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Accumulation of degradable DOC in surface waters: Is it caused by a 
malfunctioning microbial loop? 

Abstract-Recent literature indicates that dissolved organic 
carbon (DOC) may accumulate in productive surface waters. 
Such accumulation will allow export of DOC to the aphotic 
zone by diffusion and downwelling. As an alternative to mod- 
els based on low degradability, we here propose a mechanism 
where bacterial carbon consumption is restricted due to food 
web mechanisms controlling both growth and biomass of the 
bacteria: growth rate is kept low by bacteria-phytoplankton 
competition for mineral nutrients, and biomass is kept low by 
bacterial predators. With such a mechanism, otherwise de- 
gradable material may accumulate and become subject both to 
chemical transformation and vertical transport. The steady- 
states of a model describing the interactions between hetero- 
trophic bacteria, phytoplankton, and bacterivorous protozoa is 
used to explore how the balance between DOC production and 
consumption shifts along a gradient from oligotrophy to eu- 
trophy. 

Recently obtained data (Copin-Montegut and Avril 1993; 
Carlson et al. 1994) and reexamination of old data (Williams 
1995) suggest that dissolved organic carbon (DOC) may ac- 
cumulate in the photic zone of the ocean during the produc- 
tive season. Such accumulation will allow export of carbon 
to the aphotic zone through vertical mixing processes in the 
water column, and the process is, at least in oligotrophic 
areas, potentially more important than the transport via sink- 
ing particles (Copin-Montegut and Avril 1993; Carlson et al. 
1994). Because the accumulation of DOC in surface waters 
is not stoichiometrically locked to the Redfield carbon : min- 
eral nutrient ratio, because its export does not require import 
of new nutrients, and because the transport mechanism is by 
diffusion and advection rather than by sinking, such a bio- 
logical dissolved C pump would function fundamentally dif- 
ferent from the classical particle pump (Thingstad 1995). 
Accumulation can be explained if the DOC is assumed to 
be refractory (Legendre and Le Fevre 1995). Such slowly 
degradable material may either originate from particular 
nondegradable components of biologic material (Brophy and 
Carlson 1989; Tanoue et al. 1995) or there may be processes 
in seawater converting material into chemically refractory 
forms (Keil and Kirchman 1994). As a variation on this 
theme, a slow hydrolyzing step from polymers to monomers 
may be the delaying mechanism (Billen 1990). 

We here want to draw attention to the fact that such ac- 
cumulation can also be explained within the framework of 
models assuming the material to be easily degradable. In 
such a model, the microbial loop may be malfunctioning in 
the restricted sense that it cannot consume all the degradable 
DOC released from the food web. This model can be com- 
bined with models linking food web structure with trophic 
status (Thingstad and Sakshaug 1990). Such a combination 
would give a model suggesting a shift from microbially 
dominated food webs exporting DOC in oligotrophic or 

semi-oligotrophic areas to systems dominated by classical 
food chains exporting carbon also via sinking particles in 
eutrophic areas. 

With a 14C age of deep-water DOC of -4,OOO-6,000 yr 
(Druffel et al. 1992), the traditional view has been that oce- 
anic DOC is essentially a nondynamic refractive pool. For 
the surface water, the view of extreme recalcitrance of nearly 
the whole DOC pool has, however, been challenged by in- 
creasing evidence that release and consumption of DOC in 
the oceans’ photic zone may not be tightly coupled (Carlson 
et al. 1994; Williams 1995; Zweifel et al. 1995). Around 
lo-15% to as much as 40-50% of the DOC has been found 
to be biologically degradable (Ogura 1972; Servais et al. 
1987; Kirchman et al. 1991), with 19% found as a mean in 
a recent review (Sondergaard and Middelboe 1995). For 
samples taken during the spring bloom on Georges Bank, 
before the depletion of nitrate, only a small fraction was 
found to be labile (Chen et al. 1996). After blooms of dia- 
toms (Ittekot 1982) and Phaeocystis (Billen and Fontigny 
1987), DOC has been found to increase temporarily by as 
much as -280 and -380 ,uM C. Several studies of the ver- 
tical distribution of DOC have also demonstrated a gradient 
in DOC between surface waters and the deep aphotic zone 
(Table 1). The existence of such a gradient indicates that, 
given sufficient time, the accumulated DOC must be de- 
gradable in the chemical and physical environment of the 
aphotic zone. The concentration difference between the top 
layer and deep waters can be taken as an estimate of the 
concentration of such potentially degradable DOC. Such es- 
timations give very variable results (Table 1). Levels of at 
least 50 PM C seem, however, obtainable even in fairly oli- 
gotrophic regions. An example is the northwest Mediterra- 
nean (Copin-Montegut and Avril 1993). In these waters the 
DOC accumulated may seem very large when compared to 
total microbial biomass, which is typically -4-5 PM C 
(Rassoulzadegan et al. 1988), but similar numbers for DOC 
and particulate organic carbon are also cited by Williams 
(table 2 of Williams 1995) based on data from other areas. 

Reviewing older data from the coasts of the Netherlands, 
California, and western Canada, Williams (1995) concluded 
that there is a clear seasonal pattern in DOC accumulation. 
Newer data based on high-temperature catalytic oxidation 
confirm a seasonal@ in other areas such as the Baltic Sea 
(Zweifel et al. 1995), the northwestern Mediterranean (Cop- 
in-Montegut and Avril 1993), and the Sargasso Sea (Carlson 
et al. 1994). Both in the Mediterranean (Copin-Montegut and 
Avril 1993) and in the Sargasso Sea (Carlson et al. 1994), 
the pattern of change indicates that DOC still remaining in 
the photic zone at the time of winter mixing of the water 
column may be transported down by the deep mixing pro- 
cesses. 

Closely related to the balance between release and con- 
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Table 1. Surface and deep water concentrations of DOC in different areas. 

Area 

DOC DOC deep 
surface water 
(PM C> (PM C> 

Depth 
h-9 Reference 

Baltic Sea 300 280 
Mediterranean Sea 92 50 
North Atlantic 71 50 
Sargasso Sea 110 92 
Sargasso Sea 90 55 
S. California Bight 60 50 
Gulf of Mexico 118 70 
North-central Pacific 72 34 
Equatorial Pacific 64 60 
Georges Bank 72-85 54-56 

200 Zweifel et al. 1995 
2,000 Copin-Montegut and Avril 1993 
5,000 Palculski and Benner 1994 
4,500 Druffel et al. 1992 

250 Carlson et al. 1994 
900 Williams 1986 
500 Pakulski and Benner 1994 

6,000 Druffel et al. 1992 
4,000 Pakulski and Benner 1994 

200-l ,500 Chen et al. 1996 

sumption of DOC is the concept of the microbial loop (Azam 
et al. 1983). In a generalized version this may be seen as 
the consortium of mechanisms whereby organic carbon is 
diverted as DOC from the upward flux of particulate organic 
carbon toward higher trophic levels, and recycled to the bot- 
tom of the food chain. There it may (or perhaps may not) 
be reincorporated into particulate form by uptake into het- 
erotrophic bacteria. A multitude of these diverting mecha- 
nisms have been suggested in the literature, including pas- 
sive (Bjornsen 1988) and active (Williams 1990) excretion 
by phytoplankton, sloppy feeding and excretion by proto- 
zoan and by metazoan grazers (Eppley et al. 1981; Jumars 
et al. 1989), and viral lysis (Bratbak et al. 1992). The latter 
may in principle occur at all trophic levels. As events of 
presumably large local significance one could also include 
in such a scheme higher trophic level processes such as fish 
spawning (Dundas 1985). 

All explanations of accumulation based on low degrada- 
bility imply that bacterial growth rate is carbon limited. 
There are, however, indications in the literature suggesting 
that this is not always the case; examples include stimulation 
of bacterial growth by addition of phosphate to water sam- 
ples from the northwestern Mediterranean (Zweifel et al. 
1993; Thingstad et al. unpubl.) and the Gulf of Mexico 
(Pomeroy et al. 1995), and large luxury consumption of 
phosphate by the bacterial size fraction during short-time 
incubation of samples from the brackish layer of Norwegian 
fjords (Thingstad et al. 1993). Whether bacterial mineral nu- 
trient limitation is a feature particular to P-deficient environ- 
ments is so far not known. The relatively high P content of 
bacterial biomass (Norland et al. 1995) would be expected 
to contribute to such a difference. 

The simple assumption that autochthonously produced de- 
gradable DOC accumulates due to mineral nutrient limitation 
of bacteria creates, however, a variation of Hutchinson’s par- 
adox (Hutchinson 1961). If, as is usually assumed, bacteria 
are better competitors for mineral nutrients than are phyto- 
plankton, why do they not outcompete phytoplankton, there- 
by reducing the release of organic carbon in the system until 
the bacteria become C limited? Such an argument might (in- 
correctly) seem to suggest that mineral nutrient limitation of 
heterotrophic bacteria is an unstable situation without the 
potential to explain long-term accumulation of degradable 
DOC. 

Further complications to this situation are introduced if 
one considers the potential effects of oligotrophy and eutro- 
phy. A eutrophic community, rich in mineral nutrients to be 
shared among the different compartments of the food chain, 
might be expected to have a high rate of DOC release due 
to contribution from abundant populations at numerous tro- 
phic levels. On the other hand, carbohydrate release from 
nutrient-limited phytoplankton might be speculated to be a 
feature of oligotrophic systems, although oligotrophy is not 
always thought to imply severe mineral nutrient limitation 
of phytoplankton growth rate (Goldman et al. 1979). Wheth- 
er the bacterial consumption rate can adjust to such changes 
in release is, however, not immediately obvious. 

We here explore an idealized model of microbial trophic 
interactions containing what we think is close to the mini- 
mum number of elements required to qualitatively explain 
the principles regulating the balance between release of de- 
gradable DOC and its consumption by bacteria. The model 
is deliberately kept simple to emphasize such principles, 
rather than involving all biological and physical detail sus- 
pected to interfere. The flow structure of the limiting element 
in our model includes (Fig. 1) phytoplankton (A) and bac- 
teria (B) competing for the mineral nutrient (N), and proto- 
zoa (P) preying on bacteria. N, A, B, and P denote the con- 
centration of the limiting element in the pools of free nutri- 
ents, phytoplankton, bacteria, and protozoa, respectively. 

Additionally, we make the following assumptions: The 
phytoplankton-specific growth rate pA is limited by the min- 
eral nutrient concentration N so that p* = ar,N, where CU, is 
the algal affinity for the dissolved mineral nutrient N. The 
bacteria are either mineral nutrient or carbon limited, so that 
either the specific bacterial growth rate is pB = CYAN (mineral 
nutrient limitation) or bacterial production is Y& (C limi- 
tation). Y, is here the yield of bacteria on organic material 
assumed to be autochthonously produced in the system at 
rate rc/. The bacterial predator is assumed to be food limited 
so that the specific growth rate of the bacterivorous protozoa 
can be described by the simple product Ypa& where Yp is 
the yield of protozoa on their bacterial prey and (Y, is their 
affinity (i.e. clearance rate) for bacterial prey. Loss due to 
higher predators, viruses, or other mechanisms is represented 
by specific death rates &, aA, and &, for bacteria, phytoplank- 
ton and protozoa, respectively. We also assume that these 
loss processes instantaneously return the mineral nutrient to 
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Fig. 1. Flow structure of the model. N, A, B, and P denote 
concentration of the limiting element in free mineral nutrients, phy- 
toplankton, bacteria, and bacterivorous protozoa, respectively. sold 
arrows denote the flows of the mineral nutrient, dotted arrows the 
flows of DOC. Mineral nutrients lost from any population by pro- 
cesses (e.g. predation, viral lysis) are assumed to be instantaneously 
returned to the pool N of free mineral nutrients. 6 values are specific 
loss rates from the populations; (Y values are affinities for nutrient 
uptake. The effects of more complicated models for production of 
DOC and of variable loss rates from A, B, and P are discussed in 
the text. 

the pool of dissolved mineral nutrient (arrows from B, A, 
and P back to N in Fig. 1). Initially we assume all S values 
to be constants. The system is assumed to be closed with 
respect to the limiting element so that there is a given total 
concentration NT, to be shared among the pools N, A, B, and 

P. NT will be termed enrichment of the system and is a mea- 
sure of the degree of oligotrophy/eutrophy. For the sake of 
illustration of the principles behind the balance between re- 
lease and consumption of DOC, we initially make the sim- 
plifying assumption that DOC release rate $ is proportional 
to phytoplankton biomass (Bjodmsen 1988), i.e. $ = kA. 

By expressing all of N, A, B, and P in nutrient units, Yp 
becomes the fraction of nutrient in the prey incorporated into 
predator biomass, while Y, can be expressed as (1 - r)fe, 
where Y is the fraction of the organic substrate respired and 
f, is the nutrient : carbon ratio of bacterial biomass. 

The differential equations describing the changes in pop- 
ulations as growth minus sum of losses are given in Table 
2. Equilibrium solutions for N*, B*, P*, and A* (the asterix 
is used throughout to denote equilibrium values) will in gen- 
eral be functions of NT’ The requirement that all variables 
must have non-negative solutions gives four different 
regions for NT with qualitatively different solutions (Table 
3). The case of main interest here is region s1, where all 
three populations are present and bacteria are mineral nutri- 
ent limited. The three other regions are briefly characterized 
as follows. For NT in 0,, there is not enough nutrients for 
phytoplankton to balance loss with growth; all of the limiting 
element exist as free mineral nutrients (N*). For NT in &, 
phytoplankton must have a constant growth rate balancing 
their loss rate. Concentration of free mineral nutrients there- 
fore remain constant. Phytoplankton (A*) increase linearly 
with NT, and bacteria (B*) increase proportionally to phy- 
toplankton. Bacteria are C limited and consume as much 
mineral nutrients as they need to consume all the DOC pro- 
duced. For NT in a,, the concentration of bacteria (B*) has 
reached the level where predator growth balances loss. Bac- 
terial biomass (B*) remains constant at this level, while phy- 
toplankton and protozoa increase with NT. Because bacteria 
are still C limited, their growth rate increase with the in- 
creasing rate of supply of DOC. In this situation, concentra- 
tion of free mineral nutrients (N*) remains constant and bac- 

Table 2. Equations describing the flow of limiting elements within the food web of Fig. 1. 

The differential equation describing changes in populations as the difference between 
growth and losses are: 

Phytoplankton: dA 
- = qNA - &A 
dt (1) 

Bacterial predators: 

Bacteria: 
When mineral nutrient limited 
When C limited 

dP 
- = Y&BP - i&P 
dt 
dB 
- = aJVB - c@P - 88 
dt 
dB 
- = Y,$ - c+BP - l&B 
dt 

(2) 

(3a) 

(3b) 

Additionally, there is the mass balance requirement that the sum of the different pools 
equals the system nutrient richness N,: 

N,=N+A+B+P. (4) 
By using the equilibrium condition that all three differentials must equal zero, this gives 

four algebraic equations that can be solved for the four variables. N, A, B, and P as 
functions of enrichment NT. With the additional requirement that all variables must be 
greater than or equal to zero, this gives the solutions listed in Table 3 and shown 
graphically in Fig. 2. 
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Table 3. Equilibrium solutions for the model in Table 2. Solutions shown graphically in Fig. 2 are functions of enrichment N,. Mineral 
nutrient limitation of bacteria and accumulation of degradable DOC occurs when NT is in region R,. Other characteristics of the four regions 
(i&f&) for NT are given in the text. 

Region 
containing NT N’F A* B” P* 

0 

NT - N* 
1 + Y&IS, 

NT - N* - B* - P” 

0 0 

Y,kIG,(N, - N*) 
1 + Y&/6, 0 

s, NT - N* - (1 + S,IkY,)B* 

YP(yP 1 + a,B*lkY, 

6, - 

ffA NT - N* - B” - P” 

terial growth rate cannot increase beyond what is possible 
for this value of N*. When this growth rate is reached (for 
NT = NTc in Fig. 2), the system shifts into region s1, and 
mineral nutrient limitation of bacteria. In R,, N*, B*, and 
P* remain independent of NT (Table 3). As long as the loss 
rates (S,, SB, and &) are assumed constant and bacteria are 
mineral nutrient limited, the degree of eutrophication will 
only affect the phytoplankton biomass A*. Interestingly, this 
pattern is similar to the observation of Cho and Azam (1990) 
of bacteria becoming increasingly dominant relative to phy- 
toplankton along a gradient toward oligotrophic systems. 

Bacterial consumption (4) of DOC is (by definition) given 
as bacterial production (~3) divided by the yield (Y,): 

4 = y,-‘I%& (5) 

which upon insertion gives the consumption rate at equilib- 
rium: 

c#l = (1 - r)-If,-‘Y$%J&. (6) 
(yA(yP 

In a4 where equilibrium release rate @ for DOC exceeds 
consumption rate +*, there will be a net accumulation of 
autochthonously released DOC (at rate @ - +*) as shown 
in Fig. 2. Accumulation will continue until a level where 
loss through other processes, such as export by turbulent 
vertical diffusion, balances the excess release. The reason 
for the inability of bacteria to consume all DOC produced 
in region a4 is the combination of top-down control (from 
predation) of biomass and bottom-up control (from compe- 
tition) of growth rate. Low biomass can thus not be com- 
pensated by high growth rate or vice versa. 

In fi4, algal biomass is the only equilibrium value chang- 
ing with NT (as long as the 6 values are assumed constant). 
Increased NT will thus lead to increased DOC release, while 

Table 4. Symbols used. Suggested numerical values for a P limited system used to compute the 
steady-state solutions shown in Fig. 2. 

Enrichment (sum of limiting element in all pools) 
Free mineral nutrients 
Phytoplankton biomass (in nutrient units) 
Bacterial biomass 
Biomass of predators on B 
Biomass of common predator on A and P 
Algal affinity for mineral nutrient 
Bacterial affinity for mineral nutrient 
Clearance rate (affinity) of predator on B 
Clearance rate (affinity) of predator on A and P 
Specific algal loss rate 
Specific bacterial loss rate (apart from predation) 
Specific loss rate of bacterial predator 
Fraction of bacterial nutrient incorporated into predator 
Fraction of consumed DOC respired by bacteria 
P : C ratio of bacterial biomass 
DOC release rate by phytoplankton 
Bacterial consumption rate for DOC 
Rate of production of DOC from the food web 
Specific growth rate of phytoplankton 
Specific growth rate of bacteria 
ith range for N,, corresponding to one type of solution to 

5 liters (pm01 P)-’ h-l 
10 liters (pmol P)-I h-l 
4 liters (pmoi P)-’ h-l 

0.01 h-’ 
0.01 h-’ 
0.01 h-’ 
0.5 
0.7 
0.02 mol P (mol C)-l 
5 mol C (mol P)-’ h-l 

the model in Table 2 
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Fig. 2. Steady-state solutions N*, B*, A*, and P* to the model 
in Table 2 drawn as functions of system enrichment NT (formulas 
given in Table 3). Dotted vertical lines indicate transition between 
regions fl,-L!, where there is a qualitative change in the steady- 
state solution. For region fl, (NT > Nrc), there is a net rate of DOC 
accumulation (dotted line marked R). Parameter values used to com- 
pute the curves are given in Table 2. 

consumption will remain constant. An analytical expression 
for NTc, the critical enrichment defining the left border of 
region a4 (see Fig. 2), can be found from the requirement 
that DOC release by phytoplankton balance consumption by 
mineral nutrient limited bacteria, i.e. that @ = +*. By using 
Eq. 6 and expressions in Table 3, this gives: 

N C = cy -16 + y -1 
QB 

T A A p a,-‘8, -a,-‘8, + - 

QAQP 

x 6,[1 + kV(l - r)-‘f,-‘Y/G,]. (7) 

The position of this point on the NT scale is thus a feature 
of the total system and involves all parameters of the model. 
Although these parameters have straightforward biological 
interpretations, there is considerable freedom in estimating 
their values. The value of NTc is sensitive to the three loss 
rates (S values) as well as to the relative and absolute mag- 
nitudes of the three affinities (a values). As an illustration 
for a P-limited system, the parameters suggested in Table 3 
are used in drawing Fig. 2 and give a change to P-limited 
bacteria as NT increases beyond -12 nM P i.e. correspond- 
ing to somewhere in the order of 1 ,uM C in microbial bio- 
mass. Both the release mechanism for DOC and the param- 
eter values chosen can be questioned, but adding more re- 
lease mechanisms (e.g. viral lysis and sloppy feeding) would 
extend the a4 region toward lower NT’ The region giving 
DOC accumulation would thus extend farther into the oli- 
gotrophic region. At some sufficiently low value for NT, 
however, bacterial growth rate must become C limited due 
to lack of primary production of organic material. 

In Fig. 2, the eutrophic end of the NT scale will always 
correspond to mineral nutrient-limited bacteria and DOC ac- 

cumulation. This result may, however, be a function of our 
assumption that the specific loss rates of phytoplankton and 
bacterial predators (6, and &) are constants. If we modify 
our model and assume that these loss rates are dominated 
by a ciliate-type predator that can feed on both phytoplank- 
ton and the bacterial predator with the same clearance rate 
ac, we can replace aA = Sp = cx,C, where C is ciliate bio- 
mass. This gives bacterial carbon consumption (by insertion 
into Eq. 6): 

+* = (1 - r)-‘fB-‘yp/~(yC2C2. (8) 
&,a, 

Increasing system enrichment NT in the type of models used 
here will lead to increases in the population sizes of higher 
predators (Thingstad and Sakshaug 1990). Eq. 8 thus implies 
that bacterial consumption will increase with N7. Whether 
there will be a shift back to C-limited bacteria at higher NT 
(i.e. whether there is a right border to a,) thus depends upon 
what processes increase most with NT-production t,!~ or 
bacterial consumption +*. It is possible to make such models 
where DOC accumulation is a phenomenon only for inter- 
mediary values of enrichment NT (results not shown). A re- 
alistic model describing this would be fairly complex since 
it would require both a food web model describing how new 
phytoplankton and new predators establish as a function of 
NT, as well as physiological models describing how these 
populations release DOC. 

The experimental indications of P-limited bacterial growth 
rates in environments as diverse as the northwestern Medi- 
terranean (Thingstad and Rassoulzadegan 1995), the Gulf of 
Mexico (Pomeroy et al. 1995), and Norwegian fjords 
(Thingstad et al. 1993) suggest that a4 may cover a fairly 
broad range of NT values in P-limited systems. Support for 
the idea that a4 may extend to high values of NT is also 
found in the recent review of Sondergaard and Middelboe 
( 1995) where they conclude that there is more labile DOC 
in eutrophic than in oligotrophic areas. In the context of the 
model suggested here, this would be explained as the sum 
of release processes increasing faster than the degradation 
process with increasing eutrophication, rather than by a low 
half-saturation constant for bacterial consumption as sug- 
gested by Sondergaard and Middelboe. 

Billen et al. (1990) have explored a model essentially 
analogous to the DOC/bacteria/bacterial predator subsystem 
of the model used here; they assumed bacteria to be C lim- 
ited and predator death rate (6,) to be constant. From their 
experimental data, which showed a large increase in B and 
a relatively smaller increase in pB with increasing bacterial 
production (=pBB), they concluded that bacteria are to a 
larger extent bottom-up (substrate) rather than top-down 
(predator) controlled. In the more generalized framework of 
the model presented here, a large change in B could be in- 
terpreted as a large increase in the predatory pressure on 
bacterial predators (an increase in 6,). A relatively small 
change in N*, and thus in pB for mineral nutrient-limited 
bacteria, could be interpreted as a relatively smaller increase 
in phytoplankton predation (i.e. in 8,). In a more elaborate 
model allowing increased eutrophication to lead to estab- 
lishment of competing phytoplankton species of larger cells, 
N* would also be kept low (Thingstad and Sakshaug 1990). 
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The theory also suggests the need for testing in experi- 
mental model systems since a food web containing phyto- 
plankton, bacteria, and bacterial predators should result in 
little degradation of allochthonosly added DOC, and at the 
same time allow algal-bacterial coexistence. This corre- 
sponds exactly to the result found by Pengerud et al. (1987). 

Competition-predation models including different size 
classes of phytoplankton and predators (Thingstad and Sak- 
shaug 1990; Armstrong 1994) describe how higher predators 
and larger species of competing algae establish as a response 
to increasing NT. The result of increasing enrichment is thus 
a shift toward systems dominated by a classical food chain 
that exports carbon as sinking POC. Combination of such 
models with the model discussed here thus gives a consistent 
framework within which we can explain a shift from com- 
munities dominated by small microbial organisms with a po- 
tential for DOC export in oligotrophic (low NT) areas to com- 
munities dominated by a classical food chain and particle 
export in eutrophic (high NT) areas. 

An aspect of region a4 of additional interest is that viral 
lysis of bacteria (represented here by 6,) has no effect, nei- 
ther on bacterial biomass nor on bacterial growth rates (see 
expressions for N* and B* in Table 3). The consumption rate 
for DOC thus remains independent of whether viral lysis of 
bacteria is assumed or not. In region fi4, bacterial viruses 
will act essentially as competitors to bacterial predators, re- 
ducing the biomass of these (see expression for P* in Table 
3) and allow more of the available nutrient to accumulate in 
phytoplankton biomass. 

Another point of interest is that this model suggests a 
solution to the apparent paradox of nutrient-limited phyto- 
plankton stimulating their bacterial competitors by DOC ex- 
cretion (Bratbak and Thingstad 1985); if region a4 is large 
(i.e. if mineral nutrient limitation of bacteria is the rule rather 
than the exception), bacteria will simply not be stimulated 
by increased DOC supply. 

In nature, the combined competition/predation-based ex- 
planation for DOC accumulation suggested above would 
probably not function in isolation. With increased concen- 
trations and turnover time of degradable DOC in the photic 
zone, the importance of chemical and photochemical trans- 
formations modifying organic material to more (Keil and 
Kirchman 1994) or less (Lindell et al. 1995) refractive com- 
pounds would be expected to increase. 

The high C : N ratios of accumulated DOM found by Wil- 
liams (1995) can be explained within the framework of this 
model by assuming, for example, carbohydrate excretion by 
nutrient-limited phytoplankton as the main mechanism of re- 
lease or by additional mechanisms such as a preferential deg- 
radation of dissolved organic forms containing N or I? It is 
actually more difficult to explain why dissolved organic 
forms of N (Duursma 196 1; Williams 1995) and P (Duursma 
196 1; Thingstad and Rassoulzadegan 1995) apparently also 
accumulate during at least parts of the productive season. 
This phenomenon is not readily accounted for by the trophic 
mechanisms suggested here, and is probably an indication 
that a complete picture requires consideration also of inter- 
actions between these trophic mechanisms and mechanisms 
producing refractory DOM. 

From the above analysis, the nature of what limits bac- 

terial growth rates would seem to be a key aspect for un- 
derstanding the regulation of the balance between DOC re- 
lease and consumption. More experimental information on 
this under variable conditions such as how it correlates with 
areas where primary production is N, P, or Fe limited, and 
how it correlates with system oligotrophy and eutrophy, 
would therefore seem crucial for our understanding of the 
mechanisms mediating DOC accumulation and export. 

Our use of the terrn “malfunctioning” microbial loop has 
been strictly in the sense of a DOC consumption unable to 
match DOC release. From other perspectives, such as a pos- 
sible storage of energy in the ecosystem for consumption 
during dark and unproductive seasons, or for oceanic se- 
questration of carbon from the atmosphere, the proposed 
malfunctioning microbial loop may indeed function very 
well. 
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