
Algal physiologists have conclusively 
demonstrated that freshwater phyto- 
plankton require several elements for 
growth and reproduction (1). Most lim- 
nologists have considered that all of 
these elements might act as potential 
limiting nutrients in freshwater lakes. 
While there is now general agreement 
that phytoplankton will be phosphorus- 
limited in the majority of lakes (2), eu- 
trophication management based entirely 
on phosphorus control is still viewed by 
some as too simplistic (3, 4). Yet in past 
years evidence has mounted for an as- 
toundingly precise relationship between 
the concentration of total phosphorus 
and the standing crop of phytoplankton 
in a wide variety of lakes (5), including 
many in which low nitrogen-to-phos- 
phorus ratios should favor limitation by 
nitrogen. In this article, evidence from 
whole-lake experiments is used to reex- 
amine the nutrient-control question, with 
particular attention to factors that might 
be missing in experiments on a smaller 
scale. Evidence for the two elements, 
carbon and nitrogen, that have received 
widespread attention as alternatives to 
phosphorus as limiting nutrients (6) will 
be considered. 

Control of Phytoplankton Populations 

in Lakes by Carbon 

Five years ago, many scientists be- 
lieved that carbon might control eutroph- 
ication in some lakes (7). The scientific 
evidence for this view came largely from 
bioassay experiments done in small bot- 
tles (8), where phytoplankton were stim- 

ulated by addition of carbon, but not by 
phosphorus or nitrogen. This was inter- 
preted by many as indicating that eu- 
trophication was caused by overfer- 
tilization with carbon. Whole-lake ex- 
periments have now shown that these 
experiments provided misleading evi- 
dence by excluding processes occurring 
in natural bodies of water (9, 10). In 
experimentally fertilized lakes, invasion 
of atmospheric carbon dioxide supplied 
enough carbon to support and maintain 
phytoplankton populations that were pro- 
portional to phosphorus concentrations 
over a wide range of values (Fig. 1). Yet 
in bottle bioassay experiments, phyto- 
plankton showed evidence of extreme 
carbon limitation throughout the period 
when algal populations were responding 
in proportion to total phosphorus con- 
centrations. But more important, there 
was a strong tendency in every case for 
lakes to correct carbon deficiencies, 
maintaining concentrations of both 
chlorophyll and carbon that were pro- 
portional to the phosphorus concentra- 
tion (Figs. 1 and 2). 

Bottle bioassay experiments to test the 
carbon-limitation hypothesis were in- 
adequate in two respects. First, experi- 
ments were done in small, closed or semi- 
closed containers, where turbulence of 
the water and interaction with the over- 
lying atmosphere were restricted. Sec- 
ond, the proportion of alkalinity supplied 
by hydroxyl ions has been found to af- 
fect the rate at which carbon invades 
lake ecosystems (11), and no attempt 
was made in the bottle experiments to 
simulate such conditions (12). 

These observations have led me to 
conclude that carbon control no longer 
deserves consideration as a method for 
managing eutrophication of natural wa- 
ters (13). 

Control of Phytoplankton Populations 
in Lakes by Nitrogen 

Because of the problems our group 
encountered in extrapolating from small- 
scale experiments to whole-lake manage- 
ment of carbon, we designed several 
whole-lake experiments to investigate 
the nitrogen management question. Be- 
cause of the important role played by 
atmospheric carbon, we paid particular 
attention to fixation of atmospheric nitro- 
gen by algae as a supplementary source 
of this element. 

In lake 227, the site of our first carbon 
experiments, the fertilizers added to the 
lake had contained adequate or excess 
nitrogen. The ratio by weight of nitrogen 
to phosphorus was 14. Fertilizer with 
this ratio was applied for 6 years, 1969 
through 1974. During the entire period, 
phytoplankton were dominated by the 
green alga Scenedesmus and other algae 
incapable of fixing gaseous nitrogen. I 
hypothesized that by reducing the ratio 
of nitrogen to phosphorus in fertilizer, 
blue-green algae, which are capable of 
fixing atmospheric nitrogen, might be fa- 
vored. Therefore, in a second experi- 
ment, the northeast basin of lake 226 was 
fertilized with a nitrogen-deficient ferti- 
lizer (4). The ratio of nitrogen to phos- 
phorus by weight was only 5. In every 
year that this fertilizer was applied (1973 
to 1975), nitrogen-fixing blue-green algae 
of the genus Anabaena dominated the 
lake. Fixation of nitrogen accounted for 
a substantial proportion of the total in- 
come of nitrogen to the lake (14), and the 
ratio of total nitrogen to total phosphorus 
in the lake remained similar to that in 
other lakes (Fig. 3). 

Another whole-lake experiment 
showed that this difference between 
lakes 226 and 227 was no accident. In 
1975, the nitrogen-to-phosphorus ratio of 
fertilizer to lake 227 was reduced to 5, 
duplicating the ratio used in lake 226. 
For the first time in the 8 years we have 
studied the lake, a nitrogen-fixing blue- 
green alga, this time Aphanizomenon 
gracile, became dominant in midsummer 
(Fig. 4). Also for the first time, substan- 
tial nitrogen fixation was detected. At 
this time I cannot explain why different 
genera of nitrogen fixers should be domi- 
nant in the two lakes. This difference 
may be due to differences in other micro- 
nutrients or growth inhibitors and re- 
quires further investigation (15). 

A final experiment has provided a 
somewhat different result. Only phos- 
phorus fertilizer was applied to lake 261 
for 3 years. No nitrogen fixers appeared 
in the phytoplankton, but a luxuriant 
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growth of attached algae (periphyton) 
which are capable of high fixation of 

nitrogen was observed (16). In spite of 
this, the phytoplankton chlorophyll in- 
creased somewhat, and the chlorophyll- 
to-phosphorus ratio was only slightly 
lower than in other lakes (Fig. 1). 

Discussion 

The experiments described above 

clearly demonstrate the existence in 
lakes of biological mechanisms which 
are capable of eventually correcting algal 
deficiencies of carbon and, at least in 
some cases, of nitrogen. It is, however, 
noteworthy that the ratios of carbon to 
phosphorus and nitrogen to phosphorus 
in our lakes are maintained at 174 and 31, 
respectively. These are much higher 
than the values in inputs to any of our 
lakes, which suggests that internal fac- 
tors, as well as atmospheric com- 
pensation, may also favor high C/P and 
N/P ratios (17). No external mechanisms 
exist for phosphorus, which has no gas- 
eous atmospheric cycle. Experiments in 
lakes 304 and 226 southwest, both phos- 
phorus-deficient, show that there is no 
appreciable internal compensation in our 
Precambrian Shield lakes (18). While a 
sudden increase in the phosphorus input, 
as is common during cultural eutrophica- 
tion, may cause algae to exhibit symp- 
toms of limitation by either nitrogen or 
carbon or both, there are long-term proc- 
esses at work in the environment which 
may cause the deficiencies to be cor- 
rected eventually, once again leaving 
phytoplankton growth proportional to 
the concentration of phosphorus. If our 
results are typical, they explain why 
phosphorus limitation or phosphorus pro- 
portionality is commonly observed in 
lakes, even where the nutrient ratios of 
geochemical and cultural sources might 
be expected to favor limitation by nitro- 
gen or carbon. I hypothesize that only 
lakes which have experienced very re- 
cent increases in phosphorus input, with- 
out corresponding increases in nitrogen 
and carbon, or those receiving enormous 
influxes of phosphorus will not show the 
correlation between total phosphorus 
and standing crop. 

This "evolution" of appropriate nutri- 
ent ratios in freshwaters involves a com- 
plex series of interrelated biological, geo- 
logical, and physical processes, includ- 
ing photosynthesis, the selection for spe- 
cies of algae that can utilize atmospheric 
nitrogen, alkalinity, nutrient supplies 
and concentrations, rates of water renew- 
al, and turbulence. It is impossible to 
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Fig. 1 (top). Relationship between mean annu- 
w al concentrations of total phosphorus and 

chlorophyll a in lakes of the Experimental 
Lakes Area. All averages are weighted for 

E1 E morphometry of the lakes. Both fertilized and 
unfertilized lakes are included. (o) Data for 
fertilized lakes where nutrients supplied by 
fertilizer, precipitation, and runoff were 
deficient in nitrogen (N/P < 8 by weight). (0) 
Data for lakes where nutrients from the same 
three sources were deficient in carbon (C/P 
< 50 by weight). Points (+) without either 
circles or squares represent lakes where C/P 
and N/P ratios in inputs are either natural or 
higher than natural. The linear regression 

o 40 equation chlorophyll a = 0.987ZP - 6.520 
fits the points with the correlation coefficient 

, mg/m3 r = .86. Fig. 2 (middle). Mean annual to- 
tal carbon and total phosphorus concentra- 
tions in fertilized lakes of the Experimental 
Lakes Area, illustrating how the carbon con- 
tent of these lakes has increased because of 
addition of phosphorus. Total carbon includes 
seston, dissolved inorganic carbon, and meth- 
ane, but excludes dissolved organic carbon 

?/ 3 (DOC). Concentrations of DOC have not 
changed as a consequence of eutrophication. 

? ~~B -(o) Data for lakes that received no carbon 
with fertilizer. (O) Data for lakes that re- 
ceived low fertilizations with sucrose (C/P 
- 6 by weight in lake 226, - 14 in lake 304, 
and - 85 in lake 226 southwest). Points with- 
out circles or squares represent lakes with 
either natural or higher than natural C/P 

10 40 inputs. The regression equation C = 

us, mg /m3 173.61P + 420.3 fits the points with r = .83. 
Fig. 3 (bottom). Mean annual concentra- 
tions of total nitrogen and total phosphorus 
in fertilized lakes, illustrating that the nitro- 
gen content of a lake increases when phos- 
phorus input is increased, even when little 

E- + or no nitrogen is added with fertilizer. (o) 
+ / Data for lake 261, which received only natural 

*+ nitrogen. (O) Data for lakes 226 northeast and 
227. The N/P in input to lake 226 northeast in 
1973 to 1975 and lake 227 in 1975 was less than 
8. Points without circles or squares represent 
lakes with N/P equal to or greater than the 
natural ratio. The regression equation 

o 40 EN = 30.9EP - 29.3 fits the points with 
js r = .86. 
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Fig. 4. Summer population of Aphanizomenon in lake 227 in 1975, after the N/P ratio in fertilizer 
had been cut back to 5 by weight. The genus had not been observed in quantifiable numbers in 
any of the six previous years, when an N/P ratio of 15 had been used in fertilizer. High fixation 
of atmospheric nitrogen accompanied the bloom of this species. 
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visualize a laboratory bioassay experi- 
ment that could realistically represent all 
of these parameters. 

On the basis of data from several 
studies of the carbon, nitrogen, and 
phosphorus cycle, I hypothesize that 
schemes for controlling nitrogen input to 
lakes may actually affect water quality 
adversely by causing low N/P ratios, 
which favor the vacuolate, nitrogen-fix- 
ing blue-green algae that are most objec- 
tionable from a water quality standpoint. 
Conversely, when phosphorus control 
causes an increase in the N/P ratio, the 
resulting shift from "water bloom" blue- 
green algae to forms that are less objec- 
tionable may be as important as quan- 
titative decreases in algal standing crop. 
Several authors have observed such spe- 
cies shifts with changing N/P ratios (19). 

It is clear that management decisions 
on nutrient control measures must be 
based on controlled field tests as well as 
simple laboratory bioassays. 
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Biosphere reserves are major elements 
in Unesco's "Man and the Biosphere" 
(MAB) program and in the U.S.- 
U.S.S.R. Environmental Agreement. 
They are part of an international system 
of reserves with the primary objectives 
of conservation of genetic diversity, envi- 
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ronmental research and monitoring, and 
education. 

The scientific community must be 
aware of the existence and potential 
of the biosphere reserves if they are 
to fulfill their intended functions. I 
will outline the conceptual development 
of the Unesco effort, the philosophy guid- 
ing its implementation in the United 
States, and the utilization and expansion 
of U.S. biosphere reserves expected in 
the future. The views presented are 
those of the U.S. National Committee 
for Man and the Biosphere. 
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Development of the Biosphere Reserve 

Concept 

The concept of biosphere reserves was 
developed as a major element of Project 
8, Conservation of Natural Areas and of 
the Genetic Material They Contain, in 
the Unesco-sponsored Program on Man 
and the Biosphere (1). This project, 
which emerged as an important com- 
ponent early in the MAB planning, was 
initially considered in detail by an expert 
panel, which met in Morges, Switzer- 
land, in September 1973. Establishment 
of a worldwide network of biosphere 
reserves was this panel's first recommen- 
dation. A task force with the responsibili- 
ty of defining "criteria and guidelines for 
the selection and establishment of bio- 
sphere reserve" (2, p. 9) met in Paris in 
May 1974. The task force report is the 
source of the following information on 
the international program. 

Biosphere reserves have three basic 
purposes or objectives: (i) conservation 
or preservation-"to cons'erve for pres- 
ent and future use the diversity and integ- 
rity of biotic communities of plants and 
animals within natural ecosystems, and 
to safeguard the genetic diversity of spe- 
cies on which their continuing evolution 
depends" (2, p. 6); (ii) research and 
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