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sufficient to meet bacterial needs (let alone 
the needs of other consumers) to one in 
which bacterial needs are very much less 
than available carbon, thereby solving the 
budgetary problems discussed in the closing 
paragraphs of Scavia and Laird’s paper. 
Similarly, an explicit consideration of the 
recycling of organic carbon by consumers 
may help to explain apparently excessive 
demands of consumers in other ecosystems, 
especially retentive systems such as the open 
ocean. 

David Strayer 

duction and growth. Can. J. Fish. Aquat. Sci. 44: 
499-508. 

HUMPHREYS, W. F. 1979. Production and respiration 
in animal populations. J. Anim. Ecol. 48: 427- 
453. 

JORDAN, M. J. 1985. Bacteria, p. 246-250. In G. E. 
Likens [ed.], An ecosystem approach to aquatic 
ecology: Mirror Lake and its environment. Spring- 
er. 

-,G. E. LIKENS,AND B.J. PETERSON. 1985. Or- 
ganic carbon budget, p. 292-30 1. In G. E. Likens 
[ed.], An ecosystem approach to aquatic ecology: 
Mirror Lake and its environment. Springer. 

SCAVIA, D., ANDG. L. FAHNENSTIEL. 1987. Dynamics 
of Lake Michigan phytoplankton: Mechanisms 
controlling epilimnetic communities. J. Great 
Lakes Res. 13: 103-120. 

Institute of Ecosystem Studies 
AND G. A. LAIRD. 1987. Bacterioplankton in 

The New York Botanical Garden 
Lai<e Michigan: Dynamics, controls, and signifi- 
cance to carbon flux. Limnol. Oceanogr. 32: 10 17- 

Box AB 1033. 

Millbrook 12545 SCHROEDER, L. A. 198 1. Consumer growth efficien- 
cies: Their limits and relationships to ecological 

References energetics. J. Theor. Biol. 93: 805-828. 
STRAYER, D., AND G. E. LIKENS. 1986. An energy 

FAHNJZNSTIEL,G. L., AND D. SCAVIA. 1987. Dynamics budget for the zoobenthos of Mirror Lake, New 
of Lake Michigan phytoplankton: Primary pro- Hampshire. Ecology 67: 303-3 13. 

Limnol. Oceanogr., 33(5), 1988, 1220-1224 
0 1988, by the American Society of Limnology and Oceanography, Inc. 

On the role of bacteria in secondary production 

Our recent work on the role of heterotro- estimates of phytoplankton and/or bacterial 
phic bacterioplankton in Lake Michigan production were wrong). Second, bacterial 
(Scavia et al. 1986; Scavia and Laird 1987) carbon demand that was greater than phy- 
has led to the assertion that bacterial sec- toplankton supply in the summer epilim- 
ondary production is high relative to au- nion suggested a temporal disequilibrium, 
totrophic primary production. We found where bacterial summer demand is met par- 
that annual areal bacterial carbon demand tially by winter and spring algal production. 
was about equal to that supplied through Strayer’s ( 1988) reanalysis of our data sheds 
phytoplankton net production; in the sum- important light on the commonly assumed 
mer epilimnion, however, that demand was restriction that secondary consumption must 
much greater than contemporary phyto- be equal to or less than primary production. 
plankton supply. We concluded our second He demonstrates that because organic car- 
paper with two uncomfortable observa- bon can cycle within the food web, this re- 
tions. First, because bacterial carbon de- striction is false. I agree with his reassess- 
mand was approximately equal to organic ment and recognize that, because of this 
carbon supply, carbon demand by con- relaxed and more appropriate limit to sec- 
sumers, other than bacteria, could not be ondary production, our first uncomfortable 
met by phytoplankton production (or the observation is more acceptable. 
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This reanalysis is important because 
highly retentive, autotrophically driven Lake 
Michigan certainly supports a rich and pro- 
ductive array of secondary consumers in ad- 
dition to bacteria. It is also important for 
other large systems. Recent reports of very 
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Fig. 1. Schematic diagram of carbon flow through a consumer community with bacteria as a means of 
sequestering otherwise lost carbon. Arrows represent flow of organic carbon, R represents respiratory loss, P 
represents production (=consumption), E represents organic release, and C represents consumption. 

high heterotrophic bacterial carbon de- 
mands from Chesapeake Bay (Malone et al. 
1986; Ducklow and Peele 19 87) and the Sar- 
gasso Sea (Fuhrman et al. 1987), for ex- 
ample, can be reconciled more easily with 
autotrophic supplies if one allows organic 
carbon to cycle. Although I agree with his 
conclusion, Strayer’s theoretical frame- 
work-a linear food chain-leads to a sec- 
ond conclusion that I intend to show is 
incorrect. He suggests that temporal dis- 
equilibrium need not be invoked to explain 
balanced summer epilimnetic fluxes be- 
cause recycled organic carbon satisfies the 
demand. My reanalysis, with a more ap- 
propriate model, supports our original con- 
tention that sources other than contempo- 
rary phytoplankton production are needed 
to balance bacterial organic carbon demand 
in the summer epilimnion. 

Strayer’s analysis is not invalid, but it is 
applied to an inappropriate, linear system. 
Bacteria do not fit neatly into a linear food 
chain. They ingest neither primary produc- 
ers nor consumers directly and, therefore, 
they cannot be characterized as any of the 
consumers depicted by Strayer’s model (his 
figure 1). The bacterial loop is adjunct to 
the main autotrophic path. Bacteria make 
their living by taking advantage of the by- 
products of the autotrophic food web- they 

get what leaks from it. Figure 1, here, is a 
better representation of the unique position 
bacteria (actually any organo-osmotrophs) 
hold in the carbon cycle. 

Before proceeding with budget calcula- 
tions for the system depicted in Fig. 1, I 
consider certain conditions of the model. 
Strayer’s assumption of 60% growth effi- 
ciency for all consumers is too generous. 
Bacteria may be that efficient (e.g. Calow 
1977; Cole et al. 1982), but microbial graz- 
ers are less efficient, and the metazoa are 
even less so. My analysis, which may still 
be generous, allows 60% for bacteria, 40% 
for micrograzers, and 20% for all others. It 
also admits consumer release of organic car- 
bon because it is clear that not all carbon 
ingested ([) and lost from potential biomass 
production (P) is lost as CO*. For my anal- 
ysis, the split between organic (E) and in- 
organic (R) carbon loss is based on the as- 
sumed 20% growth efficiency (P/I) and a 
typical crustacean assimilation efficiency (1 
- E/I) of 50% (e.g. Comita 1972; Porter et 
al. 1982; Parsons et al. 1984; Peters and 
Downing 1984). Assuming instead values 
of 40 or 60% does not change the conclu- 
sions that follow. Although the relative 
availabilities of particulate and dissolved 
organic carbon certainly differ, my analysis 
does not distinguish between the two forms. 
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Table 1. Partial organic carbon annual areal budget for Lake Michigan (g-C me2 yr-I). Input is 232 g and 
nonrespiratory loss is 8 g based on data from Scavia and Fahnenstiel(l987) and Fahnenstiel and Scavia (1987). 

Production directly available (%) 0* 10 20 0 10 10 
Consumer assimilation efficiency - 50 50 50 40 60 
Summed secondary consumption 560* 697 695 698 843 581 
Bacterial consumptionj- - 235 249 222 312 175 

* From Strayer 1988. 
t Measured as 237? 80 (Scavia and Laird 1987). 

This simplification should not affect the 
analysis because only a small percentage of 
primary production is buried in Lake Mich- 
igan’s sediment each year (Eadie et al. 1984) 
and there is no clear annual trend in con- 
centration of either form. Thus, on the rel- 
atively long time scales of my analysis, all 
of the released organic material is used by 
the heterotrophic community. 

A second important factor in the follow- 
ing analysis is the portion of primary pro- 
duction immediately available to bacteria. 
This direct shunt can be from phytoplank- 
ton excretion or nonpredatory mortality (e.g. 
autolysis). Rates of direct excretion are low 
for Lake Michigan (Laird et al. 1986) as 
well as other Great Lakes (e.g. Lee and Nale- 
wajko 1978). We have shown (Scavia and 
Fahnenstiel 1987) through comparison of 
algal production, sedimentation, and graz- 
ing rate measurements that nonpredatory 
mortality is not likely to be a dominant fac- 
tor in the algal dynamics of Lake Michigan. 
Thus, for the calculations below, I assume 
10% of primary production enters the avail- 
able organic pool directly. Assumptions as 
different as 0 and 20% do not change the 
conclusions. 

I first consider water-column annual rates 
(g-C m-2, Table 1). With the assumptions 
stated above, I calculate organic supply to 
bacteria to be 147.4 g after one “pass” 
through the traditional food web. Assuming 
60% growth efficiency for bacteria and sub- 
sequent consumption by bacterivores, the 

second pass of this recovered carbon through 
the food web produces 5 5.1 g available for 
reassimilation by bacteria. Continuing this 
procedure until 99% of the original carbon 
is respired (Table 1) indicates, as in Strayer’s 
analysis, that summed secondary consump- 
tion is much greater than primary produc- 
tion and that measured bacteria carbon de- 
mand fits well within total consumer 
demand. This situation allows significant 
production by zooplankton and other sec- 
ondary consumers. 

Unlike Strayer’s analysis, mine also pro- 
vides an estimate of bacterial carbon con- 
sumption. If we assume that 10% of primary 
production is immediately available for as- 
similation, calculated bacterial consump- 
tion is 235 g (Table 1). This estimate is 249 
g if 20% is made immediately available and 
222 g without any direct shunt from pri- 
mary producers. Assumptions of 40 or 60% 
consumer assimilation efficiency and 10% 
direct shunt, yield bacteria carbon demands 
of 3 12 and 175 g, respectively. All calcu- 
lated estimates are within 1 SD of our pre- 
viously reported empirical estimate of 
237 + 80 g. This portion of the analysis agrees 
with Strayer’s and demonstrates that 
summed consumer demand can be consid- 
erably higher than carbon input and that 
bacterial demand can be met by autotrophic 
production on an annual water-column ba- 
sis in Lake Michigan. 

I now consider the same calculations for 
the summer epilimnion, the region pre- 

Table 2. As in Table 1, but for summer epilimnion (g-C m-2 summer-l). Input is 29.4 g and nonrespiratory 
loss is 9.4 g. 

Production directly available (%) 
Consumer assimilation efficiency 
Summed secondary consumption 
Bacterial consumptiont 

* From Strayer 1988. 
j’ Measured as 43.8k 14.8 (Scavia and Laird 1987). 

0* 10 20 0 10 10 
- 50 50 50 40 60 

50.1* 62.2 62.0 62.4 75.9 51.9 
- 21.0 22.0 19.8 27.9 15.6 



Fig. 2. Consumer carbon demand, expressed as a percentage of total organic carbon input, as a function of 
system retentiveness [(inputs - nonrespiratory losses)/inputs]. Solid line represents calculations with a consumer 
assimilation efficiency of 50% and primary production shunt to bacteria of 10%. Dashed lines represent cal- 
culations with assimilation efficiencies of 40 and 60%. Dotted lines represent calculations with production shunts 
of 0 and 20%. 
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senting a serious imbalance between organic 
carbon supply and bacterial demand in our 
empirical studies. With the same assump- 
tions as above, I calculate a summed con- 
sumer demand of 62.2 g (Table 2), again 
higher than net inputs and capable of in- 
cluding both our measured bacterial de- 
mand (43.8 f 14.8 g) and carbon demands 
of other consumers. This result is similar to 
Strayer’s, but it differs in an important way 
when I calculate bacterial carbon demand. 
On the basis of the model presented here, 
only 2 1 .O g could be consumed by bacteria 
before all of the carbon produced in, but not 
sedimented from, the epilimnion was re- 
spired. That demand varies between 15.6 
and 27.9 g over the range of coefficient val- 
ues used above (Table 2). None of these 
values approaches the empirical estimate of 
43.8 g. It appears that, given the constraint 
that bacteria must get their carbon as a by- 
product of the autotrophic food web, the 
amount of carbon made available to them 
in the summer epilimnion is insufficient to 
balance the measured demand. A source, in 
addition to processes of the summer epilim- 
nion, is needed. This analysis supports our 
original contention (Scavia and Laird 1987) 

that there must be a temporal disequilib- 
rium between organic carbon supply and 
summer demand. 

I now turn to the more general case and 
consider the relationship between summed 
secondary consumption, bacterial con- 
sumption, and total organic carbon input 
with respect to system retentiveness. Within 
the constraints of uncertainty in the as- 
sumed consumer assimilation efficiency 
(50 + 10%) and the portion of primary pro- 
duction that is shunted directly to bacteria 
(lo+ lo%), it is clear (Fig. 2) that summed 
secondary consumption can be much great- 
er than organic input. In fact, the lower, 
more reasonable growth efficiencies used 
here result in more recycling and thus even 
greater consumption than that suggested in 
Strayer’s analysis. My analysis also suggests 
that bacterial demand can approach a value 
equal to total organic input and yet consti- 
tute only a third of the total demand in high- 
ly retentive systems. 

Theoretical analyses, like that of Strayer’s 
and the one presented here, necessarily re- 
quire abstraction of nature. The main dif- 
ference between our approaches is in char- 
acterization of the bacterial role in carbon 
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flow. If bacteria are treated similarly to oth- 
er consumers, as Strayer has done, then im- 
balances such as that in the epilimnion of 
Lake Michigan disappear. If bacteria are as- 
signed a more appropriate role, however, as 
I have tried to do, then significant imbal- 
ances remain. For models such as these, it 
is important that the abstraction be faithful 
in ways that are critical to the analysis. 

I thank Strayer for his contribution to the 
analysis of carbon flux in Lake Michigan 
and support his broader thesis that organic 
carbon cycling allows for a higher limit to 
secondary production. This broader view 
allows community consumption to be sig- 
nificantly greater than organic carbon inputs 
in retentive systems like the Great Lakes 
and the open ocean and thus may help re- 
solve other apparent imbalances beginning 
to emerge with respect to heterotrophic bac- 
terial production. 

Donald Scavia 

Great Lakes Environmental 
Research Laboratory 

National Oceanic and Atmospheric 
Administration 
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