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ABSTRACT: We have examined the microbial processes associated with degrading detritus from 3
phytoplankters in natural seawater. We describe a remarkably similar and well-defined pattern of
microbial succession involving heterotrophic bacteria and bacterivorous protozoa occurring in all 3
cases. It appears that detritus aggregation, degradation and disaggregation are continuous processes
occurring in the water column. The similarity in microbial processing of all detritus may be the reason
why most particulate matter in the sea appears similar. A 'detritosphere' concept is proposed, under
which the detritus-microbe environment may be considered in its natural context. We see the fate of
detritus in the water column as aggregation-disaggregation sequences in time and space.

INTRODUCTION

In a general sense, most particulate matter in the sea
originates from phytoplankton production, and it is
becoming evident that marine microheterotrophic
activity may be closely associated with that of the
primary producers not only in the utilization of dissolved organic matter from living phytoplankton, but
also in utilization of dead phytoplankton (ZoBell 1946,
Sieburth 1968, Douglas 1985). Several workers have
reported that bacterial numbers (Wood 1963, ZoBell
1963, Hoppe 1981),as well as microheterotrophic activity (Droop & Elson 1966, Sieburth 1968, Vaccaro et al.
1968, Bell & Mitchell 1972, Hoppe 1981) are enhanced
in the vicinity of phytoplankton blooms. ZoBell & M e n
(1935) showed conclusively for the first time that bacteria and, to a lesser extent, other microorganisms are
the primary film formers on submerged surfaces; the
succession of bacteria, heterotrophic flagellates and
ciliates following phytoplankton blooms at sea was first
observed and described by Sorokin (1977).
Results of recent studies on microbial colonization of
detritus from a variety of sources including seagrass
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(Fenchel 1970, Robertson et al. 1982), macroalgae
(Linley & Newel1 1981, Biddanda 1985), phytoplankton (Hoppe 1981, Linley & Newell 1984, Fukami et al.
1985131, zooplankton (Fukami et al. 1985b), animal
feces (Pomeroy & Diebel 1980, Jacobsen & Azam
1984) and abandoned larvacean houses (Davoll &
Silver 1986), all point to an initial rapid growth by
bacteria followed by growth of a community of protozoa. Newel1 (1984) and Linley & Newel1 (1984)
summarized the results of microcosm experiments on
the degradation of detritus derived from several sources and emphasized the underlying common features,
namely, the development of bacteria followed by
appearance of microflagellates that control the bacteria numbers. Further, the results of Fukami et al.
(1985a, b) suggest that during the process of decomposition of detritus derived from phytoplankton and
zooplankton, the bacterial community involved undergoes a similar, but successive change in both generic
composition and heterotrophic activity. They did not,
however, address the role of protozoa during this microbial succession.
Biddanda (1985) observed that during the early
phase of decomposition of particulate detritus (the 1 to
8 d period when bacterial numbers increased rapidly
colonizing the detritus), aggregation and formation of
macroaggregates occurred (detritus-microbe complexes), identical to those described by Hobble et al.
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Fig. 1. Schematic model of the marine food web
showing the 'aggregation effect' (modified from
Williams 1981). It also indicates that aggregates
of microorganisms, and aggregates of microorganisms and particulate detritus, experience a
different trophic relationship as compared to the
non-aggregated forms
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(1972), Wiebe & Pomeroy (1972), Pomeroy & Diebel
(1980), Linley & Field (1981), Robertson et al. (1982),
a n d Linley & Newell (1984).But none of the studies so
far describe the actual process of dissolution and disaggregation that occurs towards the later phase of
detritus decomposition (8 to 16 d). Both of these events
are of considerable significance to the functioning of
marine food chains (Fig. 1). The early aggregates represent a food resource for metazoan consumers capable
of exploiting them (Biddanda 1985), whereas it would
appear that aggregates escaping such a fate would
undergo further dissolution d u e to gradual microbial
activity and would b e of little food value to metazoans.
On the other hand, this implies that different nutrient
regeneration rates occur in the above 2 scenarios.
From these considerations, it would appear that the
ability of microbes to adhere or stay close to the detritus
is important in determining the fate of detritus in the
sea (Azam & Ammerman 1984, Biddanda 1986). It is,
therefore, necessary to understand the succession of
microbes associated with the decomposition of detritus
in conjunction with a simultaneous description of the
status of the detritus-microbe complex itself. But such a
phenomenon has not yet been described.
During our earlier work with degrading detritus
(Pomeroy & Diebel 1980, Biddanda 1985),w e observed
that the process of microbial succession (involving
growth of bacteria and protozoa) is closely linked to the
status of the detritus itself (aggregation and disaggregation, respectively), dwing long-term (several days)
experiments We propose that although partlculate
detritus may be processed through several different
pathways in the marine food chain, there appear to be

some quite general processes of particle aggregation
and degradation, and that is why most particles,
regardless of their immediate origin, look much alike
and have similar fates. In this study, we ask the question: What are the microbial processes involved in the
aggregation and disaggregation of detritus? We
describe time-course observations of the behavior of
detritus from 3 different phytoplankters degrading in
natural seawater.

MATERIALS AND METHODS
Axenic cultures of 3 phytoplankton from diverse taxonomic groups were grown under clean-room conditions. These consisted of Synechococcus sp. (photoDays
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Fig 2 Schematic diagram of microbial succession during
phytoplankton decomposition in seawater

C. fusiformis, Day 8 (SEM)

~ i ~ gs a!n d 10. Time-course of degradation of Cylindrotheca fusiformis. Fig. C. fusiformis in axenic culture. Fig. 10. Growth of bacteria 1 d after death of the alga in
seawater. Scale bars = 10 p

Figs. 7 a n d 8. Micrographs of degrading phytoplankton in seawater. Fig.Cylindrotheca fusiformis (arrows), Day 4 . Fig.@

Figs. 11 to 14. Time-course of degradation of CyLindrotheca fusiformis (continued).Fig. 11. By Day 2, there is an increased colonization of the detritus by bacteria. Fig. 12. By
Day 4 , aggregates of colonized phytoplankters are seen. Fig. 13. By Day 8, protozoa (arrows) increase markedly and reduce bacterial numbers significantly. Fig. 14. By Day
16, combined activity of bacteria and protozoa result in disaggregation of the part~culatedetritus aggregate. Scale bars = 10 Wm
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F ~ g s 15
. to 18. Protozoa assoc~atedwith degrading phytoplankton detritus. Fig. 15. Large flagellate (arrow), Day 8. Fig. 16. Spirotrich clliate (arrow), Day 12. Fig. 17.
Stalked choanoflagellates Acanthoecopsis spiculifera, Day 16. Fig. 18. Choanoflagellate Diapahanocea grandis, Day 8 (SEM). Scale bars = 10 pm
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autotrophic cyanobacteria), Dunaliella sp. (autotrophic
flagellate), and Cylindrotheca fusiformis (pennate
diatom). At the end of the exponential phase of growth
(approximately 14 d), the cultures were freeze-thaw
killed (-40 and 55 "C) and made up in unfiltered natural
seawater (mid-shelf surface water off Georgia, USA) to
bring the total carbon concentration to approximately
10 mg I - ' . We used concentrations of organic matter
comparable with those found under natural conditions,
such as phytoplankton blooms at sea (Newel1et al. 1981,
Fukami et al. 1985a, b), and avoided using extremely
high and unrealistic levels used by some earlier workers (Otsuki & Hanya 1972, Miyoshi 1976). Aliquots of
1 m1 of this phytoplankton detritus were suspended in
10 m1 of unfiltered seawater and transferred into clean
acid-washed 20 m1 glass scintillation vials with conical
polyethylene caps. These were incubated in the dark at
26°C and gently shaken on a reciprocal shaker.
At various time intervals (between 0 and 16 d) duplicate microcosms (vials) were preserved in acidified
Lugol's solution. Subsamples from these were filtered
onto 0.22 pm pore-size Nuclepore filters and stained with
acndine orange and the events followed by epifluorescence microscopy (Nishino 1986), so that numbers of microorganisms and their relation to particles
could be described. For scanning electron microscopy
(SEM), the samples were prepared in a clean room,
filtered onto 0.22 blm pore-size Nuclepore filters and
examined using a Philips Model 505 scanning electron
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fusiformis because it presents a more continuous visual
argument.
Day 0. Axenic culture of live Cylindrotheca fusiformis
(Fig. 9).
Day 1. A day after death and addition of seawater.
Growth of bacteria, primarily free, individual cells in
the water (Fig. 10).
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RESULTS
Time-course microscopic observations of detritus
from the 3 phytoplankters showed that they all go
through a similar progression of events (Fig. 2),
namely; growth of bacteria, colonization of bacteria on
detritus, aggregation of detritus, growth of protozoa,
consumption of bacteria, and disaggregation of detritus
aggregates. The highlights in Fig. 2 indicate the temporal range in which that particular process is most
frequent; after Day 4 , most of the processes are occurring concurrently.
While preliminary observations indicated that microbiological events were similar in all the 3 phytoplankton undergoing decomposition, Synechococcus
sp. (at Day 4, Fig. 3; Day 8, Fig. 4) and Dunaliella sp. (at
Day 4, Fig. 5; Day 8, Fig. 6) become impossible to
identify by microscopy by Day 4 (as with most detritus
at sea), but Cylindrotheca fusiformis (at Day 4, Fig. 7;
Day 8, Fig. 8) was easily identified because of the
conspicuous shape of its siliceous frustules persisting
within the aggregate (arrows). Hence we have chosen
to illustrate the different stages, identified in Fig. 2,
through a time-course sequence of degrading C.

DAYS

Fig. 19 Changes In the microbial community associated with
decomposition of Synechococcussp., Dunaliella sp. and Cylindrotheca fusiformis in seawater TOT FR BAC: total free
bacteria; TOT ATH BAC: total attached bacteria; TOT FLAG:
total flagellates
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D a y 2. Colonization of the phytoplankton detritus by
bacteria (Fig. 11).
Day 4. Aggregation of bacteria and detntus. Protozoa
generally became abundant at this time (Fig. 12).
Day 8. Many bacteria have been consumed by protozoa
(Fig. 13).
Day 16. Most of the detritus is utilized. Aggregates
have broken u p and largely disappeared (Fig. 14).
Figs. 15 to 18 illustrate some of the many different
protozoan forms that appeared between Days 8 and 16
in all the 3 degrading phytoplankton.
This similarity was also reflected in the microbial
composition of the 3 phytoplankters during their
decomposition (Fig. 19). Following the addition of
detritus to seawater, there was in all the cases an
identical response in terms of increase in free and
attached bacteria, followed by the increase in flagellate
numbers. Subsequently, there was a decrease in bacteria numbers, indicating that protozoa conlrol the
numbers of bacteria.

DISCUSSION
Colonization a n d aggregation
Davoll & Silver (1986) suggested that marine
aggregates are microhabitats in the pelagic zone,
possessing some combined features of both pelagic and
benthic systems, since they provide surfaces for microbial colonization in the pelagic environment.
During the first few days of incubation of detrital
material in seawater there appears an increasing proportion of rod-shaped bacteria. These are then
replaced by a mixed assemblage of bacteria that are
cocci, spirilla, rods, and filamentous forms (Linley &
Newel1 1984, Biddanda 1985). It has been further
shown that aggregate formation is microbially mediated through the production of sticky extracellular
mucopolysaccharides by bacteria (Biddanda 1986).
Subsequently, a mixed assem.blage of bacterivorous
protozoa such as flagellates, ciliates, choanoflagellates,
and amoeboids forms arise that keep bacterial numbers
in check. Similar observations have been made for
detritus derived from a variety of sources by Fenchel &
Harrison (1976), Pomeroy & Diebel (1980), Linley &
Newel1 (1984) and Biddanda (1985). These studies
describe the microbial food chain dependent on
detritus as a succession of events.

Consumption and disaggregation
Subsequent to the appearance of the protozoan community and reduction of bacteria, the next characteris-

tic change in aggregate morphology occurs. While the
aggregate may remain relatively stable as long as the
aggregates maintain their integrity, and successional
events may occur repeatedly on such particles (Fenchel
1970), most often they undergo disaggregation due to
the combined activity of bacteria and protozoa. Bacteria rapidly convert the POC (particulate organic carbon) in the detritus into DOC (dissolved organic carbon) by means of exoenzymes and assimilate as well as
respire it (Hoppe 1984). Protozoa, on the other hand,
consume the bacteria and associated attachment structures and disrupt the integrity of the aggregates by
their burrowing activities. Pomeroy & Diebel (1980),
working with degrading salp feces, were the first to
recognize such a process of aggregate dissolution and
the role of protozoa in it. Protozoa seem to contribute to
the breakup of aggregates in a manner analogous to
the effect of smaller invertebrates on the degradation of
forest litter. More recently, similar events have been
noted by Beeftink & Staugaard (1986) in their study of
anaerobic bacterial aggregates in waste-water treatment plants.
As mentioned earlier (Fig. l ) , both these events of
aggregation and disaggregation of detritus are of significance to the functioning of marine food chains.
While the microbe-rich aggregated phase may be of
food value to the metazoans (Biddanda 1985). the
events following (the microbe-poor disaggregated
state) may be of nutrient value to the primary producers
in the community. For example, previous microcosm
studies with terrestrial assemblages (Coleman et al.
1978, Elliot et al. 1979) and marine assemblages
(Johannes 1965, Fenchel & Harrison 1976, Fenchel
1977) have demonstrated. that phagotroph.i.cprotozoans
accelerate decomposition and enhance the rates of inorganic nutrient regeneration. This idea is further
supported by recent work by Taylor and coworkers
(1985, 1986), showing that the presence of bacterivorous zooflagellates stimulates bacterial metabolism and
growth activity resulting in the rapid recycling of
nutrients within the microbial assemblage associated
with particles in the sea.

The 'detritosphere effect'
The rapid turnover of microbial populations and of
mineral nutrients in oligotrophic waters has inspired
several authors to consider whether the microbial
populations predominantly occur in some sort of a
structured nutrient environment (Azam & Ammerman
1984) or macroaggregates (Goldman 1984). Eacterial
and microzooplankton activity may even establish a
microzone of enriched nutrients in and around the
aggregate (Hoppe 1981), and microorganisms may
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optimize their position within such nutrient fields leading to the formation of 'microbial clusters' in the vicinity of such detritus aggregates (Azam & Ammerman
1984). We propose to call this microenvironment of the
degrading detritus, the 'detritosphere', similar to the
phycosphere concept advanced by Bell & Mitchell
(1972) to describe the environment of bacteria associated with live phytoplankton exuding soluble organic
materials. The detritosphere concept offers a context in
which to consider the important functions of past primary production, current heterotrophic bacterial
growth and bacterivory as closely associated in space
and time in the case of degrading detritus aggregates
in the sea. In the sea, microheterotrophic population
fluctuations are triggered by phytoplankton blooms
which lead to increased bacterial growth, followed by
protozoa (Fenchel 1987). The basic observation in this
study has been that regardless of its source, organic
detritus suspended in seawater develops a remarkably
similar and well-defined sequence of microbial succession. The rapid response of the microbial community to
inputs of organic detritus, and the close spatial association that they share with the particulate environment,
indicate a detritosphere effect.

Model of aggregate dynamics
It has been shown earlier that in both natural samples of seawater and culture experiments, there is a
regular process of aggregation of organic matter
associated with bacterial utilization of particulate substrates (Biddanda 1985), and that particle aggregation
is mediated by bacterial extracellular products which
cause bactena to adhere to solid surfaces or particles
(Biddanda 1986). Further, in this study we have
observed that as time progresses, the combined
activities of bacteria utilizing the substrates and protozoa consuming the bacteria result in aggregate disaggregation. The aggregates grow in seawater, often
forming visible 'sea snow' that settles gradually to the
deeper layers. At the same time, particles are also
being converted to dissolved materials by the enzymes
of bacteria, possibly the same bacteria that are
aggregating the particles. The protozoa further accelerate this process by grazing on bacteria a n d disrupting
the aggregates by their burrowing activity. Therefore,
w e see a continuing process of particle formation,
growth, sinking and dissolution. A sample from coastal
water therefore contains all stages in this process.
We propose a n emerging hypothesis for the behavior
or life history of detritus in the water column (Fig. 20).
The model is driven by the inputs from primary and
secondary producers. The model is also more or less

Primary and Secondary
Production Inputs
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Fig. 20. Schematic model of detritus behavior in the water
column, showing cycle of aggregat~on-disaggregatlon of detritus

internally consistent since loss of detritus and biomass
by respiration and sinking are compensated through
new primary a n d secondary production inputs a s well
as resuspension from the deeper layers and the
benthos. It is known that large aggregates (sea snow)
are associated with productive situations. We suggest
that, regardless of the form of organic input (mucus,
feces, appendicularian houses, dead animals, or dying
phytoplankton), particulate matter is aggregated by
bacteria a n d subsequently degraded by them, together
with the actions of protozoa, eating bacteria a n d physically breaking up the particles. Therefore, in a general
sense, w e see the fate of detritus in the water colun~nas
aggregation-disaggregation sequences in time and
space.
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