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ABSTRACT: Mineral nutrient limitation seems to stimulate phytoplankton excretion of extracellular 
organic carbon (EOC). Bacterial growth on EOC requires additional uptake of mineral nutrients. A 
paradoxical situation is thereby created: algae stressed by lack of mineral nutrients respond in a 
manner whereby they stimulate their competitors for the lacking nutrients. To investigate this 
paradoxical ecological relation, a simple mathematical model was analysed and compared to a 
biological model system. The biological model system consisted of the diatom Skeletonema costaturn 
and a strain of a marine bacterium cultured together in chemostats with phosphate as the limiting 
mineral nutrient. Increasing mineral nutrient limitation by decreasing dilution rate resulted in chemo- 
stat equilibria with more bacteria and less algae, confirming the proposed paradox. In a certain sense, 
algae outcompeted themselves at low dilution rates. Predictions of the simple mathematical model 
were found to be in agreement both with observed distribution of phosphorus between the 2 popula- 
tions and w ~ t h  amount of algal carbon biomass in the mixed culture. Implications of results for natural 
aquatic ecosystems are briefly discussed. 

INTRODUCTION 

Excretion of organic compounds is considered to be 
an important part of phytoplankton primary production 
(Hellebust 1965, 1974, Ignitiades 1973, Storch & Saun- 
ders 1978, Lancelot 1983). Many studies attempting to 
evaluate bacterial consumption of algal EOC (extracel- 
lular organic carbon) in natural waters have been car- 
ried out (Derenbach & Williams 1974, Itturiaga & 
Hoppe 1977, Smith et al. 1977, Wiebe & Smith 1977, 
Lancelot 1979, Larsson & Hagstrom 1979, 1982, Bell & 

Sakshaug 1980, Burney et al. 1981, Chr6st 1981, 
Itturiaga 1981, Cole et al. 1982, Wolter 1982, Riemann 
& Ssndergaard 1984). Such studies have also been 
carried out in enclosure experiments (Eberlein et al. 
1983) and in laboratory systems (Bell et al. 1974, 
Nalewajko et al. 1976, 1980, Bell 1983, 1984). When 
excreted compounds are of low mineral nutrient con- 
tent, bacterial growth will require concomitant uptake 
of dissolved phosphate and/or nitrogen compounds for 
synthesis of bacterial biomass. A typical example of 
such compounds would be carbohydrates which seem 
to be a common algal excretory product (Myklestad 
1974). 

In an environment where primary production is 
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limited by the availability of mineral nutrients, this 
would lead to competition between phytoplankton and 
heterotrophic bacteria for the limiting mineral nut- 
rient. The scant experimental evidence on the subject 
of bacterial/algal competition seems to suggest that 
bacteria are more efficient competitors for mineral 
nutrients than algae (Rhee 1972, Parker et al. 1975, 
Parsons et al. 1981, Currie & Kalff 1984a, b). From a 
theoretical point of view, this could be expected, con- 
sidering the larger surface to volume ratio of the small 
bacteria. Experimental evidence of such a relation 
between small size and competitive advantage in nut- 
rent uptake was found by Smith & Kalff (1982) for 
phytoplankton. In chemostat competition experiments 
with bacteria, Kuenen et al. (1977) found species with 
large surface/volume ratios to dominate at low dilution 
rates. Several investigations (Ignitiades & Fogg 1973, 
Myklestad 1977, Joiris et a1 1982, Lancelot 1983, 1984) 
suggest that excretion may be favoured when mineral 
nutrient supplies become exhausted. If this is a general 
feature, a somewhat paradoxical situation emerges: 
phytoplankton stressed by the lack of mineral nutrients 
respond in a manner whereby they apparently stimu- 
late their competitors. 

If we try to resolve this paradox by assuming bacteria 
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to have an equal or inferior ability to compete with 
phytoplankton for mineral nutrients, bacteria and 
algae would be limited by the same nutrient, and we 
end up instead with a modification of the classical 
paradox of plankton (Hutchinson 1961): why so so 
many different species coexist on the same limiting 
nutrient in such a (seemingly?) homogenous environ- 
ment. Now, however, this paradox embraces bacteria 
in addition to phytoplankton. In situations with large 
inputs of allochthonous organic material, algal-bacte- 
rial mineral nutrient competition would be expected to 
have a 2-sided effect: bacterial degradation of organic 
material would be negatively affected by primary pro- 
ducers, and/or primary production would be nega- 
tively influenced by bacterial activity. This has been 
been investigated in some field studies (Parker et. a1 
1975, Parsons et al. 1981) and theoretical considera- 
tions (Thingstad & Pengerud 1985). In such situations, 
where organic material is added, limitation of bacterial 
growth due to lack of carbon and energy may be 
released. The possibility then exists that competition 
for mineral nutrients is the main ecological interaction 
between phytoplankton and bacteria. In a situation 
were organic material excreted from phytoplankton is 
the main carbodenergy source for bacterial growth, a 
combination of competition and commensalism may be 
expected. The effect of a competition/commensa1 rela- 
tion on the biomass distribution between algae and 
bacteria is not obvious. Bacteria cannot outcompete the 
algae completely since this would remove their source 
of carbodenergy substrate. With their assumed 

superiority in mineral nutrient competition, the bacte- 
rial population should increase as long as dissolved 
organic substrates are available. We have made an 
attempt to explore the properties of the algae/bacteria/ 
EOC/mineral-nutrient system by analysing the 
behavior of a simple mathematical model for chemo- 
stat growth, and have compared this to an experimen- 
tal model system. 

MATHEMATICAL MODEL 

Based more on its attractive simplicity than on direct 
experimental evidence, we have applied the following 
conceptual model of algal EOC-production: phyto- 
plankton limited by mineral nutrients can only use a 
part of their photosynthetic capacity for production of 
new biomass. The remaining capacity may either be 
'shut off', or the surplus organic material produced may 
be excreted. We have assumed a constant fraction of 
the remaining capacity to be functioning, producing 
extracellular organic carbon compounds. Mathemati- 
cally, this may be formulated as: 

where e = excretion rate of organic material per algal 
unit; a, = a constant with dimension units of organic 
material per algal unit; pgax = specific algal growth 
rate attained when growth is not mineral nutrient 
limited; yA = specific growth rate attained under the 
actual, nutrient limited, conditions (symbols are sum- 

Table 1. Symbols used 

Symbol Explanation Uni 

A P Phosphorus content of algal biomass pg-at P l-' 
*c Carbon content of algal biomass when grown alone pg-at C I-' 
BP Phosphorus content of bacterial biomass pg-at P 1-' 
BC Carbon content of bacterial biomass vg-at C 1-' 
C Concentration of EOC in culture pg-at C 1-' 
P Concentration of dissolved phosphate in culture pg-at P I-' 
PI Concentration of dissolved phosphate in reservoir pg-at P 1-' 
e Specific algal excretion rate pg-at C (pg-at P)-' 

Maximum specific algal growth rate h-' 
FA Specific algal growth rate h-' 
TA Molar C :  P ratio of algal biomass pg-at C (pg-at P)-' 
r"A Molar C : P ratio of algal biomass when growth is not nutrient limited pg-at C (pg-at P)-' 
PB Specific bacterial growth rate h-' 
Y~~ Bacterial yield on EOC pg-at P (pg-at C)-[ 
a I Excretion rate proportionality factor (see Eq. [ l ]  in text) pg-at C (pg-at P)-' 
a2 Constant describing variat~on of algal C :  P ratio (see Eq. 161 in text) dimensionless 
D Dilution rate h-' 
D' = dlmenslonless 
a; = ~ I Y B C  dimensionless 

Variables are given superscripts A and AB to denote equilibrium values in 'algae alone' and 'algae and bacteria' situations. 
respectively 
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marized in Table 1). This expression may be incorpo- 
rated into a set of traditional chemostat equations 
(Table 2) describing 2 species, bacteria and algae, and 
2 potentially limiting nutrients, EOC (C), and a min- 
eral nutrient (P). To simplify the discussion we assume 

Table 2.  Differential equations describing chemostat growth 
of bacteria and algae with phosphate as the limiting mineral 

nutrient 

9 = (h - D)Ap 
dt (2.1) 

3 = (pB - D)Bp 
dt (2.2)  

-- dC - - CD + eAp - Y&BP 
dt (2.3) 

--  dP - (P, - P)D - I . ~ ~ A ~  - pBBp 
dt (2.4)  

Comments: 
- There is no term in Eq. (2.3) for input of C from reservoir 

since the only carbon source for bacterial growth is 
assumed to be supplied by algal excretion 

- The term eA in Eq. (2.3) represents algal production of 
C, e is defined by Eq. (1) in the text 

- There are no 'yield coefficients' in in the 2 last terms of 
Eq. (2.4) since A and B are given in terms of phosphorus 
biomass 

Culture conc. of mineral nut. 
Fig. 1. A necessary requirement for coexistence of bacteria 
and alga is that a value of C and P exist for which both 
bacterial and algal specific growth rates equal the dilution 
rate. If the concentration of mineral nutrient at which U, = D 
is too low for bacteria to attain FB = D, bacteria will be 

outcompeted 

These equations may be considered as functions of one 
dimensionless variable: 

the limiting mineral nutrient to be phosphorus, which and one dimensionless parameter only: 
we used in our experiments. The equations are formu- a; = a,YBc 
lated in terms of algal and bacterial phosphorus 

(4.2) 

biomass (Ap and B,, respectively). The coexistence of The theoretical variation in the fraction of added phos- 
algae and bacteria may be analysed along the same porus retained in algal biomass with varying D' is 
lines of reasoning as used by Thingstad & Pengerud shown in Fig. 2 for different values of a;.  In the extreme 
(1985). Assuming pA to be a function of P only, while 
both P and C are required for bacterial growth, a 

1 .o 
necessary requirement for stable coexistence is that 
the line pA(P) = D and the curve kB(C, P) = D intersect 
(Fig. 1). At this intersection, both populations grow at a 
rate equal to the dilution rate. If the alga has a high Ad 
affinity for phosphate and/or a high maximum growth 
rate relative to the bacteria, the line and the curve may 

0.5 

not intersect, no coexistence equilibrium is then poss- 
ible and the bacteria will be outcompeted. 

If a coexistence equilibrium exists, the equilibrium 
values for algal (AtB) and bacterial BeB phosphorus 
content may be solved using Eq. (1) and Eq. (2.1) to 
(2.4) (Table 2) with all differentials equal to zero. With 

0 

the additional assumption that equilibrium concentra- 0 0.5 

tions in the culture of EOC and phosphate are neglig- 
ible, some rearrangement gives: 

D /  p r x  
1 Fig. 2. Theoretical values for the fraction of medium phos- 

AtB/Pi = (3.1) phate P, incorporated into algal biomass at different dilution 
CLY I + a ~ ~ ~ ( ~  - I) rates. Curves are given for different values of the dimension- 

less parameter a; 
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case of small algal excretion (small a,) and a small 
amount of phosphorus incorporated into bacterial 
biomass per unit EOC consumed (small YBc), the 
mixed culture will be dominated by algae except when 
D' approaches zero. In the opposite case with the 
product alYBc much larger than 1, the culture will be 
dominated by bacteria except for D' approaching pzax. 
(At D'  close to 1, C and P will not be negligible, and 
Eq. (3.1) and (3.2) are no longer valid). 

So far, this model does not relate to the carbon 
content of algae. We have fitted an empirical formula 
to the curve in Fig. 4, describing variation in algal 
carbon biomass with dilution rate. Algal biomass car- 
bon may be expressed as: 

where r, = molar C : P ratio of the algae at the specific 
growth rate p, A reasonable fit to our data was found 
using the expression: 

where r i  = algal C : P ratio when growth is unrestricted 
with respect to mineral nutrient availability; a2  = a 
dimensionless proportionality constant. It should be 
noted, however, that this would not be a satisfactory 
model at extremely low values of D since r, increases 
infinitely as D approaches zero. 

At chemostat equilibrium p, = D and we get the 
2 following equations for algal carbon biomass. 
In the 'algae alone' chemostat: 

max 
A?/P, = r i  [I + all% - 11) 

and in the 'algae and bacteria' chemostat: 

~ A m a x  -1 
(1 + ~ I Y B C [ ~  - l]) 

In the mixed culture, culture concentration of algal 
carbon biomass would, according to Eq. (7.2), be inde- 
pendent of, increase, or decrease with D', dependent 
upon whether the ratio of a, to a; is equal to, less than, 
or greater than 1. 

MATERIALS AND METHODS 

Continuous culture system. Three chemostats were 
run simultaneously under identical conditions: 'algae 
alone', 'algae and bacteria'; and 'bacteria alone'. The 
diatom Skeletonerna costatum and an unidentified vib- 
rio-shaped marine bacterium denoted CH1 were used. 
Continuous lighting, 26 Wm-2 at the surface of the 

cultures, was provided by fluorescent tubes. The temp- 
erature was kept at 15 'C. The cultures were aerated 
with humidified and sterile filtered air at a rate of 300 
m1 min-l. The medium was prepared from aged sea- 
water diluted to 70 % distilled water. To remove larger 
debris, the medium was prefiltered through a coarse 
cellulose filter. After autoclaving, the medium was 
enriched with NaNO, (100 PM), Na2SiOa (20 PM), trace 
elements and vitamins (Eppley et al. 1967). Phosphate 
concentration of the medium was adjusted to a final 
concentration of 1 ph4 by adding appropriate amounts 
of a 1 mM solution of KH,PO,. 

At each dilution rate, the chemostats were run until 
steady state was reached, i.e. until no further change in 
population density of algae and bacteria was observed 
with time. Before each harvesting, the pure culture of 
Skeletonema costatum was checked for bacterial con- 
tamination. Both examination of acridine orange 
stained preparates and plating on agar nutrient plates 
confirmed that the cultures were uncontaminated. 

By mapping the sensitivity of CH1 against 12 diffe- 
rent antibiotics (Oxoid antibiotica discs) we were able 
to recognize it unequivocally. This antibiotic sensitiv- 
ity mapping was performed routinely before each har- 
vesting of cultures and we always concluded that the 
bacterium growing in the cultures was CH1 and not an 
unidentified contaminant. 

Biornass and chemical analysis. Algae were counted 
in a nanoplankton counting slide using a phase con- 
trast microscope. Bacteria were stained with acridine 
orange and counted using an epifluorescence micro- 
scope (Hobbie et al. 1977). Biovolumes of bacterial 
cells were obtained by measuring the length and width 
of the cells on scanning electron microscope (SEM) 
photographs, and by measuring the size of acridine 
orange stained cells using an eyepiece graticule (Brat- 
bak 1985). Biovolume of bacteria was converted into 
carbon biomass using 0.68 and 0.58 pg C pm-3 as 
conversion factors for the volumes obtained with SEM 
and epifluorescence microscopy, respectively (Bratbak 
1985). Estimates of bacterial carbon biomass obtained 
by the 2 methods were found to be comparable. 

Total particulate organic carbon (POC) in the cul- 
tures was determined by filtering 10 to 50 m1 of culture 
onto precombusted glassfibre filters (Whatman GF/F) 
and analysing in a CHN-analyser (Carlo Erba 
Instrumentazione 1106). As our medium was made 
using natural seawater, particulate organic debris 
gave a background in our carbon analysis. This back- 
ground was estimated as the difference between POC 
and bacterial carbon in the culture where CH1 was 
grown alone. The background was assumed to be the 
same in all 3 cultures. Carbon biomass of the algal 
cells in the mixed culture was estimated as the differ- 
ence between POC and bacterial carbon. 
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Phosphorus content in algae and bacteria was mea- 
sured by filtering 40 m1 of the cultures onto l pm and 
0.2 pm pore size Uni-Pore filters in sequence. The 
filters were transferred to glass ampoules combusted at 
500 "C, and analysed for total phosphorus according to 
Koroleff (1976). Phosphorus content of algae and of 
bacteria in the 2 pure cultures was estimated as the 
sum of particulated phosphorus remaining on the 1 pm 
and 0.2 pm pore size filters. Assuming the same sep- 
aration efficiency for alga and for bacteria by the 1 pm 
filter in the mixed culture, as could be calculated for 
the 2 pure cultures, we  could estimate the phosphorus 
content of algae and bacteria in the mixed culture 
(Method 1) .  Phosphorus content of the 2 populations in 
the mixed culture was also estimated assuming algae 
in the mixed culture to have the same phosphorus cell 
quota (same C:P ratio) as algae in the pure culture 
(Method 2). This assumption is justified using the 
theory for algal growth developed by Droop (1968) 
which states that there is a direct relation between 
phosphorus cell quota and growth rate. At steady state, 
algal growth rate equals dilution rate whether the 
algae grows alone or in a mixed culture. Phosphorus 
content of bacteria in the mixed culture was estimated 
as the difference between total particulate phorphorus 
and algal phosphorus. 

RESULTS 

To fit the equations for phosphorus biomass (Eq. [3.1] 
& [3.2]) to the observed data, 1 parameter, a;, has to be 
estimated. The value of D' (denoted D;,,) for which 
phosphorus is evenly distributed between algae and 
bacteria may be estimated from the data points in Fig. 
3. This gives an approximate value of D;,, = 0.07. 

The relation between D;,, and a; is given as (re- 
arranging Eq. [3.1]): 

Insertion of D;,, = 0.07 gives a; = 0.08. The theoretical 
curves (Eq. [3.1] & [3.2]) corresponding to this value of 
a; are drawn in Fig. 3. The values of r l  and a, may be 
estimated by fitting Eq. (7.1) to the data for carbon 
content in algal biomass in Fig. 3. The theoretical 
curve for 14, = 116 pg-at C (pg-at P)-' and a2 = 0.10 is 
shown in Fig. 4. 

All the parameters determining algal carbon content 
in the situation with algae and bacteria together are 
then given and the theoretical curve based on Eq. (7.2) 
is drawn in Fig. 4. The corresponding experimental 
data are also shown. 

With the volume to carbon conversion factor pro- 
posed by Bratbak (1985) the mean bacterial C:P ratio 

Fig. 3.  Observed values for equilibrium distribution of 
medium phosphate into algal biomass in 'algae alone' (0) and 
into algae (U, W) and bacteria ( A ,  A )  in 'algae and bacteria' 
chemostats as functions of dilution rate. Filled symbols repre- 
sent values obtained by Method 1 and open symbols by 
Method 2 (see 'Materials and Methods'). Lines correspond to 

theoretical model (Eq. 13.11 & [3.2] with U; = 0.08) 

Fig. 4.  Observed values for carbon in algae in 'algae alone' (0) 
and 'algae and bacteria' (0) chemostats, and carbon in bac- 
teria in 'bacteria alone' ( A )  and 'algae and bacteria' ( A )  
chemostats. Solid lines represent Eq. (7.1) and (7.2) with a, = 
0.10. Bacterial biomass carbon (dotted lines) is not included in 

the theoretical framework 
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(molar) in the mixed culture was found to be 109 (range 
28 to 218). Assuming 50 % assimilation efficiency, this 
gives an  estimated mean YBc of 0.005 kg-at P (yg-at 
C)-'. Since a; = alYBc was estimated to 0.08, this gives 
an  estimated value of a, of 16 kg-at C (kg-at P)-'. 

The production of EOC as percent of total primary 
production may be estimated assuming that all EOC 
has been converted into bacterial biomass with assimi- 
lation efficiency 50 % . Percent extracellular release 
(PER) was found to range from 6 % at high dilution 
rate, to 50 % at low dilution rate (Table 3).  

Table 3. Est~rnates of per cent extracellular release (PER) 
based on an assumed assimiliation efficiency of 50% in 

bacteria 

PER = --- 2Bc 100 % 
A, + 2Bc I 

Carbon content in bacteria in the 'bacteria alone' 
chemostat is shown in Fig. 4. This bacterial population 
reflects the level of degradable organic material in our 
seawater-based medium. 

DISCUSSION 

In a recent publication, Currie & Kalff (1984b) 
describe experiments with algae and bacteria cultured 
together in a chemostat system. Their main result was 
identical to ours: an equilibrium was established with 
bacteria and algae coexisting. Our mathematical 
analysis demonstrates how the effect of increasing 
mineral nutrient limitation, by decreasing dilution rate 
in a chemostat system, could shift the equilibrium 
towards bacterial dominance, i.e. towards a system 
were algae initiate their own reduction by stimulating 
their competitors. 

The distribution of phosphorus between algae and 
bacteria predicted by our crude model fits reasonably 
with the observed data (Fig. 3). This is encouraging 
since 1 parameter only is involved. There is also a 
reasonable fit between the theoretical curve and data 
for algal carbon biomass in the 'algae and bacteria' 
chemostat (Fig. 4). In this case, all the parameters 
necessary to produce the theoretical curve were 
obtained from previous fittings between theroy and 
data. This should, however, not be taken as a proof of 

the proposed model. There is obvious scatter in the 
data, and alternative models possibly producing equal 
or similar patterns have not been explored. 

One such alternative mechanism could be increased 
death rate of algal cells at low dilution rates. Bacterial 
growth could then presumably proceed on carbon and 
phosphorus from the dead algae. If this was true, the 
competition for phosphorus would disappear or at least 
be  diminished. Doubts have been raised as to the 
importance of EOC excretion as a process in normal, 
undisturbed phytoplankton (Sharp 1977, 1984), and it 
is difficult to reject entirely the hypothesis of bacterial 
growth on dead algal cells. Several observations are, 
however, inconsistent with this way of interpreting the 
data: in the 'algae alone' chemostat, our phosphorus 
budget based on measurement of particulate phos- 
phorus is in balance (Fig. 3). This shows that the algae 
had not become leaky. Combined with the observation 
that orthophosphate is rapidly released from dead 
algal material by autolysis (Garber 1984), this suggests 
that only a minor fraction of the algae in our experi- 
ment could be dead. Bacterial growth on material 
retained in dead algae would be expected to be 
revealed by bacteria attached to the algae. Attached 
bacteria as well as empty frustules were only rarely 
observed. Our estimates of PER (Table 3) are in agree- 
ment with estimates of PER by Ignitiades & Fogg (1973) 
using nutrient-limited Skeletonema costatum cultures. 
However, if we assume that bacterial production was 
supported by organic carbon from dead algal cells 
only, and not from production of EOC as proposed, the 
values given for PER could in principle be interpreted 
as the percentage of dead algal cells in the cultures. 

If our interpretation of the interaction between algae 
and bacteria as a competition/commensal-relation is 
correct, both Currie & Kalff's (1984b) and our results 
demonstrate that bacteria may be better competitors 
for orthophosphate than algae. Care should be taken in 
generalizing this result to natural systems. Model sys- 
tems may also be constructed with phytoplankton 
species outcompeting bacteria in chemostats (Thing- 
stad unpubl.). It is also known that competitive advan- 
tage in a variable environment may depend upon other 
physiological properties than advantage in a continu- 
ous flow chemostat (Sommer 1984). One of the impor- 
tant environmental fluctuations not included in our 
theoretical and laboratory models is diurnal light vari- 
ation. I f ,  on the other hand, bacteria are generally 
inferior competitors to phytoplankton, some explana- 
tion must be provided as to the mineral nutrient source 
sustaining what seems to be a rapid bacterial turnover 
of algal exudates in some environments (Wiebe & 

Smith 1977; Lancelot 1979). According to this line of 
reasoning, bacteria in aquatic systems would be car- 
bon limited rather than mineral nutrient limited. The 
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consequences of more complex ecological interactions 
such as predator control of the bacterial population 
(Fenchel 1982), are not taken into consideration here. 

Our experimental and theoretical results would sug- 
gest that a large percentage of primary production in 
natural systems could be diverted through the 'micro- 
bial loop' (Azam et al. 1983) and that a shift towards a 
greater heterotroph/autotroph biomass ratio could be 
expected in severely nutrient-limited pelagic ecosys- 
tems. 

The model proposed here for phytoplankton excre- 
tion of organic compounds under conditions where 
nutrient supply is limiting, but mineral carbon and 
light are available in excess, seems physiologically 
reasonable. The apparent paradox of algal stimulation 
of their own competitors seem to occur when 1 other 
trophic level is included: the bacteria. One could 
attempt to resolve this paradox by including higher 
trophic levels such as bacterial predators, providing 
nutrient regeneration. It is, however, not immediately 
clear how this could be of advantage to the phyto- 
plankton since the bacteria and the predator chain 
would necessarily tie up mineral nutrients in their 
biomass. 
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