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Abstract

Phytoplankton have traditionally been regarded as strictly phototrophic, with a well defined position at the base of
pelagic food webs. However, recently we have learned that (he nutritional demands of a growing number of phy-
toplankton species can be met, at least partially, or under specific environmental conditions, through heterotrophy.
Mixotrophy is the ability of an organism to be both phototrophic and heterotrophic.in the latter case utilizing either
organic particles (phagotrophy)ordissolved organic substances (osmotrophy). This finding has direct implications
for our view on algal survival strategies, particularly for harmful species, and energy- and nutrient flow in pelagic
food webs. Mixotrophic species may outcompete strict autotrophs, e.g. in waters poor in inorganic nutrients or
under low light. In the traditional view ofthe microbial loop’ DOC isthoughtto be channeled from algal photosyn-
thesis to bacteria and then up the food chain through heterotrophic flagellates, ciliates and mesozooplankton. Are
mixotrophic phytoplankton that feed on bacteria also significantly contributing to this transport of photosynthctic
carbon up the food chain? How can we estimate the fluxes of carbon and nutrients between different trophic levels
in the plankton food web involving phagotrophic algae? These questions largely remain unanswered. In this review

we treat evidence for both osmotrophy and phagotrophy in phytoplankton, especially toxic marine species, and

some ecological implications o f mixotrophy.

Introduction

Whether phytoplankton can utilize dissolved organic
matter as a significant source of carbon and other
macronutrients such as nitrogen (N) and phospho-
rus (P) at naturally-occurring concentrations is still
an open question. That some cultured phytoplankton
species can grow heterotrophically on dissolved or-
ganic carbon (DOC) in the dark has been known for
some time (Droop, 1974; Ukeles & Rose, 1976). How-
ever, growth of phytoplankton in the dark based on
DOC as the sole carbon source requires very high
substrate concentrations, concentrations that do not
occur in natural waters (Droop. 1974; Richardson &
Fogg, 1982). Also, under light conditions, DOC can
increase the growth of some phytoplankton species
(Combresetal, 1994). However, as for dark-mediated

heterotrophic growth, high concentrations ofsubstrate

are required. Experiments with naturally-occurring
concentrations of DOC did not show any significant
stimulation of either growth or survival of axenic al-
gal cultures (Richardson & Fogg, 1982), These results
have lead to the conclusion that microalgal utilization
of carbon in dissolved organic matter (DOM) can be
considered as insignificant.

Heterotrophic growth of microalgae in the dark on
low-molecular carbon compounds has been demon-
strated for several diatom species (Hellebust & Lewin,
1977). Amino acids can be used directly by phyto-
plankton as a nitrogen source (e.g. Flynn & Butler,
1986). Some studies using trace concentrations of iso-
topes, have shown that some phytoplankton species
are able to take up dissolved organic nitrogen (DON)
at naturally-representative (Paerl, 1991). Many harm-
ful phytoplankton species have been shown to use

amino acids as nitrogen sources. Prymnesium parvum



is able to grow with the amino acids ethionine or
methionine as the only nitrogen source (Rahat &
Hochberg, 1971 ). Baden & Mende (1979) showed that
the loxic dinoflagellate Gymnodinium breve had Ks
values of 110 and 150 /;mol I“1 for the two amina
acids glycine and valine respectively. Such high half
saturation constants for amino acid uptake indicate
that C. breve should not be able to use amino acids
in its normal environment. However, other experi-
ments have shown much lower half-saturation con-
stants (0.6-2 /;mol I-1) for phytoplankton growth
on amino acids as nitrogen sources (Flynn & Syrett,
1986).

Soil extracts have been known for a long time to
stimulate the growth of phytoplankton in cultures (e.g.
Provasoli et al.. 1957). Prakash & Rashid (1968) and
Prakash et al. (1973) found that DOM in the form
of humic substances increased both yield and growth
rates of marine dinoflagellates and diatoms (Prakash
& Rashid, 1968; Prakash et al., 1973). Although the
reason for the growth stimulating effect could not he
adequately explained, the authors suggested that the
humic substances acted as chelators, enhancing trace
metal availability, a conclusion shared by Anderson
& Morel (1982). The N and P content of humic sub-
stances were considered to be of minor importance
(Prakash & Rashid, 1968).

Other experiments have indicated that organic N
in soil extracts is beneficial for phytoplankton. Morrill
& Loeblich (1979) found that growth of Peridinium
foliaceum in N limited axenic cultures increased when
supplied with sterile soil extracts, probably because
of the humic substances in the extract containing or-
ganic N. Granéli et al. (1985) showed that the biomass
yield of the toxic dinoflagellate Prorocentrum mini-
mum increased considerably when humic substances
and phosphate were added to the medium. Prorocen-
trum minimum cells grown with additions of humic
substances contained similar concentrations of N as
cells grown with inorganic N (Granéli et al., 1985).

Concentrations of inorganic N and P usually be-
come very low in both off shore and coastal marine
waters during summer months, while concentrations
of DON are high. Thus, a relatively large part of the N
and P pools in the sea are found as dissolved organic
molecules. It would be a great competitive advantage
for the phytoplankton if they could use even a smaller
part of the DON pool. Organic P can be utilized by
phytoplankton through the action of phosphatases, a
well known process (e.g. Berman, 1970). However,

parallel utilization of different forms of organic N

other than urea or amino acids is less well known
(Antia et al., 1991), which is unfortunate since marine
phytoplankton are usually thought to be N, and not P,
limited. In rainfall DON also constitutes a quantita-
tively important source of N, which at least in part is
biologically available (Peierls & Paerl. 1997).

The idea that photosynthetic organisms might be
able to utilize organic particles is not new. Early
observations of phagotrophy typically relied on con-
ventional light microscopy. Hofeneder (1930) re-
ported that the freshwater dinoflagellate Ceratium
hirundinella engulfed prey using a pseudopodium.
Although algal phagotrophy has been known for
decades through such descriptive microscopic obser-
vations, attempts to quantify the ecological signifi-
cance of phagotrophy in the marine environment are
relatively recent. Current studies of mixotrophy have
been stimulated by new methods for the quantifica-
tion of grazing by small plankton organisms and by
the reconceptualization of the pelagic food chain lo
include the ‘microbial loop' (Azam & Smith, 1991).
This includes the importance of bacterivory by het-
erotrophic and mixotrophic microflagellates for the
carbon flow and nutrient cycling. Especially important
arc methodological innovations such as the techniques
based on fluorescently- or radioactively-labelled par-
ticles (Lessard & Swift, 1985; Sherr et ah, 1987;
Havskum & Riemann, 1996; Li et al.,, 1996). De-
tection of phagotrophy in the freshwater chrysophyte
Dinobryon spp. was possible using fluorescent latex
beads (Bird & Kalff, 1986). This investigation has
spurred many subsequent studies of algal phagotrophy
in both marine and freshwater pelagic communities.

However, the significance of phagotrophy in the
ecology of phvtoplankton is still largely unknown.
Many questions concerning numerical and biomass
abundance, carbon flux, feeding rates, nutrient re-
generation rates, etc.. are directly analogous to those
asked by Zooplankton ecologists (Boraas el ah, 1988).
Phagotrophy can be seen as an important factor regu-
lating population dynamics, and some of the impor-
tant issues that need to be further pursued are; (I)
The detection, characterization and quantification of
phagotrophy among members of the different phyto-
plankton taxonomic groups. (2) The importance of
phagotrophic uptake of C, N, P, trace metals, or special
organic compounds (such as some vitamins that the
algae cannot synthesize) for the growth of these, or-
ganisms. (3) The environmental conditions that trigger
phagotrophic behavior. (4) The competitive advan-
tage of being a photosynthetic phagotroph compared



to solely aulotrophic or heterotrophic during certain
environmental conditions (e. g. different light and
nutrient regimes). Phagotrophy may also be only a
remnant of an ancient, formerly important behavior
among planktonic organisms, that has little ecological
significance.

This review on phytoplankton mixotrophy focuses
on the utilization of organic matter as a source of
macronutrients C, N and P for phytoplankton growth,
and its consequences for phytoplankton ecology as
well as for the view of the microbial food web. The
first part of the review is focused on the uptake of dis-
solved organic nutrients and the second on ingestion of
particles (bacteria, other phytoplankton cells or even
Zooplankton) by phytoplankton cells.

Osmotrophy and phytoplankton growth
Importance ofDON as a nutrient source

The pool of DON in natural waters is composed of
a large number of components and a large fraction
of the DON has not yet been characterized (Sharp,
19S3). Rapidly cycling small organic compounds (e.g.
amino acids, amines, urea) account only for a mi-
nor fraction (10-20% ) of total DON in marine waters
(Sharp. 1983; McCarthy et al.,, 1996). The major part
of DON is probably resistant to biological degrada-
tion (McCarthy et al.,, 1996). In coastal waters, DON
originates from several sources; such as riverine load-
ing, atmospheric deposition, and to a minor extent
sediment-water exchange and groundwater (Figure 1).
These two later sources of DON constitute a large part
ofthe fiux of N from land to sea, often making up more
than 50% of the total dissolved N export (Meybeck,
1982). The N content of riverine humic substances is
usually 1-3% (by weight) and the P content is about
0.2% (Thurman, 1985; Hedges, 1987). In marine
rainfall, DON also constitutes a quantitatively impor-
tant source of N. Atmospheric N deposition originates
mostly from fossil fuel combustion and agriculture,
and is mainly composed of nitrogen oxides (Likens
et al., 1974), ammonia (Buijsman el al., 1987), and
DON (i.e. urea, amino acids) (Timperley et al., 1985;
Mopper & Zika, 1987). Rainwater also contains other
elements necessary for phytoplankton such as P and
metals (Duce et al., 1991). A large part of DON
in rainfall is biologically available to microbial and
phytoplankton growth (Peierls & Paerl, 1997) since

dissolved amino acids and urea can constitute up to
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Figure I Sources and utilization of DOM (Osmotrophy) by
mixotrophic phytoplankton.

50%' of DON (Mopper & Zika, 1987; Timperley et
al, 1985). DON concentrations in marine waters are
usually thoughttobe in the range from 3 to 5 /emoi 1 1
(Sharp, 1983). However, Suzuki et al. (1985) reported
DON concentrations of 20-40 /;mol I-1 in surface
oceanic waters using a high-temperature catalytic ox-
idation method. However, Hansell (1993) found DON
concentrations in nearshore and open-ocean waters
consistently lower than 10 /;mol I-1, also using high-
temperature catalytic oxidation. Irrespective of the
exact amount of DON present in marine waters, the
DON pool is substantially larger than that of dissolved
inorganic N (DIN) in most stratified waters during the
productive season.

When management of eutrophicated coastal areas
isconsidered, DON is usually notconsidered as partof
the nutrient pool available for phytoplankton. Several
studies have shown, however, that DON can stim-
ulate phytoplankton production. Chlorella spp. and
the freshwater Pediastrum biwae were shown to grow
using DON from precipitation as the only N source
(Timperley etal.,, 1985). Ammonium and DON release
by Trichodesmium spp. enhanced the total phytoplank-
ton production in the subtropical North Pacific Ocean
(Letelier & Karl, 1996). In Shinnecock Bay, Long
Island, blooms of Aureococcus anophagellereas were
connected to the urea concentration in the water (Berg
et al., 1997).

Abiotic and enzymatic breakdown ofDOM

Dissolved organic matter entering marine waters can
be broken down by lightand or bacteria (Kieber et al.,
1990). The half-life of oceanic DOC has traditionally
been estimated to be very long, up to thousands of
years (Williams & Druffel, 1988). However, for river-
ine DOC reaching coastal waters calculations based on
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photodegradation of DOM are substantially lower, be-
tween 1and 5 years (Kieberet al.,, 1990). Through the
action o fUV-radiation biologically available inorganic
N may be produced from DOM (Bushaw et al., 1996).

The ecological significance of abiotic, photopro-
duction of DIN from DOM in marine waters is still
largely unknown, while enzymatic utilization of other
nutrients in DOM, especially P, has been more exten-
sively studied. Both bacteria and phytoplankton are
able to produce extracellular phosphatases thai hydrol-
yse organic phosphorus compounds, and release phos-
phates that are taken up by the cells (Myklestad & Sak-
shaug, 1983; Ceinbellaetal., 1985). With respectto N,
leucine aminopeptidase (an enzyme that is widely dis-
tributed in aquatic environments and that hydrolyses
a large number of peptides and amides) can degrade
macromolecules with peptide bonds (Hoppe et al..
1988). However, extracellular or cell surface pepti-
dases seem to be produced only by bacteria (Rosso &
Azam, 1987) and there are no reports of phytoplank-
ton utilization of these enzymes. Associated with the
cell membrane are the bacterial exoenzymes, and the
products from their activity should be mainly available
for the bacteria and not phytoplankton. Consequently,
the activity of aminopeptidase is often low in 0.2 giti
filtrates where bacteria are not present (e.g. Chrost.
1989). However, when bacteria are associated with
phytoplankton, algal cells might utilize monomers de-
rived from bacterial exoenzymatic activity (Figure 1).
None of the phytoplankton species tested by Palenik
& Morel (1990) did possess cell-surface or extracellu-
lar peptidases. Extracellular enzymes can be washed
away from the periplasmic space, liberated by lysis
or damage of cells by grazers. Even the intracellu-
lar enzymes may become dissolved in the water by
cell lysis or grazing (Chrést, 1991). High aminopep-
tidase activities (10-90% of total activity) have also
been reported in 0.2 /xm filtrates (Jacobsen & Rai,
1991), which would produce free amino acids also
available for phytoplankton uptake. It is thus possible
that phytoplankton, to some extent, are using amino
acids produced by the action of bacterial peptidases.

The toxic haptophyte Prymnesium parvum pos-
sesses cell-surface L-amino acid oxidases that oxidize
amino acids and primary amines, producing ammo-
nium that is taken up by the cell, peroxide and a-keto
acids (from amino acids) or aldehydes (from primary
amines) (Palenik & Morel, 1990).

Indirect utilization o fDOM by phytoplankton - the
role o fbacteria and regeneration o finorganic

nutrients

Through grazing of heterotrophic flagellates on bac-
teria, inorganic nutrients are regenerated (Caron &
Goldman, 1990). The regenerated inorganic P and N
are then available both for bacteria and phytoplankton.
Bacteria are considered to be the dominant organisms
using DOM as substrate. Since bacterial C:N ratios
(about 3-7 (Bratbak, 1985; Nagata. 1986)) are lower
than those for phytoplankton (6-20 (Darley, 1977)),
bacteria need more N per unit biomass than phyto-
plankton. In marine waters, DOM has a high C:N ratio,
about 15 by weight (Benner et al., 1992), while river-
ine DOM that enters coastal waters often has much
higher ratios (about 50 (Malcolm, 1985)). Bacteria
may thus retain the N from DOM and not regenerate it
in inorganic form available for phytoplankton (Gold-
man & Caron, 1985). However, when bacteria are
grazed, e.g. by heterotrophic nanoflagellates and cili-
ates, DIN is released (e.g. Caron & Goldman, 1990) in
amounts between 10 to 50% of the ingested bacteria!
N (Andersson et ah, 1985).

Grandii et al. (1985) have shown that cell numbers
ot the dinoflagellateProrvcentruin minimum increased
when humic acid was added to cultures. That the cells
were able to utilize N in the humic material, was
indicated through similar levels of intracellular N in
these cells as in cells grown with DIN. However, the
mechanism behind the utilization of humic-bound ni-
trogen was not clear. In similar experiments with a
natural plankton community, total algal and bacterial
biomass, the number of bactcrivores and DIN concen-
tration became significantly higher when DOM was
added (Carlsson et al. 1993). This suggested that the
DOM was used by bacteria and that DIN was later
regenerated by the bacterivores grazing on the bacteria

and used by the phytoplankton.

Direct uptake ofhigh-molecular weight compounds

Polymeric compounds arc considered too large to
pass the cytoplasmic membrane by simple diffusion
(Payne, 1980). Nevertheless, a mechanism to take
up high molecular weight compounds is by pinocy-
losis, which is an active transport system where the
macromolecules are accumulated in small vesicles in-
side the cell membrane (Figure 1). This process has
only been studied to a minor extent in phytoplankton
(Kivic & Vesk, 1974; Klut et al., 1987). The uptake

of macromolecule markers (e.g. lectins, peroxidases.



dextralis) has been demonstrated in the flagellates Am -
phidinium carterae and Prorocentrum micans (Klut
et al., 1987) and Alexandrium catenella (Legrand &
Carlsson, 1998a). These phytoplankton cells prob-
ably ingested the macromolecules by pinocytosis.
However, the potential significance of pinocytosis in
phytoplankton nutrition remains to be elucidated.

Algal blooms and the input ofDOMfrom terrestrial

origin

Prakash & Rashid (1968) suggested that most, if not
all, dinoflagellate blooms in coastal waters depend on
humic or other nutritional factors entering the waters
after heavy rainfalls or land drainage. River waters
draining agricultural soil, rich in inorganic N and P,
stimulate growth of diatoms, while river waters from
forest areas, rich in humic substances, increase growth
of dinoflagellates (Granéli & Moreira. 1990). Coastal
waters can be heavily influenced by river run-offcon-
taining both inorganic and organic nutrients. In coastal
areas influenced by rivers draining forested land, the
contribution of organically bound N can be very high.

Worldwide nitrogenous compounds have increased
in atmospheric emissions largely uncontrolled over
the last 4 decades (Duce et al.,, 1991). From 20 to
>40% of coastal DIN + DON loading is attributed
to atmospheric deposition alone, thus equaling or
exceeding riverine inputs (Paerl, 1995).

A large increase in the discharge of humic sub-
stances by rivers into Swedish coastal waters seen dur-
ing the last 20 years (Andersson et al., 1991 ; Forsberg,
1992)
of dinoflagellate blooms in the same area (Granéli et
al., 1989). Zhang (1994) suggested a correlation be-

tween atmospheric deposition ofnutrients and harmful

coincides with increased number and intensity

blooms.

Significance of phagotrophy for phytoplankton
growth

External abiotic or biotic factors influencing cell
physiological state presumably regulate phagotrophy
among algae (Figure 2). If light is insufficient to
allow' for sufficient CO2 fixation to meet metabolic
demands of the cell, phagotrophy can supplement or
even substitute for photosynthesis as a source of or-
ganic carbon (Andersson et al., 1989; Sanders et al.,
1990). Phagotrophy may be explained in the same W'ay
with respect to nutrients, i.e. phagotrophy may supply

Phagotrophy
Concentration
of inorganic nutrients

inthe water

Prey
(abundance, type, size)

Figure 2. Possible environmental factors regulating phagotrophy in

mixotrophic phytoplankton.

the organism with N or P or some micronutrient if dis-
solved sources have been exhausted (Kimura & Ishida,
1985; Caron et al., 1993; Nygaard & Tobiesen. 1993).
For phagotrophy to be effective, there has to be a
sufficient supply of suitable organic particles (prey or-
ganisms). Thus, in environments where the organism
encounters a high concentration of prey, e.g. bacteria,
phagotrophy might be induced. The three most im-
portant triggering/regulating factors for phagotrophy
might then be nutrient availability, prey abundance,
and light (Figure 2).

It is natural to assume that algae use phagotrophy
to obtain macro- (N, P) and micro-nutrients (e.g. met-
als, vitamins), when dissolved inorganic ororganic nu-
trients are growth-limiting (Aaronson, 1974; Kimura
& Ishida, 1985; Sanders & Porter, 1988). Mixotrophy
may thus be a primitive trait, a notion that is supported
by the fact that groups with many phagotrophs are an-
cient (Porter, 1988). It has been proposed that some
phagotrophic algae have evolved from primitive het-
erotrophs, while others are ‘secondary’ phagotrophs,
where the character has evolved from strict phototro-
phy (Jones, 1994). This authorsuggested that mixotro-
phy should not be viewed as a single strategy devel-
oped by planktonic organisms, placed between the
dominant forms ofnutrition (autotrophy and heterotro-
phy), but instead as a continuous gradient between
true autotrophs and heterotrophs. For some organisms
phagotrophy will only initiate if high quantities of
prey are present (Andersson et al., 1989; Sanders et
al., 1990), whereas for others phagotrophy appears to
be more dependent on abiotic factors, such as light
(Caron et al., 1993; Jones et al., 1993, 1995; Keller et
al., 1994). Some algae may be efficient phagotrophs
but poor phototrophs (Caron et al.,, 1990), whereas
others may be obligate photoautotrophs, still capable
ofphagotrophy (Caron et al.. 1993). From an ecologi-
cal point of view, it is expected that there is a trade-off

between photosynthesis and phagotrophy. The simul-
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taneous ability to perform both modes ofnutrition has
high costs, but enables the organism to outcompete
heterotrophic or strictly photosynthetic species under
certain environmental conditions (Rothhaupt, 1996a;
Thingstad et al., 1996).

Phagotrophy among photosynthetic plankton has
been studied mainly for phytoflagellates, includ-
ing chrysophytes in freshwater environments and
dinoflagellates in the marine environment (with a
few studies on chrysophytes and haptophytes in ma-
rine/estuarine waters). Among dinoflagellates, there
are species that are strictly heterotrophic (lacking pho-
tosynthetic pigments), whereas closely related species
are photosynthetic or mixotrophic, e.g. in the genus
Gyrodinium (Gaines & Elbrachter, 1987). Also there
are colorless species which after ingesting their prey
may retain their actively working chloroplasts ( ‘clep-
tochloroplasts').

Phagotrophy exists in several harm ful/toxic marine
phytoplankton species. The toxic Chrysochromulina
polylepis, Heterosigma akashiwo and Alexandrium
tamarense are able to ingest radioactively labelled bac-
teria at high rates (Nygaard & Tobiesen, 1993), Also,
food vacuoles have been observed in the toxic Dinoph-
ysis acuminata and Dinophysis norvegica (Jabobson &
Andersen, 1994). These results indicate that phagotro-
phy may be an important mode of nutrition for these
potentially toxic algae. Several other harmful di-
noflagellates species (e.g. Gymnodinium sanguineum.
Gyrodinium uncatenatum. Ceratium furca, P. mini-
mum, P. micans) have been observed with ingested
prey (Li et al., 1996; Stoecker et al., 1997; Jacobson
& Anderson, 1996).

Phagotrophy in relation to environmental conditions

Light, nutrient availability, and prey concentration
may interact to regulate phagotrophy in complicated
ways (Figure 2). It is also possible that physiological
adaptation is involved when switching modes of nu-
trition. If this is true, then the mode of nutrition may
not immediately track changes in environmental con-
ditions. as is the case for physiological changes taking
place when a phytoplankton cell is exposed to variable
light regimes.

An example of the decoupling of light and prey
availability in phagotrophy of a photosynthetic organ-
ism was found by Rothhaupt (1996b) for Ochromonas
sp. This species increased its ingestion rate with in-
creasing bacterial density, independent of light con-

ditions. Growth rate also increased in proportion to

an increase in bacterial density, independent of light
regime. However, at low bacterial densities, growth
rates were slightly higher when Ochromonas sp. was
growing in light than in the dark. Prey concentrations
had no effect on the ingestion rates or chlorophyll con-
centrations of Chrysochromulina brevifilum, while low
light intensity increased cellular chlorophyll content
and ingestion rates (Jones et al., 1995).

Intuitively, one expects low light to be a major
factor triggering induction of phagotrophy in phyto-
plankton (Grandii et al., 1997; Jones et al., 1993,
1995; McKenzie et al.. 1995; Legrand et al.. 1998).
There may be a stimulation of phagotrophy in low
light/darkness (Bird & Kalff, 1986; Jones et al.,
1995; Legrand et al., 1998). Maximum ingestion
rates and highest photosynthetic rates occurred simul-
taneously at 40 /zmolm-2s-1 for the chrysophyte
Poterioochromonas malhamensis (Poner, 1988). The
ingestion of fluorescently labelled flagellates (3 //m)
by the dinoflagellate Heterocapsa triquetra was higher
in darkness than in light (100 /rinoim 2s '1) in short-
term (24 h) experiments. However, in longer experi-
ments (4-5 d) light was necessary to sustain phagotro-
phy in this dinoflagellate (Legrand et al., 1998). In
the genus Chrysochromulina 16 species were tested
for phagotrophy under low and high light, and with
live and dead prey (Jones et al., 1993). Only 5 of the
16 species did not become phagotrophic. at least in
response to some of the offered prey. C. brevifilum
showed an inverse relation between phagotrophy and
light, which was re-confirmed in further experiments
(Jones etal., 1993). Phagotrophy increased al low light
intensity, and the number of C. brevifilum cells grown
atlow light (45 /rmolm-2 s '1) was much higher when
algal prey was provided as food. This is an example
where phagotrophy seems to have substituted for pho-
tosynthesis as the dominant source of organic carbon
at low light intensities. However, the opposite has also
been found. For example inhibition of bacterivory in
a freshwater chrysophyte exposed to darkness or low
light was found by Caron el al. (1993).

Some phytoplankton species that are not good
competitors for the limiting nutrient at low concen-
trations may have retained or re-developed the ca-
pacity to prey on other plankton organisms in order
to obtain the required nutrients (see Schoéllhorn &
Granéli, 1996). Use of an alternative nutrient source
may enable these species to coexist with, or outcom-
pete, species that rely strictly on dissolved nutrients
(Rothhaupt, 1996b).



An increase in bacterivory in several species of
toxic flagellates was observed when the cells were
grown in P deficient medium (Nygaard & Tobiesen,
1993). C. polylepis was grown under N- or P-
deficiency and under nutrient sufficient conditions
(Legrand et al.. 1996). The disappearance of fluo-
rescently labelled algae (FLA) from the medium in
P-deficient treatments was higher than for other treat-
ments, Thus, C. polylepis cells might have been using
FLA as a P source. The same authors found phagotro-
phy in C. polylepis to correspond to a maximum of 5%
of the carbon intake. However, since dead cells were
presented as prey, these ingestion rates may have been
significantly underestimated.

Ingestion of bacteria, which are rich in P,
may be a mechanism for phagotrophic dinofiagel-
lates/flagellates to obtain this critical element (Ny-
gaard & Tobiesen, 1993). The chrysophyte Ochro-
monas sp. switched from uptake to excretion of
SRP (soluble reactive phosphorus) when growing au-
totrophical!ly and phagotrophically respectively, indi-
cating that phagotrophy can decrease or even exceed
the demand for SRP (Rothhaupt, 1996a). This enables
the phagotrophic species to coexist with phototrophic
species, which must rely on SRP or dissolved organic
P (Rothhaupt, 1996b). The chrysophyte Uroglena sp.
assimilate inorganic P through phototrophy, and it is
also able to take up phospholipids via ingestion of
bacteria (Kimura & Ishida, 1985). According to Keller
et al. (1994), Ochromonas sp. used phagotrophy Lo
supplement its nutrition when light or inorganic nu-
trients were limiting. However, there was an apparent
threshold of response, as phagotrophy decreased or
even ceased after periods of prolonged darkness.

The freshwater chrysophyte Dinobryon cylin-
dricum could satisfy 25% of its C, N and P need
through ingestion of bacteria (Caron et ah, 1993). Up
to 50% of the C demand by Dinobryon sertularia
can be met by phagotrophy (Bird & Kalff, 1989).
Assuming an assimilation efficiency of 60% for C
(Calow, 1977) and close to 100% for N, Bird & Kalff
(1989) estimated that nearly 100% of the N demand
by Dinobryon sertularia could be met by phagotrophy.
For the marine red-tide dinoflagellate G. sanguineum,
Bockstahler & Coats (1993a) calculated that natural
populations of this algae in the Chesapeake Bay were
able to meet their N requirement by ingesting small

nanociliates (<20 /;m).
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The ecological significance o fphagotrophy

Phagotrophy has been considered a significant loss
rate in ecosystem energy budgets. Phagotrophic C
uptake as a percentage of total (photosynthesis plus
phagotrophy) C incorporation varies widely in the lit-
erature, from a few percent (Tranvik et ah, 1989;
Legrand et ah, 1996) to more than 50% (Porter, 1988;
Bird & Kalff, 1989; Caron et ah, 1993). This varia-
tion can occur within the same algal group (genus).
Bird & Kalff (1989) showed that C assimilation by
phagotrophic chrysomonads in the deeper waters (be-
low 6 m) of Lae Gilbert can be equal to or higher than
photosynthetic fixation. Tranvik et ah (1989), how-
ever, reported that bacterivory by Cryptomonas sp.
was not an important C source for this phytoflagellate.
representing less than 2% ofthe C intake.

Control of bacterial densities in lakes and marine
waters has, until recently, been attributed mostly to
heterotrophic flagellates. Some phytoplankton species
have similar or sometimes higher grazing rates than
heterotrophic flagellates, controlling not only bacteria
but even heterotrophs of the same size as the algae
themselves (Sanders & Porter. 1988; Bockstahler &
Coats, 1993a. 1993b; Skovgaard, 1996). Phagotrophic
phytoflagellates are reported to be responsible for a
major part of the grazing pressure on bacteria in some
lakes (Bird & Kalff, 1986; Berninger et ah, 1992).
Sanders & Porter (1988) reported clearance rates be-
tween 2.5-8.4 nl hr-1 for phytoflagellates in Lake
Oglethorpe. Similar values were found for marine
flagellate/dinoflagellate species such as C. polylepis
(Nygaard & Tobiesen. 1993). The occurrence of food
vacuoles in G. sanguineum was positively correlated
to ciliate densities (Bockstahler & Coats, 1993a). The
daily removal ofthese nanociliates by G. sanguineum
accounted from 6 to b/% of the <20 /un ciliate
standing stock (Bockstahler & Coats, 1993a).

These contradictory results show that the contri-
bution by phagotrophy of mixotrophic algae to the
control ofbiomass of bacteria or other plankton organ-
isms is highly variable, depending on the algal species
and the environmental conditions encountered by the
algae. However, it is clear that losses due to pigmented
flagellates must be considered when estimating graz-
ing rates on bacteria, algae and microzooplankton in

lakes or marine waters.
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Summary

Substantial experimental evidence shows thai phyto-
plankton utilize DOM as a nutrient source in natural
environments, which are either organic substances
present in seawater or DOM reaching coastal zones
with rivers and rainfall. This growth stimulating effect
may be caused either by trace metal complexation by
the organic molecules, and/or direct utilization of or-
ganic bound N occurring in small molecules such as
urea and amino acids. Indirect utilization of organic
bound N via remineralization by bacterivores crop-
ping on bacteria that used the DOM as a substrate, is
also a mechanism for phytoplankton to access the N
in DOM. Direct ingestion of high-molecular weight
organic molecules by phytoplankton seems to be a
potentially important but largely overlooked mecha-
nism. Dissolved organic matter in river water entering
coastal waters is subjected to two major breakdown
processes: bacterial degradation, and photochemical
transformations that increase their availability to bac-
teria. In coastal waters largely influenced by river
runoff and rainfall, increased growth of phytoplank-
ton, including blooms of harmful algal species, might
therefore occur as an effect of indirect utilization of N
previously bound to DOM.

Phagotrophy is widespread in certain groups of
photosynthetic organisms, especially among various
phytoflagellates including important toxic or harm-
ful species, such as C. polylepis. Pfiesteria piscicida,
H. akashiwo. A. tamarense. Dinophysis spp., Gyro-
dinium galaleanum and H. triquetra. Phagotrophic
algae prey on bacteria, other algae, and even mi-
crozooplankton. Phagotrophy may substitute for pho-
tosynthesis, and thus may be an alternative way of
acquiring reduced C, as well as macronutrients (P, N),
metals, vitamins or other organic substances that the
organism cannot synthesize itself. Both low light and
nutrient deficiency promote phagotrophy, with graz-
ing rates generally dependent on prey concentration.
However, some phagotrophic algae graze indepen-
dent of light conditions. There is a wide range in
degree of mixotrophy, from species that can only sup-
plement their nutrition with phagotrophy to species
that are able to grow phagotrophically in complete
darkness. Mixotrophic organisms may have a com-
petitive advantage over strict heterotrophs or strict
photoautotrophs under specific environmental condi-
tions. However, there is most likely a cost attached to
being mixotrophic that makes phagotrophic algae pho-
tosynthetically less efficient than obligate autotrophs.

and less efficient grazers than heterotrophic unicellu-
lar organisms. Under certain conditions phagotrophic
algae can be the primary bacterivores of the microbial
food web. Phagotrophy among algae was ‘rediscov-
ered’ only about 10 years ago, and the ecological
significance of this mode of nutrition at the organism

and ecosystem level is yet to be elucidated.
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