a conversion factor based on the dif-
ference in Cq between reactions with and without RA and applied 
this conversion to the rest of the seawater DNA samples. For the 
abundances of microbial taxa in seawater (Fig. 1), we report 
qPCR values run without RA for the best qPCR runs. However, be-
cause the salp guts had to be analyzed with the RA, when we com-
pared gut microbial prey with seawater, we used seawater values 
with RA (Fig. 4).

Clearance rates calculations
We calculated the CRs, or volume swept clear, of salps on the dif-
ferent microbial prey that were detected by flow cytometry in the 
live incubations using the particle depletion method (93). This 
method has often been used for salps (94), including the study tar-
get P. confoederata (95). CR was calculated, as detailed previously 
(96), using the formula:

CR =
V
nt

 

ln
Cc

Ce

 

, 

where Cc and Ce are the concentration of prey cells at the end of 
the incubation in the no-animal control (Cc) and with-animal ex-
periment (Ce) after time (t), the volume of the incubation (V ), 
and number of animals (n; always one).

Particle encounter model
To tease apart potential physical mechanisms that govern differ-
ential CRs, and enrichment, of natural microbial prey popula-
tions, we calculated capture efficiencies (E, dimensionless), 
using two theoretical models. First, a low-Re number hydro-
dynamics model based on direct interception of particles on a 
rectangular mesh was used with field measured parameters (par-
ticle sizes) or parameters taken from the literature (P. confoederata 
mesh dimensions) following previous studies (18, 97). Particles 
were assumed to be spherical and particles that contacted the 
mesh were assumed to stick to the mesh. Second, a model of sim-
ple sieving was used based on a previously determined Gaussian 
distribution of mesh widths for P. confoederata (18). The Gaussian 
distribution accounts for the observed variability in mesh opening 
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size such that particles that are smaller than the mean mesh 
opening can still be retained. Capture efficiency, E, was then 
used to determine an encounter rate, P (particles s−1) from each 
model following:

P = EQC, 

where Q (mL/s) is the average volume flow rate through a 40-mm 
long salp—set to Q = 1.69 mL/s based on empirical measurements 
from three previous studies (described in Sutherland et al. (18))— 
and C (particles mL−1) is the particle concentration measured dir-
ectly from the field samples. The encounter rate was then used to 
compare model-predicted capture to empirical measurements.
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