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ABSTRACT

Interrelationships between the cycles of phosphorus, nitrogen, carbon, sulphur, and
silicon are discussed, with the primary focus on the Experimental Lakes Area.

Phosphorus appears to be capable of controlling major parts of the cycles of the
other four elements by increasing atmospheric inputs for phosphorus and nitrogen,
by increasing sedimentation to the hypolimnion for silicon, and by stimulating sul-
phate reduction by increasing the amount of organic matter to decompose in the
hypolimnion.

Sulphate reduction increases as sulphate concentrations are increased, causing
increased generation of dissolved organic carbon by anoxic decomposition.

Nitrogen and carbon do not appear to affect phosphorus, sulphur, or silicon
cycles directly.

7.1 INTRODUCTION

A detailed review of the relationships between several biogeochemical cycles in
freshwater would be a neady impossibletask. For a paper of this length, it is neces-
sary to severelyrestrict the number of cycles considered. Consequently, I shall treat
only examples of the interrelationships between the cyclesof phosphorus, nitrogen,
carbon, sulphur, and silicon. All of these are elements essential for the nutrition of
plants. The cycles of all have been disrupted as the result of man's pollution of the
biosphere. In most cases, I shall use examplesfrom my own experience to illustrate
interrelations between the cycles. I have purposely done this in order to illustrate
the complexity of interactions which can be stimulated by perturbations to one
type of aquatic system.

7.2 THE EFFECTS OF PHOSPHORUSON THE CYCLES
OF OTHERELEMENTS

For many years, phosphorus has been recognized as the nutrient which most fre-

quently limits the standing crop and production of freshwateralgae(reviewedby
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Vollenweider, 1968). More recently, it has been discoveredthat the degreeof eutro-
phication affecting lakes may usually be predicted quite accurately from phos-
phorus input, ignoring supplies of other nutritional elements (Vollenweider, 1976;
Rast and Lee, 1978; Schindler et al., 1978). The fact that these models work so
well suggests that other nutrients are never scarce enough to restrict the growth of
all speciesof algae. For example, when ionic nitrogen is scarce,nitrogen-fixingblue-
green algae often become dominant, and when silicon supplies are depleted,
diatoms are replaced by non-siliciousforms.

The utility of the above phosphorus models often appears to contradict predic-
tions from laboratory bioassays, which frequently predict limitation by elements
other than phosphorus. While such laboratory studies may indicate accurately
which nutrient or nutrients are limiting at a particular moment, there is reason to
believe that they are of little utility in guiding the management of eutrophication.
Experiments done in small flasks, lasting only a few hours to a few weeks, simply
do not account for the adaptability of an entire ecosystem. With its large diversity
of latent species of organismsan ecosystem can respond to a wide diversity of con-
ditions, and nutrient deficiencies can be corrected over a period of months or years
(Schindler, 1977). There appears to be no reason to rely on a flask bioassay to
provide predictive information about a whole aquatic ecosystem than there is to
expect an LD-50 experiment on mice to guide our management of terrestrial eco-
systems.

The numbers of each speciesof latent organismand the rates of dormant proces-
ses in lakes are usually so low as to defy measurement, so that the only way to
assess the response of one chemical cycle in an ecosystem to changes in another
cycle is to actually perturb the ecosystem. What follows below is based entirely
on experimental alterations of nutrient cyclesin whole lake systems.

7.3 THE EFFECT OF PHOSPHORUSON THE NITROGENCYCLE

When phosphorus 'input' is high with respect to nitrogen, the rate of growth
or production of phytoplankton populations often becomes limited by nitro-
gen. When this happens, nitrogen-fixing Cyanophyceae usually outcompete other
forms so that atmospheric nitrogen contributes to the nitrogen requirements of the
plankton. In a recent literature reviewof aquatic nitrogen flxation, Flett et al. (1980)
found that fixation became important when the N:P ratio in nutrient loading fell
below 10:1 by weight. Whileproduction and growth of nitrogen-fixing bluegreen
algae are often lower than for other forms, their colonies are typically quite large,
and therefore less susceptible to grazing or other mortality factors than smaller
forms (Schindler and Comita, 1972). As a result, under steady-state conditions, the
total algal standing crop is usually comparable to that which develops when the
supply of ionic nitrogen is large.

In three extreme cases, one from each of the temperate, subarctic, and arctic
climatic zones, phosphorus alone was experimentally added to lakes. Even when



Interrelationships Between the Cycles of Elements 115

natural sources of nitrogen were accounted for, the N:P input in each casewas less
than 3:1 by weight. In all three of these cases,nitrogen fIxingalgaeappeared in the
epilithiphyton rather than in the phytoplankton (Holloway, 1976; Persson et al.,
1975;D.W.Schindler,unpublisheddata).Whilephytoplankton standingcropfollowing
such extreme treatment did not increase as rapidly as when both Nand P were sup-
plied, eventually it reached a magnitude comparable to that in lakes receivingboth
nutrients (Schindler, 1980, in press). In all three cases,the nitrogen content of the
lakes increased, presumably due to fIxation of atmospheric N2, even though nitro-
gen input from other sourceswas unchanged.

Several whole-lake experiments in the Experimental Lakes Area* of north-
western Ontario were designed to yield information about the interplay between
phosphorus and nitrogen. For example, Lake 227 (area 5.0 ha, mean depth 4.4 m),
was fertilized for 6 years with an N:P ratio of 14:1 by weight. Algalstanding crops
were dominated by the green alga, Scenedesmus (Schindler et al., 1973), and no
nitrogen fIxation was detectable (Flett et al., 1980). In 1975, phosphorus was
added to the lake as in previous years, but nitrogen additions were reduced to an
N:P ratio of 5:1. A bloom of the b1uegreenalgaAphanizomenon gracile,never pre-
viously recorded in the lake, appeared within weeks, and atmospheric nitrogen con-
tributed 14 per cent to the lake's total nitrogen income in that year. Phytoplankton
standing crop was lower in the fIrst year after the change in nitrogen loading, but
by the second year it was similar to that obtained with high N:P ratios, suggesting
that a time lag of 1-2 years was necessary before a new steady-state was reached.
Phytoplankton production was suppressed for two years, but by the third year had
recovered to pre-1975 levels (Shearer and DeClecq, unpublished data). Despite the
reduced application of fertilizer nitrogen after 1975, this element continued to in-
crease in the lake (Figure 7.1).

The fact that at high N:P ratios bluegreen algae tend to be outcompeted by
other species has been used advantageously to purposely reduce populations of
bluegreen algae. In western Manitoba, rainbow trout (Salmo gairdnerii)have been
cultured in shallow, hypereutrophic prairie ponds for many years.Theponds occupy
an area of rich, easily leachable geologicalsubstrata, and are continuously fed by
nutrient-rich groundwater (Barica, 1975). Trout culture had proved impossible in
the most productive of these ponds because dense populations of bluegreen algae
accumulated in surface waters, presumably because they could not be grazed by
herbivores. Eventually, these bluegreen populations senesced and decayed, causing
total anoxia in surface water and killing the trout before they reached harvestable
size. Barica et al. (in press) added 7-14 g-Nm-3 week-1 as ammonium nitrate to
hypereutrophic prairie ponds and lakes where the accumulation and decomposition
of the b1uegreenalga Aphanizomenon jlos-aquae had caused trout kills to occur

*More detail about the Experimental Lakes AIea and its experiments may be found in several
papers in J. Fish. Res. Board Canada, (1971), 28(2) and (1973), 30(10) and in Canad. J. Fish.
Aquat. Sci. (1980), 37(3).
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Figure 7.1 Total nitrogen concentration in Lake 227. The addition of nitro-
gen was cut to one third in 1975. 0, whole lake annual average; -, epilim-
nion, ice-free season average
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almost every year. As a result of the nitrogen addition, small chlorophytes (Scene-
desmus and Oocystic sp.) prospered, replacing bluegreens and eliminating the fish
kill problem. Lower rates of addition caused reduction, but not complete elimina-
tion, of Aphanizomenon populations.

As a phosphorus-enriched lake becomes more eutrophic, the return of ammonia-
nitrogen from sediments also increases relative to phosphorus. In Lake 227,
ammonia released by epilimnetic sediments contributed 27 per cent of the total
supply of nitrogen to the epilimnion of the lake (Schindler et al., 1977). A further
supply of nitrogen would be from hypolimnetic ammonia release, though this
would only become availableafter overturn, in the spring and autumn of the year.

7.4 EFFECTS OF PHOSPHORUSON THE CARBONCYCLE

After a lake is enriched with phosphorus, photosynthesis is usually stimulated, so
that algae require more carbon to produce larger standing crops. In softwater lakes
which have a low concentration of dissolvedinorganic carbon (DIC), algaemay con-
sume a high proportion of the DIC content of the lake. Because50 to 90 per cent
of the DIC in such lakes is usually present as bicarbonate, an excess of hydroxyl
ions is generated by photosynthesis:

algae
t

HC03~ CO2~ OH-

As a result, the pH of such lakes usually increases. In extreme cases, pH values of
nine or even ten may result (Schindler et al., 1973). The gaseous CO2 content of
surface waters is depleted by photosynthesizing algaeto many orders of magnitude
below that of the overlyingatmosphere. This enormous gradient encouragesatmos-
pheric CO2 to enter the lake. The rate of entry is a function of turbulence and the
degree to which exchange is enhanced by chemical conversion of invading CO2 to
bicarbonate, which is greater at higher pH (Emerson, 1975).
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All species of photosynthetic algaehelp 'drive' this exchange process by main-
taining the CO2 gradient, in contrast to the requirement for 'specialist' bluegreen
algae,which are required to fIx atmospheric nitrogen.

For the fIrst few years after enrichment with phosphorus and nitrogen, primary
production in Lake 227 was limited for severalhours each day by the supply of
atmospheric CO2 (Schindler and Fee, 1973). However, algal standing crops were
maintained in proportion to total phosphorus concentrations. Maintenance of a
high standing crop of algae with low productivity implies that under such condi-
tions sinking, grazing or other mortality factors must be suppressed, as well as
photosynthesis, when DIC is low. In Lake 227, the suppressed factor appears to
have been the zooplankton population (D. Malley, personal communication). The
major crustacean speciesin the lake declined during the fIrst three years of fertiliza-
tion, and populations remained low after that time. Whilethe reason for the zoo-
plankton decrease is not known with certainty, it is thought to be due to the inhi-
bition of crustacean moulting which takes place at high pH (O'Brien and
deNoyelles,1972).

By 1974, after fIve years of enrichment, the DIC concentration in Lake 227 had
increased to the point where photosynthesis was no longer carbon limited.

The development of a CO2 gradient favouringinvasion of carbon to lakes from
the atmosphere is not confmed to the Experimental Lakes. CalculatingpC02 from
pH, temperature and alkalinity or total CO2, reveals that such gradients are com-
mon in eutrophic softwater lakes in summer (Schindler et al., 1975). Typically,
pH values of nine or more for such lakes indicate that surface waters are depleted
in gaseousCO2with respect to the atmosphere, so that invasionwill take place.

The enhanced production of organic matter, which follows phosphorus enrich-
ment, also causes changes in the decomposition of organic carbon. The degreeand
duration of hypolimnetic and sediment anoxia typically increase with accelerated
eutrophication, so that methanogenic fermentation replaces oxic metabolism as the
major decomposition pathway. Methane production becomes a signiftcant part of
the carbon cycle, at least when sulphate concentrations are low. The methane may
be converted to CO2 by oxidation, which is accomplishedbiologically (Rudd et al.,
1974). If methane oxidation occurs under ice, anoxic conditions may result,
causingsuffocation of fIshesand many other organisms.

I am left with the feeling that carbon is not the dynamic element which drives
the entire aquatic food web, as envisioned only a decade ago. Instead, carbon
appears to be a 'dutiful slave', which adjusts its cycle to enhance and support its
'master nutrient', phosphorus. This idea is not a new one (RedfIeld, 1958) but it
appears worthy of further examination. A similarsituation also may exist in terres-
trial ecosystems (see chapter 6).

7.5 EFFECTS OFPHOSPHORUSON TIIE SULPHURCYCLE

Algae typically contain about the same proportions of phosphorus and sulphur,
although concentrations of the latter element in the form of ionic sulphate are at
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Figure 7.2 Reactive silicate concentrations in Lake 227.
The line connects epilimnion values at spring overturn,
midsummer low, and autumnal overturn. The horizontal
lines are the mean epilimnion averages

least 1000 times more in freshwater. As a result, algalproduction has not been ob-
servedto cause significantdepletion of epilimnetic sulphate.

However, important changes in the sulphur cycle may occur in the anoxic
regions caused by phosphorus enrichment, as described above. Under anoxic con-
ditions, sulphate is biologically reduced to sulphide. The oxygen stripped from the
sulphate ion is used to drive the catabolism or organicmatter by sulphate-reducing
bacteria, which in turn stimulates the carbon cycle, as described below. Once in
sulphide form, the sulphur may be precipitated as FeS in lakes where the concen-
tration of iron is high, or accumulated in the hypolimnion as hydrogen sulphide
when iron is low. Concentrations of hydrogen sulphide may be high enough to
cause taste and odour problems in drinking water. Both of the above pathways
depend on the pH of lake water as well as on iron and sulphide concentrations.

7.6 EFFECTS OF PHOSPHORUS ON THE SILICON CYCLE

The addition of phosphorus to lakes often causesdepletion of the dissolvedsilicain
surface waters. The siliconis sedimented with sinkingdiatoms into the hypolimnion
and sediments, where most of it is released when the diatoms decompose. The
major chemical effect of phosphorus is thus a relocation of silicon from epilimnion
to hypolimnion during summer stagnation, followed by replenishment at overturn
(Figure 7.2; Parker and Edgington, 1976; Conwayet al., 1977).

As phosphorus inputs increase, the summer depletion of silica may be pro-
nounced enough to limit the size of diatom populations. Typically, nitrogen is also
in short supply, so that diatoms are replaced by bluegreen algae. The increasingre-
placement of diatoms in Lake Michiganby bluegreen algae during summer stagna-
tion with increasing phosphorus input has been meticulously documented by
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Figure 7.3 Sulphate reduction in the hypolimnion of Lake
223 before (1974) and during (1976-1978) acidification
(from Schindler et al., 1980)

Schelske and Stoermer (1972). They hypothesize that increased burial of diatoma-
ceous silicon which has resulted from the increased diatom production resulting
from high phosphorus input in the twentieth century has left Lake Michiganwith a
chronic silica deficit. Unfortunately, due to the paucity of historical silicadata for
the Lake in winter, the magnitude of this deficit is not accurately known.

7.7 EFFECTSOFSULPHURONTHECARBONCYCLE

Recent studies have implicated sulphuric acid as the most abundant pollutant
causing acid precipitation (e.g. Cogbilland likens, 1974; see also chapters 3 and 4).
Depletion of dissolvedinorganic carbon reservesin softwater lakes occurs as hydro-
gen ions in precipitation are buffered by bicarbonate:

atm
It + HC<J3-+H2C03 -+H2O + CO2t

As gaseous CO2 generated by this mechanism exceeds the solubility of this gas in
water, it is lost to the atmosphere. However,as described above, in anoxic hypolim-
nions or sediment waters, the sulphate increase which results from acidification
may cause increased sulphate reduction. This reduction process appears to be limi-
ted by sulphate concentrations in softwater lakes. In a whole-lakeexperiment, sul-
phate concentrations were increased by 4X, all of it was reduced to sulphide in the
course of a summer (Figure 7.3).

Sulphate reduction is thought to generate DIC according to the following reac-
tion (Stumm and Morgan, 1970):
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(CH2O)106(NH3)16H3P04 + 53S0t -+ lO6DIC+ 53S2-

+ 16NH3 + 106H2O + H3P04

The amount of carbon generated by this mechanism increases with the amount of
available sulphate (Figure 7.3). Almost all of the sulphideproduced by this reaction
precipitates as FeS, so that hydrogen sulphide concentrations in the hypolimnion
are usually undetectable (Schindler et al., 1980). Becauseiron concentrations in the
hypolimnion of Lake 223 reach several tens of milligrams per litre when anoxia
prevails, excess iron remains in the hypolimnion. In order to maintain charge
balance, DIC in the hypolimnion becomes stored as bicarbonate at a rate which
balances the permanent disappearance of iron sulphides (Schindler et al., 1980).
Due to the slow reaction of even amorphous FeS (Berner, 1970), not all of the pre-
cipitated FeS is redissolved and reoxidized at spring and autumn turnover, i.e. the
reaction is not completely reversiblewithin the short period when oxic conditions
prevail in the hypolimnion (R. B. Cook, unpublished data). As a result, the bicar-
bonate generated as described abovebecomes a permanent addition to the buffering
capacity of the lake. The proportion of total buffering appears to increase as the
sulphate concentration increases,which one would expect, as long as microbial sul-
phate reducers remain substrate limited and are not inhibited by high concentra-
tions of hydrogen ion or toxic trace metals. Iron concentrations alsomust be high
enough to precipitate sulphide efficiently. Whilea combination of such conditions
may not be common in the hypolimnions of softwater lakes, the same processes
may occur in sediments, which are typically anoxic below the top centimetre or so
even in epilirnnetic areas (Ben-Yaakov,1973; Howarth and Teal, 1979). Prediction
of the rate of reaction in such regions is hampered by our inadequate ability to pre-
dict diffusion of substances between sediments and overlyingwaters.

7.8 EFFECTS OF NITROGENANDCARBONON mE CYCLES
OF OTHERELEMENTS

Nitrogen and carbon were added to Lake 226SW.No artificial additions of phos-
phorus were made. No substantial changes in species,algal abundances or chemical
processeswere observed.

In a complimentary experiment, Lake 304 was rendered eutrophic by two years
of fertilization with phosphorus, nitrogen, and carbon. In the third year, phos-
phorus additions were not made, but fertilization with nitrogen and carbon contin-
ued. Algalspeciesand standing crops returned rapidly to valuesobserved before fer-
tilization.

Nitric acid has been implicated as constituting an average of 30 per cent of the
strong acid in polluted rain (Cogbill and likens, 1974; Galloway et al., 1976). As
for sulphuric acid, a major impact on the carbon cycle would be expected, due to
the effects of the hydrogen ion. If denitrified to dinitrogen, the nitrate ion could
supply permanent buffering as described above for sulphate reduced to sulphide.
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Such effects have not been studied. It appears that alteration of carbon and nitro-
gen inputs have little effect on the cycles of other elements. Oneindirect exception
might be the addition of enough decomposable organic matter to a water body to
generate anoxic conditions in the hypolimnion. Such conditions may occur when
pulp and paper effluents or wastes from sugarprocessingare dischargedinto water.
If the resulting anoxia causes sufficient decreases in redox potential at the mud-
water interface, phosphorus which has been bound to ferric iron may become
soluble as iron is reduced (Mortimer, 1941-42). 'Thisrelease does not alwaysaccom-
pany anoxic conditions. In the Experimental Lakes, where phosphorus appears to
be bound to organic materials in sediments (Jackson and Schindler, 1975), phos-
phorus is bound as strongly under anoxic as under oxic conditions (Schindler et al.,
1980). A recent study of the mechanismof phosphorus releasein Greifensee,Swit-
zerland, revealed that diagenesis of phosphorus-bearing inorganic minerals took
place under anoxic conditions (Imboden and Emerson, 1978), and it may be that
lakes with primarily mineral sediments react differently from those where sedi-
ments have high concentrations of organicmatter.

7.9 DISCUSSION

As we have seen, surprisingand sometimesundesirable changesmay occur in several
aquatic chemical cycles due to perturbations of one of them. Often the perturba-
tions are not even imposed directly upon the acquatic system. For example, alter-
ation of the atmospheric cycles of sulphur and nitrogen have caused major changes
in the aquatic carbon cycle via the acid rain phenomenon. Carbon originallystored
in lakes as bicarbonate is transformed to CO2 by reaction of acid with the bicarbon-
ate, then lost to the atmosphere. Phosphorus and nitrogen added as fertilizers to
terrestrial systems have made their way into aquatic systems, along with silicon ero-
ded from tilled soils. Acidification of terrestrial soils by acid precipitation is
thought to inhibit denitrification. 'This, plus the additional nitrate added with
acidic rain, has caused greatly increased inputs of nitrate to receiving waters.
Exchange of hydrogen ion from acid precipitation for aluminium in terrestrial soils
has caused large quantities of the latter element to be discharged into lakes and
streams, creating conditions lethal for fish (Cronan and Schofield, 1979; Baker and
Schofield, 1980). The aluminium also appears to cause precipitation of phosphorus
from lake water, possibly reducingthe productivity oflakes (Dickson, 1980).
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