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ABSTRACT: The microbial degradation of North Sea macroalgae was studied in laboratory micro- 
cosms, containing autoclaved seawater and a mixture of equal parts of air-dried Delesseria san- 
guinea, Ulva lactuca, and Laminaria saccharina (red, green and brown algae, respectively}. To 
determine the influence of different organisms on the decomposition rate (expressed in terms of 
algal dry weight loss relative to the material present at time zero) and their development during 
decomposition processes, yeast, flagellates, ciliates, nematodes and a harpacticoid copepod species 
were introduced to the microcosms. Results show that microbial degradation compared to the 
controls was enhanced in the presence of non-axenic nematodes (Monhystera sp.) and protozoans, 
including bacterivorous cfliates (Euplotes sp. and a Uronema-hke sp.) and flagellates. No enhance- 
ment occurred with yeast (Debaryomyces hansenii) or with the harpacticoid copepod Tisbe 
holothunae. The most rapid algal dry weight loss (78.7 % after 14 d at 18~ occurred with the 
addition of raw seawater sampled near benthic algal vegetation and containing only the natural 
microorganisms present. These consisted mainly of bacteria with different morphological properties, 
whereby their numbers alone (viable counts) could not be correlated with algal dry weight loss. 
Although no single dominant species could be determined, lemon yellow pigmented colonies were 
frequently found. During decomposition in all microcosms the formation of algal particles 40-400 Fm 
was observed, which were rapidly colonized by the other organisms present. 

INTRODUCTION 

During storms large amounts  of macroalgae may be uprooted and f ragmented by 
wave action. In the surf zone algal fragments and particles may accumulate  which 
support large bacteria populations capable of utihzing algal products such as mannitol,  
alginate, cellulose, and agar (Wolter & Rheinheimer,  1977; Rieper-Kirchner, 1989). 
Through the activities of bacteria and fungi, which are the primary agents  in decomposi- 
tion and remineral izat ion processes in aquatic envi ronments  (Rheinheimer, 1981), 
nutrients are rapidly regenera ted  and made available again  for the primary producers 
(Linley et al., 1981; Lucas et al., 1981; Koop et al., 1982a, b). Dissolved organic com- 
pounds may also be converted by bacteria into aggregates,  which may in turn be taken  
up by larger organisms (Lush & Hynes, 1973; Robertson et al., 1982; Biddanda,  1985; 
Muschenheim et al., 1989). It is bel ieved that most of the macrophyte production (over 
90 %) in coastal waters of the temperate zones is not directly consumed by grazing 
herbivores, but  goes into the detrital food web (Mann, 1972; Fenchel  & Jorgensen,  1977; 
Lfining, 1985). 
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Algae cast upon  the beach may be rapidly colonized and consumed by amphipods 
and dipteran larvae (Griffiths & Stenton-Dozey, 1981; Inglis, 1989); large numbers  of 
meiofaunal nematodes  may also be associated with rotting algae (Riemann, 1968; 
Lorenzen et al., 1987; Inglis, 1989; and pets. obs.). The occurrence of members  of another 
large meiofauna taxon, harpacticoid copepods, on fragmenting algae in the surf zone and 
in sea foam has also been recorded (Robertson & Hansen, 1982; Armonies, 1989; Rieper- 
Kirchner, 1989). Among  the meiofauna, organisms 42-1000 btm in size (Higgins & Thiel, 
1988), particularly the nematodes  and harpacticoids, are known to feed on detritus, 
microorganisms and also protozoans (see Reviews by  Hicks & Coull, 1983, and  Heip et al., 
1985). 

Although it has been shown that some protozoans may facilitate microbial decom- 
position processes (Javornick~' & Proke~ovfi, 1963; Johannes,  1965; Stra~krabovfi-Pro- 
ke~ovh & Legner, 1966; Barsdate et al., 1974; Harrison & Mann, 1975; Fenchel  & 
Harrison, 1976; Briggs et al., 1979), there have been  few investigations on the influence 
of small metazoans  on decomposition and remineralization processes (Tenore et al., 1977; 
Findlay & Tenore, 1982; Rieper-Kircliner, 1989). In this present study, the effects of the 
presence of small metazoans as well as protozoans and microorganisms on the decompos-  
ition of North Sea macroalgae have been  investigated in the laboratory. 

MATERIALS AND METHODS 

All laboratory decomposition experiments were performed with 100-ml screw-cap 
bottles. In addition to the seawater and organisms described below, each bottle or 
microcosm contained 0.1 g dried algae mixture consisting of equal parts of Delesseria 
sanguinea, Ulva lactuca, and Laminaria saccharina {red, green and brown algae, respec- 
tively). The algae were  collected from the surf zone of 'Helgoland, rinsed briefly with tap 
water, air-dried and cut into pieces 0.2 to 1.0 cm long; the pieces were not sterilized. 
Three types of experiments were performed: 
(1) to examine the influence of different organisms on algal decomposition, expressed in 

terms of percent  algal dry weight  loss (relative to the material introduced at time zero) 
at a given time and temperature; 

(2) to examine the influence of untreated (raw) and treated seawater  on algal decomposi-  
tion; 

(3) to examine the influence of a harpacticoid copepod species added  to the microcosms 
after algal decomposition was already in progress. 
(1) In the first experiment, 5 replicate microcosms were prepared for each treatment. 

Controls consisted of the air-dried algae in 50 ml aged seawater, autoclaved and  filtered 
through a 0.45 ~tm cellulose nitrate membrane  filter (Sartorius, G6ttingen, FRG) to 
remove particulate matter. The yeast  added  was a pure culture of the common North Sea 
species Debaryomyces hansenii (Meyers et al., 1967) obtained from Prof. Dr. W. Gunkel, 
Helgoland. The yeast  was cultivated on nutrient agar  (Gunkel et al., 1983). After growth, 
the yeast cells were  removed from the agar  plates, suspended in about  10 ml sterile 
seawater, and added  in 1.5 ml aliquots to the microcosms. Enumeration of the yeast  cells 
was made on 0.45 ~tm membrane  filters (Meyers et al., 1967). Heterotrophic microflagel- 
lates originated from a surface sample of seawater  taken from a pier at Helgoland in 
November  1988, which was enriched with diluted ZoBell 2216E medium (containing 
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peptone and yeast extract). After several days incubat ion at 18 ~ in the dark with gentle 
agitation, a dense culture of flagellates appeared (method of Dr. K. Poremba, pets. 
comm.). Flagellates were  enumera ted  with a Petroff-Hausser count ing chamber;  10 fields 
were counted at 400• magnification, each field containing one large square with a 
volume of 8 • 10 -~ ml (see Reichardt, 1978). Ciliates and  nematodes  were isolated from 
fresh algal fragments, primarily red algae, collected from the beach at Helgoland at low 
tide in November  1988. The algal fragments were transferred immediately onto cellulose 
agar plates (Rieper-Kirchner, 1989), flooded with raw seawater  from the sampl ing site 
and incubated  at 16~ After about 7 d a large number  of nematodes  (mostly Monflystera 
sp.) and  ciliates (a mixture of large Euplotes sp. 60 ~tm long, and  a Uronema-like species 
20-30 ~tm long) developed, which were subsequent ly  used in the experiments.  All 
nematodes  were counted live with a Pasteur pipette. Ciliates were isolated from the 
cellulose-agar plates with a Pasteur pipette and transferred to fresh sterilized seawater. 
Ciliates were counted as follows: 0.5 to 1.0 ml aliquots of seawater  containing ciliates 
were fixed with formalin (1 ml 37 % formaldehyde + sample + 5 ml sterilized, filtered 
seawater for greater volume). The fixed sample was immediate ly  filtered ontO a 0.45 ~tm 
m e m b r a n e  filter and  stained with 2 % erythrosine in a 5 % aqueous phenol  solution 
(Reichardt, 1978, modified). A 1 cm 2 piece of the filter was then cut out, placed on a shde, 
rendered  t ransparent  with immersion oil and counted unde r  a s tandard Zeiss microscope 
at 160-400• magnification. Ten fields per slide were counted, with a max imum of 20 
ciliates per field. Stained ciliates retain their shape and are readily dis t inguishable from 
detritus particles present.  

Yeast cells, flagellates, nematodes and ciliates, with about  1.5 to 5 ml of their culture 
fluid, were added to 50 ml autoclaved, filtered seawater in each microcosm. The cultures 
were not axenic; bacteria adhering to the dried algal particles were also present  in  all 
microcosms. In addition, microcosms were also set up containing 5 ml raw, un t rea ted  
(unenriched) seawater  sampled November  1988 and 50 ml autoclaved filtered seawater  
as above; no other organisms were added. The bacteria in the microcosms were enumer-  
ated on ZoBeU 2216E plates after suitable dilution (spread plates); plates were incuba ted  
14 d at 20 ~ in the dark. 

Experimental  conditions: controls and microcosms containing yeast, flagellates, 
nematodes,  cihates, and  untreated seawater alone were kept  14 d in the dark at 18 ~ All 
were continuously agitated on a table with gentle movement  (50 imp rain- l) .  The caps on 
the bottles were loosely placed to facilitate oxygen exchange.  At the end  of the experi- 
ment,  the algal material  was rinsed with distilled water, dried 4 h at 65 ~ and  loss of dry 
weight  was determined.  The organisms were counted and the pH monitored in each 
microcosm at the end  as at the beg inn ing  of the experiment.  

(2) For the second experiment,  raw untreated seawater  was taken from the pier at 
Helgoland (surface water) in January 1989. One aliquot of the sample remained  untrea-  
ted, another  was immediately filtered through a sterile 0.45 ~tm filter, and  a third was 
autoclaved. From each aliquot, 5 ml were removed and  added to 50 ml autoclaved, 
filtered seawater  with 0.1 g dried algae mixture as above. Five replicates were set up for 
each treatment.  The durat ion and conditions were the same as under  (1). 

(3) For the third experiment,  adult and  late copepodid stages of the harpacticoid 
copepod Tisbe holothuriae from the author's stock cultures were used (Rieper, 1978). All 
copepods were counted live by means  of Pasteur pipettes. For the first part of the 
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experiment,  5 ml of raw untrea ted  seawater were added to 9 microcosms conta in ing  dried 
algae and 50 ml autoclaved seawater  as above. The untrea ted  seawater  originated from 
the same sample used in the second experiment  described above, bu t  had  b e e n  stored 
overnight at 5 ~ before use. The 9 microcosms were kept  21 d at 18 ~ in  the dark with 
continuous gentle agitation of 50 imp min -1. After 21 d, 75 Tisbe individuals  were added 
to each of 3 microcosms, with about  10 ml culture water. To another  3 microcosms, 10 ml 
copepod culture water  without the copepods were added; the copepod  cultures were not 
axenic and contained ciliates as a contaminant  (a small Euplotes sp.) and  microflagel- 
lates. The remain ing  3 microcosms received no additional organisms. 

After another  5 to 6 d unde r  the same conditions, totalling 26-27 d exper imental  
duration, the study was ended  and analyses were performed as with the preceding 
experiments.  

At the end  of every experimental  series, all meiofauna organisms were carefully 
removed from the algae by Pasteur pipette under  a dissecting microscope. The algae 
fragments were rinsed with distilled water onto 180 ~tm mesh size nylon gauze  in order to 
remove the protozoans as far as possible, before the algal dry weight  was determined.  
Small particles passing the 180 ~tm gauze could not be  separated from the protozoans and 
were not considered in the dry weight  determinations.  

RESULTS 

E x p e r i m e n t  1 

The results of the first experiment  are summarized in Table 1. In microcosms with 
dried algae alone (controls) with no organisms added except bacteria adher ing  to the 
dried fragments, the mean  algal dry weight  loss after 14 d was 59.1%. The numbers  of 
bacteria, expressed as colony-forming units (cfu), increased from less than  10 m1-1 at time 
zero to an average of 9 x 107 m1-1 in the seawater  at the end  of the experiment .  Over 90 % 
of the colonies on the plates were p igmented  yellow-ochre and appeared  morphologi- 
cally identical. 

Addition of a pure culture of the yeast Debaryomyces hansenii: the concentrat ion of 
yeast cells in each replicate after inoculat ion at time zero was 4 x l0 s m1-1, and  increased 
after 14 d to about  8.6 x 106 m1-1. Bacteria originating from the algal fragments 
developed after 14 d from less than 10 ml - t  to an average of about  1 x 108 m1-1, whereby  
yellow-ochre p igmented  colonies dominated on the plates as above. The m e a n  algal dry 
weight loss after 14 d amounted  to 57.0 %. No other organisms were present.  

Addition of heterotrophic microflagellates from enr iched raw seawater  sampled 
November  1988: the initial concentrat ion of flagellates in the replicate microcosms was 
about 1 x 105 m1-1 and increased after 14 d to a mean  of 4 x 106 m1-1 (range 1.8 to 
5.6 x 106 ml-1). The m e a n  algal dry weight  loss was 66.2 %. The bacteria  numbers  
present  with the flagellates at time zero were 2 x 104 cfu m1-1 and increased after 14 d to 
about 3 x 106 m1-1. Non-p igmented  colonies dominated;  p igmented  colonies were mostly 
lemon yellow. 

Addition of nematode-cihate  mixture: 30 nematodes,  primarily Monhystera sp., with 
a small n u m b e r  of mixed cihate species as contaminants ,  were in t roduced to the 
microcosms at time zero. After 14 d, in 4 of the 5 rephcates there was an increase  in the 
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numbers  of n e m a t o d e s  (to 200-595); in one repl icate  there  was  no change .  (All the 
indiv idual  nema todes  were  not  at the  same stage of deve lopmen t  w h e n  i n t roduc e d  to the 
microcosms.) The  ciliate numbers  (Euplotes and  Uronema-like spp.) i n c r e a s e d  from 
about  170 m1-1 to 1400-6400 m1-1 after  14 d. 'The microcosms with the  h ighe s t  numbers  of 
nematodes  had  the fewest  ciliates. The  mean  algal  dry weight  loss after  14 d was  73.1%. 
The ave rage  number s  of bac te r ia  p resen t  r anged  from 3.5 x 104 m1-1 a t  t ime zero to 
2.4 • 106 m1-1 after  14 d, and  consis ted of forms with different morpho log ica l  character is -  
tics, the major i ty  of which  were  not  p igmented .  

Addi t ion of c i l ia tes :  at t ime zero, ciliates from the nematode  cul tures  w e r e  in t roduced  
to the  microcosms at a concentra t ion of about  3000 c ~ a t e  indiv iduals  m l  - I .  After  14 d, 
different  ~ i a t e  popula t ions  deve loped  in each rephcate ,  their  n u m b e r s  r ang ing  from 
7 x 103 to 5 x 104 m1-1. Dinoflagel lates ,  not de tec ted  at t ime zero, also d e v e l o p e d  in each  
repl icate  and  a t t a ined  an ave rage  number  of 1 • 105 ml - t .  Despi te  the  var ious  cil iate 
species  and  densi t ies  which  deve loped ,  the bacter ia  numbers  and  forms in  all repl ica tes  
after 14 d were  qui te  uniform. The  ave rage  number  was 4 • 10 ~ m1-1, mos t  of which  were  
lemon yel low p i g m e n t e d  {87-98 %). Initial concentrat ions were  3 p o w e r s  of ten  lower.  
The mean  a lga l  dry we igh t  loss after  14 d was 75.4 %. 

Addi t ion of raw un t r ea t ed  s eawa te r  sampled  November  1988: The  ini t ial  bac te r ia  
counts in the rephca tes  were  700 ml - t .  After 14 d the  numbers  inc reased ,  bu t  at grea t ly  
differing rates. The final counts va r i ed  be tween  5 • 106 ml - t  and  1 • 108 m1-1. These  
la rge  differences were  also a c c o m p a n i e d  by  variat ions in the morpho logy  of the  bac te r ia  
colonies: p i g m e n t e d  colonies, for example ,  which  were  mostly l emon  yel low,  r a n g e d  
from 4 % in one rephca te  to as much  as 70 % in another.  Hetero t rophic  microf lage l la tes  
deve loped  in 2 of the  5 rephcates .  No cihates, d inof lagel la tes  or o ther  o rgan i sms  were  
observed.  The m e a n  algal  dry we igh t  loss after 14 d was 78.7 %. No corre la t ion  was  
appa ren t  b e t w e e n  the bac te r ia  colonies,  p resence  or absence  of f lagel la tes ,  and  amount  
of a lgal  dry we igh t  loss, For example ,  in the 2 repl icates  where  microf lage l la tes  were  
numerous  enough  to be  de t e rmined  with a count ing chamber  (6 x l0  s a n d  7 x 105 ml-1), 
5.3 x 106 and  9.2 • 107 cfu ml - t ,  respect ively,  were  found. In the former, 72 % of the cfu 
were  yel low p igmented ,  and  less than  10 % in the latter. 

The pH values  in all microcosms r ema ined  stable,  r ang ing  b e t w e e n  7.96 and  8.26 
after 14 d. All microcosms were  examined  microscopical ly at the  end  of the  exper iment .  
During decomposi t ion,  the macroa lga l  f ragments  became  increas ing ly  t ransparen t ,  and  
the edges  b e g a n  to dis integrate .  Small  part icles in the  seawate r  were  obse rved ,  the  sizes 
of which were  mostly b e t w e e n  40---400 ~tm. These  part icles appa ren t ly  w e r e  a g g r e g a t e s  of 
a lgal  mater ia l  and  microorganisms,  ciliates, f lagel la tes  and  also ne ma tode s .  Smal ler  
part icles  of about  20 ~tm domina ted  in the control microcosms and  those  con ta in ing  yeast .  

E x p e r i m e n t  2 

In the second exper iment ,  the  effects of un t rea ted  and t rea ted  s e a w a t e r  (filtered or 
autoclaved) on macroa lga l  decomposi t ion  were  compared.  The resul ts  a r e  p r e s e n t e d  in 
Table  2. 

Addi t ion of raw un t rea t ed  s eawa te r  (collected January  1989): the  a v e r a g e  bac te r ia  
numbers  at t ime zero were  about  300 m1-1 and increased  after 14 d to 1 • 108 ml-1;  non- 
p igmen ted  forms dominated .  P igmen ted  colonies were  yel low or brown,  a n d  r a n g e d  from 
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Table 2. Macroalgal degradation in laboratory microcosms after 14 d at 18 ~ influence of raw 
untreated and treated seawater (sampled Jan. 1989) (Experiment 2; 5 rephcates for each treatment) 

Raw untreated 0.45 gain filtered Autoclaved 

% Algal dry wt loss 
range 67.3-77.4 59.0-64.5 53.3-56.3 
{mean} (72.3} {61.9) {55.0} 

Bacteria numbers 
after 14 d 

cfu x 10 6 ml -I 

range 52-187 13.3-44 51.5-155 
(mean} (101) {25.1} {89.8} 

Dominant bact mostly yellow yellow-ochre yellow-ochre 
populations on colonies; colonies colonies 
agar plates total pigm. 14-100 % 74-100 % 
after 14 d < 1-28 % 

Organisms present occasional no protozoans no protozoans 
after 14 d flagellates 

< l0 s m1-1 

less than 1% to about  30% of the total numbers .  As with unt rea ted  seawater  from 
November  1988, heterotrophic micro flagellates developed in some but  not in  all 
rephcates; their numbers  were too few to be counted accurately with the count ing  
chamber  (<105 ml-t}. The mean  algal dry weight  loss after 14 d was 72.3%. In 
comparison to the microcosms containing seawater samplecl November  1988, those with 
January  1989 seawater generally contained after 14 d higher numbers  of bacteria  with a 
lower percentage of p igmented  forms, and the occurrence of microflagellates was 
neghgible.  The mean  algal dry weight  loss was lower than for the microcosms with 
November  seawater (78.7 % as mean  value with November  seawater). Due to the large 
differences in the rephcates containing seawater from November,  however,  a possible 
inf luence of the micro flagellates on bacteria numbers  and algal degradat ion could not  be 
determined.  

Addit ion of 0.45 ~tm-filtered seawater  {from January  1989): bacteria counts at time 
zero in the microcosms were less than  10 m1-1, and increased to 2.5 x 107 m1-1 after 14 d. 
While the cfu numbers  were similar to the unfil tered samples, a much larger proportion of 
the forms present  was yellow-ochre pigmented,  and presumably originated from those 
bacteria adhering to the dried algal fragments. The mean  dry weight  loss was 61.9%. No 
protozoans developed in any of the rephcates. 

Addition of autoclaved seawater (from January  1989): the bacteria in the microcosms 
at t ime zero were less than 10 m1-1. After 14 d, cfu numbers  ranged  from 5 to 15 • 107 
m1-1, 74-100 % of which were yellow-ochre p igmented  as above. The m e a n  algal dry 
weight  loss amounted  to 55.0 %. No protozoans developed in the microcosms. 

The pH values in all replicates of Experiment  2 remained stable be tween  7.8 and 
8.26. Microscopical examinat ion of the algal fragments after 14 d revealed small particles 
40--400 ~tm. The particles in the rephcates with autoclaved seawater t ended  to be finer. 
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The bacter ia  which deve loped  in the microcosms with fil tered and au toc laved  seawater  

were  genera l ly  large (1 btm x 1.8 ~tm, oval) and non-motile.  Some were  coryneform. The 
bacter ia  in the untreated seawater,  on the other hand, were  smaller (about 0.5 ~tm) and 

more diverse forms were  observed. 

E x p e r i m e n t  3 

In the third experiment,  the macroalgal  fragments  were  first incuba ted  in raw 

unt rea ted  seawater  (from the January  1989 sample) 21 d at 18 ~ After degrada t ion  was  

thus a l ready in progress, the harpacticoid copepod Tisbe holothuriae and  protozoans 

were  in t roduced to 3 microcosms, 3 other microcosms rece ived  the copepod  culture water  

with the protozoans but without Tisbe, and 3 microcosms were  left unchanged .  The 

exper iment  was terminated after another  5 to 6 d under  the same conditions. The  results 

are hsted in Table  3. 

Unt rea ted  seawater  without  addition of copepods or copepod culture water:  after a 

total of 26/27 d (analyses could not be comple ted  on one day) the numbers  of bacter ia  in 
the 3 replicates showed large differences, ranging from 4.5 to 170 x 106 ml - i .  Non- 

p igmen ted  colonies dominated.  No protozoans could be detected.  The m e a n  algal dry 
weigh t  loss amounted  to 78.4 %. pH values were  be tw een  8.08 und 8.26. 

Untrea ted  seawater  with copepods (Tisbe holothuriae} added, inc luding Tisbe 
culture wate r  with ciliates and microflagellates:  from the 75 copepods in t roduced  to each  

microcosm, the numbers  remaining after 5 d were  68, 65 and 71, respectively.  Ciliates 

initially present  at a density of less than 100 ml - I  were  only occasionally observed  and 
apparent ly  did not increase. The final concentrations of f lagellates were  2 to 4 x 106 ml - t .  

Table 3. Macroalgal degradation in laboratory microcosms after 26/27 d at 18 ~ influence of 
organisms introduced after 21 d (Experiment 3; 3 replicates for each treatment) 

Untreated seawater 
alone 

Untreated seawater 
+ Tisbe holothuriae 
+ ciliates, flagellates 

Untreated seawater 
+ copepod culture water 

+ ciliates, flagellates 

% Algal dry wt loss 
range 74.7-82.0 74.3-83.9 78.3-87.1 
(mean) (78.4) (80.2) (81.5) 

Bacteria numbers 
after 26/27 d 

cfu x 106 m1-1 
range 4.5-170 0.9-5.7 1.0-2.3 
(mean) (110) (2.5) (1.6) 

Dominant bact. non-pigmented non-pigmented diff. pigmented 
populations on colonies colonies colonies 
agar plates 74-94 % 67-97 % 31-74 % 
after 26/27 d 

Organisms present no copepods copepods (Tisbe) no copepods 
after 26/27 d no dliates very few ciliates very few ciliates 

no flagellates flag. 2-4 x 106 m1-1 flag. 2-7 x 106 ml - i  
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The numbers of bacteria were between 0.9 and 5.7 x 106 ml - t .  Non-pigmented colonies 
dominated although different yellow and orange forms were not uncommon. The mean 
algal dry weight loss of 80.2 % was not much greater than that without copepods and 
protozoans. The pH values were between 7.81 and 7.92. 

Untreated seawater with copepod culture water, cihates and microflagellates: at the 
end of this part of the experiment, the numbers of ciliates were too few to be enumerated, 
whereas the flagellates reached a density of 2 to 7 • 106 m1-1. The bacteria counts ranged 
from I to 2.3 x 106 ml - I  and pigmented colonies (brown, gold-ochre, pink) were fre- 
quently observed. The mean algal dry weight loss was 81.5 %. The pH values were stable 
between 8.13 and 8.20. Algal particles 40-400 ~m were observed in all microcosms, as in 
the previous experiments. 

DISCUSSION 

As shown in Table 1, with only air-dried macroalgal fragments present in sterile 
seawater, over half the algal dry weight is lost after 14 d, apparently due to initial 
leaching processes and the activity of bacteria adhering to the fragments. During this 
period high numbers of bacteria developed, over 90 % of which were uniformly yellow- 
ochre pigmented and apparently morphologically identical. 

Although yeasts have often been reported in the marine environment and may 
rapidly multiply in the presence of algae in the laboratory, for example from 103 to 10 s 
cells m1-1 within 3 weeks with Desmarestia ~dndis (Gunkel et al., 1983), the addition of 
the common North Sea yeast  Debaryomyces hansenii did not increase the rate of algal 
decomposition. Instead, with yeast added, a lower percentage of algal dry weight loss 
was noted compared to the controls above. It is possible that the rapid development of 
yeast cells in the microcosms to several million ml -1  exceeding values encountered in the 
field (maximally 500 cells cm 3 fresh sediment and less than 100 m1-1 in surf water with 
algal fragments: author's unpubl, data), interfered with the bacterial activity. 

According to results of investigations on macrophyte material by workers such as 
Fenchel (I970) and Robertson et al. (1982), who employed the acridine orange direct 
counting method for enumerating flagellates, the densities of 4 ~m flagellates in the 
microcosms in this study (10 s to 106 m1-1) may be considered realistic. Compared to the 
controls, a higher mean algal dry weight loss and lower numbers of bacteria occurred 
(Table 1). Similar results have also been reported by Johannes (1965), who found the 
regeneration of dissolved organic phosphate from detritus proceeded faster in the 
presence of colorless flagellates 1--4 ~m as well as ciliates. The microbial decomposition 
of dead Peridinium (dinoflagellate) cells was also accelerated in the presence of bac- 
terivorous 2-10 ~m microflagellates (Sherr et al., 1982). On the other hand, Javornick~ & 
Proke~ov~ (1963) showed that while the development of ciliates and larger flagellates in 
freshwater samples reduced bacterial numbers and increased the oxidation processes, 
the presence of minute colorless flagellates did not greatly reduce the numbers of 
bacteria or significantly influence the oxygen consumption. The role of microftagellates 
in decomposition processes will no doubt depend not only on the bacteria and dissolved 
nutrients in a given body of water, but also on the regulatory mechanism of larger 
protozoans present. 

Indisputable is the stimulation of bacterial activity reported for ciliated protozoans 
(Bick, 1967; Barsdate et al., 1974; Briggs et al., 1979; Rogerson & Berger, 1983; Rieper- 
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Kirchner, 1989, and the present study). What are the mechanisms of protozoan stimula- 
tion of bacterial activity? Protozoan predation reduces the numbers of bacteria and may 
thus keep the bacteria in an active metabohc state {Javornick~ & Proke~ov~, 1963}. I t  has 
also been suggested that protozoans release metabohtes into the environment which are 
utilized by bacteria {Stra~krabov~-Proke~ov~ & Legner, 1966; Legner, 1973}. Protozoan 
stimulation of bacterial activity could also be due to the release of nutrients from the 
bacterial cells themselves, which are preyed upon (Huang et al,, 1981; Taylor et al., 
1985). 

Similar mechanisms may also apply to bacterial stimulation in the presence of small 
metazoans, although in this respect data is sparse. Over 25 years ago, Javornick~ & 
Proke~ova (1963) suggested that "Higher zooplankton may decrease bacterial  numbers 
and thus stimulate the oxidation process in a similar way to Protozoa". This is supported 
by the findings of Tenore et al. (1977), Findlay & Tenore (1982) and Rieper-Kirchner 
(1989) with various species of free-hying nematodes. In the present study, the nematodes 
in the decomposition experiments were introduced with their accompanying ciliates, 
since laboratory stock cultures of nematodes appeared less robust und degenera ted  more 
rapidly than those with bacterivorous cihates present. The mean algal dry weight loss, 
however, was greater with higher numbers of mixed ciliate species without the 
nematodes (Table 1). Possibly the ciliates and nematodes were competing for nutrients in 
the small closed systems (Stenson, 1984). 

Although these results appear  to demonstrate an enhancement of bacterial  activity 
due to the presence of protozoans and nematodes, unexpectedly the highest algal dry 
weight losses were found with raw seawater alone (Tables 1 and 2). 78.7 % with the 
sample from November 1988 and 72.3 % from the same site taken January 1989. Filtering 
through a 0.45 ~m membrane filter removed much of the sample 's  effect on algal dry 
weight loss, and autoclaving the seawater reduced the weight loss to 55.0%. The 
different results from the November and January seawater samples may be due to 
seasonal variations in the microorganisms present which are active in algal decomposi- 
tion (Rieper-Kirchner, 1989). Although during the 14-d experiments some flagellates 
developed in several rephcates, their presence could not be correlated with the algal dry 
weight losses in these microcosms. Large differences in the numbers of bacteria (cfu) as 
well as in the proportion of pigmented colonies were found which could not be correlated 
with either algal dry weight loss or presence of flagellates. The organisms primarily 
responsible for the algal decomposition in this experimental series are presumably 
bacteria from raw seawater which do not pass a 0.45 ~tm filter due to a larger cell size or to 
the formation of filaments or extracellular shme. These are apparently mixed populations 
of opportunists including the lemon yellow forms observed, which are able to replace the 
large yellow-ochre forms originally adhering to the dried algal fragments. These bacteria 
should have been present in the flagellate-enriched microcosms (Table 1), since the 
flagellates were cultivated in raw seawater from the same samphng site. Did the process 
of enrichment put the actively degrading bacteria at a disadvantage? If these bacteria 
were outcompeted or ingested by the microflagellates, then the decomposition may have 
been actually impeded rather than enhanced by these protozoans. Was the spread plate 
method suitable for enumeration of bacteria in these studies? Although higher bacteria 
numbers may be obtained with direct counting methods, the saprophytes which develop 
on 2216E medium are primarily those which are actively involved in the decomposition of 
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easily decomposable organic matter such as protein and carbohydrates (Rheinheimer, 
1984). When bacteria numbers from a stranded Macrocystis kelp bed were compared 
using acridine orange direct counts and viable cell counts in 2216E medium (MPN, most 
probable numbers), Bouvy et al. (1986) found the ratio of direct counts to viable counts 
reached values close to 1. Similarly, Corre et al. (1989) found good agreement for bacteria 
counts on Lam/nar/a digitata debris determined with scanning electron microscopy and 
2216E plate counts. This suggests that the discrepancy between direct and viable counts 
may be neghgible when a sufficient nutrient supply is available. A complete agreement 
with direct and viable counts, however, is unlikely, due to the occurrence of inactive 
bacteria cells. 

In this present study no attempt was made to identify taxonomically the bacterial 
colonies which developed during algal decomposition. Numerous investigations on 
bacteria associated with macroalgae indicate that the genera Vibno, Pseudomonas, 
Flavobacterium, and Leucothrix are frequently represented; yellow ("flavobacteria") and 
brown pigmented forms frequently occur (Chan & McManus, 1969; Laycock, 1974; 
Cundell et al., 1977; Hollohan et al., 1986; Bohnches et al., 1988; Corre et ai., 1989). 

With regard to the meiofauna, next to nematodes harpacticoid copepods are the most 
abundant in sediment biotopes as well as in the phytal (Coull, 1988). Although a few 
species of harpacticoids may feed directly on macroalgal tissue, detritus and the associ- 
ated microbiota is considered one of their major food sources (Hicks & Coull, 1983; Meyer 
& Bell, 1989). Specific strains of bacteria may also be preferred (Rieper, 1982). Recently, 
harpacticoids have been reported in sea foam, where they may feed on microorganisms 
or on other organic components of the foam itself (Armonies, 1989). Some data indicate 
that meiofauna, in particular nematodes and possibly also harpacticoids, play a role in 
making detritus available to macrofauna (Tenore et al., 1977). Preliminary investigations 
on the rote of harpacticoids in algal decomposition indicate that, at least in closed 
systems, these organisms do not survive initial degradation processes (Rieper-Kirchner, 
1989), due perhaps to harmful algal leachates, bacterial metabohc products or oxygen 
deficit. In the present study (part of Experiment 3), Tisbe holothuriae introduced to 
microcosms after degradation had been in progress for 3 weeks were able to survive, but 
their effect on algal dry weight loss was neghgible (Table 3). A shght stimulatory effect 
may have been due to the presence of the contaminant protozoans in the copepod culture 
water. This apparent lack of influence by Tisbe compared to that of the nematodes was 
unexpected, considering the role of detritus and microorganisms in the natural diet of 
harpacticoids. In other studies, the harpacticoid copepods T. holothuriae and Param- 
phiascella vararensis readily consumed bacterial aggregates produced in the laboratory 
by bacterial growth on dissolved organic matter derived from macroalgae (method of 
Biddanda, 1985), as evidenced by the large numbers of fecal pellets produced (Rieper- 
Kirchner et al., in prep.). The extent to which the bacteria are digested has not been 
determined, although these harpacticoid species are able to survive in the laboratory on a 
diet of bacteria alone (Rieper, 1978). 

The results of the present study may be summarized as follows: 
(1) Decomposition rates of North Sea macroalgae were studied in laboratory microcosms. 

The mean amounts of algal dry weight loss after 14 d at 18 ~ ranged from 55 to 80 %, 
and are comparable to those found for North Sea algae in the field (Rieper-Kirchner, 
1989). 



408 M. R i e p e r - K i r c h n e r  

(2) T h e  a d d i t i o n  of y e a s t  d i d  n o t  i n c r e a s e  t h e  a lga l  d e c o m p o s i t i o n  ra te .  

(3) T h e  p r e s e n c e  of p r o t o z o a n s  ( b a c t e r i v o r o u s  c iha tes ,  f l age l l a t e s )  m a y  e n h a n c e  m i c r o -  

b i a l  d e c o m p o s i t i o n  p r o c e s s e s ,  d e p e n d i n g  o n  t h e  p o p u l a t i o n s  of b a c t e r i a  o r i g i n a l l y  

p r e s e n t  in  t h e  i n o c u l u m .  

(4) M e i o f a u n a l  o r g a n i s m s  s u c h  as  n e m a t o d e s  m a y  also fac i l i t a te  b a c t e r i a l  d e c o m p o s i -  

t ion;  t h e  i n f l u e n c e  of t h e  h a r p a c t i c o i d  c o p e p o d  Tisbe holothuriae,  o n  t h e  o t h e r  h a n d ,  

c o u l d  no t  b e  d e m o n s t r a t e d .  

(5) P r i m a r y  a g e n t s  in  t h e  m a c r o a l g a l  d e c o m p o s i t i o n  a re  m i x e d  s p e c i e s  of o p p o r t u n i s t i c  

b a c t e r i a  o c c u r r i n g  in  n a t u r a l  s e a w a t e r ,  l a r g e r  t h a n  0.45 btm, a n d  f r e q u e n t l y  y e l l o w  

p i g m e n t e d .  

(6) In all  m i c r o c o s m s  d u r i n g  t h e  d e g r a d a t i o n  e x p e r i m e n t s ,  t h e  f o r m a t i o n  of a l g a l  pa r t i c -  

les  4 0 - 4 0 0  ~ m  w a s  o b s e r v e d ,  w h i c h  w e r e  r a p i d l y  c o l o n i z e d  b y  t h e  o t h e r  o r g a n i s m s  

p r e s e n t .  T h e s e  e n r i c h e d  p a r t i c l e s  m a y  c o n s t i t u t e  food  for  m a c r o c o n s u m e r s  in  t h e  

m a r i n e  e n v i r o n m e n t .  
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