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Abstract

Phy top lank ton  have trad itionally  been  regarded  as strictly  pho to trophic , w ith  a  w ell defined  position  a t the base o f  
pe lag ic  food w ebs. H ow ever, recen tly  w e have learned  that (he nu tritional dem ands o f  a g row ing  n u m b er o f  phy­
top lank ton  species can  be m et, at least partia lly , o r  un d er specific  environm ental cond itions , th rough  heterotrophy. 
M ixo trophy  is th e  ability  o f  an o rganism  to  be both  photo trophic and  hetero trophic . in  the la tte r case  u tiliz ing  either 
o rgan ic  partic les (phagotrophy) o r  d isso lved  o rgan ic  substances (osm otrophy). T h is  finding has d irec t im plications 
fo r o u r  v iew  on algal su rv iva l stra teg ies, particu larly  fo r harm fu l species, and energy- and  nu trien t flow  in  pelag ic  
food  w ebs. M ixotrophic spec ies m ay  ou tcom pete  stric t au to trophs, e.g . in w aters p o o r in inorgan ic  nu trien ts  o r  
u n d er low  light. In the traditional v iew  o f  the m icrob ia l loop’ D O C  is th o u g h t to  be channeled  from  a lg a l pho tosyn­
thesis  to  bacte ria  and then  u p  the food  cha in  th rough  hetero trophic  flagellates, c ilia tes and m esozoop lank ton . Are 
m ixo troph ic  phytoplankton  that feed  o n  bacte ria  a lso  significantly  con tribu ting  to  th is tran spo rt o f  photosyn thctic  
carbon  up the food chain?  How  can  w e estim ate  the fluxes o f  ca rb o n  an d  nutrients be tw een  d ifferen t trophic  levels 
in the plank ton  food w eb involv ing  phago troph ic  a lgae?  T hese questions largely  rem ain  unansw ered . In th is rev iew  
w e trea t ev idence  fo r both  osm otrophy  and  phagotrophy  in phy top lank ton , especia lly  tox ic  m arine species, and 
som e eco log ica l im plications o f  m ixotrophy.

Introduction

W h ethe r phytoplankton  can  u tilize  d isso lved  organ ic  
m a tte r as a  sign ifican t source o f  carbon  and  o ther 
m acronu trien ts such as n itrogen  (N ) and phospho­
rus (P) a t na tu rally -occurring  concen tra tions is  still 
an  open  question . T hat som e cu ltu red  phytoplankton  
species can  grow  hetero trophically  o n  d isso lved  or­
gan ic  carbon  (D O C ) in  the d ark  has been  know n for 
som e tim e (D roop , 1974; U keles &  R ose, 1976). H ow ­
ever, g row th  o f  phytoplankton  in  the dark  based on 
D O C  as the so le  carbon  source requ ires very  high 
substrate  concen trations, concen tra tions tha t do  not 
o ccu r in natu ral w aters (D roop . 1974; R ichardson  & 
Fogg, 1982). A lso, under light cond itions, D O C  can 
increase th e  grow th o f  som e phy top lank ton  species 
(C om bres e t a l„  1994). H ow ever, as fo r dark-m ediated  
hetero troph ic  grow th, h igh concen tra tions o f  substrate

are  required . E xperim en ts w ith  na tu ra lly -occurring  
concen tra tions o f  D O C  d id  no t show  any sign ifican t 
s tim ulation  o f  e ither g row th  o r  su rv ival o f  axen ic  a l­
gal cu ltu res (R ichardson  & Fogg, 1982), T h ese  resu lts  
have  lead  to  the conclusion  tha t m icroalgal u tilization  
o f  ca rb o n  in d isso lved  o rgan ic  m atte r (D O M ) c a n  be 
considered  as insignificant.

H etero trophic g row th  o f  m icroalgae  in  the d a rk  on 
low -m olecu lar carbon  com pounds has b een  d e m o n ­
strated  fo r several d iatom  species (H ellebust &  L ew in , 
1977). A m ino  ac id s can  be used d irec tly  b y  p h y to ­
p lank ton  a s  a n itrogen  source  (e.g . F lynn  &  B utler, 
1986). Som e studies using  trace  co n cen tra tions o f  iso­
topes, have show n that som e phy to p lan k to n  spec ies 
are ab le  to  take up d isso lved  o rgan ic  n itro g en  (D O N ) 
at na tu rally -rep resen tative (Paerl, 1991). M an y  h a rm ­
ful phytoplankton  species have been  show n to  use 
am ino  acids as n itrogen  sources. P rym nesium  p a rvu m



is able to  grow  w ith the am ino  acids e th ion ine  or 
m eth ion ine as the only  n itrogen  source  (R ahat & 
H ochberg , 1971 ). Baden & M ende (1979) show ed  that 
the loxic d inoflagellate G ym nodin ium  breve  had K s 
values o f  110 and 150 /¿m ol I“ 1 fo r the tw o  am ina 
acids g lycine  and  valine respectively. S uch  h igh half 
sa tu ra tion  constants fo r am ino  acid uptake indicate 
that C. breve should  no t be ab le  to use am ino  acids 
in its norm al environm ent. H ow ever, o th er experi­
m ents have show n m uch low er half-saturation  co n ­
stants (0 .6 -2  /¿m ol I- 1 ) fo r phy top lank ton  grow th 
on am ino  acids as nitrogen sources (F lynn & Syrett, 
1986).

Soil extracts have been know n fo r a  long tim e to 
stim ula te  the grow th o f  phytop lankton  in cu ltu res (e.g. 
P rovasoli et al.. 1957). P rakash & R ashid  (1968) and 
P rakash et al. (1973) found  that D O M  in the form  
o f  hum ic substances increased  both  y ield  and grow th 
ra tes o f  m arine d inoflagella tes and  d ia tom s (Prakash 
& R ashid, 1968; P rakash et a l., 1973). A lthough  the 
reason  fo r the grow th stim ula ting  effect cou ld  no t he 
adequate ly  explained, the au thors suggested  that the 
hum ic substances acted  as chela tors, enhancing  trace 
m etal availability, a  conclusion  shared  b y  A nderson 
&  M orel ( 1982). The N and P con ten t o f  hum ic sub­
stances w ere  considered  to  be o f  m in o r im portance 
(P rakash &  R ash id , 1968).

O th e r experim ents have indicated  tha t organic  N 
in soil ex trac ts is beneficial fo r phytop lankton . M orrill 
& L oeblich  (1979) found  tha t grow th o f  Peridinium  
fo lia ceu m  in N  lim ited  axenic  cu ltu res increased  when 
supplied  w ith  sterile soil ex tracts , p robab ly  because 
o f  the hum ic substances in the ex trac t con ta in ing  or­
gan ic  N. G ranéli e t al. ( 1985) show ed that the b iom ass 
y ield o f  the toxic d inoflagella te  P rorocentrum  m in i­
m um  increased  considerab ly  w hen hum ic  substances 
and phosphate  w ere added  to the m edium . Prorocen­
trum  m in im um  ce lls  grow n w ith  add itions o f  hum ic 
substances contained s im ila r concen tra tions o f  N  as 
ce lls  grow n w ith  inorganic  N (G ranéli e t al., 1985).

C oncentra tions o f  inorgan ic  N  and  P  usually  be­
com e very low  in both  o ff  sh o re  and  coastal m arine 
w aters during  sum m er m onths, w h ile  concentrations 
o f  D O N  are high. T hus, a re latively  large part o f  the N 
and P pools in  the sea are  found  as d isso lved  organic 
m olecules. It w ould  be a  g rea t com petitive  advantage 
fo r the phytoplankton if  they cou ld  use even a  sm aller 
part o f  the D O N  pool. O rganic  P can  be u tilized  by 
phy top lank ton  th rough  the action  o f  phosphatases, a 
w ell know n process (e.g . B erm an, 1970). However, 
parallel utilization o f  d ifferen t form s o f  organic  N

o ther than u rea  o r am ino  acids is less w ell known 
(A ntia  e t  a l., 1991), w hich is unfortunate  s ince  m arine 
phytoplankton a re  usually  thought to  b e  N , and  not P, 
lim ited. In rainfall D O N  also constitu tes a quan tita ­
tively im portan t source o f  N , w hich a t least in part is 
b io logically  availab le  (Peierls &  Paerl. 1997).

T h e  idea tha t pho tosyn thetic  o rgan ism s m ig h t be 
ab le  to  utilize organ ic  partic les is no t new. E arly  
observations o f  phagotrophy  typ ica lly  re lied  on co n ­
ventional ligh t m icroscopy. H ofeneder (1930) re­
ported that the freshw ater d inoflagella te  C eratium  
hirundinella  engu lfed  prey using  a pseudopodium . 
A lthough algal phagotrophy  has been know n for 
decades th rough  such descriptive m icroscop ic  obser­
vations, attem pts to quantify  the eco lo g ica l signifi­
cance  o f  phago trophy  in the m arine  env ironm en t are 
relatively  recen t. C urren t studies o f  m ixo trophy  have 
been stim ula ted  by new  m ethods fo r the quantifica­
tion o f  g raz ing  by sm all p lankton o rgan ism s and by 
the reconcep tualiza tion  o f  the pelag ic  food  chain  lo 
include the ‘m icrob ia l lo op ' (A zam  &  S m ith , 1991). 
T h is  includes the im portance o f  bacterivory  by het­
ero trophic and m ixotrophic  m icroflagella tes fo r the 
carbon  flow and nu trient cycling. E specia lly  im portan t 
arc m ethodological innovations such a s  the techniques 
based  on fluorescently- o r  rad ioactively -labelled  par­
ticles (L essard  &  Sw ift, 1985; S herr e t ah , 1987; 
H avskum  & R iem ann, 1996; L i e t  a l., 1996). D e­
tection  o f  phago trophy  in the freshw ater ch rysophy te  
D inobryon  spp . w as possib le using  fluorescent latex 
beads (B ird  &  K alff, 1986). T h is  investigation  has 
spurred m any subsequent studies o f  a lgal phago trophy  
in both  m arine and  freshw ater pe lag ic  com m unities.

H ow ever, the significance o f  phago trophy  in the 
eco logy  o f  phvtoplankton  is still largely  unknow n. 
M any questions concern ing  num erical and  biom ass 
abundance, carbon  flux, feed ing  ra tes, nu trien t re­
genera tion  ra tes, e tc .. a re  d irectly  analogous to  those 
asked by Zooplankton eco log ists (B oraas e l ah, 1988). 
Phagotrophy  can be seen as an im portan t fac to r regu ­
lating popu la tion  dynam ics, and som e o f  the im por­
tant issues that need to be fu rth er pursued  are; ( I )  
T he detec tion , characterization  and quan tification  of 
phagotrophy  am ong  m em bers o f  the d ifferen t phy to ­
p lankton taxonom ic  g roups. (2) T he im portance  of 
phagotrophic up take  o f  C , N , P, trace m etals, o r  special 
o rganic  com pounds (such as som e v itam ins that the 
a lgae canno t syn thesize) fo r the g row th  o f  these, o r­
ganism s. (3) T h e  env ironm ental cond itions tha t trigger 
phagotrophic  behavior. (4) The com petitive  advan­
tage o f  be ing  a  photosynthetic  phago troph  com pared
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to  so lely  au lo troph ic  o r  h e te ro tro p h ic  d u rin g  certain  
env ironm ental cond itions (e. g. d iffe ren t light and 
nutrient regim es). P hago trophy  m ay  a lso  b e  only  a 
rem n an t o f  an ancien t, fo rm erly  im portan t behav io r 
am ong  planktonic  o rgan ism s, that h as  little  ecological 
significance.

T h is  review  on phy top lank ton  m ixo trophy  focuses 
on the u tilization  o f  o rgan ic  m a tte r as a so u rce  o f  
m acronu trien ts C , N  and P fo r phy top lank ton  grow th, 
and  its  consequences fo r phy top lank ton  eco logy  as 
w ell as fo r the view  o f  the m icrob ia l food w eb. T he 
first part o f  the review  is focused o n  the up tak e  o f  d is­
so lved organ ic  nutrients and  the second  on ingestion  of 
partic les (bacteria, o th er phy top lank ton  ce lls  o r  even 
Z ooplankton) by phy top lank ton  cells.

Osmotrophy and phytoplankton growth

Im portance  o f  D O N  as a n u tr ien t source

T he pool o f  D O N  in natu ral w aters is co m p o sed  o f  
a  large num ber o f  com ponents and  a  la rg e  fraction  
o f  the D O N  has no t yet been characterized  (Sharp, 
19S3). R apidly  cycling  sm all o rgan ic  com pounds (e.g. 
am ino  acids, am ines, urea) accoun t on ly  fo r a  m i­
n o r fraction  (1 0 -2 0 % ) o f  to tal D O N  in m arine w aters 
(Sharp . 1983; M cC arthy et al., 1996). T h e  m ajo r part 
o f  D O N  is p robably  resistan t to  b io log ical degrada­
tion (M cC arthy e t al., 1996). In  coastal w aters, D O N  
orig inates from  several sources; such  as riverine  load­
ing , a tm ospheric  deposition , and to  a m inor extent 
sed im en t-w ater exchange and  g ro u n d w ate r (F igu re  1). 
T hese  tw o later sources o f  D O N  co n stitu te  a large part 
o f  the fiux o f  N  from  land  to  sea , o ften  m ak in g  up m ore 
th an  50%  o f  the to tal d isso lved  N ex p o rt (M eybeck, 
1982). T he N  conten t o f  riverine  h u m ic  substances is 
usually  1-3%  (by  w eigh t) and  the P  con ten t is about 
0 .2%  (T hurm an, 1985; H edges, 1987). In  m arine 
rainfall, D O N  also  constitu tes a  quan tita tive ly  im por­
tan t source  o f  N . A tm ospheric  N  deposition  orig inates 
m ostly  from  fossil fue l com bustion  and  agriculture, 
and  is  m ainly  com posed  o f  n itrogen  ox ides (L ikens 
e t a l., 1974), am m onia (B u ijsm an  e l  a l., 1987), and 
D O N  (i.e. urea, am ino  acids) (T im perley  e t  al., 1985; 
M opper &  Z ika, 1987). R ainw ater a lso  con ta ins o ther 
e lem en ts necessary  fo r phy top lank ton  such  as P  and 
m etals (D uce e t a l., 1991). A  la rg e  part o f  DON 
in ra in fa ll is bio logically  availab le  to  m icrob ial and 
phytoplankton  grow th (P eierls  &  Paerl, 1997) since 
d isso lved  am ino  acids and urea can  constitu te  up to

« xcikI c ii

f .  P o ly m eric  DOM A 
r (e .g . p o ly sa cc h a r id e* .

U tilisab le  DOM \  
(e .g . a m in o  a c id s ,  u rea )

DOM
( D O C ,  D O N ,  D O P )

Figure I. S ources and u tilization o f  DOM  (O sm otrophy) by 
m ixotrophic phytoplankton.

50%' o f  DON (M opper &  Z ika, 1987; T im perley  e t 
a l ,  1985). D O N  concen tra tions in m arine w aters are  
usually  thought to b e  in the range fro m  3 to  5 /em oi 1 1 
(S harp , 1983). H ow ever, S uzuk i e t al. (1985) reported  
D O N  concen tra tions o f  2 0 -4 0  /¿m ol I-1  in surface 
o cean ic  w aters using  a  h igh-tem pera tu re  ca ta ly tic  o x ­
idation  m ethod . H ow ever, H ansell (1993) found  D O N  
concen tra tions in nearshore  and  open-ocean  w aters 
consisten tly  low er than  10 /¿m ol I- 1 , a lso  using h igh- 
tem peratu re cata ly tic  oxidation . Irrespective  o f  the 
exac t am o u n t o f  D O N  presen t in m arine w aters, the 
D O N  pool is substan tia lly  la rger than  tha t o f  d isso lved  
ino rgan ic  N  (D IN ) in m ost stratified w aters d u rin g  the 
p roduc tive  season.

W hen m anagem ent o f  eu troph ica ted  coastal a reas 
is con sid ered , D O N  is usually  no t considered  as part o f  
the nu trien t poo l availab le  fo r phy top lank ton . Several 
stud ies have show n, how ever, that D O N  can stim ­
ulate phytop lankton  production. C hlorella  spp . and 
the freshw ate r Pediastrum  b iw ae  w ere  show n to  grow  
using D O N  from  precip ita tion  as the only  N  source  
(T im perley  e t al., 1985). A m m onium  and D O N  re lease 
by Trichodesm ium  spp . enhanced  the total phy top lank­
ton  p roduc tion  in  the sub trop ical N orth  Pacific O cean  
(L ete lier &  K arl, 1996). In  S h innecock  Bay, Long 
Island , b loom s o f  A ureococcus anophagellereas  w ere  
connected  to  the urea concen tra tion  in the w ater (B erg  
et al., 1997).

A b io tic  a n d  enzym atic  breakdow n o f  D O M

D isso lved  organic  m a tte r en tering  m arine  w aters can  
b e  broken dow n by lig h t and  or b ac te ria  (K ieber e t  al.,
1990). T he half-life  o f  ocean ic  D O C  has traditionally  
been  estim ated  to  be very long, up to  thousands o f  
years  (W illiam s & D ruffel, 1988). H ow ever, fo r river­
ine D O C  reach ing  coastal w aters calcu lations based  on
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photodegradation  o f  D O M  a re  substan tia lly  low er, be­
tw een  1 and 5 years (K ie b e re t a l., 1990). T hrough  the 
action  o f  U V -radiation b io log ically  available inorganic 
N m ay be p roduced  from  D O M  (B ushaw  et a l., 1996).

T h e  eco log ical significance o f  abiotic, photopro­
duction  o f  D IN  from  D O M  in m arine w aters is still 
largely  unknow n, w hile enzym atic  u tilization  o f  o ther 
nu trien ts in D O M , especially  P, has been m ore exten­
sively  studied. Both bacte ria  and phytoplankton  are 
ab le  to  p roduce ex tracellu lar phosphatases thai hydro l­
yse organic  phosphorus com pounds , and release phos­
phates that are taken up by the ce lls  (M yklestad  & Sak- 
shaug , 1983; C einbella  e t al., 1985). W ith respec t to  N , 
leucine am inopep tidase  (an enzym e that is w idely  d is­
tributed  in aquatic  env ironm ents and  that hydrolyses 
a large num ber o f  peptides and  am ides) can  degrade 
m acrom olecules w ith  pep tide bonds (H oppe e t al..
1988). H ow ever, ex trace llu la r o r  cell surface pep ti­
dases seem  to be p roduced  only  by bacte ria  (R osso & 
A zam , 1987) and there are  n o  reports o f  phy top lank­
ton u tilization  o f  these enzym es. A ssociated  w ith  the 
cell m em brane are  the bacteria l exoenzym es, and the 
products from  their activity  shou ld  be m ainly  available 
fo r the bacte ria  and  n o t phy top lank ton . C onsequently , 
the activ ity  o f  am inopep tidase  is o ften  low in 0.2 g iti 
filtrates w here bacte ria  are  no t p resen t (e .g . C hróst.
1989). H ow ever, w hen bacte ria  are  associated  w ith 
phytoplankton , algal cells m igh t u tilize  m onom ers de ­
rived from  bacteria l exoenzym atic  ac tiv ity  (F igure 1). 
N one o f  the phytoplankton species tested  by Palenik 
&  M orel (1990) d id  possess ce ll-su rface  o r  ex tracellu ­
la r pep tidases. E x tracellu lar enzym es can be w ashed 
aw ay  from  the perip lasm ic space , liberated  by lysis 
o r  dam age o f  cells b y  grazers. E ven  the in tracellu ­
lar enzym es m ay  becom e d isso lved  in the w ater by 
cell lysis o r  grazing  (C hróst, 1991). H igh  am inopep­
tidase  activ ities ( 10 -9 0 %  o f  to tal activ ity ) have also 
been reported  in 0 .2  /xm filtrates (Jacobsen &  Rai,
1991), w hich  w ould p roduce free am ino  acids also 
availab le  fo r phytoplankton  up take . I t is  thus possible 
that phytoplankton , to  som e ex ten t, a re  using am ino 
acids produced by the action o f  bacteria l peptidases.

T h e  tox ic  hap tophyte P rym nesium  parvum  pos­
sesses cell-su rface  L -am ino  acid  ox idases tha t oxidize 
am ino  acids and p rim ary  am ines, p roducing  am m o­
nium  tha t is taken up b y  the ce ll, perox ide  and  a-keto 
acids (from  am ino  acids) o r  a ldehydes (from  prim ary 
am ines) (Palenik  &  M orel, 1990).

Indirect u tiliza tion  o f  D O M  b y  phy to p lank ton  -  the  
role o f  bacteria  a n d  regeneration o f  inorganic  
nutrients

T hrough  g razing  o f  he tero trophic flagellates on bac­
teria, inorganic  nu trien ts are  regenerated  (C aron & 
G oldm an, 1990). T h e  regenerated  ino rgan ic  P  and  N 
are  then  available both  fo r bacte ria  and phytoplankton. 
B acteria  are  considered  to be the dom inan t o rganism s 
using DOM  as substrate . S ince  bacteria l C :N  ratios 
(about 3 -7  (B ratbak , 1985; N agata. 1986)) are low er 
than those fo r phy top lank ton  (6 -2 0  (D arley , 1977)), 
bacteria need m ore N  per unit b iom ass than p h y to ­
plankton. In m arine w aters , D O M  has a h igh C :N  ratio, 
about 15 by w eigh t (B enner et a l., 1992), w h ile  river­
ine D O M  tha t en ters coastal w aters o ften  has much 
h igher ratios (about 5 0  (M alcolm , 1985)). B acteria 
m ay thus retain  th e  N from  D O M  and not regenerate  it 
in inorganic  fo rm  availab le  fo r phy top lank ton  (G old ­
m an & C aron , 1985). H ow ever, w h en  bacte ria  are 
g razed, e .g . by hetero trophic nanoflagella tes and c ili­
ates, D IN  is re leased  (e.g. C aron &  G oldm an, 1990) in 
am ounts betw een  10 to  50%  o f  the ingested  bacteria! 
N (A ndersson  e t ah, 1985).

G randii e t al. ( 1985) have show n tha t cell num bers 
o t the d ino flagella teP rorvcen tru in  m in im um  increased  
w hen hum ic acid  w as added to cu ltu res. T h a t the cells 
w ere  ab le  to u tilize  N  in the hum ic  m ateria l, w as 
indicated through s im ila r levels o f  in trace llu la r N  in 
these cells as in ce lls  grow n w ith D IN . H ow ever, the 
m echanism  beh ind  th e  u tilization  o f  hum ic-bound  n i­
trogen was no t clear. In  sim ilar experim en ts  w ith  a 
natural p lankton com m unity , to tal algal and  bacterial 
b iom ass, the num ber o f  bactcrivores and D IN  concen ­
tration becam e significantly  h igher w hen D O M  was 
added  (C arlsson  e t al. 1993). T his suggested  tha t the 
D O M  w as used by bacteria and tha t D IN  w as later 
regenerated  by the bacterivores g raz ing  on the bacte ria  
and used by the phytoplankton .

D irect uptake o f  h igh -m o lecu la r w eight com pounds

Polym eric  com pounds arc  considered  to o  large to 
pass the cy top lasm ic  m em brane b y  sim ple  d iffusion 
(Payne, 1980). N evertheless, a  m echan ism  to  take 
up h igh  m olecu lar w eigh t com pounds is  by p inocy- 
losis, w hich is an ac tive transport system  w here  the 
m acrom olecules are  accum ulated  in sm all vesicles in ­
side the cell m em brane (F igure  1). T h is  p rocess has 
only  been stud ied  to  a m in o r ex ten t in  phytop lankton  
(K ivic &  Vesk, 1974; K lut e t al., 1987). T he uptake 
o f  m acrom olecule m arkers (e.g. lectins, perox idases.



dextralis) h as been dem onstra ted  in  the flagellates A m ­
p h id in iu m  carterae  and P rorocentrum  m ica n s  (K lut 
e t a l., 1987) and A lexandrium  ca ten e lla  (L egrand & 
C arlsson , 1998a). T hese  phy to p lan k to n  ce lls  prob­
ab ly  ingested  the m acrom olecu les by pinocytosis. 
H ow ever, th e  poten tia l sign ificance o f  p inocy to sis  in 
phytoplankton  nutrition  rem ains to  b e  elucidated .

A lga l b loo m s an d  th e  input o f  D O M  fr o m  terrestria l 
origin

P rakash  &  R ash id  (1968) su g g es ted  tha t m ost, if  not 
a ll, d inoflagella te  b loom s in coastal w aters d ep en d  on 
hum ic o r  o ther nu tritional factors en te r in g  th e  w aters 
a fter heavy  rain falls o r  land drainage. R iver w aters 
d ra in ing  agricu ltu ral so il, r ich  in ino rgan ic  N  and P, 
s tim ula te  g row th  o f  d iatom s, w hile river w aters from 
forest areas, rich  in hum ic substances, in c rease  grow th 
o f  d inoflagella tes (G ranéli &  M oreira . 1990). Coastal 
w aters can  be heavily  influenced  b y  river ru n -o ff  con ­
tain ing  bo th  ino rgan ic  and o rgan ic  nu trien ts. In  coastal 
a reas influenced by rivers d ra in ing  fo rested  land , the 
contribu tion  o f  o rganically  bound  N can  be very  high.

W orldw ide n itrogenous com pounds h av e  increased  
in  a tm ospheric  em issions largely  uncon tro lled  over 
the las t 4  decades (D uce e t  a l., 1991). F rom  20  to 
> 4 0 %  o f  coasta l D IN  +  D O N  load ing  is  attributed 
to  a tm ospheric  deposition  alone, th u s eq ua ling  or 
exceed ing  riverine inputs (Paerl, 1995).

A  large increase in  the d ischarge  o f  hum ic  sub ­
stances by rivers in to  Sw edish  coastal w aters seen  dur­
ing  the last 20  years (A ndersson  e t a l., 1991 ; Forsberg,
1992) co incides w ith  increased  n u m b er and intensity 
o f  d inoflagella te  b loom s in the sam e area (G ranéli et 
al., 1989). Z hang  (1994) suggested  a co rre la tion  b e ­
tw een a tm ospheric  deposition  o f  nu trien ts  and  harm ful 
b loom s.

Significance o f  phagotrophy for phytoplankton  
growth

E xterna l abiotic o r  b io tic fac to rs in fluencing  cell 
physio log ical s ta te  presum ably  regu la te  phago trophy  
am o n g  algae (F igure 2). I f  light is  insuffic ien t to 
allow' fo r sufficient C O -2 fixation  to  m ee t m etabolic 
dem ands o f  the ce ll, phago trophy  can  supp lem en t o r 
even  substitu te  fo r  pho tosyn thesis as a  so u rce  o f  o r­
g an ic  carbon  (A ndersson e t a l., 1989; S anders  e t  al.,
1990). Phago trophy  m ay be exp la ined  in th e  sam e W'ay 
w ith  respec t to  nutrients, i.e. phago trophy  m ay supply

P r e y
( a b u n d a n c e ,  t y p e ,  s i z e )

C o n c e n t r a t i o n  
o f in o r g a n ic  n u t r i e n t s  
in  t h e  w a te r

P h a g o t r o p h y

Figure 2. Possib le  environm ental factors regulating phagotrophy in 
m ixotrophic phytoplankton.

the  o rg an ism  w ith N  o r  P  o r  som e m icronu trien t if  d is ­
so lved  sources have been exhausted  (K im ura  &  Ish ida, 
1985; C aron  e t a l., 1993; N ygaard  & T obiesen . 1993). 
F o r phago trophy  to  b e  effective, th ere  has to  b e  a 
sufficient supply  o f  su itab le  o rgan ic  partic les (prey o r­
ganism s). T hus, in env ironm en ts w here the o rganism  
encoun te rs a h igh concen tra tion  o f  prey, e .g . bacte ria , 
phago trophy  m igh t be induced . T he th ree m ost im ­
portan t triggering /regu la ting  factors fo r phago trophy  
m ight then  b e  nu trien t availability , p rey  abundance, 
and light (F igure  2).

It is  natural to  assum e that algae use phago trophy  
to  ob tain  m acro- (N , P) and m icro -nu trien ts (e.g . m et­
als, v itam ins), w hen d isso lved  inorgan ic  o r  o rg an ic  n u ­
trien ts are  g row th-lim iting  (A aronson , 1974; K im ura 
&  Ish ida, 1985; Sanders &  Porter, 1988). M ixotrophy  
m ay thus be a  prim itive tra it, a  notion  tha t is supported  
by the fac t th a t g roups w ith m any phago trophs a re  an ­
c ien t (Porter, 1988). It has been p roposed  tha t som e 
phago troph ic  a lgae have evo lved  fro m  prim itive het- 
e ro trophs, w hile o thers a re  ‘seco n d ary ’ phagotrophs, 
w here the character has evolved from  stric t pho to tro ­
phy (Jones, 1994). T h is  au th o r suggested  tha t m ix o tro ­
p hy  shou ld  no t be v iew ed  as a sing le  strategy deve l­
oped by p lank ton ic  organ ism s, p laced betw een  the 
dom inant form s o f  nu trition  (au to trophy  and  hetero tro ­
phy), b u t instead  as a con tinuous g rad ien t be tw een  
true au to trophs and  hetero trophs. F o r  som e organism s 
phago trophy  w ill only  in itia te  i f  h igh quan tities  o f  
p rey  are  presen t (A ndersson et a l., 1989; Sanders e t 
al., 1990), w hereas fo r o thers  phago trophy  appears to 
b e  m ore  dependen t on ab io tic  factors, such as light 
(C aron  e t a l., 1993; Jones e t a l., 1993, 1995; K eller et 
a l., 1994). S om e algae m ay b e  efficient phagotrophs 
but poor phototrophs (C aron  e t  a l., 1990), w hereas 
o thers m ay  b e  ob ligate  pho toau to trophs, still capable 
o f  phago trophy  (C aron e t a l.. 1993). F rom  an eco lo g i­
cal po in t o f  view , it  is expected  that th ere  is a trade-o ff 
betw een pho tosyn thesis and  phagotrophy . T h e  sim u l­
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taneous ab ility  to  perform  both  m odes o f  nutrition  has 
h igh costs, bu t enab les the o rgan ism  to  outcom pete 
h etero troph ic  o r  strictly photosynthetic  species under 
certa in  environm ental cond itions (R othhaupt, 1996a; 
T h ingstad  e t a l., 1996).

Phago trophy  am ong photosynthetic  plankton has 
been stud ied  m ainly  fo r phytoflagella tes, includ­
ing  ch rysophy tes in freshw ater env ironm en ts and 
dinoflagella tes in the m arine env ironm ent (w ith  a 
few  stud ies on ch rysophy tes and hap tophytes in ma- 
rine/estuarine w aters). A m ong d inoflagellates, there 
are species that a re  strictly  hetero trophic  (lack ing  pho­
tosynthetic p igm ents), w hereas c losely  re la ted  species 
a re  photosynthetic  o r  m ixotrophic , e .g . in the genus 
G yrodinium  (G aines &  E lbräch ter, 1987). A lso there 
are  co lo rless species w hich  a fter ingesting  the ir prey 
m ay  retain  their actively w ork ing  ch lo roplasts ( ‘clep- 
toch lo rop lasts ') .

Phago trophy  exists in several harm ful/tox ic  m arine 
phytoplankton  species. T he tox ic  C hrysochrom ulina  
p o ly lep is , H eterosigm a akash iw o  and A lexandrium  
tam arense  a re  ab le  to  ingest radioactively  labelled  bac­
teria a t h igh ra tes (N ygaard  & T obiesen , 1993), A lso, 
food vacuo les have been observed  in the toxic D in o p h ­
y s is  acum ina ta  and D inophysis norvegica  (Jabobson  & 
A ndersen , 1994). These resu lts ind ica te  tha t phago tro ­
phy  m ay be an im portan t m ode o f  nutrition fo r these 
po ten tia lly  toxic algae. Several o th er harm ful d i­
noflagellates species (e .g . G ym nodin ium  sanguineum . 
G yrodinium  uncatenatum . C era tium  fu rc a , P. m in i­
m um , P. m icans) have been observed  w ith  ingested  
prey  (L i et a l., 1996; S toecker e t al., 1997; Jacobson 
& A nderson , 1996).

P hago trophy in  relation to  environm ental conditions

L ight, nu trien t availability, and  prey  concentration  
m ay  in terac t to regulate phago trophy  in com plicated  
w ays (F igure 2). I t is a lso  possib le  tha t physio logical 
adapta tion  is involved w hen sw itch ing  m odes o f  nu­
trition. I f  this is true, then the m ode o f  nutrition  m ay 
no t im m ediately  track  changes in env ironm ental con ­
d itions. as is the case  fo r physio log ical changes taking 
p lace w hen  a  phytoplankton cell is exposed  to  variable 
light regim es.

A n exam ple  o f  the decoupling  o f  light and  prey 
availability  in  phagotrophy  o f  a photosyn thetic  o rg an ­
ism  w as found  by R othhaupt (1996b) fo r O chrom onas 
sp. T h is  species increased its ingestion  ra te  w ith in­
c reasing  bacteria l density, independent o f  light c o n ­
d itions. G row th ra te  a lso  increased  in proportion  to

an increase in  bacterial density , independen t o f  light 
regim e. H ow ever, at low  bacterial densities, grow th 
ra tes w ere sligh tly  h igher w hen O chrom onas  sp . was 
g row ing  in light than  in  the dark . Prey concen tra tions 
had  no effec t on the ingestion  rates o r  ch lo rophy ll con ­
cen tra tions o f  C hrysochrom ulina brevifilum , w h ile  low 
light intensity  increased  ce llu la r ch lo rophy ll con ten t 
and ingestion  rates (Jones e t  al., 1995).

Intuitively, one  expects low light to  be a  m ajor 
factor triggering induction  o f  phagotrophy  in phy to ­
p lankton (G randii e t  a l., 1997; Jones e t a l., 1993, 
1995; M cK enzie e t a l.. 1995; Legrand e t a l.. 1998). 
T h ere  may be a stim ulation  o f  phago trophy  in low 
ligh t/darkness (B ird  &  Kalff, 1986; Jones e t al., 
1995; Legrand et a l., 1998). M axim um  ingestion  
ra tes and h ighes t pho tosynthetic  rates occu rred  sim u l­
taneously  a t 4 0  /z m o lm - 2 s -1  fo r the ch rysophy te  
Poterioochrom onas m alham ensis (P oner, 1988). The 
ingestion  o f  fluorescen tly  labelled  flagellates (3  //m ) 
by th e  d inoflagella te  H eterocapsa triquetra  w as h igher 
in darkness than in light (100  /rino i m  2 s ' 1) in sh o rt­
term  (2 4  h ) experim en ts. However, in  longer experi­
m ents (4 -5  d) light w as necessary  to  sustain  p h ag o tro ­
phy  in  th is d inoflagella te  (L egrand e t a l., 1998). ln  
the genus C hrysochrom ulina  16 species w ere  tested  
fo r phagotrophy  under low and high ligh t, and w ith 
live and  dead prey  (Jones e t al., 1993). O n ly  5 o f  the 
16 species d id  no t becom e phagotrophic . a t least in 
response  to  som e o f  the offered prey. C. brevifilum  
show ed an inverse relation  betw een phago trophy  and 
light, w hich  w as re-confirm ed in fu rther experim ents 
(Jones e t a l., 1993). Phagotrophy  increased al low  light 
intensity , and the num ber o f  C. brevifilum  ce lls  grow n 
a t low  light (45 /rm o l m -2  s ' 1 ) w as m uch h ig h e r w hen  
algal prey w as prov ided  as food. T his is an  exam ple 
w here  phago trophy  seem s to  have substitu ted  fo r pho­
tosynthesis as th e  dom inan t source o f  o rgan ic  carbon  
a t low  light in tensities. H ow ever, the opposite  has a lso  
been  found. F o r exam ple  inhibition  o f  bacte rivo ry  in 
a freshw ater ch ry sophy te  exposed to darkness o r  low 
light w as found  by C aron  e l al. (1993).

Som e phy top lank ton  species tha t a re  no t good 
com petito rs fo r the lim iting  nu trien t a t low  concen ­
trations m ay have re tained  o r  re-developed the ca ­
pacity  to  p rey  on o th er p lankton o rgan ism s in  o rder 
to  ob tain  the requ ired  nutrients (see S chöllhorn  & 
G ranéli, 1996). U se  o f  an alternative n u trien t source  
m ay enab le  these species to  coexist w ith , o r  ou tco m ­
pete , species tha t rely stric tly  on  d isso lved  nu trien ts 
(R othhaupt, 1996b).
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A n increase in bacterivory  in several species o f  
tox ic  flagellates w as observed w hen  the cells w ere 
g row n  in P  deficient m edium  (N ygaard  & Tobiesen,
1993). C. p o ly lep is  w as grow n u n d e r N - or P- 
defic iency  and  under nu trien t suffic ien t conditions 
(L egrand  e t a l.. 1996). T he d isappearance  o f  fluo- 
rescen tly  labelled  algae (FL A ) from  the m edium  in 
P -deficien t treatm ents w as h ig h e r than  fo r o th e r treat­
m ents, T hus, C. po ly lep is  cells m ight have  been using 
FL A  a s  a P source. T h e  sam e au tho rs found  phago tro ­
phy in C. po ly lep is  to co rrespond  to  a m axim um  o f  5%  
o f  the carbon  intake. H ow ever, since dead  cells w ere 
presen ted  as prey, these ingestion  ra tes m ay have been 
sign ifican tly  underestim ated.

Ingestion  o f  bacteria, w hich are  rich in P, 
m ay be a m echanism  fo r phago troph ic  d inofiagel- 
lates/flagellates to  obtain  th is critical e lem en t (N y­
g aard  &  T obiesen , 1993). T h e  ch rysophy te  O chro­
m o n a s  sp . sw itched from  uptake to  excretion  o f  
S R P  (so lub le  reactive  phosphorus) w hen grow ing  au ­
to trophica! ly and  phago troph ica lly  respectively , indi­
cating  that phagotrophy  can decrease or even exceed 
the dem and  fo r SR P (R othhaupt, 1996a). T h is  enab les 
the phago troph ic  spec ies to  coex ist w ith  phototrophic 
species, w hich  m ust re ly  on SR P o r d isso lved  organic 
P (R othhaupt, 1996b). T h e  ch rysophyte  U roglena  sp. 
assim ilate  inorganic  P th rough  phototrophy, and it is 
also ab le  to  take up phospholip ids via ingestion  o f  
bacte ria  (K im ura  & Ish ida, 1985). A ccord ing  to K eller 
e t a l. (1994), O chrom onas  sp. used phago trophy  Lo 
supp lem ent its nutrition  w hen light o r inorgan ic  nu­
trien ts w ere lim iting. H ow ever, there w as an apparent 
th resho ld  o f  response, as phagotrophy  decreased  or 
even ceased  a fter periods o f  p ro longed  darkness.

T he freshw ater ch rysophy te  D inobryon  cylin ­
dricum  could  satisfy  25%  o f  its C , N  and  P  need 
th rough  ingestion  o f  bac te ria  (C aron e t ah , 1993). Up 
to  50%  o f  the C  dem and  by D inobryon  sertularia  
can  b e  m et by phago trophy  (B ird &  K alff, 1989). 
A ssum ing  an assim ilation  efficiency o f  60%  fo r C  
(C alow , 1977) and c lo se  to  100%  fo r N , B ird &  K alff 
(1989) estim ated  that nearly  100% o f  the N dem and 
by D inobryon  sertu laria  cou ld  be m et by phagotrophy. 
F o r  the m arine red -tide  d inoflagellate G. sangu ineum , 
B ockstah ler &  C oats (1993a) ca lcu lated  tha t natural 
popu la tions o f  this a lgae in the C hesapeake B ay w ere 
ab le  to  m eet their N  requirem ent by ingesting  sm all 
nanocilia tes (< 2 0  /¿m).

The eco log ica l significance o f  phago trophy

Phago trophy  has been considered  a sign ifican t loss 
rate in ecosystem  energy  budgets. P hagotrophic C 
up take  as a percen tage o f  total (pho tosyn thesis p lus 
phago trophy) C  incorporation  varies w idely in  the lit­
erature, from  a few percen t (T ranvik  e t  ah, 1989; 
L egrand  e t ah , 1996) to  m ore than  50%  (Porter, 1988; 
Bird &  K alff, 1989; C aron  et ah , 1993). T his varia­
tion can  occur w ith in  the sam e algal g roup  (genus). 
B ird &  K alff (1989) show ed that C  assim ilation  by 
phago troph ic  chrysom onads in the deep e r w aters (b e ­
low 6 m ) o f  L ae G ilbert can  be equa l to  o r h igher than  
photosyn thetic  fixation. T ranvik  e t ah  (1989), how ­
ever, reported  that bacterivory  b y  C ryptom onas  sp. 
w as no t an im portan t C  source  fo r th is phytoflagellate. 
rep resen ting  less than  2%  o f  th e  C  intake.

C on tro l o f  bacteria l densities in lakes and  m arine 
w aters has, until recently, been attribu ted  m ostly  to 
he tero troph ic  flagellates. S om e phy top lank ton  species 
have s im ila r o r som etim es h igher g raz ing  rates than 
hetero trophic  flagellates, co n tro llin g  no t only  bacteria 
bu t even hetero trophs o f  the sam e size  as the algae 
them selves (Sanders &  Porter. 1988; B ockstah ler & 
C oats, 1993a. 1993b; Skovgaard , 1996). P hagotrophic  
phytoflagella tes are repo rted  to be responsib le  fo r a 
m ajo r part o f  the g raz ing  pressure on bacte ria  in som e 
lakes (B ird  &  K alff, 1986; B ern inger et ah, 1992). 
Sanders &  P o rte r (1988) reported  c lea rance  rates be­
tw een 2 .5 -8 .4  nl h r-1 fo r phytoflagella tes in Lake 
O glethorpe. S im ilar values w ere  found fo r m arine 
flagellate /d inoflagella te  species su ch  as C. po lylep is  
(N ygaard  &  Tobiesen. 1993). T he occurrence  o f  food 
vacuoles in G. sanguineum  w as positively  correlated  
to c ilia te  densities (B ockstah ler &  C oats, 1993a). The 
daily  rem oval o f  these nanocilia tes by G. sanguineum  
accoun ted  from  6 to b l%  o f  the < 2 0  /u n  ciliate 
stand ing  stock  (B ockstah ler &  C oats, 1993a).

T h ese  contrad ictory  resu lts show  that the co n tri­
bution  by phago trophy  o f  m ixo troph ic  a lgae  to the 
con tro l o f  b iom ass o f  bacte ria  o r  o th er plank ton  organ­
ism s is h igh ly  variable, depend ing  on the algal species 
and  the env ironm ental conditions encoun tered  by the 
algae . H ow ever, it is c lea r that losses d u e  to  pigm ented 
flagellates m ust be considered  w hen estim ating  g raz­
ing  rates o n  bacteria, a lgae  and m icrozooplankton  in 
lakes o r  m arine w aters.
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Summary

Substantial experim ental ev id en ce  show s tha i phy to ­
p lankton utilize D O M  as a nu trien t source  in natural 
env ironm ents, w hich a re  e ith e r organ ic  substances 
presen t in seaw ater o r  D O M  reach ing  coastal zones 
w ith rivers and rainfall. T h is  g row th  stim ulating  effect 
m ay  b e  caused e ith e r b y  trace  m etal com plexation  by 
the o rgan ic  m olecules, and /o r d irec t utilization o f  o r­
gan ic  bound  N occurring  in sm all m olecules such as 
urea and am ino  acids. Ind irec t u tilization  o f  organic  
bound N  via rem inera liza tion  by bacterivores c rop ­
p ing o n  bacteria tha t used  th e  D O M  as a substrate , is 
a lso  a m echanism  fo r phy top lank ton  to access the N 
in D O M . D irect ingestion  o f  h igh -m o lecu la r w eight 
organic m olecules by phy top lank ton  seem s to be a 
poten tia lly  im portant b u t largely  overlooked m echa­
nism . D isso lved  organ ic  m atte r in river w ater en tering  
coastal w aters is  sub jected  to  tw o  m ajo r breakdow n 
processes: bacterial degradation , and photochem ical 
transform ations tha t increase the ir availability  to  bac­
teria. In  coastal w aters largely  influenced by  river 
runo ff and  rainfall, increased  g row th  o f  phy top lank­
ton, inc lud ing  b loom s o f  harm fu l a lgal species, m ight 
therefore occur as an effec t o f  in d irec t u tilization  o f  N 
prev iously  bound  to D O M .

Phagotrophy  is w idespread  in certain  g ro u p s o f 
photosynthetic  organ ism s, especia lly  am ong various 
phytoflagellates includ ing  im portan t toxic o r  harm ­
ful species, such as C. p o ly lep is . P fiesteria  p iscicida, 
H. akash iw o. A . tam arense. D inophysis  spp ., G yro­
d in ium  gala  leanum  and  H. triquetra . P hagotrophic 
algae prey  on bacteria, o th er algae , and even m i- 
crozooplankton. Phagotrophy  m ay substitu te  fo r pho­
tosynthesis, and thus m ay b e  an  alternative w ay  o f 
acqu iring  reduced C , as w ell as m acronu trien ts (P, N), 
m etals, v itam ins o r  o th er o rgan ic  substances that the 
o rgan ism  cannot syn thesize  itself. Both low light and 
nu trient deficiency prom ote phagotrophy, w ith  graz­
ing  rates genera lly  dep en d en t on prey  concentration . 
H ow ever, som e phago troph ic  a lgae  g raze  indepen­
den t o f  light conditions. T h ere  is  a  w ide range in 
degree o f  m ixotrophy, from  spec ies tha t can  only  sup­
p lem ent the ir nutrition  w ith  phago trophy  to  species 
tha t a re  able to grow  phago troph ica lly  in  com plete 
darkness. M ixotrophic o rgan ism s m ay have a com ­
petitive advantage over stric t hetero trophs o r  strict 
photoauto trophs under specific environm ental condi­
tions. H ow ever, there  is  m ost likely  a cost attached  to 
being m ixotrophic tha t m akes phago troph ic  algae pho- 
tosyn thetically  less efficient than  ob liga te  auto trophs.

and  less efficient g razers than hetero trophic  un icellu ­
lar o rganism s. U nder certa in  conditions phagotrophic  
a lgae  can be the p rim ary  bacterivores o f  th e  m icrobial 
food web. P hago trophy  am ong algae w as ‘red iscov­
e re d ’ only abou t 10 years  ago, and the ecological 
significance o f  th is  m ode o f  nutrition  a t the o rgan ism  
and ecosystem  level is y e t to  be elucidated .
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