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Protistan assemblages of aquatic ecosystems have become
the focus of a concerted research effort in aquatic ecology.
One stimulus for this work has been the recognition that
phototrophic protists (the microalgae) constitute a major
fraction of the primary productivity within aquatic ecosys-
tems. Another incentive has been the growing realization
that protozoa (heterotrophic protists) play a pivotal role in
the flow of energy and elements in these communities (59).
Studies of the abundance, biomass, and feeding activity of
protozoa have been conducted in a wide range of ecosystems
in recent vears. In addition, many laboratory studies have
examined the general biology and physiology of various pro-
tozoa grown under carefully controlled conditions. The syn-
thesis of this information into useful models of how proro-
zoan assemblages are structured and how they function in
nature has begun.

Protozoa typically are defined as heterotrophic, eukaryo-
tic, single-celled organisms. It is important to recognize that
the term “protozoa” now has more historical significance
than phylogeneric or ecological meaning. Protozoa are dis-
tinguished from other heterotrophic eukaryotes by their
ability to exist as unicells and from the microscopic algae
by their inability to photosynthesize. These distinctions are
rather ambiguous in many cases. For example, many “proto-
zoan” taxa occur among the ‘algal” taxa. Numerous species
of heterotrophic chrysomonads and dinoflagellates exist.
These species are closely related to chloroplast-bearing spe-
cies on the basis of ultrastructural features and DNA se-
quence data (3, 44, 65). They are separated from the algae
solely on the basis of the absence of a chloroplast. In addi-
tion to the existence of apochlorotic “algal” species, chloro-
plast-bearing genera that are capable of phagotrophy (i.e.,
heterotrophic nutrition) in addition to photosynthesis exist
within the chrysophyte, dinoflagellate, prymnesiophyrte,
cryptophyte, and euglenophyte algae ( 62). This “mixo-
trophic” behavior obscures the distinction between tradi-
tional definitions of algae and protozoa.

There are also difficulties in the classification of ciliated
protozoa as phototrophs or heterotrophs. Some ciliates in-
gest and digest algal prey but are able to retain the chloro-
plasts of these prey in a functional state, thereby providing
the ciliates with a photosynthetic capability (62, 73). Photo-
synthesis in these “green ciliates” contributes significantly
to the overall nutrition of the protozoan and also forms a
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notable fraction of the primary productivity of some plank-
tonic communities (24).

The close phylogeneric affinities of some flagellated pro-
tozoa with algal taxa, as well as the mixed nutrition of many
protists, indicate the artificiality of the historical distinction
between the algal and protozoan taxa (44). For these rea-
sons, consideration of the “purely protozoan” species in an
assemblage 'is not appropriate from a phylogenetic or an
ecological perspective. This discussion will, therefore, in-
clude references to chloroplast-bearing protists (i.e., algae).

ASSESSING PROTISTAN COMMUNITY
STRUCTURE

Defining “community structure” in protistan communities is
a difficult rask. Some of this difficulty is related to problems
associated with identifying species in mixed, natural assem-
blages, while some of it is related to the fact that the appro-
priate analysis of protistan community structure depends to
some extent on the goals of the investigator.

There are art least three major considerations for assessing
protistan species diversity in natural samples: the large num-
ber of species present in most aquatic environments, the
disparate methodologies that are necessary for sampling
these species, and the variety of morphological criteria that
are used for identifying them. Free-living protists range in
size from approximately 2-um flagellated protists up to some
species of radiolaria that can form cylindrical gelatinous col-
onies measuring 0.01 by 1 m. This 6-order-of-magnitude
size range makes it_necessary to apply a variety of sampling
techniques in order te.adequately sample all of the protistan
species in an environment. i ysical and chemi-
cal characteristics of different aquatic environments (e.g.,
planktonic and benthic environments) also contribute to
the varied protocols that are necessary to sample protistan
assemblages. In addirion, identification keys for the major
protistan taxa are based on morphological criteria that differ
among the various protistan groups. Taxonomic expertise
among protozoologists is often limited to one of the major
groupings of protozoa (e.g., flagellates, amoebae, and cil-
iates) or some portion of one of these major categories. Rec-
ognizing the difficulties posed by species number, sampling,
and taxonomy is central to understanding the present state
of our knowledge concerning the structure of natural assem-
blages of aquatic protists.



Methods for sampling protistan communities typically
are tailored for specific groups of protists and often for spe-
cific environments. Very distinct sampling methods typi-
cally are used for planktonic and benthic. environments.
Some of these sampling protocols are necessary because of
the wide range of protistan abundances in different ecosys-
tems. Abundances of protists in oxygenated surface sedi-
ments typically are several orders of magnitude greater than
abundances in an equivalent volume of water above the
sediment environment. .

Even within an environment, sampling protocols must
be adapted for particular groups of protists. For example,
enumerating species of benthic protozoa among the sedi-
mentary particles in which they exist has been a long-stand-
ing problem in assessing protistan species diversity in these
environments. Various methods for extracting and céncen-
trating protozoa from sediments have relied on the mobility
of the community in response to changing salinity, extrac-
tion by centrifugation, or enrichment culture (1, 32, 61,
72). Such approaches have resulted in reasonable estimates
of the protozoan diversity of some sediment environments,
but the success of these methods is usually group specific.
The extraction of protozoa by the sea ice method may work
well for highly mobile species such as benthic ciliates, but
this method may be less useful for more slowly moving forms
such as small amoebae. For the latter forms, enrichment
cultivation appears to be the most appropriate method.

Adjustments to sampling protocols also exist for sam-
pling different protistan groups in plankton communities.
Sample volumes of 200 to 500 ml are usually sufficient for
flagellared protists (typical abundances are hundreds to
thousands per milliliter), and volumes of 0.5 to 2 liters are
usually sufficient for ciliated protists (typical abundances are
tens to thousands per liter), but sarcodine protozoa (amoe-
bae, actinopods, and foraminifera) usually must be concen-
trated by using plankton nets or filters. These latter tech-
niques, however, are damaging to delicate species of
planktonic ciliates (38). Several common methods for sam-
pling protistan assemblages are reviewed by Sieburth (68).

Preservation, fixation, and other manipulations are pre-
requisites for the identification of most protistan species
once appropriate samples have been collected. Notable ex-
ceptions. to this generalization are the “naked” amoebae
(primarily the Gymnamoebae), in which some of the char-
acteristics that are essential for proper identification are
present only in living specimens. For the remaining protist
groups, correct preservation is dependent on the protistan
group under consideration. For flagellated (and often cil-
iated) protists, aldehyde fixatives (formaldehyde and glurar-
aldehyde) are commonly used, often followed by osmium
tetroxide when electron microscopy is planned (43, 67). A
variety of fixatives have been developed for ciliared proto-
zoa, most of which are usually employed in combination
with postfixation staining methods that are used to visualize
cytological features of the cells (44, 75).

The preservation of some protistan taxa requires special
consideration. A preservative that does not promote dissolu-
tion of skeleral structures must be used for those species
which possess such structures (e.g., actinopods and foramini-
fera). Careful adjustment of the pH of the preservative is
necessary to prevent dissolution of foraminiferan tests (9),
while addition of strontium is necessary to prevent dissolu-
tion of acantharian skeletons (50). When these require-
ments conflict, subsamples must be preserved separately for
the different groups. For example, samples for planktonic
foraminifera (which require alkaline pH) typically would be
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preserved differently than samples for planktonic ciliates,
which are often preserved in acid Lugol’s solution (75).

The identification of protistan species in mixed natural
assemnblages depends on criteria that are often as different
as the methodologies used to sample and preserve these as-
semblages. Ciliates typically possess morphological features
that provide sufficient taxonomic criteria for identifying
species by light microscopy. Cell shape, size, location, and
characteristics of the oral area, presence of a lorica, and
particularly the arrangement of the somatic ciliature are use-
ful features for species identification (44). Ciliates are often
easier to identify than many of the flagellated and amoeboid
protists because of the presence of these features, and exten-
sive species lists exist for various environments (see refer-
ence 57 for a review).

Flagellated protists typically possess fewer morphological
features that can serve as useful taxonomic criteria when
they are observed by light microscopy. Cell size and shape,

© chloroplast arrangement, and flagellation are important cri-

teria for identification by light microscopy. Some diagnostic
features (e.g., flagellar mastigonemes and body scales), how-
ever, are visible only by electron microscopy. Electron mi-
croscopy is often necessary for distinguishing the numerous
genera and species of small heterotrophic flagellates (<10
pm). The need to establish these features by using electron
microscopy makes it difficult to process large numbers of
samples. Moreover, many of the latter taxa have not been
adequately described. There is considerable uncertainty
abour the validity of numerous genera (56) and, thus, the
true species diversity of small heterotrophic flagellates in
many environments.

The amoeboid protists are a polyphyletic collection of
species, and the methods of identification applied to these
species are heterogeneous. The naked amoebae are identi-
fied on the basis of features of the living organisms: cell
size and shape during locomotion, arrangement and type
of pseudopodia, morphology of the floating form, etc. The
requirement for live material for species identification has
made the determination of species diversity of natural as-
semblages of amoebae a difficult topic, but the taxonomy,
distribution, and general ecology of these species are slowly
emerging (5, 20, 53). ldentification of the many types of
testate amoeboid protists (testacea, foraminifera, radiolaria,
heliozoa, and others) is based on the skeletal structures that
are present in these species and on features of cellular orga-
nization such as the pseudopodia that characterize this di-
verse assemblage. The presence of a rigid skeletal structure
in many of these species makes it possible to use plankton
nets or screens for collecting and concentrating these speci-
mens from the plankton or sediment.

Difficulties associated with sampling and identifying the
entire spectrum of protists (as described above) in natural
communities hampers the documentation of true protistan
species diversity of any natural ecosystem. Very few, if any,
studies have atrempted to characterize all of the protistan
species present in an aquatic ecosystem or have documented
even all of the heterotrophic protistan species. Exceptions
to this generalization might be found in environments in
which protozoan diversity is greatly reduced as a result of
severe environmental factors such as anaerobic conditions
(36), but it is safe to say that the vast majority of studies
of natural communities have underestimated total protistan
species diversity.

Analyses of species diversity for particular taxa of protists
(i.e., the ciliates, flagellates, or amoebae), however, have
been more accurately determined. The most complete infor-
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mation exists for plankton communities, for which exten-
sive lists of ciliated protozoa, chloroplast-bearing flagellates,
and skeleton-bearing sarcodines (foraminifera and actino-

pods) have been obrained (8, 29, 48, 54, 55, 57).

Protozoan Abundance and Biomass

Identification of the protistan species present in an aquatic
environment provides useful but limited information on
their porential contribution to the structure and function
of the total biological community because of the tremendous
size range and varied trophic activities of protistan species.
A much greater understanding of their importance can be
obtained by combining species lists with estimates of abun-
dance and biomass. Most modern methods for collection
and identification of protists have been designed with this
goal in mind. Loss of protistan cells during collection, en-
richment, preservation, and sample processing continues to
be a major concern in studies atrempting to measure protis-
tan species diversity and abundance, but generally accepred
methods which minimize this problem for specific groups of
protists and allow accurate estimates of protistan abundance
to be obtained are now emerging.

The estimation of population abundances of amoebae
presents a particularly difficult problem. Not only must these
species be observed alive in order to be accurately identified,
but their amorphous cell shape makes them difficult to enu-
merate in preserved samples. The few abundance estimates
that. are available for these species have been obtained by
using a most probable number culture technique that relies
on the growth of the amoebae in serial dilutions of the water
or sediment samples (25, 61).

Protistan abundance measurements can be used to calcu-

late total protistan biomass' (typically expressed in units of

carbon), using measurements of abundance, cell volume,
and empirically derived carbon/volume conversion factors.
Cell volume measurements obtained from microscopical
studies are combined with abundance estimates to calculate
the volume of particular protistan taxa, and carbon/volume
conversion factors are then applied to calculate the carbon
content. Carbon/volume conversion factors must take into
account shrinkage due to fixation and the variable vacuolar
space of protists. Shrinkage due to fixation can be both
taxon and size specific. Recently published values for con-
verting carbon to volume are 160, 240, and 360 fg of C
pum ™3 for flagellated protists of 10°, 10?, and 10! pm’, re-
spectively (80), and 190 fg of C zem =2 for ciliated protists
(58) preserved appropriately. Carbon/volume conversion
factors for larger sarcodines (acantharia, radiolaria, and fora-
minifera) are based on aspects of the cells that are resistant
to net collection (51). Methods for estimating the cell vol-
ume of naked amoebae that directly relate the diameter of
the nucleus to total cell volume have been proposed (60).

Describing Protistan Community Structure

The term “community structure” implies that organized re-
lationships exist between protists and other microorganisms
within natural ecosystems. Indeed, the “niche” concept has
been applied to protistan assemblages with the implication
that the number of protistan species in an environment is
indicative of the number of unique ecological roles for pro-
tists in these assemblages. Unfortunately, it is unrealistic to
consider all protistan species in a community as separate
entities at this time because of the great species diversity of
these assemblages, the limited ecological information avail-
able on the realized niches of many protistan species, and
the extreme difficulty in obraining species identifications

and abundance/biomass information for all protistan species

in an assemblage. For these reasons, various simplifying

groupings of protists have been used as a way of reducing
the complexity of protistan assemblages into manageable
(and measurable) quantities.

Various manners of grouping species of protists have been
used. The most popular types of these methods have at-
tempted to group protists by trophic mode (phototrophic
versus heterotrophic), size, and prey type (for heterotrophs),
in keeping with the trophic-level concepr of Lindeman (47).
In recent years, however, there has been a recognition that
these trophic categories must be somewhat more flexible
than originally proposed because of the common behavior
of mixed nutrition among protists (18, 79). Nevertheless,
aggregation of species into “'trophospecies” (79) is a useful
and necessary procedure for compartmentalizing the assem-
blage in order to allow investigations of energy and elemen-
tal flow through aquatic communities in models of managea-
ble size (22). ‘

For heterotrophic protists, it is common to group species
according to the type of prey that they consume. Bacterivo-
rous flagellates and ciliates in plankton communities or bac-
terivorous flagellates and amoebae on suspended - particles
may be grouped together to represent a major sink for bacte-
rial biomass in the plankton. Similarly, ciliate species may
be grouped ‘into bacterivorous, herbivorous, or predacious
species (26). Such classifications based on “feeding guilds”
ignore some of the details of protistan feeding behavior
(such as omnivory), but they are useful for reducing the
complexity - of the assemblage. Feeding guilds are often
treated as single species in biological or biogeochemical
models of ecosystem function. :

The organization of protists by size is a logical one for
two reasons. Allometric dependence of growth and metabo-
lism can be used to constrain the potential contribution of
a particular size range of protists to biogeochemical cycles (7,
19, 34). In addition, predator-prey relationships are typically
size dependent, with larger predators consuming smaller
prey. This generalization is realistic. Many heterotrophic
flagellates 2 to 20 um in size consume bacteria and cyano-
bacteria that are <2 um in size, and many ciliate species
20 to 100 um in size consume algae and protozoa <20 um
in size.

There are some notable exceprions, however, to size-
dependent grazing. Many species of heterotrophic dinoflag-
ellates consume diatom prey that are considerably larger
than themselves by employing a pseudopodial “feeding veil”
(41). Similarly, some planktonic sarcodines (acantharia, ra-
diolaria, and foraminifera), because they produce a sticky
pseudopodial network that entangles and immobilizes prey
items, are capable of consuming metazoan prey considerably
larger than themselves (76).

Naotwithstanding these exceptions, size-dependent graz-
ing models are the most common means of organizing protis-
ran populations into manageable units for inclusion into
models of elemental flow in aquatic ecosystems (6, 28, 52).
The aggregation of species into groups within models proba-
bly reduces the predictive capabilities of these models, but
their outcomes thus far appear to be in reasonable agreement
with field dara. It remains to be seen how the reduction of
species diversity in these models will affect predictions of
the response of the community to internal and external
perturbations, but the gradual disaggregation of these models
into more ecologically relevant compartments should pro-
vide insight into this issue.
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TABLE 1 Species list showing the range of protistan diversity of an oligotrophic oceanic environment®

. Representative
Protistan taxon A(v fnsll)'e Cl;lrzrs?:ll;azsts Phagotrophy? Pr;l::i)le abgnda_nce “
(liter ~1)
Flagellated and nonmotile protists
Dinoflagellates .
Protoperidinium sp. 55 No - No Dia 10?
Gymnodinium sp. 50 Yes Yes C, Din, Dia 2 x 10
Prorocentrum micans 25 by 40 Yes No 10°
Ommithocercus magnificus 40 No? Yes Dia, Sf 10?
Chrysophytes and
chrysomonads )
Paraphysomonas imperforata 7.0 No No B, Cc, Sf 10
Ochromonas sp. 6.0 ' Yes Yes B, Cc 10°
Prymnesiophvtes
Chrysochromulina ericina 6.0 Yes Yes B. Cc 104
Chlorophytes .
Nannochloris atomus 4.0 Yes No 103
Bacillariophytes (diatoms)
Minutocellus polymorphus 3.0 Yes No 10°
Coscinodiscus concinnus 75 by 200 Yes No 1072
Ditylum brightwellii 20 by 100 Yes No 10?
Rhizosolenia clevei 200 by 500 Yes No 1073
Ethmodiscus rex 1,000 Yes No 10—+
Choanoflagellates
Diaphanoeca grandis 25 No Yes B 10°
Amoeboid protists
Gymnamoebae (naked
amoebae)
Platyamoeba weinsteini 3byl2 No Yes B . 100
Flabellula citata 4 by 30 No Yes B 5 %x 107} T
Foraminifera® v {
Glabigerina bulloides 7004 No Yes Omi, Mz i0~3
Globigerinoides sacculifer 7004 No* Yes Omi, Mz 1073
Acantharea®
Amphilonche elongata 50 by 400 No* Yes Omi 107!
Spumellarian radiolaria®
Thalassicolla nucleata 1,0004 No* Yes Omi, Mz 104
Collozoum caudatum 20044 No® Yes Omi, Mz 103
Ciliated protists
Tintinnids
Tintinnopsis parva 20 by 40 No Yes B, Ce, St 10?
Oligotrichs
Strombidium sulcarum 25 by 50 Yest Yes B, Cc, Sf 10?
Loboea strobila 50 by 150 Yes? Yes B, Cc, Sf 10°
Hypotrichs
Euplotes woodruffi 65 by 120 No Yes C 5 x 107!
Hymenostomatids
Uronema marinum 10 by 20 No Yes B, Cc 10°

¢ Only a partial list of representative species to exemplify the breadth of trophic modes in 2 real assemblage. Species are organized according to major taxa.
Pertinent ecological information and realistic abundances are based on literature values. Dia, diatoms; C, ciliates; Din, dinoflagellates; Sf, small flagellated protists;
B, bacteria; Cc, chroococcoid cyanobacteria; Mz, metazoan zooplankton; Omi, omnivorous on prokaryotic and eukaryotic unicells.

b Species harboring extracellular, symbiotic cyanobacreria that contribute to the photosynthetic nutrition of the host.

¢ Adult specimens only.

4 Size does not take into account extensive pseudopodial network.

© Species harboring intracellular, symbiotic dinoflagellates that contribute to the photosynthetic nutrition of the host.

! Colonial species with colonies up to 1 cm in width and 1 m in length.

% Species that retain functional chloroplasts from ingested prey.

An Example from the Plankton in Table 1. This assemblage is not meant to be complete

A hypothetical example easily indicates the analyrical ap- but rather indicative of the breadth of protistan sizes and
proaches for examining protistan community structure and nutritional modes in this type of ecosystem. Pertinent infor- |
the limitations of these approaches. A species list of protists mation on cell size, photosynthetic and phagotrophic abil-

that are typical of an oceanic plankton community is given ity, prey type(s), and typical abundances are also provided.
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The species in this assemblage have been arranged according
to major taxonomic categories {(44).

As shown in Table 1, raxonomic groupings of the protists
correspond poorly to the nutritional modes of the species.
Reorganization of the same species into groups based on the
nutritional modes of the species provides a very different
view of this assemblage (Table 2). This reorganization indi-
cates the classical dichotomy berween phototrophs and het-
erotrophs, but it also-indicates the more recent realization
that many protistan species possess the ability for mixed
nutrition. This ability results in some of the species occupy-
ing more than one trophic category:

The collection of species in this assemblage also demon-
strates the enormous breadth of cell sizes that can be dis-
played by protistan assemblages (Fig. 1). The size range is
not necessarily restricted for any particular trophic mode.
In this assemblage, heterotrophs range from 2.5 um to >1
mm in size, phototrophs range from 3.0 pm to >1 mm, and
mixotrophs range from 6.0 gum to >1 mm if one includes
symbiont-bearing sarcodines in this last category. Com-
monly used plankton size class designations are also shown
in this figure. These designations correspond to. organisms
2 t0 20 um (nanoplankton), 20 to 200 pm (microplankron),
0.2 1o 20 mm. {mesoplankton), and 20 to 200 mm (macro-
plankton) in longest dimension (69). Protists occur in all
of these size classes, as indicated in Fig. 1, although the
majority of these species typically occur in the nano- and
microplankton classes.

One generality that is clear from Table 1 is that small
planktonic protists typically occur in greater abundances
than large species. This relationship is shown clearly by dif-
ferences of 1 to 2 orders of magnitude in abundances when
the species in each plankton size class are summarized (Fig.
2A). The magnitudes of these differences are typical for
both phototrophic and heterotrophic protists (and often for
mixotrophs, as shown in Fig. 2). However, the abundances
of phototrophic, mixotrophic, and heterotrophic protists
within a size class are often similar (hatched and stippled
columns within each size class).

The large disparity that is apparent when one compares
the abundances of protists in different size classes (Fig. ZA)
is greatly reduced when the total volumes of living prorists
are compared {Fig. 2B). Small cell size among nanoplankton
is generally balanced by high abundances of these species,
while low abundances of the larger protists are balanced by
their larger volumes: These general relationships of protistan
abundance and biovolume are consistent with data from
natural assemblages of nanoplankronic-and microplanktonic
protists (17). ~

The information summarized in Tables 1 and 2 and Fig.
1 and 2 can be used to construct a typical box model depict-
ing the flow of materials from producers through consumers
in this hypothetical protistan community (Fig. 3). The spe-
cies have been grouped according to their nutritional modes
and approximate predator-prey relationships. Arrows in the
model indicate the presumed direction of energy and mate-
rial flow (i.e.; from producers to consumers and from small
organisms to large consumers). Examination of this model
exemplifies the advantages and disadvantages of this ap-
proach for describing nutritional modes and trophic rela-
tionships among protists in a mixed natural assemblage.

The goals for most of the work on modeling “microbial
loop” processes have been the development of working
models that accurately describe energy and elemental flow
within these communities and the incorporation of micro-
bial processes into classical models of aquatic community

TABLE 2 Planktonic protist
species described in Table 1 but
arranged according to trophic
category?

Phototrophy
Gymnodinium sp.
Prorocentrum micans
Ochromonas sp:
Chrysochromulina ericina
Nannochloris atomus
Minutocellus polymorphus
Coscinodiscus concinnus
Ditylum brightwellii
Rhizosolenia clevei
Ethmodiscus rex

Mixotrophy

Phagotrophic algal species
Gymnodinium sp.
Ochromonas sp.
Chrysachromulina ericina

Chloroplast-retaining species
Strombidium sulcaum
Loboea strobila

Symbiont-bearing species
Omnithocercus magnificus
Hastigerina pelagica
Amphilonche elongata
Thalassicolla nucleata
Collozoum caudatum

Heterotrophy

Bacterivory
Paraphysomonas imperforata
Ochromonas sp.
Chrysochromulina ericina
Diaphanoeca grandis
Plaryamoeba weinsteini
Flabellula citata
Amphilonche elongata
Thalassicolla nucleata
Collozoum caudatum
Tintinnopsis parva
Strombidium sulcatum
Loboea strobila
Uronema marinum

Herbivory
Protoperidinium sp.
Gymnodinium sp:
Ornithocercus magnificus
Paraphysomonas imperforata
Amphilonche elongata
Thalassicolla nucleata
Collozoum caudatum
Tintinnopsis parva
Strombidium sulcatum
Loboea strobila
Globigerina bulloides

Carnivory
Paraphysomonas imperforata
Globigerina bulloides
Amphilonche elongata
Thalassicolla nucleata
Collozoum caudatum
Euplotes woodruffi

@ Note that some species occur in more than
one category.
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1
Protistan Species
FIGURE 1 Approximate sizes (longest dimension) of the

planktonic protistan species listed in Table 1. Commonly used
size class designations are shown on the right. Note thar the
sizes of these protists span more than 3 orders of magnitude. The
upward-pointing arrow under Globigerinoides sacculifer indicares
that the group of five species enclosed by the arrow can be
larger than 1,000 um.

structure and function. Models such as the one shown in Fig.
3 are appropriate for these purposes because they atrempt to
reduce a complex assemblage of microorganisms to a man-
ageable number of trophic “compartments” and trophic in-
teractions. These models, therefore, are strongly influenced
by methodologies available for identifying protistan species
(or trophospecies) and for investigating their trophic inter-
acrions. ’

The model in Fig. 3 might adequately describe energy
or elemental flow in this hypothetical protistan assemblage
if the biomass and flow parameters of the model could be
derermined. However, this type of depiction of community
structure still has some inherent disadvantages. As referred
to earlier, predator-prey relationships that are not size de-
pendent are difficult to represent and measure. Energy is
depicted as moving from smaller to larger size classes in this
model, but this representation is incorrect for species such
as Protoperidinium sp., which can graze on diatoms larger
than itself, and for the sarcodines Globigerinoides sacculifer,
Thalassicolla nucleata, Collozoum caudatum, and Globigerina

bulloides, which can consume metazoan prey. The double-
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FIGURE 2 Abundance and biovolume relationships of the
protistan assemblage listed in Table 1.-The species have been
grouped according to size class and according to trophic mode
(phototrophic, mixotrophic, heterotrophic).

headed arrows connecting these latter compartments indi-
cate the potential for the flow of energy in either direction.
In practice, these measurements are difficult to make.

Similarly, selective grazing and omnivory are difficult to
incorporate into this type ‘of model. For example, Euplotes
woodruffi is a predacious ciliate feeding primarily on other
ciliates (in this assemblage, it might feed on Uronema mari-
num). On the other hand, Tintinnopsis parva may accept a
variety of small protists and other microorganisms as prey.
The distinction between these two rather different nutri-
tional modes has been forfeited by placing them into the
same trophic compartment. Clearly, if the goal of this mod-
eling exercise was to understand the factors affecting the
success or failure of either of these two species in plankton
communities, then this model would be unsatisfactory. It is
for reasons such as this last example that the appropriate
conceptualization and representation of protistan commu-
nity structure must take into account the goal of the investi-
gator.

TEMPORAL AND SPATIAL CHANGES IN
COMMUNITY STRUCTURE

The most significant differences in the species composition

and trophic relationships of protistan communities exist be
tween different aquatic environments. However, there is
also a rapidly increasing database on changes in community
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FIGURE 3 A box model approximating. the major trophic interactions within the protistan
assemblage listed in Table 1. The species have been grouped according to known or presumed size-
dependent and trophy-dependent relationships. Arrows indicate the direction of energy flow in

predator-prey interactions.

structure over seasonal and shorter time scales. These latter
changes appear to be most significant in temperate and polar
climates.

Freshwater versus Marine Ecosystems

Probably the most distinct difference between freshwater
and marine protistan communities is the restriction of the
larger sarcodines (acantharia, radiolaria, and foraminifera)
to brackish and marine ecosystems. In tropical and subtropi-
cal oceanic plankton communities, adult sarcodines are
often the most conspicuous macroscopic organisms in sur-
face water, while swarmer cells and juvenile specimens of
these species contribute to the entire size spectrum of proto-
zooplankton (20). In marine sediments, benthic foramini-
fera constitute an important component of faunal assem-
blages (39, 45).

In contrast to large differences in the assemblages of
larger sarcodine species in freshwater and salt water, there
appears to be similarity with respect to types of ciliates and
flagellates in these environments. Recent summaries from
both environments have indicated that planktonic bacterial
biomass and production are related o phytoplankton bio-
mass and primary productivity (23). Likewise, the ecological
roles of small protozoa in freshwater and marine plankton
communities appear to be similar and related to bacterial
production over very broad scales of examination (63). Most
ciliates in the freshwater and marine plankron also appear
to play grossly analogous ecological roles as consumers of
small prokaryotes and eukaryotes (10, 57). Mixotrophic
(phagotrophic) algae exist in both freshwater and marine
water (4, 12, 13), as do species of chloroplast-retaining cil-
iates (35, 74). These generalizations do not mean that the

same species of flagellates or ciliates occur in both ecosys-
tems, but rather that similar ecological niches have been
filled by protistan species in these different environments.

Benthic versus Pelagic Ecosystems

Although there are species of protists that are commonly
found in both benthic and pelagic environments, there are
clearly numerous species within these assemblages that are
uniquely suited for one environment or the other. Morpho-
logical adaprations of ciliates to life between sediment parti-
cles in the benthos have resulted in the evolution of cell
forms that allow movement through this medium. Common
adaprations include cylindrical or flattened shapes, flexible
cell walls, and patterns: of ciliature that allow “crawling”
along surfaces and grazing on prey loosely associated with
particulate material. . Some species permanently attach to
surfaces. In contrast, ciliates in pelagic environments (e.g.,
choreotrichs) tend to have more rounded shapes and pat-
terns of ciliature that afford rapid swimming behavior and
feeding on suspended particles.

There is great diversity among and within benthic envi-
ronments as a consequence of sediment grain size, organic
loading, oxygen gradients, etc. The number of microenvi-
ronments at one locale may be considerable. For this reason,
the remoteness of many benthic environments, and the diffi-
culties of sampling and concentrating protists from these
environments, the ciliate (and other protist) fauna of many
benthic ecosystems is still poorly characterized. There are
extremely few observations of the protistan fauna of the
deep-ocean benthos (39, 71, 78).

The amoebae are particularly well suited for existence
in benthic environments. Locomorion and feeding of these



species take place on particles. Therefore, benthic environ-
ments tend to support significant assemblages of amoebae
(64). Amoebae occurring in the plankton are generally as-
sumed to be associated with suspended particulate material
or with the air-water interface (25, 61).

Among the larger sarcodines, there are clear differences
between pelagic and benthic assemblages. Foraminifera
occur in both environments, but the species occurring in
these two environments are different. The planktonic spe-
cies are restricted to pelagic, oceanic ecosystems, while
benthic species are common from salt marshes to abyssal
depths. Most radiolaria (polycystines and phaeodaria) and
acantharia are restricted to pelagic, oceanic ecosystems, but
most heliozoa are coastal andfor -benthic. There are rela-
tively few exceptions to these generalities, making the larger
sarcodine fauna of benthic and pelagic ecosystems quite dis-
tinct.

Beyond the obvious contribution of phototrophic protists
to the flagellated protistan assemblages in surface warers of
pelagic ecosystems, the heterotrophic flagellate assemblages
of benthic and pelagic environments can also differ in com-
position. Many flagellated protozoa occur in both environ-
ments, but species that are capable of particle attachment
or movement along surfaces (e.g., bodonid flagellates) tend
to predominate in benthic environments. Forms that feed
on suspended bacteria (e.g., chrysomonad flagellates and
choanoflagellates) tend to predominate in pelagic ecosys-
rems.

Pelagic environments generally are considered to be
more homogeneous than benthic ecosystems, but there are
clearly sources of heterogeneity in the plankton. Epibiotic
(and possibly enteric) protistan assemblages have not been
adequatrely studied, bur they contribute to protistan species
diversity in the water column (77). Suspended particles also
create unique microhabitats in pelagic ecosystems for some
protozoan species that are more characteristic of the ben-
thos. Macroscopic detrital aggregates in marine planktonic
ecosystems (so-called marine snow) may create a false ben-
thos for benthic species by creating microenvironments with
elevated abundances of bacteria and other prey (16, 70).
Similar oases for unique protozoan assemblages in the plank-
ton may be established by using artificial foam substrates
(14). It has been demonstrated that the colonization and
species succession of protozoa on these natural and artificial
substrates may follow a pattern similar to that found for the
colonization of oceanic islands by higher organisms (14, 84).

Depth and Seasonal Distributions

The seasonality of algal species composition and abundance
in pelagic environments is well known. Distribution of the
protistan algae with depth has also received considerable
attention. In contrast, changes in total protozoan abun-
dance or biomass with season or depth have been docu-
mented, but there is relatively little information on changes
in species composition or community structure and function
with depth. This paucity of information is not surprising
given the difficulties mentioned previously with identifica-
" tion and high species diversity and the logistical problems
associated with the collection of long-term dara sets or mul-
tiple samples from discrete depths.

Most studies to date have been restricted to a particular
group of heterotrophic protists because of either methodo-
logical approach or taxonomic expertise. Often these inves-
tigations have reported only changes in broad taxonomic or
ecologically relevant categories (heterotrophic flagellates,
mixotrophic flagellates, ciliates, etc.). For example, depth
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and seasonal changes in abundance have been reported in
a variety of marine and freshwater environments for flagel-
lated and/or ciliated protozoa (11, 21, 27, 42). More detailed
data on spatiotemporal distributions are available only for
specific taxa for which identification is more straightforward
(8, 40).

It is difficult to generalize concerning changes in the
community structure of heterotrophic protistan assemblages
as a function of season from these scattered reports. For
remperate communities, seasonal changes in species compo-
sition and winter reductions in the intensity of grazing activ-
ity are likely, but the extent of these changes remains largely
undetermined for most environments. Temperature is a
strong controlling influence on processes within the micro-
bial loop of temperate ecosvstems (82), but diverse hetero-
trophic and phototrophic protistan assemblages abound
even in extremely low temperature environments such as
sea ice habitats near Anrarctica (37).

The vertical distributions of heterotrophic protists typi-
cally demonstrate greater overall abundances in surface
waters relative to abundances at deprh. These distributions
of abundance are clearly related to the production of organic
material in surface waters. Fine-scale vertical distributions,
however, can be complex. Elevated abundances of protozoa
have been observed at the air-water interface (25), at oxic-
anoxic boundaries within water columns (85), and at subsur-
face biological features such as deep chlorophyll maxima
(30). Verrtical distributions of protists in the sediments typi-
cally are related to physical and chemical gradients within
the benthos (33). The exploitation of these chemical and
physical features within the benthos and water column can
increase the diversity of protistan assemblages of an environ-
ment by providing unique microhabitats for the growth of
species able to exist there.

NEW APPROACHES TO STUDYING
PROTISTAN COMMUNITY STRUCTURE

The significant problems associated with determining spe-
cies diversity, abundance/biomass, and trophic activity of
protistan assemblages in aquatic ecosystems continue to
hamper in-depth analyses of the structures and functions of
these communities. As described above, classical methods of
identification are time-consuming and often do not provide
quantitarive information on the occurrence of species. New
conceptual and methadological approaches will be neces-
sary to deal with these recalcitrant problems.

Conceptual approaches and methodologies from molecu-
lar biology and immunology offer hope for addressing some
of these problems. For example, RNA -targeted oligonucleo-
tide probes and PCR-based methods for determining the
presence of specific microorganisms are becoming common-
place in medical and environmental bacteriology (2). At
present, the application of these approaches to protistan

" ecology is largely confined to investigations designed to de-

termine the presence or absence of species of interest to
human health (49) or species that might have adverse envi-
ronmental impact (66). Applications to species of purely
ecological significance, however, are beginning (31). Devel-
opment of immunological methods for determining the pres-
ence and abundance of specific microbiological taxa also
has begun. This approach has been successfully applied to
phototrophic protists (15).

The application of molecular and immunological ap-
proaches to protistan groups with problematic taxonomic
features may be particularly helpful in the future. For exam-

!
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ple, species of heterotrophic flagellates or amoebae which
presently  involve ' nonquantitative ~or impractical ap-
proaches such as electron microscopy or the observation of
living ‘specimens might be particularly suited for this ap-
proach (46).

Biochemical markers to indicate the presence, abun-
dance, and activity of heterotrophic protists also may pro-
vide new methods for examining nartural assemblages of pro-
tists. . Detailed pigment analyses. have provided useful
insights .into the contribution of microalgal taxa to total
algal biomass (83). Lipid. biomarkers have been applied to
obrain information on the biomass and nutritional status
of bacterial assemblages (81). Analogous methodologies for
assessing community-level features of heterotrophic protis-
tan assemblaces would be useful for investigating natural
mixed assemblaoes of protists.

Support for the preparation of this chapter was provided by National
Science Foundation grants OCE-9216270. 9314533, and 9310693.
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