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ABSTRACT: Detritus from the dinoflagellates Scrippsiella {= Peridinum) trochoidea and Isochrysis
galbana and from the diatoms Skeletonema costatum, Thalassiosira angstii and Chaetoceros tricor-
nutum incubated at 10 °C in seawater is colonised by a succession of micro-organisms. Primary
microbial decomposers in the incubation experiments were bacterial rods and cocci which reached a
peak standing stock carbon of 1.86 + 0.76 % of the carbon supplied to the incubation media by the
third day of incubation. The bacteria were subsequently replaced by flagellates which attained a mean
peak biomass of 12.5 = 3.58 % of the bacterial biomass by Day 6 before declining. Synchronous
measurement of the utilisation of dissolved and particulate components from the incubation media
shows that there is a well-defined initial sequence of aggregation of particulate matter to form bacterio-
particulate complexes, much as have been recorded for natural waters. During this phase, carbon is
mainly utilised from the dissolved component of phytoplankton cell debris, whilst the more refractory
components including particulate debris is used more slowly. The dissolved organic component
comprises a mean of 34.24 % of the total carbon in the debris and has a 50 % utilisation time of only
1.56 d (37.44 h), whereas the particulate component comprises 65.76 % of the total carbon and has a
50 % utilisation time of as much as 11.56 d (277.4 h). Bacterial carbon conversion efficiency (bacterial
carbon/detrital carbon used X 100) during the initial phases of colonisation is 9.8 % —a value similar to
that recorded for bacterial conversion of dissolved components of macrophyte debris. The results
suggest that the carbon conversion budget for the decomposition of phytoplankton cell debris is 100 g
carbon yielding 4 -644 g of bacterial carbon. This value for incorporation of carbon into bacteria from
phytoplankton cell debris is much lower than might be anticipated from the absorption efficiency of
selected labile components released in small quantities by living phytoplankton. The carbon conver-
sion budget for whole phytoplankton debris thus suggests that as much as 30.8 % of the carbon is
mineralised and returned to the environment within 3 d by the bacteria which initially colonise the
material, whereas the more refractory 64.4 %, comprising carbon in the particulate components of the
cell debris, is mineralised within approximately 11 d by bacteria characteristically associated with the
decomposition phase of a phytoplankton bloom.

INTRODUCTION

Utilisation of organic matter by marine microhetero-
trophs has received considerable attention in recent
years. Most earlier work reported that bacterial growth
on phytoplankton cell surfaces occurs only during the
decomposition phase of phytoplankton blooms (Droop
and Elson, 1966; Sieburth, 1968; Bell and Mitchell,
1972; Bell et al., 1974) often leading to aggregation
and the formation of detrital clumps (Hobbie et al.,
1972; see also Linley and Field, 1981). Subsequent
work suggested that the release of extracellular dissol-
ved organic matter from living phytoplankton cells
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may also be of significance as a substrate for the
growth of microheterotrophic organisms (for reviews
see Fogg, 1971; Hellebust, 1974). Very variable values
of exudate release from 0-75 %, but generally less
than 40 % of the photoassimilated carbon have com-
monly been recorded for marine phytoplankton (Hel-
lebust, 1965; Horne et al., 1969; Anderson and Zeut-
schel, 1970; Samuel et al.,, 1971; Thomas, 1971; Ber-
man and Holm-Hansen, 1974; Smith, 1974; Iturriaga
and Hoppe, 1977). Partly because of the variability in
reported values for the release of dissolved organic
matter by phytoplankton cells under differing condi-
tions, some doubts have been expressed about the
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amounts of dissolved organic matter which are
released from healthy phytoplankton under natural
conditions in the sea (Sharp, 1977). Nevertheless much
recent work suggests that the release of small quan-
tities of dissolved substances from marine phytoplank-
ton may be of regular occurrence in normal healthy
cells (Smith et al., 1977; Mague et al., 1980).

Of this material, however, only a relatively small
proportion may be labile and readily utilisable by
microheterotrophic organisms whilst the remainder is
refractory (Andrews and Williams, 1971; Yurkovsky,
1971; Ogura, 1972, 1975; Allen, 1973; Ogura and
Gotoh, 1974; Wiebe and Smith, 1977; Larsson and
Hagstrom, 1979). Such studies indicate that some
10-25 % of the total dissolved organic matter — but
commonly as little as 0.1 % (Wiebe and Smith, 1977;
Larsson and Hagstrom, 1979) — may comprise the labile
fraction. This is generally assumed to represent mainly
free sugars and amino acids and is often capable of
rapid heterotrophic uptake by bacteria at a rate which
is comparable with its rate of release from the phyto-
plankton. Our knowledge of the turnover and micro-
bial utilisation of such compounds is mainly based on
experiments with !*C-labelled substrates, and these
have given some insight into the dynamics of bacterial
uptake of simple labile components of dissolved
organic matter in natural waters (Wright and Hobbie,
1965; Hobbie, 1967; Hobbie and Crawford, 1969; Gor-
don et al.,, 1973; Crawford et al.,, 1974; Fenchel and
Jorgensen, 1976). But it is clear that the results of
kinetic studies on the uptake of simple organic sub-
strates are likely to apply to only the relatively small
labile component of the photoassimilated carbon
released during the decomposition phase of a phyto-
plankton bloom. Nevertheless, uptake and respiration
of labelled organic substrates by natural populations of
microheterotrophs have allowed calculation of appa-
rent ‘growth yields’ of such populations obtained by
division of the amount of substrate incorporated into
the organism per unit time (the net uptake) by the total
uptake (net uptake + respired '¥C) (Williams, 1970,
1973).

More recently, Billen et al. {1980) have used similar
data to calculate the ‘yield constant’ (y) which express-
es the number of bacteria formed per mole of simple
“C-labelled substrate incorporated: y = a/C, where a
is the 'growth yield' described above and represents
the part of the total substrate taken up for biosynthetic
purposes, and C the carbon content of a single cell.
Billen et al. reported very variable values of « for a
number of simple organic substrates, with a mean of
0.3-0.4. Values for C are 0.25-0.5 X 10~ umol of car-
bon per bacterium (Stanier et al., 1970). From these
values can be calculated that the yield constant (y) is
approximately 10® bacteria per micromol of carbon,

although it should be emphasised that these estimates
can be easily applied to only a very small labile com-
ponent of the dissolved organic matter released, and
that the incorporation rates of even these simple
organic substrates are subject to considerable variabil-
ity (Billen et al., 1980).

An alternative approach is to measure the increase
in microheterotrophs in the presence of algal debris by
means of acridine orange direct counts (AODC) and to
express the biomass of bacteria or bacterial carbon
directly as a function of carbon utilised from the debris
(Linley et al., 1981; Linley and Newell, 1981; Lucas et
al., 1981; Newell and Lucas, 1981; Stuart et al., 1981).
This has the advantage that the ‘carbon conversion
efficiency’ of the complex dissolved and particulate
components released during the decomposition of
marine algae can be measured more-or-less directly,
and also allows estimation of the rate of degradation of
dissolved and particulate components of the debris.
The results suggest that bacteria initially utilise the
dissolved organic components released during the
decomposition phase of a phytoplankton bloom and
that incorporation of these substances may be consid-
erably lower than that reported for simple labile
organic substrates.

MATERIAL AND METHODS
Incubation and Sampling Procedure

A variety of phytoplanktonic organisms, represented
by the thecate dinoflagellate Scrippsiella (=
Peridinium) trochoidea, the athecate form Isochrysis
galbana and the diatomns Skeletonema costatum,
Thalassiosira angstii and Chaetoceros tricornutum
were used as source material for phytoplankton
decomposition experiments between November 1980
and February 1981. Approximately 4 1 of cell suspen-
sion in the later log phase of growth were sedimented
by centrifugation during which the cells were found to
have remained intact. The sediment from each phyto-
plankton source was resuspended in 250 ml distilled
water, frozen and thawed — a procedure which could
be seen under the microscope to have disrupted the
cells (see also Fig. 1a); 2.0 1 of freshly-collected seawa-
ter from outside the Plymouth Breakwater were filtered
through a 20 um sieve to remove larger Protozoa and
grazing zooplankton; 1.5 1 was then placed in each of a
series of 10 x 21 sterilised flasks and sufficient sus-
pension of disrupted cells added to bring the total
carbon concentration to 12-15 mg 17! for each source
material. This value was selected because it is compar-
able to the carbon equivalent of maximal chlorophyll
concentrations likely to be found immediately prior to
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the decomposition phase of dinoflagellate blooms at
frontal systems in the English Channel (P. M. Holligan,
Marine Biological Association, Plymouth, U. K.: per-
sonal communication).

Apart from 5 active incubation flasks, the experi-
mental series comprised a control vessel for each of the
phytoplankton types filled with an inoculum of the
same stock and concentration, to which sodium azide
was added to a final concentration of 0.02 %; 1.5 ml of
a 20 % solution of sodium azide was also added on
alternate days to the control vessels to suppress bacte-
rial growth. An additional control vessel containing
1.51 of 20 pm filtered seawater, but no phytoplankton
debris, was included in the series. Air was pumped
separately through a 0.2 um Nuclepore filter to each
pair of experimental and control vessels to keep par-
ticulate matter in suspension and to maintain aerobic
conditions in the culture media. The outlet tubes were
plugged with a cellulose wool filter to minimise con-
tamination from the air.

The vessels were then placed on an orbital shaker
and held at 10 °C in the dark for up to 4 weeks.
Samples of the incubation media for all vessels were
taken at time zero and at intervals of 6 h for 2d, 12h
for a further 2d, 24 h for an additional 4 d, then at
intervals of 7 d. Samples of 20 ml were withdrawn with
sterilised syringes for microbial estimations and 25 ml
samples were also taken with sterilised syringes for
combined estimations of particulate matter and carbon
analyses.

Microbial Numbers and Biomass

The samples taken from the vessels were transferred
to autoclaved glass scintillation vials containing suffi-
cient glutaraldehyde fixative to bring the final con-
centration to 2.5 %. The numbers of microorganisms on
0.2 um Nuclepore filters following filtration of 1.5 ml
medium were then estimated by the acridine orange
direct count (AODC]) technique (Hobbie et al., 1977;
Daley, 1979; Linley et al., 1981). Formation of aggre-
gates in the incubation media made accurate counts
difficult. In media where aggregation had occurred, 1
to 5 ml of the fixed samples were incubated for approx-
imately 5 min with an equal volume of 5 mg 1”! sodium
tripolyphosphate solution (Pike et al., 1972) and soni-
cated for 30 s in a Dawe Sonicleaner Type 6441 A prior
to staining with acridine orange. Microbial biomass
was calculated from cell numbers and mean volumes
measured by means of the scanning electron micro-
scopy method described by Linley et al. (1981). The
dimensions of 20 to 60 cells in up to 5 random fields
were measured and cell volumes subsequently
obtained by using a Kontron Mop Digitiser interfaced

to a SWTP M 6809 Micro-computer-system. Because
mean cell volumes and relative numbers of rods and
cocci varied during the course of the incubation, the
cell dimensions of rods, cocci and flagellates were
estimated on a daily basis throughout the experimental
period. Linley (unpubl.) has made a detailed compari-
son of methods used in measuring the cell dimensions
of bacterial isolates and concluded that shrinkage dur-
ing preparation for SEM amounted to a mean of 7.6 %
of the final cell volume. All values for cell volumes
were corrected for shrinkage using values of 8.4 % for
rods and 5.9 % for cocci.

The dry biomass and carbon equivalent of wet
biomass were then calculated from the numbers and
cell volumes using values for specific gravity cited by
Calkins and Summers (1941) and Luria (1960) and the
coefficients of 0.2 and 0.1 for the dry biomass and
carbon equivalents of the wet biomass respectively
(Luria, 1960; Troitsky and Sorokin, 1967; see also Soro-
kin and Kadota, 1972). A carbon equivalent of 50 % of
the dry biomass is commonly used (Luria, 1960) and is
a value which we have adopted here and elsewhere.
Nevertheless, some of our own measurements on crude
bacterial preparations from kelp debris suggest that
the carbon may be only 3040 % of the dry biomass.
Similarly, Ferguson (personal communication: NOAA
southeast Fisheries Center, Beaufort, N.C.) has found
values of only 34 % for the carbon equivalent of the dry
biomass of bacteria from Spartina marshes. Our esti-
mates of carbon incorporation into bacteria are there-
fore likely to be maximal ones which more then offset
the effects of shrinkage on our estimates of cell dimen-
sions.

Particulate Matter

The 25 ml of incubation medium removed from each
vessel for particulate and carbon analysis were placed
in clean glass scintillation vials, shaken and 3 separate
1 ml aliquots removed for particle counting. Each was
made up to 50 ml with 0.45 pm filtered seawater. Parti-
cle size distribution was then estimated on 3 X 0.5 ml
aliquots of each of the three diluted samples by means
of a Coulter Counter Model TA II with population
accessory and a 100 um orifice tube. Counts were
expressed as the difference between the experimental
media and filtered seawater over the channel range 3
to 15 inclusive. This yielded an effective assay spec-
trum of 2.0—-40.3 um lower channel edge diameter. Par-
ticle concentration was then expressed as ppm by
volume (Strickland and Parsons, 1972) and plotted as a
function of particle diameter and incubation time by
means of a multidimensional graphics system (Univer-
sity of Cape Town, Computer Centre).
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Carbon Analysis

Samples of 20 ml of incubation medium were filtered
under vacuum through a pre-ashed (400 °C for 6 h)
1.2 um GF/C Whatman glass fibre filter of 25 mm
diameter. The filter was oven dried at 55 °C overnight
and retained in a desiccator for particulate carbon
analysis. Triplicate aliquots of 5 ml of the filtrate were
transferred to precombusted 10 ml glass ampoules to
which 50 ul of 1 N HC] made up in carbon-free distil-
led water was added. The ampoules were then sealed
and stored in a deepfreeze prior to analysis.

The dried GF/C filter plus particulate carbon was
weighed on a Cahn 25 automatic electrobalance and
crushed to powder in an agate ball mill. Three
weighed subsamples of 5 to 6 mg were then transferred
into dry tin micro-cups which had been previously
cleaned with chloroform, acetone and distilled water to
remove carbon, and were placed into the sampler of a
Carlo Erba elemental (CHN) auto-analyser (Model
1106) fitted with an integrator to give carbon and
nitrogen peak areas. The nitrogen and carbon content
of 5 blank samples of tin cups alone, and of the tripli-
cate experimental samples, was then calculated from
the mean peak areas of 10 weighed samples of approx-
imately 1.5 to 2.0 mg cyclohexanone (Carlo Erba)
which contains 20.14 % nitrogen and 51.79 % carbon.

After the addition of a further 75 ul N HCI to the
frozen ampoules to ensure that carbon dioxide from
inorganic sources had been released, the dissolved
organic carbon remaining in the acidified filtrates was
measured by the method of Collins and Williams
(1977) as modified by Gershey et al. (1979). Carbon is
photo-oxidised with u/v radiation and the resultant
CO, is carried on a carbon-free oxygen stream through
a gas stripper, dried with Hydranone, and measured
with an infra-red CO, analyser. Hydroxylamine hy-
drochloride was added to the photo-oxidised sample to
reduce chlorine gas to chloride, since the former inter-
feres with CO, detection, whilst the addition of more
2 N HCI after photo-oxidation ensured a low pH of
< 2.0 and quantitative removal of CO, from the liquid
stream. Standards of 0.7678 g Analar potassium oxa-
late dissolved in 100 ml u/v oxidised distilled water to
yield 1 mg C ml™! were used throughout the analyses.

RESULTS

Micro-Organisms Associated with the Degradation of
Phytoplankion Debris

The freshly collected seawater to which the cell
debris was added typically contained a bacterial cell
density of 2.1-4.6 X 10° cells ml~!' comprising approxi-

mately 34 % bacterial rods with a mean volume of
0.08 + 0.04 um® and 66 % cocci with a mean volume of
0.046 * 0.022 um®. A characteristic microbial succes-
sion comprising an initial increase in bacteria which
reached as much as 2.28 X 10’ cells ml™ by Day 3,
followed by an increase in numbers of micro-flagel-
lates with a corresponding decline in bacteria, occur-
red in all incubation media, much as we have
described in the incubation of macrophyte debris (Lin-
ley et al., 1981; Linley and Newell, 1981: Stuart et al.,
1981). The mean volume of the flagellates was
16.87 = 4.45 um® but in all media a wide variety of
sizes ranging from 3.82 to 42.94 um?® was recorded.

Samples taken initially from the incubation media
showed that the phytoplankton cells had been dis-
rupted and that free-living bacteria dominated the
assemblage, presumably utilising the lysed contents of
the cells (Fig. 1a). Subsequently the bacterial numbers
increased and there was a reduction in variety of mor-
phological types resulting in the development of a rod-
dominated assemblage by Day 3 (Fig. 1b). After
approximately 4 d, u-flagellates with a mean volume of
approximately 17 um® became common (Fig. 1c) and
reached a peak density by Day 6 during which time the
bacteria had declined, presumably due to the grazing
activities of the flagellates (Fenchel, 1970; Linley et al.,
1981; Linley and Newell, 1981). It is noteworthy that
the flagellates increased in numbers only after the
bacteria had attained a peak biomass and it seems
possible that a critical prey density may be required to
initiate logistic growth in the flagellates.

By Day 8, the reduced numbers of free-living bacte-
rial rods were replaced by rather larger rods associated
with the particulate fraction. Thread-like strands or
fimbriae were commonly seen at this stage and in some
instances, as in the Thalassiosira angstii debris, stalk-
like caulobacters were observed attached to the debris
(Fig. 1d and f). Complex aggregates formed from par-
ticulate material (Fig. 1e) became common in the incu-
bation media, but not in the sterilised control vessels.
At this stage the microbial community became more
complex with the appearance of choanoflagellates,
ciliates and amoeboid forms, all of which were gener-
ally associated with the aggregates (see also Linley
and Newell, 1981; Stuart et al., 1981). Aggregate for-
mation thus appears to be a process initiated by bacte-
rial growth and adhesion to the particulate fraction of
cell debris.

Microbial Numbers and Biomass

The effects of addition of detrital carbon on the
numbers of bacteria and flagellates in seawater incu-
bated at 10 °C are summarised in Table 1. The concen-
trations of carbon added were 12.1 mg 1! from Thalas-
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Fig. 1. Selection of the micro-organisms which colonise seawater incubated with phytoplankton debris at 10 °C. (a) Thalassiosira

angstii cell debris showing disrupted cells and initial colonisation of the incubation medium by a mixed population of free-living

rods and cocci. (b) Free-living, rod-dominated assemblage in a Skeletonema costatum incubation medium on Day 3. (c) Mixed

population of p-flagellates and free-living bacteria associated with Scrippsiella trochoidea debris (Day 4). (d) T. angstii cell

surface showing attached bacteria. (e) Partially dispersed aggregate revealing attached bacteria and p-flagellates (Day 7). (f)
Stalked caulobacters attached to cell debris from T. angstii
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Table 1. Maximal values for bacterial numbers (cells ml~! X 10%) and flagellates (cells ml~! X 10*) in seawater incubated at 10 °C
with a variety of phytoplankton debris. The proportional increase in bacterial numbers over the initial values for the seawater
and time of occurrence of the peaks is also shown. Data summarised from 2 experimental series

Source No. bacteria ~ Maximum Time after Max. bact. no. Max.no. No. flag. %100
at time zero bacterial inoculation Initial no. flagellates No.bact.
% 10° number h x 104
%108
Isochrysis galbana 0.21 6.61 81 31.5 0.81 0.123
Skeletonema costatum 0.21 7.11 69 33.9 1.78 0.250
Scrippsiella trochoidea 0.48 15.5 48 323 1.22 0.079
Thalassiosira angstii 0.48 22.8 72 47.5 1.26 0.055
Isochrysis galbana 0.48 11.1 72 23.1 1.01 0.091
Skeletonema costatum 0.48 16.2 48 33.8 1.46 0.090
Chaetoceros tricornatum 0.48 23.4 72 48.8 2.25 0.096
Mean 0.345 14.674 66 35.84 1.40 0.112
S.D. 6.83 12.84 9.18 1.18 0.064
siosira angstii, 10.8mg 1! from Scrippsiella approximately 0.11 % of the bacterial numbers. The

trochoidea, 11.9 mg 17! from Skeletonema costatum,
13.0 mg 1"! from Chaetoceros tricornutum and approxi-
mately 12.0 mg 17! from Isochrysis galbana cells; it is
clear that this resulted in the development of a mean
peak bacterial population of 14.67 X 10° cells ml™! in
approximately 66 h at 10 °C. This represents an aver-
age increase of approximately 36 times the bacterial
population in the seawater after inoculation of phyto-
plankton detritus, and was followed by the develop-
ment of a flagellate population which reached a mean
peak density of 1.40 X 10% cells ml~!. This value is

©
T

-9
e

' M THALASSIOSIRA
— SO T
F =

2

[

2 BACTERIA

> o ./. .

5 R1o15 et \o/ -
2 .

-~ 8 Q,

@ o5 S L
17 :

< : FLAGELLATES

= P : by

o

m

o1 [ S T S

Fig. 2. Dry biomass of bacteria
and flagellates (mgl7) as a

function of incubation time (d) 50 i
in seawater at 10 °C. Thalas- * |\ SKELETONEMA
siosira angstii (12.12 mg car- \\

bon 17!); Chaetoceros tricor-
nutum (13.02 mg carbon 17Y);
Scrippsiella trochodea (10.76
mg carbon 17!); Skeletonema
costatum {11.86 mg carbon 17});
Isochrysis galbana (12.0 mg
carbon 17!). Relation between
maximal bacterial biomass
and maximal flagellate bio-

\ Q  BACTERWA

e

BIOMASS (mg dry weight 1)
o)
(%3
T
[ ]
(.
[ ]

mass (Y = 0.0122 + 0.0924 X; 2 4 6 8 10 12

r=08262; 10 =7

ratio of numbers of flagellates to bacteria is, however,
very variable due in part to the fact that the flagellate
population was a mixed one with a small number of
large flagellates in some cultures and large numbers of
small flagellates in others. There can also be a good
deal of variability in the relative proportions of bacte-
rial rods and cocci and in their cell dimensions during
the course of incubation. For this reason it is necessary
to correct all the data for cell volumes (p. 125) and to
express the relative proportions of both bacteria and
micro-flagellates in terms of calculated biomass.

10 T T T T T3 T T T T T T
50 .
- CHAETOCEROS ,__.» —~ o.. SCRIPPSIELLA
— 50 ., oo’ 4 ' /o’ *
E E . \
o ./ / o
;’ . © .\
z / N /BACTERIA i_,o_ .EACTER'A. |
< ° . 4 L]
© L] N
o 10 - > b -\
£ Peg €05 5. N e ]
o ~ R \
o 05 . E » t?‘ . )
2 i FLAGELLATES ®  |FraGELLATES;
g - i 3
@ 4 4 3-01 8 ¢ 1
N o
01 1 L I g | L ' 1 L1 1
2 4 6 8 10 12 2 4 6 8 10 12
DAYS DAYS
.50 T " T T T T T T T T
' Se ISOCHRYSIS K Y -0.0122 » 0.0924X
= =-08F o
£ / 208 - 08262
© . ;; n:z7
2 ok 2
> BACTERIA 2 g6l |
-] ° o
@
g-os- M /'\./\ ] z
P o-® a .
2 A wodr . 1
§ 3 9 . FLAGELLATES <
] S g .
@ 01 '-_‘ B <-02p .
o e
Il 5 L | 1 1 L 1 |
2 4 6 8 10 12 02 04 06 08

BACTERIAL DRY BIOMASS (mg ™




Newell et al.: Degradation and conversion of phytoplankton debris 129

Table 2. Relation between carbon added from phytoplankton cell debris, and dry biomass of bacteria and micro-flagellates which

appeared in seawater incubation media held at 10 °C. The carbon equivalent of dry bacterial biomass is taken as 50 % (Luria,

1960) and has been used to calculate the ratio between standing stock of bacteria and carbon in phytoplankton cell debris. The

ratio between standing stock of flagellates and bacterial biomass is also shown. Compiled from several incubation experiments
including that illustrated in Fig. 2

Source Added carbon Calculated maximum Calculated  Bacterial C Flag.biomass
(mg 1) standing stock maximum Detrital C Bact.biomass
of bacteria (mg ™) standing stock X 100 X 100
of flagellates
Mean Measured (mg 17
DOC total Biomass Carbon Biomass
Thalassiosira angstii 3.57 12.12 0.843 0.422 0.081 3.48 9.61
Chaetoceros tricornutum 4.03 13.02 0.480 0.240 0.074 1.84 15.42
Scrippsiella trochoidea 2.53 10.76 0.338 0.169 0.045 1.57 13.31
Skeletonema costatum 5.5 11.86 0.475 0.238 0.070 2.01 14.74
3.45 8.55 0.228 0.114 0.039 1.33 17.11
Isochrysis galbana - 12.0 0.366 0.183 0.027 1.53 7.38
3.05 8.20 0.212 0.106 0.021 1.29 9.91
Seawater controls
N=26 1.95 4.400 0.028 0.014 - 0.318 -
S.D. 0.171 0.298 0.016 0.008
Mean 3.68 10.94 0.420 0.210 0.051 1.86 12.50
S.D. 1.02 3.30 0.214 0.107 0.024 0.76 3.58

The biomass of bacteria and flagellates which colon-
ised the incubation media following the addition of
phytoplankton debris is shown in Fig. 2. It is evident
that in each case there was an initial rapid increase in
bacterial biomass reaching a maximum on Day 3 of
some 0.2 to 0.8 mg 1™, depending partly on the con-
centration of phytoplankton debris added at the begin-
ning of the incubation. This phase was followed by an
increase in the biomass of flagellates, many of which
are known to graze on bacteria (Fenchel, 1969, 1970)
and which were probably responsible for the decline in
the standing stock of bacteria in the incubation media.
It is noteworthy that in many cases the small flagellates
which dominated the incubation media were appa-
rently unable to utilise the large bacterial rods which
subsequently increased in the later phases of the incu-
bation experiments without a corresponding increase
in flagellates.

The relation between the maximum standing stock
of bacteria and the phytoplankton debris in the incuba-
tion media, and between flagellate and bacterial
biomass in a series of incubation experiments on a
variety of phytoplankton sources is summarised in
Table 2. If the bacterial carbon comprises 50 % of the
dry biomass (Luria, 1960), it can be seen that the
maximum standing stock of bacterial carbon attained
in the incubation media is 1.86 + 0.76 % of that in the
phytoplankton. The ratio of flagellate biomass to
bacterial biomass was 7 to 15 % with a mean of
12.50 *= 3.58 % which is similar to the value of 10 %
which we have obtained in incubation experiments
based on kelp detritus (Linley et al., 1981; Linley and

Newell, 1981; Stuart et al., 1981). The relation between
biomass and flagellates and that of bacteria in the
culture media is shown in Fig. 2 (F) in which the
equation of the regressionis Y = 0.0122 + 0.0924 X (r
= 0.8262; N = 7) for the pooled data from all the
phytoplankton incubation experiments. Micro-flagel-
lates thus appear to attain a maximum biomass of 10 %
of the bacterial biomass despite a wide variety of
sources of detritus.

Fate of Particulate Debris

The particulate component of the debris from each of
the phytoplankton sources underwent a well-defined
sequence of initial aggregation into larger clumps over
a period of 7 d, followed by a phase of slow utilisation.
This initial phase of aggregate formation can best be
illustrated in a multidimensional form in which parti-
cle size and time of incubation are plotted on the X,
and X, axes, and particle concentration (ppm by vol-
ume) on the Y axis. The resultant response surface can
then be represented as a projection or contour diagram
as is shown in Figs. 3 and 4.

Fig. 3 shows the response surface and its contour
projection for Chaetoceros tricornutum debris which
had been incubated for 7 d at 10 °C in seawater. The
initial size of the debris supplied in the incubation
experiment was in the range 1.59 to 4.00 um, and it can
be seen from this sterilised control series that there was
little change in particle distribution throughout the 7 d
incubation.
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Fig. 3. Left: Response surface
relating the effects of time of
incubation {X;, d} on particle
size distribution (X,, particle
diameter, pm) and particle
concentration (Y, ppm by vol-
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In the non-sterilised series shown in Fig. 4, however,
incubation in seawater resulted in a progressive loss of
fine particles from channels 2 to 5 with a correspond-
ing increase in concentration of large particles in the
range 8.00 to 20.2 pm. At the end of 7 d at 10 °C, all the
initially fine particles from the debris had formed
aggregates of a very similar size to those which have
been described in natural waters by Hobbie et al.
(1972) and Linley and Field (1981).

This initial phase of aggregate formation which
occurred in all non-sterile incubation media irrespec-
tive of the source of phytoplankton debris, clearly
coincides closely with the development of bacteria and
confirms the observations with scanning electron mic-
rographs of the incubation media (p. 126). There is,
however, very little evidence for a major utilisation of
particulate matter during this phase so that it can be
inferred indirectly from the data for particulate matter
alone, that the dissolved organic component of phyto-
plankton debris is mainly utilised during the formation
of bacterio-organic aggregates. Measurements of car-

INCUBATION TIME (DAYS)

8.00-20.2 um over 7 d of incu-
bation

3

bon losses from the dissolved and particulate compo-
nents of the degrading phytoplankton debris, however,
allow a direct estimate of the source of carbon utilised
during both the initial phase of aggregate formation
and later decomposition phases of particulate matter,
as well as yielding quantitative information on the
carbon conversion efficiency of phytoplankton by
marine bacteria.

Losses of Carbon from Incubation Media

Unfortunately, the formation of aggregates in incu-
bation media containing debris from Isochrysis gal-
bana was so variable that we were unable to obtain
satisfactory replicate samples for carbon analysis. The
dissolved organic carbon (DOC) in the filtrate and
particulate carbon (PC) retained on a 1.2 um GF/C
filter was, however, measured in the incubation media
containing debris from Thalassiosira angstii, Scripp-
siella  trochoidea, Skeletonema costatum and
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Fig. 5. Concentration of dissolved, particulate and total car-
bon in seawater incubated with cell debris from Thalassiosira
angstii, Scrippsiella trochoidea, Skeletonema costatum and
Chaetoceros tricornutum at 10 °C for up to 21 d. Mean DOC
values for control seawater vessels are also shown. Note
initial utilisation of the dissolved organic component which
approaches the value for control seawater over a period of 3 d
after which utilisation is mainly from the particulate compo-
nent. 50 % concentration and utilisation times are indicated

Chaetoceros tricornutum in one series of experiments
for 14 d and in a second series for up to 25d. The
results are shown in Fig. 5 and are of some interest
since they both account for the lack of utilisation of
particulate matter in the initial phases of aggregate
formation, and also confirm results of other workers on
the rate of utilisation of dissolved organic matter in
natural waters.

The most obvious features of the data are that there
is a rapid initial loss of both dissolved and particulate
organic carbon from the media within 6 h, well before
any increase in bacteria was recorded. It seems likely
that this represents an initial adsorption of a proportion
of the cell debris onto the walls of the glass vessels
rather than heterotrophic utilisation by the micro-
organisms. Subsequently, the dissolved organic com-
ponent is utilised, but after approximately 2 to 3 d the
rate of utilisation declines as the dissolved organic
carbon approaches the mean value of 1.95 mg I"! found

in the control seawater vessels (see also Table 2). In the
case of Skeletonema costatum and Chaetoceros tricor-
nutum incubation experiments, the rate of utilisation of
DOC became negligible at values considerably above
that of seawater, implying that some of the dissolved
organic carbon released during decomposition from
these sources may be relatively refractory, much as has
been described for the dissolved carbohydrates found
in both freshwater and marine systems by Ogura (1972,
1975) and Ogura and Gotoh (1974). It will also be
noticed that the particulate carbon fraction in the incu-
bation media showed a phase of increase after the
initial adsorption loss, implying a release from the
walls of the vessel during the first few days of incuba-
tion. This effect is particularly important in an estima-
tion of the utilisation of low initial concentrations of
substrate carbon by the bacteria since the apparent
utilisation of carbon from the medium may be rela-
tively low during this phase.

Table 3 shows the 50 % carbon concentration values
in the incubation media and the corresponding times
for 50 % utilisation of dissolved, particulate and total
carbon from each of the sources of phytoplankton
debris. The mean 50 % concentration values in the
media were 2.15 = 0.58 mg carbon 17! for DOC and
4.13 = 0.66 mg carbon 17! for the particulate compo-
nent. The total carbon was 6.28 = 0.66 mg 1! so that
the phytoplankton as a source of organic carbon com-
prises approximately 34 % as a dissolved organic com-
ponent and 65.8 % as a particulate component. The
50 % utilisation rates of the dissolved organic compo-
nents and the particulate components are
1.56 = 0.13 d and 11.56 *= 3.49 d respectively. That is,
the DOC component is decomposed 7.41 times faster
than the particulate component at 10 °C.

The carbon utilisation data thus suggest that the
dissolved organic carbon component as a whole is
utilised mainly during the first 3 d and coincides with
the appearance and subsequent logistic growth phase
of the free-living bacteria, whilst the particulate com-
ponent may be utilised more slowly by the attached
bacteria where biomass is in equilibrium with the
mixed community of grazing flagellates (see also p.
126).

Net Conversion Efficiency of Carbon from Phyto-
plankton Debris to Bacterial Carbon

The experiments which we have carried out on the
utilisation of carbon from incubation media containing
phytoplankton debris from a variety of sources, and the
synchronous increase in biomass of microheterotrophs
allow an estimate of the net carbon conversion effi-
ciency from phytoplankton debris into bacteria.
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Table 3. 50 % carbon concentration values and time taken for 50 % utilisation of dissolved and particulate carbon from
phytoplankton cell debris. Derived from Fig. 5

Source 50 % of initial carbon concentration Time for 50 % utilisation
(mg 1) (d)

DOC PC Total DOC PC Total
Thalassiosira angstii 23 4.7 7.0 1.5 16.0 14.0
Scrippsiella trochoidea 1.4 4.1 5.5 1.75 8.0 9.0
Skeletonema costatum 2.8 3.2 6.0 1.5 9.75 9.0
Chaetoceros tricornutum 2.1 4.5 6.6 1.5 12.5 14.5
Mean 2.15 4.13 6.28 1.56 11.56 11.63
S.D. 0.58 0.66 0.66 0.13 3.49 3.04
% of total 34.24 65.76 - 13.41 99.40 -

The concentration of organic carbon in the control
vessels and non-sterile experimental vessels is plotted
as a function of time of incubation at 10 °C in Fig. 6.
Each data point is the mean of 3 samples; the standard
deviation in all cases was less than + 0.2 mg carbon 1™
and was usually less than + 0.1 mg 1™'. The line has
been drawn through the running mean of the data
points and illustrates the initial adsorption and release
phases in the control vessels. As pointed out above,
this effect is of considerable importance in an estima-
tion of the actual utilisation of carbon by the mic-
roheterotrophs in the incubation media. Since carbon
is evidently released into the medium from Day 1 to
Day 7 in vessels containing debris from Thalassiosira
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Fig. 6. Concentration of total carbon in sterilised (control) and
non-sterilised seawater incubated with cell debris from
Thalassiosira angstii, Scrippsiella trochoidea, Skeletonema
costatum and Chaetoceros tricornutum at 10 °C for up to 21 d.
Line fitted to running means for the data; the difference
between the two has been used to calculate net utilisation of
carbon by bacteria as a function of time in the non-sterilised
media

angstii, Skeletonema costatum and Chaetoceros tricor-
nutum (see Fig. 6, controls), it is obvious that utilisation
of carbon from the medium is considerably higher than
would be assumed from the slope of the utilisation
curve in the absence of a series of control vessels.
The difference between the carbon concentrations in
the control vessels and in the non-sterile experimental
vessels, together with the synchronous increase in
bacterial carbon (calculated as 50 % of the biomass;
Table 2) is shown as a function of incubation time at
10 °C in Fig. 7. It can be seen that the initial phase of
bacterial increase up to Day 3 is accompanied by a
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Fig. 8. Relationship between bacterial carbon production and
detrital carbon utilisation in incubation media containing cell
debris from Thalassiosira angstii, Scrippsiella trochoidea,
Skeletonema costatum and Chaetoceros tricornutum. Data
plotted from Fig.7 up to the time at which flagellates
appeared on Day 3. Equations for regressions for these and
other incubation experiments are summarised in Table 4

major utilisation of carbon from each of the incubation
media. After the appearance of grazing flagellates on
Day 3, however, there was a rapid decline in bacterial
biomass and a corresponding decrease in utilisation of
carbon from the media. Because the standing stocks of
bacteria are likely to be primarily limited by grazing
flagellates from Day 3 onwards, it is not possible to
relate bacterial production to carbon utilisation in the
later phases of our incubation experiments. In the
initial phases it is, however, possible to calculate the
phytoplankton detrital carbon: bacterial carbon con-

version efficiency directly from the relation between
bacterial carbon incorporation and detrital carbon
used. Some of these data for the curves in Fig. 7 are
shown in Fig. 8 whilst the equations for the regressions
for these are summarised in Table 4. The mean value
for the slope (b) is 0.09872 * 0.0267. The bacterial
carbon conversion efficiency (bacterial carbon incor-
porated/phytoplankton carbon used X 100) estab-
lished in the initial phase of decomposition of phyto-
plankton debris is thus 9.87 * 2.7 %. The regression
equation for the pooled data irrespective of the source
of phytoplankton debris is: Y = — 0.0266 + 0.0984 X; r
= 0.898; N = 33 (P = 0.0005) which implies that as
much as 90 % of the carbon components from phyto-
plankton debris utilised up to Day 3 are mineralised by
the bacteria and returned to the environment.

CONCLUSION

The data which we have presented on the rate of
decomposition and conversion efficiency of phyto-
plankton debris by marine microorganisms shows that
there is a succession in decomposer organisms. Prim-
ary microbial decomposers in the incubation experi-
ments were bacterial cocci and rods, rather than fungi
which have commonly been reported for freshwater
detrital systems (Kaushik and Hynes, 1971; Lock and
Hynes, 1976; Hayes, 1979). These were subsequently
replaced by a smaller number of grazing flagellates,
much as we have described elsewhere for the decom-
position of debris from kelp (Linley et al., 1981; Linley
and Newell, 1981; Lucas et al.,, 1981; Newell and
Lucas, 1981; Stuart et al., 1981). The data show,
moreover, that the maximal standing stock biomass of
both bacteria and protozoans is related to the initial
concentration of organic carbon in the detrital source.
The mean bacterial standing stock of carbon was found
to be 1.86 £ 0.76 % of the carbon supplied to the
incubation media and subsequently declined as flagel-
lates attained a biomass of approximately 10 % of the
bacterial biomass.

Synchronous measurement of the increase in bacte-
rial biomass and utilisation of carbon from incubation

Table 4. Equations of regressions for bacterial carbon synthesised (Y, mg 17}) and carbon utilised (X, mg 17!) from phytoplankton
debris incubated at 10 °C in seawater. Equation of the regression Y =a+bX. Based on carbon utilisation and bacterial biomass up
to the appearance of flagellates in the incubation media

Source a b T N P
Thalassiosira angstii —0.0609 0.1348 0.9598 7 0.001
Scrippsiella trochoidea —0.0174 0.1199 0.9402 7 0.001
Skeletonema costatum —0.0410 0.0825 0.8687 7 0.01
Chaetoceros tricornutum —0.0250 0.0804 0.9471 7 0.001
Isochrysis galbana —0.0065 0.0760 0.9589 5 0.005
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media containing comparable concentrations of
organic matter to those which can occur at the begin-
ning of the decomposition phase of a dinoflagellate
bloom in the English Channel shows that utilisation of
the dissolved organic component, which comprises
some 34.24 % of the carbon in the phytoplankton
detritus, occurs within approximately 3 d at 10 °C. Util-
isation of the dissolved organic carbon component is
primarily responsible for the initial phase of bacterial
colonisation and growth during which bacterio-par-
ticulate aggregates are formed much as have been
described in natural waters by Hobbie et al. (1972) and
Linley and Field (1981). The more refractory compo-
nents, including particulate organic matter, are used
more slowly and have a 50 % utilisation time of
approximately 11 d at 10 °C. Since organic carbon is
converted to bacterial carbon with an efficiency of
approximately 10 %, it follows that 1 umol of detrital
carbon from phytoplankton is capable of supporting
1.2 ug bacterial carbon production.

Other data for the carbon conversion efficiency of
macrophyte detritus show a close similarity with the
results obtained here based on debris from a variety of
phytoplankton sources. The dissolved organic compo-
nent released during fragmentation of the kelps
Laminaria pallida and Ecklonia maxima yielded a
bacterial biomass/carbon utilised ratio of 29.4 % in
summer and 12 % in winter (Lucas et al., 1981; Newell
and Lucas, 1981). If the dry bacterial biomass com-
prises 50 % carbon (Luria, 1960), the mean carbon-
carbon conversion efficiency for the dissolved organic
component of kelp is 10.35 % compared with the value
of 9.8 % recorded here for the conversion of organic
carbon during the initial phases of phytoplankton
decomposition. Because the trophic interactions
between the bacteria and flagellates are difficult to
interpret quantitatively, it is not possible to calculate a
similar carbon conversion efficiency for the more
refractory particulate components of phytoplankton
debris from our data. Nevertheless, comparison of the
data with those which we have obtained for bacterial
production based on kelp suggests that the conversion
efficiency of the particulate component is likely to be
only 20 % of that of the dissolved material (Stuart et al.,
1981).

The overall conversion efficiency for decomposition
of phytoplankton cell debris is thus: 34.24 g of the
detrital carbon represented by DOC are converted with
an efficiency of 9.8 % = 3.355 g bacterial carbon, and
65.76 g of particulate carbon are converted with a
probable efficiency of 2 % = 1.289 g bacterial carbon.
This leads to a carbon budget for the decomposition of
phytoplankton cell debris in which 100 g carbon yields
3.355 + 1.289 = 4.644 g of bacterial carbon, a figure
which is generally lower than might be anticipated

from the absorption efficiency of selected labile com-
ponents released in small quantities by living phyto-
plankton (Smith et al., 1977; Wiebe and Smith, 1977;
Larsson and Hagstrom, 1979; Mague et al., 1980). As
pointed out (p. 125) some shrinkage during prepara-
tion for SEM measurements of cell dimensions could
result in an under-estimate of the cell volume (Fuhr-
man, 1981), but this does not appear to be great in our
preparations, and in any event is unlikely to account
for the major differences between our observations on
the conversion efficiencies of whole cell debris and
those calculated from kinetic studies on simple labile
components of dissolved organic matter released by
phytoplankton. In fact, use of a coefficient of 0.5 for
bacterial carbon from dry biomass probably results in
an over-estimate of bacterial carbon fixation (p. 125)
which more than compensates for the effects of cell
shrinkage.

The carbon conversion budget for whole phyto-
plankton debris thus suggests that as much as 30.8 %
of the carbon is mineralised and returned to the envi-
ronment within 3 d by the bacteria which initially
colonise the material whereas the more refractory
64.4 %, comprising carbon in the particulate compo-
nents of the cell debris, is mineralised within approxi-
mately 11 d by the bacteria which are characteristi-
cally associated with the decomposition phase of a
phytoplankton bloom.
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