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          Overview 

 Protists, single-celled eukaryotes, the vast majority of which are between about 2 
and 200 μm in size, are ubiquitous in marine and freshwater ecosystems. Initial 
grouping of microbial eukaryotes into phototrophs (algae), and heterotrophs (proto-
zoa), has morphed into categorization of protists based on molecular genetic lineage 
trees (Caron et al.  2012 ). Many non-pigmented fl agellates are closely related to 
photosynthetic species, photosynthetic fl agellates have been demonstrated to ingest 
bacteria or other prey (Zubkov and Tarran  2008 ), and acquisition of functional chlo-
roplasts from ingested algae is common among ciliates and dinofl agellates (Flynn 
et al.  2012 ; Stoecker et al.  2009 ). Commonly studied aquatic protists are algae in the 
phytoplankton, non-pigmented, phagotrophic fl agellates in the nanoplankton 
(2–20 μm) size class, and phagotrophic protists (microzooplankton), mainly ciliates 
and non-pigmented dinofl agellates, in the microplankton (20–200 μm) size class 
(Sieburth et al.  1978 ). Microzooplankton have been shown to be signifi cant con-
sumers of photosynthetic microbes in the sea (Calbet and Landry  2004 ). Our own 
research has focused primarily on phagotrophic nanofl agellates and microzooplank-
ton (examples shown in Fig.  1 ). Here we review method development and research 
fi ndings that underpin the current understanding of the roles of protists in aquatic 
food webs, highlighting our own work in this fi eld. Discovering the importance of 
phagotrophic protists in planktonic food webs was a crucial part of the history of 
marine microbial ecology (Sherr and Sherr  2008 ).
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       Protists as Elemental Recyclers 

 The reviews of Pomeroy ( 1974 ), Azam et al ( 1983 ), and Ducklow ( 1983 ) advanced 
the idea that in the sea (and by implication in freshwaters as well) bacteria and their 
protist grazers were responsible for the bulk of ecosystem respiration and thus recy-
cling of organic matter. Investigations of respiration and nutrient regeneration in 
marine habitats demonstrated that a multistep microbial food web was necessary for 
complete remineralization of nitrogen and phosphorus from the organic compounds 
in bacterial biomass. 

 While rates of respiration could, with caveats, be determined in seawater sam-
ples by measuring the rates of decrease of dissolved oxygen, rates of nutrient release 
in such experiments were too low to be accurately quantifi ed using standard chemi-
cal analyses. Phosphate regeneration could be sensitively assessed by short-term 
release of radioactive P into the dissolved fraction from organic matter produced by 
bacteria and phytoplankton grown with added 32P. However, the longest-lived radio-
active form of nitrogen, 13N, with a half-life of about 10 min, could not be easily 
used to evaluate rates of nitrogen remineralization. 

  Fig. 1    Examples of protists observed in various marine systems during our career: ( a ) Parasitoid 
fl agellates (4–6 μm) feeding on cells of a pennate diatom chain in the Bering Sea; ( b ) small spiro-
trichous ciliate (20 × 25 μm) in the plankton of the Bering Sea; ( c ) large mixotrophic ciliate, 
 Laboea spiralis  (50 × 110 μm) in the plankton of the Bering Sea; ( d ) non-thecate heterotrophic 
dinofl agellate,  Gyrodinium  sp. (60 × 90 μm), cell shape greatly distorted with an ingested pennate 
diatom cell, in the plankton of the coastal Oregon upwelling system; ( e ) thecate dinofl agellate, 
 Protoperidinium  sp. (50 × 60 μm) feeding extracellularly on a centric diatom chain with an 
extruded pseudopodial pallium in the plankton of the Bering Sea       

 

E.B. Sherr and B.F. Sherr



5

 Harrison ( 1978 ) and Glibert et al. ( 1982 ) pioneered the 15N isotope dilution tech-
nique, in which 15N labeled ammonium was added to aliquots of seawater. Seawater 
samples were either whole (unfi ltered) or size fractioned by passing water through 
mesh netting or fi lters of progressively smaller pore size. Experimental seawater 
treatments with added 15N ammonium were incubated under in situ conditions of 
light and temperature for 12–24 h. During that time, a portion of the added 15N 
ammonium would be incorporated into phytoplankton and bacterial biomass, while 
the unenriched nitrogen present in organic matter would be remineralized into the 
pool of ammonium in the seawater. Quantitative extraction of ammonium from 
experimental water samples at initial and fi nal times of incubation, followed by 
measurement of the 15N:14N isotope ratios of the extracted ammonium, allowed esti-
mation of the extent to which the time zero 15N ammonium was diluted with unen-
riched recycled ammonium. Harrison’s initial results documented that organisms 
less than 35 μm in size, including bacteria and heterotrophic protists, were respon-
sible for about 90 % of the rate of ammonium regeneration in the coastal systems 
that he studied. This clever, although challenging, approach was used by investiga-
tors to establish the impact of bacteria and their grazers in nutrient recycling in other 
aquatic systems (Glibert et al.  1992 ). Additional investigations focused on the 
amount of regeneration of nutrients by protists feeding on bacterial and phytoplank-
ton prey with a range of C:N and C:P ratios (Caron and Goldman  1988 ). 

 Our own contribution to protist regeneration of N and P nutrients occurred at the 
beginning of our work as a team, during our collaboration with Tom Berman on 
microbial activity in Lake Kinneret, Israel from 1979 to 1981. Research on heterotro-
phic protists, especially bacterivorous fl agellates, was cutting edge at that time, stim-
ulated by the work on signifi cance of protists in nutrient regeneration and by studies 
of Tom Fenchel on bacterivorous fl agellates in Danish coastal waters (Fenchel  1982 ). 
Berman introduced us to another Israeli ecologist, Utsa Pollinger, who told us that 
during the decline phase of an annual dinofl agellate bloom in the lake, there was a 
secondary burst of tiny non-pigmented fl agellates. She wondered what caused these 
heterotrophic fl agellates to grow up. We experimented with lake water containing 
both bacteria and fl agellates to which we added dried dinofl agellates collected from 
a previous year’s bloom. The dinofl agellate armor plating, the theca, was composed 
of sugary carbohydrate that the lake bacteria readily used as a substrate. Bacterivorous 
fl agellates then grew up, consuming the bacteria and releasing ammonium and phos-
phate into the water that the bacteria could use for further growth (Sherr et al.  1982 ). 
We also evaluated ammonium excretion rates by a heterotrophic fl agellate isolated 
from lake water fed different species of bacteria (Sherr et al.  1983 ). 

 Later, while at Oregon State University, we supervised the M.S. thesis research of 
Marcelino Suzuki in which he used a 15N tracer approach to sensitively measure the 
rate of regeneration of ammonium by grazing of marine fl agellates on 15N labeled 
bacteria (Suzuki et al.  1996 ). Suzuki’s results corroborated the earlier fi ndings based 
on the 15N isotope dilution method; in his study nitrogen regeneration effi ciencies 
from bacterial-N were 30–35 % for a one-step trophic link  (bacterivorous fl agellates), 
60 % for 5 μm fi ltered seawater (bacterivorous fl agellates plus small fl agellate preda-
tors), and 90 % for unfi ltered seawater with an intact microbial food web. 
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 Phagotrophic nanofl agellates that can participate in nutrient recycling also 
include parasitoid fl agellates that either internally infect host cells (Guillou et al. 
 2008 ; Siano et al.  2011 ) or feed externally on diatoms (Fig.  1a ) (Tillmann et al. 
 1999 ; Sherr et al.  2013 ).  

    Protists as Consumers of Bacteria 

 The discovery in the 1980s of the true abundance of heterotrophic bacteria in marine 
and freshwaters by using fl uorescent dyes to visualize bacteria with epifl uorescence 
microscopy, coupled with measurement of rates of bacterial biomass production via 
incorporation of radiolabeled thymidine and leucine (Sherr and Sherr  2008 ), turned 
attention to the processes controlling bacteria growth in aquatic systems. It was 
obvious that heterotrophic nanofl agellates were effective grazers of the small-sized 
bacterial cells present in seawater (Sieburth  1981 , Fenchel  1982 ; Andersen and 
Fenchel  1985 ). However, approaches were needed both to accurately enumerate the 
in situ abundances of heterotrophic fl agellates, and to determine their rates of bacte-
rial consumption. Fluorescent dyes, notably acridine orange (AO) and DAPI, 
already used to enumerate aquatic bacterioplankton, were applied to determining 
abundance of non-pigmented fl agellates (Sherr et al.  1993 ). UV-excited, blue fl uo-
rescing DAPI was judged to be superior to blue light-excited, green fl uorescing dyes 
such as AO, as blue-fl uorescing cells made it easier to distinguish heterotrophic 
fl agellates from chloroplast-bearing phytofl agellates. 

 Development of standard methods to quantify rates of fl agellate bacterivory in 
aquatic systems proved more diffi cult. A variety of approaches were tried, including 
comparative growth of bacteria in whole water and in water fi ltered to remove most 
bacterivores, dilution of whole water with particle free water to decrease abundance 
of bacterivores, ingestion of radiolabeled bacteria, and use of inhibitors of eukary-
otic cell growth to eliminate, or at least decrease, protist grazing on bacteria 
(reviewed in Strom  2000 ). All of these methods had serious artifactual problems 
and/or were too time-consuming for routine measurements. 

 Visualizing direct ingestion of added fl uorescent particles by heterotrophic fl ag-
ellates was among the methods proposed. Initial efforts used plastic, bacterial-sized 
beads, with or without pre-treatment with an organic compound such as bovine 
serum albumin to minimize bead clumping and to make the beads more palatable to 
fl agellates (Sherr and Sherr  1993 ; Strom  2000 ). Concern remained that the plastic 
beads were not adequate analogs for in situ bacterioplankton, and subsequent stud-
ies showed that some protist species did show selective preference for ingestion of 
bacterial cells compared to bacterial-sized beads. 

 With help from colleagues, including our Israeli mentor Tom Berman, we devel-
oped a method to concentrate and then stain estuarine bacteria with the green 
 fl uorescing dye DTAF (Sherr et al.  1987 ). Known abundances of fl uorescently labeled 
bacteria (FLB) were added to subsamples of coastal water. Flagellates in the samples 
fed on bacteria, including FLB, and after a short incubation time (15–60 min) ali-
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quots of the incubated water were preserved and processed for microscopy. By 
switching epifl uorescence fi lter sets between UV light for DAPI-stained protists, and 
blue light for DTAF-stained FLB, ingested FLB could be visualized inside the fl agel-
lates. After determining the average number of FLB per fl agellate, and the abun-
dances of fl agellates, FLB, and total bacteria in the sample, an estimate of the rate of 
clearance of bacteria by fl agellates could be made. This approach proved to be fairly 
robust, and was subsequently applied in other aquatic systems. The main consumers 
of bacterioplankton proved to be fl agellates less than 5 μm in size (Sherr and Sherr 
 1991 ). Results of FLB ingestion and other methods of estimating rates of protist bac-
terivory demonstrated that this source of mortality could crop a large fraction of bac-
terial production in both oligotrophic as well as coastal and estuarine waters (Strom 
 2000 ). Selective ingestion by fl agellates of larger-sized and metabolically active bac-
teria was also documented (Sherr et al.  1992 ; Gonzalez et al.  1993 ; Strom  2000 ). 

 In our bacterivory experiments, we discovered that ciliates in coastal water also 
ingested FLB (Sherr and Sherr  1987 ; Sherr et al.  1989 ). Marine ciliates in the plank-
ton were thought to feed on algal cells, not bacteria. But most of the bacteria- 
ingesting ciliates were tiny, some only 10–12 μm in diameter (Sherr et al.  1986a ). 
In a review of our 1986 manuscript, Tom Fenchel stated that the existence of a 
10 μm-sized ciliate was as incredible as that of a 1 cm-sized mammal. We rebutted 
that a newborn pigmy shrew was about 1 cm long; our paper was published.  

    Protists as Consumers of Phytoplankton 

 The role of aquatic protists in marine food webs as herbivores, consumers of photo-
synthetic cells, is quantitatively more signifi cant than is protistan bacterivory. This 
fact is a consequence of the greater biomass of photosynthetic bacteria and algae 
compared to the biomass of heterotrophic bacteria in both coastal and open ocean 
systems, and of the capacity of protists, from nanofl agellates to microzooplankton, 
to consume a wide range of sizes of photosynthetic cells (Sherr and Sherr  1992 , 
 1994 ,  2002 ,  2007 ,  2009 ). 

 Landry and Hassett ( 1982 ) developed the dilution assay to evaluate grazing 
impact of microzooplankton on phytoplankton. In this approach, whole water sam-
ples are diluted with freshly prepared particle free water to yield subsamples that 
range from 100 % whole water to 5 % or 10 % whole water, in order to proportion-
ally reduce protist grazing on individual phytoplankton cells. Nutrients are added to 
ensure equivalent cell-specifi c phytoplankton growth across the dilution series, and 
initial chlorophyll concentration is determined. After a 24 h incubation under in situ 
conditions of light and temperature, each experimental dilution is sampled for fi nal 
chlorophyll concentration, and phytoplankton growth rates are calculated based on 
change in chlorophyll from initial to fi nal time in each treatment. Typically, there is 
a linear decrease of phytoplankton growth rate with amount of whole water in the 
samples. A plot of growth rate versus proportional amount of whole water yields a 
regression in which the  y -axis intercept estimates phytoplankton growth rate in the 
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absence of grazing (i.e. at infi nite dilution), and the negative slope is the microzoo-
plankton grazing rate. Although various concerns about the method have been 
raised, and dilution experiments are time-consuming to perform, the dilution assay 
has been adopted as the standard approach to evaluating protistan herbivory in the 
sea. The results have demonstrated that microzooplankton herbivory is a major 
source of phytoplankton mortality in all marine regions (Sherr and Sherr  2002 ; 
Calbet and Landry  2004 ; Sherr et al.  2009 ,  2013 ).  

    Protists in High Latitude Food Webs 

 In 1990, the year that we moved to Oregon State University, there was still surpris-
ingly little research on microbial plankton in the Arctic Ocean, an important and 
climate-sensitive region of the earth. That was about to change, and we were fortu-
nate to get onboard with developing arctic research programs. 

 Together with a fellow OSU oceanographer, Pat Wheeler, we were funded to 
participate in the Arctic Ocean Section (AOS). Two icebreakers, the U.S. Coast 
Guard’s Polar Sea and the Canadian Coast Guard’s Louis S. St. Laurent, carried an 
international group of marine scientists to the North Pole, the fi rst time that North 
American surface ships had reached the Pole. Our part involved assessment of the 
abundances of microbial eukaryotes, both photosynthetic and heterotrophic, in the 
central Arctic Ocean (Sherr et al.  1997 ). In 1997–1998, again in collaboration with 
Wheeler, we participated in another multi-national expedition, the Surface Heat 
Budget of the Arctic Ocean (SHEBA), in which we were able to follow the seasonal 
cycle of abundances and activity of marine microbes in the central Arctic Ocean 
from a Canadian icebreaker, Des Groseilliers, that drifted with the ice pack for a full 
year (Sherr and Sherr  2003 ; Sherr et al.  2003 ). Results from both projects demon-
strated that there is a diverse and active microbial food web in the Arctic Ocean, 
with heterotrophic fl agellates feeding on both bacteria and small algae. 

 In subsequent high latitude projects, we shifted our focus to microzooplankton, 
both as herbivores and as a food resource for copepods and krill. We had long con-
sidered this latter trophic link to be a fundamental part of aquatic food webs (Sherr 
et al.  1986b ; Sherr and Sherr  1988 ). We collaborated with zooplankton ecologists: 
Carin Ashjian at the Woods Hole Oceanographic Institution and Robert Campbell 
at the Graduate School of Oceanography at the University of Rhode Island, as part 
of the Shelf-Basin Interactions (SBI) project in the western Arctic Ocean. During 
cruises on the new U.S. Coast Guard icebreaker Healy in spring and summer of 
2002 and 2004, our team carried out dilution assays and mesozooplankton grazing 
assays using on-deck incubators. Sea ice was extensive over the shelf regions dur-
ing the summer of 2002, but had melted back to the central Arctic in 2004, 
 providing a good contrast in system conditions. There was signifi cant microzoo-
plankton herbivory in both years (Sherr et al.  2009 ), and protists in the microzoo-
plankton were avidly consumed by zooplankton, especially smaller copepods 
(Campbell et al.  2009 ). 
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 We worked with Ashjian and Campbell on similar research in the Bering Sea in 
2008–2010. The Bering Sea Ecosystem Study (BEST) was a multi-investigator pro-
gram in which fi sheries scientists and oceanographers collaborated in examining the 
impact of extent of spring sea ice on fi sh and marine mammal stocks in this impor-
tant region. About half of the total U.S. fi sh catch (including pollock, halibut and 
salmon as well as crabs) comes from the Bering Sea, due to the extraordinary dia-
tom blooms that start each spring at the edge of the sea ice pack, and then follow the 
ice as it retreats north. These diatom blooms initially support hordes of copepods 
and krill that are important food for fi sh, and then the diatoms sediment en masse to 
fuel the worms and clams that nourish crabs, bottom-feeding fi sh, gray whales, and 
walrus. The concern is that as climate change intensifi es, the winter extent of the ice 
pack will lessen, and sea ice will melt sooner in the spring, disrupting the intensity 
and timing of the spring diatom blooms on which Bering Sea fi sheries depend. 

 Even though we were supposed to evaluate the effects of diminished sea ice, dur-
ing the March–April cruises of 2008 and 2009 there was unusually extensive sea 
ice, with only early-stage diatom blooms. When the spring 2010 cruise was sched-
uled later in the season (May–June), we were able to sample intense open water 
diatom blooms. As for the fi ndings from our SBI project in the western Arctic 
Ocean, the BEST data underscored the importance of both diatoms and microzoo-
plankton to Bering Sea food webs. A clear result from both these projects was that 
large, non-pigmented dinofl agellates were important consumers of bloom-forming 
diatoms, both as single cells and chains (Sherr et al.  2009 ,  2013 ). Most investiga-
tions of microzooplankton as food for zooplankton had considered ciliates (e.g. 
Fig.  1b, c ) as the major group of herbivorous protists. We found that in the western 
Arctic Ocean, in the Bering Sea, and also in upwelling diatom blooms in Oregon 
coastal waters, herbivorous dinofl agellates (e.g. Fig.  1d, e ) often composed 50 % or 
more of microzooplankton biomass, and were major grazers of diatoms in the sea 
(Sherr and Sherr  2007 ; Sherr et al.  2013 ).  

    Looking to the Future 

 Research on the quantitative impact of phagotrophic protists on recycling and tro-
phic transfers in aquatic ecosystems has expanded to include assessment of the 
genetic diversity of heterotrophic protists (Caron et al.  2012 ), investigation of 
chemical cues that affect prey ingestion (Roberts et al.  2011 ), and study of the bio-
chemistry of prey detection in phagotrophic protists (Hartz et al.  2008 ,  2011 ). 
Results of molecular genetic studies suggest that the taxonomic diversity of both 
autotrophic and heterotrophic protists in marine systems is extraordinary. One inter-
esting fi nding is the ubiquitous presence in the sea of protists related to a group of 
dinofl agellates, the Syndiniales, that parasitize other protists (Guillou et al.  2008 ; 
Siano et al.  2011 ). Protist parasitism is an alternate mode of predator–prey interac-
tion that is ripe for further study; we noted parasitoid fl agellates infecting diatoms 
in the Bering Sea (Sherr et al.  2013 ; Fig.  1a ). 
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 Investigation of environmental cues that affect prey detection or avoidance is 
another new and exciting research fi eld (Roberts et al.  2011 ). The initial discovery 
that the metabolite dimethyl sulfi de (DMS) could be released by haptophyte algae 
as a defense against protist predation was made by Gordon Wolfe (Wolfe et al. 
 1994 ,  1997 ), a post-doctoral colleague working in our laboratory at OSU. Our grad-
uate student, Aaron Hartz (Hartz et al.  2008 ), subsequently demonstrated that inhi-
bition of intracellular signal transduction pathways decreased chemosensory 
response to prey in a marine dinofl agellate and ciliate. He also found that the non-
pigmented marine dinofl agellate,  Oxyrrhis marina , expressed rhodopsin and could 
orient to various wavelengths of light. We speculated that both chemical and light 
signals could be used by protists to fi nd prey in situ (Hartz et al.  2011 ).    

     Evelyn B. Sherr and Barry F. Sherr 

 We bonded over sewage sludge. In 1975–1977, Ev, a new research scientist at the 
University of Georgia Marine Institute on Sapelo Island, and Barry, a graduate stu-
dent at the University of Georgia, collaborated on a project to evaluate whether salt 
marsh microbes could break down organic wastes and remove nitrogen via denitri-
fi cation from secondarily treated sewage sludge applied to a cordgrass marsh. We 
asked Larry Pomeroy, who was directing a major project in the salt marshes around 
Sapelo, if we could borrow his research van to deliver sludge from the Athens, GA, 
waste treatment plant to the island. We may not have been entirely clear about what 
we were going to transport. After loading up the sludge in trash barrels, we drove to 
the coast in time for the afternoon ferry to the island. It was a warm day, and with 
windows open we didn’t notice the winged creatures emerging from the barrels. But 
when we got to the coast and opened the van, a cloud of sludge fl ies exploded from 
the interior. We tried to shoo out as many fl ies as we could, without great success. 
Pomeroy later had the van fumigated. We were married in 1979, after Barry fi nished 
his Ph.D., and went to Israel for a year and a half research “honeymoon.” We 
returned to work at the UGMI until 1990 when we relocated to Oregon State 
University with our two young sons. Projects in the Arctic and in the upwelling 
system off the Oregon coast occupied us until our retirement in 2012.   
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