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�Introduction


As has been succinctly described by Vallentyne (1974), a common result of misuse of the drainage basin and excessive nutrient loading of fresh waters is an accelerated eutro�phication; our lakes are literally turning into "algal bowls".  It has to be emphasized that the metabolism of all aquatic systems, and indeed of a major portion of the biosphere, is domi�nated by detrital metabolism.  Accelerated eutrophication leads to accelerated pelagial and littoral primary productivity with pro�gressive intensification of detrital metabolism, ef�fec�tively relegating lakes to "detrital bowls" in an opera�tional sense.  Metabolically medi�ated changes in the en�vironment leading to strata of prolonged an�oxia and attendant re�ductions in catabolism of detrital organic matter result in de�creased efficien�cies of utili�za�tion and deg�ra�dation of organic matter.  A conscientious individual must view these changes in his natu�ral environment with concern.  As the exploitative pressures of demo�phoric growth increase, man's concern must involve more than simply his aes�thetic val�ues and those of fu�ture gen�erations of humans.  The very survival of man centers on the wise utilization of fi�nite fresh�water resources; to think otherwise is naive and my�opic.





`Ecosystem' is the unit of natural organization in which all living organisms interact collec�tively with the physical chemical environment as one physical system.  Lakes are liv�ing eco�systems.  `Trophy' refers to the rate of supply of organic matter.  Lake ecosystems are complex, involving both terrestrial and aquatic photosynthesis, external and internal nutri�ents, grazer and detrital food webs, and aerobic and anaerobic metabolism.  Lake eco�system consists of two major compo�nents: the "aquatic" component which is the waterbody itself, and the "paralimnetic" component which consists of the drainage basin or watershed.  The paralimnetic component could be divided into a variety of land-use fractions (urban, agricul�tural, and wooded/wetland), soil groupings, slope classes, or other categories.  Likewise, the aquatic component could be divided into littoral zone; pelagic zone; benthic (profundal zone) boundary layer; sediments; and during summer stratification into epilim�nion, metalim�nion, and hypolimnion.





Most energy enters a small lake through terrestrial photosynthesis in the watershed (paralimnion).  About one half of the incident PAR (photosynthetically active radiation) is reflected and refracted at the lake surface, and much of the rest may be absorbed by lake water and organic matter dis�solved in it.  Terrestrial organic material affects physi�cal/chemical properties and processes of lakes, combines with products of aquatic photosyn�thesis to support lake food webs, and accumu�lates in lake sediments.  Autochthonous pro�duction by aquatic macrophytes (littoral zone  photo�synthesis) and phytoplankton (pelagic photosynthesis) is grazed by littoral invertebrates and pe�lagic zooplankton, then by forage fish preying on zooplankton, and finally by predatory fish (piscivores) on forage fish.  This trophic dynamic structure prevails in the littoral zone and tropho�genic pelagic zone of mesotrophic and eutrophic lakes.





"Life is energy".  All living organisms burn organic matter in a slow, controlled way:


Respiration


The respiration process can be simply depicted as follows:


				(CH2O)n  +  X   � EMBED Equation.2  ���   CO2  +  H2X


	Oxidation                         n(CH2O)   � EMBED Equation.2  ���   nCO2


		                                e-             � EMBED Equation.2  ���


	Reduction                             nX         � EMBED Equation.2  ���   nH2X





where (CH2O)n represents fuel (organic matter) and "X" represents the substance used to combust it (oxidant).  Respiration is an "oxidation-reduction" reaction where organic matter is "oxidized" to CO2 and another substance "X" is "reduced".  All organisms do this.  The only differentiating fea�ture is the substance (X) used to accept transferred energy ("terminal electron acceptor" [TEA]).  Organisms that require oxygen to combust organic matter (such as humans) perform aerobic respi�ration.  Many organisms do not require oxygen to com�bust organic matter.  Anaerobic respiration is the process by which organic matter is com�busted (oxidized) using an alternate TEA (to oxy�gen).  The alternate can be a variety of substances (X) which become reduced, and these al�ter�nates in the sequence in which they are used af�ter oxygen is depleted are first nitrate re�duction (NO3�SYMBOL 174 \f "Symbol"�N2 @ Eh�SYMBOL 187 \f "Symbol"�220 mv), manganese re�duc�tion (Mn+3�SYMBOL 174 \f "Symbol"�Mn+2 @ Eh�SYMBOL 187 \f "Symbol"�200 mv), iron reduction (Fe+3�SYMBOL 174 \f "Symbol"�Fe+2 @ Eh�SYMBOL 187 \f "Symbol"�120 mv), sulfur re�duction (S0�SYMBOL 174 \f "Symbol"�H2S @ Eh�SYMBOL 60 \f "Symbol"�-75mv), and fermentation [(CH2O)n�SYMBOL 174 \f "Symbol"�CHn (CH4) @Eh�SYMBOL 60 \f "Symbol"�-75mv].


�
Production


Production refers to new organic matter formed over a period of time plus losses to respiration, excretion, secretion, mortality, grazing, and predation.  As dis�cussed above, all living organisms obtain the energy of life by combustion of organic matter.  Autotrophs capture solar energy radiat�ing through air or water and store ("fix") captured energy as environmental redox potential (Eh) between the photosynthetic products, oxygen and organic matter.  Autotrophs essentially "make their own fuel" in a process called syn�thesis or production per the following equation which is the reverse of respiration:


		                 (CH2O)  +  Xn    � EMBED Equation.2  ���    CO2  +  nH2X


		    Reduction           nCO2   � EMBED Equation.2  ���   n(CH2O)


				               e-   � EMBED Equation.2  ���


			Oxidation        2X � EMBED Equation.2  ���   nX


The "photosynthetic process" (phototrophy) is also an oxidation-reduction reaction, but uses solar energy to reduce CO2 to organic matter.  In photosynthesis, X is oxygen and water is oxidized to oxygen.  Photosynthesis is not the only process which produces organic matter.  Chemolithotrophy synthesizes organic matter in the absence of light, and where for example X is sulfur, hydrogen sulfide is oxidized.  Organisms which do not produce their own fuel are dependent on organic mat�ter produced by autotrophs (heterotrophs).


Standing Crop, Biomass, and Productivity


Standing crop refers to the above-ground weight of organic matter which can be sampled or har�vested at any one time from an area.  Biomass is the weight of all living material in a unit area at a given time.  Biomass should be used for ecosystem analyses.  Productivity is the rate of produc�tion per unit time.  Biomass can be low, while productivity is high (e.g., when grazing and predation rates are high).  Likewise, biomass can be large, while productivity is low (e.g., when grazing and predation rates are low).


Eutrophication


Eutrophication is the response in water due to overenrichment by nu�trients, pri�marily phospho�rus and nitrogen, and can occur under natural or man�made (anthropogenic) conditions.  `Manmade' (or cultural) eutrophication, in the ab�sence of control measures, proceeds at an accelerated rate com�pared to the natural phe�nomenon and is one of the main forms of water pollution.  The resul�tant in�crease in fertility in af�fected lakes, reser�voirs, slow-flowing rivers and cer�tain coastal waters causes symptoms such as algal blooms, heavy growth of rooted aquatic plants (macrophytes), algal mats, de�oxygenation and, in some cases, un�pleasant odor, which often affects most of the vital uses of the water such as water supply, recrea�tion, fisheries (both com�mercial and recreational), or aes�thetics.  In short, man�made eutrophication of inland bodies of water becomes synonymous with the de�terioration of water quality and as such frequently causes ex�tra eco�nomic costs as well as de�preciation in property values.   In addition, lakes be�come unat�trac�tive for bath�ing, boating and other water oriented recreations.  Most often eco�nomically and socially impor�tant species, such as salmon�ids (e.g. trout, landlocked salmon) decline or disappear and are replaced by coarser fish of reduced eco�nomic/social value (e.g. perch, carp & min�now fam�ily).





External nutrient loading is important because it generally controls production in the trophogenic zone of the aquatic component (autochthonous production).  Terrestrial photo�synthesis produces and releases organic matter which also enters the aquatic component as either POM or DOM.  This allochthonous organic matter supports respiration in the aquatic component.  The loading of allochthonous POM and DOM is as important to aquatic respi�ration, trophic dynamics, and eco�system structure and function as nutrient loading which supports autochthonous production.  In small and/or shallow lakes, littoral pro�duction could constitute a large source of organic carbon that is external to the pelagic zone.  One could argue that the shallow littoral fringe surrounding the pelagic zone is an "emergent-submer�gent marsh", and is a paralimnetic component of the ecosys�tem.  Its major contribution to the organic pool comes at the end of the growing season, as does that from the terrestrial paralimnion.


Trophic classification (cf. Appendix B, titled Prediction of Lake Capac�ity/Lake Use/Primary Production)


Lakes in which most of the organic matter is from autoch�thonous sources are referred to as autot�rophic, whereas those dominated by the input of paralimnetic particulate organic matter (POM) and dissolved organic matter (DOM) are termed allotrophic.  Rodhe's scheme included Oligotrophic (low in both auto- and allotro�phic organic sources), eutrophic (dominated by autotrophy), dys�trophic (dominated by allo�trophy, brown coloured water), and mixotrophy (high in both auto- and allotrophic organic sources).  It has been pointed out that the "low productivity of dystrophic lakes" refers to planktonic productivity, and that littoral plants completely dominate as sources of dis�solved and particulate organic carbon.  This raises important questions (with lake management implications) regarding littoral productivity as a component of the aquatic ecosystem.





Trophic classification is most commonly performed using parameters which reflect pelagic phyto�planktonic autotrophy (total phosphorus [TP], chlorophyll, Secchi).  As com�monly used, trophic state indices (TSIs) refer to the level of planktonic autotrophy.  In lakes dominated by paralimnetic or littoral organic sources, the TSI will be low because autoch�thonous (pelagic, phytoplanktonic) production is low, e.g., dystrophic lakes.





On the other hand, respiration-based trophic indices include littoral production as autotrophy.  The anoxic factor, AF (Nürnberg 1984) relates areal oxygen deficit to lake surface area (facilitating comparison to areal autochthonous productivity).  Hutchinson (1957) presented a trophic classifi�cation scheme based on areal oxygen deficit rate.  Kort�mann et al. (1988) used the scheme by Hutchinson (1957), converting areal dissolved inor�ganic carbon (DIC) increment rate to oxygen deficit equivalents.  Use of these respiration-based approaches almost always indicates a higher degree of biological activity (trophy) than indices based on planktonic productivity parameters (TP, chlorophyll, Secchi).  A high areal oxygen deficit rate, DIC increment, or AF in lakes of moderate to low TSI (which is not un�common) indicates dominance by allotrophy and littoral autotrophy.  Car�bon dioxide is a common product of all respiratory processes: aerobic, anaerobic, and fermenta�tion.





Oligo-Eutro classification scheme


Oligotrophic lakes are poorly supplied with plant nutrients and support little plant growth.  As a re�sult, biological productivity is gener�ally low, the waters are clear, and the deepest layers are well supplied with oxygen through�out the year.  Mesotrophic lakes are intermediate in characteristics.  They are moderately well supplied with plant nutrients and support moderate plant growth.  Eu�trophic lakes are richly supplied with plant nutrients and support heavy plant growths.  As a re�sult, biological productivity is generally high, the waters are turbid because of dense growths of phyto�plank�ton, or contain an abun�dance of rooted aquatic plants; deepest waters exhibit reduced con�centrations of dis�solved oxygen during periods of re�stricted circulation.  The boundary categories of the above are ultraoligotrophy and hypereutrophy.  Eutrophic and the extreme condition of eu�tro�phy, hypereutrophic lakes are not de�sired by most citizens, ex�cept that they pro�vide excellent cases for scientific research into productivity.  It will be appropriate to point out here that the oxy�gen depletion in the bottom waters could occur even in lakes (with small hypolimniums) lesser pro�ductive than eutrophic lakes (e.g. oligo/mesotrophic).  The above does not cover the temporary turbidity problems as a result of poor construction practices within the watershed, which can be reduced to acceptable levels through sound construction/engineering practices.





It is generally found that the more eutrophic a waterbody is the greater its ten�dency to expe�rience water quality problems that impair its use as a domes�tic or indus�trial water supply, or for contact recreation.  Because of the associa�tion of the process of eu�trophication with water qual�ity im�pacts, and because in�creased aquatic plant growth is associated with increased input of aquatic plant nutrients, the term "eutrophication" is synonymous with "fertilization".


..........Lee and Jones


Trophic Structure- Food Web


Most energy enters a small lake through terrestrial photosynthesis in the watershed (paralimnion).  About one half of the incident PAR (photosynthetically active radiation) is reflected and refracted at the lake surface, and much of the rest may be absorbed by lake water and organic matter dis�solved in it.  Terrestrial or�ganic material affects physical/chemical properties and processes of lakes, combines with products of aquatic photosynthesis to support lake food webs, and accumu�lates in lake sediments.  Autochthonous production by aquatic macrophytes (littoral zone  photo�synthe�sis) and phytoplankton (pelagic photosynthesis) is grazed by littoral invertebrates and pe�lagic zooplankton, then by forage fish preying on zooplankton, and finally by predatory fish (piscivores) on forage fish.  This trophic dynamic structure prevails in the littoral zone and tropho�genic pelagic zone of mesotrophic and eutrophic lakes.





The detrital dynamic structure is often considered to be the decomposition process but is rarely recognized for its role in ecosystem energetics.  Most energy available in or�ganic matter that is grazed,or preyed upon, is not assimilated by the consumer; it becomes nonpredatory losses and enters the detrital system.  Aerobic and anaerobic heterotrophic bacteria use nonpredatory losses to support their respiration.  Heterotrophic bacteria are consumed (bactivory) by filter-feeders and detrital energy reenters the trophic dynamic structure.





Eutrophication is an ecosystem response to increasing nutrient availability.  The re�sponse not only involves increased autochthonous primary productivity, but also all other aspects of lake ecosys�tems, biotic and abiotic, autotrophic and heterotrophic, autochthonous and allochthonous.  Trophic level energy exchange operates at a transfer efficiency of ap�proximately 10-15%.  Ecological ef�ficiencies are low because the denominator of the effi�ciency ratio (predator/prey) contains much organic matter (nonpredatory losses) not assimi�lated by predators.  But this low efficiency does not reflect true ecosystem energetic effi�ciency (predatory/prey-nonpredatory losses).  Nonpreda�tory losses from all trophic levels enter the detrital system supporting a large biomass of het�erotrophic microflora.





Eutrophication is both beneficial and detrimental to fisheries.  Increasing the primary pro�duction of a waterbody will generally increase overall fish yield.  How�ever, changes in the quality of the fish�ery to favor those species that are generally less desirable in the North American culture may also be ex�pected to accompany this increase in yield, espe�cially at high trophic levels.  One of the most dra�matic ef�fects of this type is the loss of cold-water fish associated with deoxygenation of colder, hy�polimnetic waters due to bacterial de�com�position of algae.  Literature also cites re�duced grazing ability of carnivorous fish brought about by increased turbidity from increased amounts of phyto�plankton as well as suspended sediment.  Some highly eutrophic waterbodies also tend to pro�duce large popu�lations of stunted pan fish, which may be the result of inadequate predation on these fish aris�ing from the inability of predators to see them due to increased turbid�ity from planktonic algae and suspended sediment.





It is recommended that those concerned with eutrophication and fish�eries man�age�ment use the Vollenweider-OECD load-response models as an integral part of evaluat�ing potential management options.  They can be used to help develop management ap�proaches for a waterbody to optimize the yield of desirable species but not diminish other aspects of eutrophication-related water quality such as water supply quality, and recrea�tional and aesthetic quality.


Phosphorus


Phosphorus may enter a water body through the inflows, precipitation, dry fallout and from the sediments, and it may be removed by sedimentation and through the outflow.  Nitrogen has a more complex pathway.  In addition to the in�puts and outputs de�scribed for phosphorus, nitrogen can enter and leave a water body in the form of free nitro�gen gas (N2–) through atmospheric ex�change.  Carbon has been shown to diffuse into the water col�umn at rates sufficient to meet the needs of photosynthesizing cells.  Phosphorus, on the other hand, cycles between living and non�liv�ing particulate forms and the dis�solved form.  The different pathways of phosphorus, nitrogen and carbon in lake metabolism make phos�phorus the obvi�ous choice for eutrophication control.  A certain reduction of phos�phorus input will generally result in a greater reduction in algal biomass compared with the same re�duction of nitrogen.  Furthermore, the reduction of nitrogen input with�out a pro�por�tional reduction in phosphorus, creates low N/P ratio which favors nitrogen fixing nui�sance algae, without any reduction in algal biomass.





Total Phosphorus and not other phosphorus species, is considered the key variable for prac�tical rather than theoretical reasons.  Total phosphorus includes some or all of the following fractions: crystalline, occluded, absorbed, particulate organic, soluble organic and soluble inorganic phospho�rus.  Out of these fractions, the three biologically available phos�phorus fractions listed in order of de�creasing availability are soluble reactive phos�phorus (a mixture of dissolved inorganic and organic species), soluble unreactive phospho�rus (some include dissolved phosphorus fed by per�sulfate oxi�dation, and is available for phytoplankton by enzymatic hydralisation which frees organi�cally bound fractions), and "labile" phosphorus (associated with soil particles).  However, the term biologi�cally avail�able phosphorus still remains somewhat vague because it describes a mixture of phosphorus fractions of different avail�ability.





Vollenweider (1979) described the following sources which should be con�sidered as priori�ties in nutrient control measures in order of decreasing biological availability of phos�phorus as:  Ur�ban sewage + certain industrial effluents  �SYMBOL 224 \f "Wingdings"�  Erosional runoff  and Leaching from forests and agricul�tural areas.


Internal Loading of Phosphorus


Where suitable conditions develop at the water sediment interface, substances contained in the sediments, including nutrients, are released into the water column.  Below compensation depth (in the tropholytic zone), net oxygen consump�tion occurs in a eutrophic lake.  As alternate TEAs are consumed, Eh decreases.  Eh tends to decrease with greater depth in the water column and in sediments.  Once the Eh of the ferric-ferrous iron couple is reached (@ �SYMBOL 126 \f "Symbol"�120 mv, Kortmann & Rich 1994), both sol�uble ferrous iron and soluble phosphate accumulate.  If Eh continues to decrease, sulfate is reduced to sulfide (@ <-75 mv, Kortmann & Rich 1994), which can remove iron and per�manently reduce phosphate binding capacity, by interacting readily with ferrous iron to pro�duce ferrous sulfide (FeS).  If FeS precipitates to form pyrite (FeS2), ferrous iron is no longer suscepti�ble to oxidation to ferric iron with the return of aerobic conditions.  Bacterial reduction of ferric hy�droxy-phosphate complexes results in large amounts of soluble inor�ganic phosphorus and ferrous iron diffusing across the sediment-water interface causing in�ternal loading.  The relationships among sulfur, iron, and phosphorus binding capacity raises questions about potential impacts from increased sulfate loading by algicide applica�tions (copper sulfate), alum treatments (aluminum sulfate), and acid rain (sulfuric acid).  Ferrous iron is reoxidized when it encounters oxygen (from the trophogenic zone) to insol�uble ferric iron which binds with orthophosphate.  Accumulated hy�polimnetic phospho�rus can be transported to the trophogenic zone by eddy transport or wind mix�ing episodes, and can have dramatic effects on autochthonous production.





It is now widely recognized that the mixing processes (principally induced by wind force, some�times even by several high power motorboats) which occur between sediments and the overlying water play an impor�tant role in the overall phosphorus release from the sediments under both oxic and an�oxic conditions.  This seems to confirm that internal load�ing of phosphorus is a more seri�ous threat in shallow lakes than in deep lakes, where in the latter case, the sub�stances released are prevented from entering the epilimnium during peri�ods of ther�mal stratification.  Experience gained in various lake res�toration schemes sug�gests that the history of accelerated eutrophica�tion, that is, the length of time the lake has been eutrophied, has an important bearing on lake be�havior with respect to internal loading and phosphorus retention in the sediments.  Sediments re�main olig�otro�phic and only become gradually eutrophic, long after the water mass becomes highly eu�tro�phic (Schindler et al).  Con�versely, the highly eutrophic sediment would remain eutrophic long after the external load is reduced and would thus delay the recovery of the lake.  In some shallow highly eu�trophied lakes with a long his�tory with eutro�phication (Ryding and Fors�berg), 22 to 400% of the external phos�phorus load was released from the sediments after reduc�tion of the ex�ternal load.





Phosphorus is also released from lake sediments to well aerated water.  Jensen and Andersen (1992) have shown that Fe-bound P, when present in signifi�cant proportions in the sediment, may be a major source for internal P loading in shallow, eutrophic lakes, just as it may be in deeper, stratified lakes.  Holdren and Armstrong (1980) per Fricker (1981) quoted literature values of sedi�ment phosphorus release rates from several lakes in the United States for aerobic (0 to 13 mg P m-2day-1) and anaerobic conditions (0 to 50 [max. 150] mg P m-2day-1).


Phosphorus mobilization and transport


Two different mechanisms have to occur simultaneously or within a short space of time.  Firstly, P bound to particles or aggregates in the sediment must be mobilized by being transferred to the pool of dis�solved P (primarily phosphate) in the pore water.  Secondly, processes which trans�port the dissolved phospho�rus to the lake water must function.  Important mobiliza�tion processes are desorption, dis�so�lution, ligand exchange mechanisms, and enzy�matic hydrolysis.  These proc�esses are af�fected by a number of environ�mental fac�tors, of which redox potential, pH and tem�pera�ture are the most important.  Essential transport mechanisms are diffusion, wind-induced tur�bulence, bioturba�tion, and gas convection.  Redox-controlled dissolution and diffusion are consid�ered as the domi�nant mechanisms for P release from stagnant hypolimnetic bot�tom areas.  All the mobilization and transport processes can theoretically contribute to the overall P re�lease from sediments in shallow lakes.  At high temperatures microan�aerobic zones are formed very rapidly, and redox-controlled liberation of phosphate can occur to well-aerated water.  Wind-induced turbu�lences often have a dominating role among the transport processes.


Table A-1: Effects of important environmental factors on P mobilization (Boström et al., 1982)


Environmental parame�ter�
Effect on phosphorus mobilization�
�
Redox potential�
Fe-bound P is released at potentials below 200 mV when Fe(III) is re�duced to Fe(II).�
�
�
�
�
pH�
An increase in pH decreases the P-binding capacity of Fe and Al com�pounds, primarily due to ligand exchange re�actions where hy�droxide ions replace phosphate.  Calcite and apatite formation at higher pH-values increase the P-binding capacity of calcium.�
�
�
�
�
Temperature�
An increase in temperature gives primarily indirect ef�fects due to in�creased bacterial activity, which increases oxygen con�sumption and de�creases the redox potential and pH-value.  The production of phos�phate-mobilizing enzymes and chelating agents might in�crease ac�cord�ingly.�
�
�
�
�
Equilibrium criteria�
Affects adsorption-desorption and dissociation of precipi�tates.�
�
�
�
�
Chelating agents�
Replace phosphate from salts with calcium, iron and aluminum.  Chelat�ing agents can be produced by bacteria and algae or oc�cur as a pollutant.�
�
�
Nitrogen Transformations


Although availability of phosphorus is most often limiting to aquatic plants, quantities and forms of nitrogen can influence phosphorus avail�ability and the type of biotic response to a given phospho�rus level.  Transformations be�tween various nitrogen compounds in the nitrogen cycle of aquatic ecosystems offer signifi�cant management potential for lakes.  Most phytoplankton which create nuisance bloom conditions are capable of nitrogen fixation and are not dependent on dissolved combined forms of nitrogen.  Nitrogen fixation occurs only in bacterial cells (bluegreen algae are pro�karyotic, unlike other phytoplankton which are eukaryotic), however nitrogen fixation is in�hib�ited by high cellular ammonia content.





Of the combined forms of nitrogen the most important are ammonia and nitrate.  The reactant (ammonia) is not derived from a respiration process.  Decomposition of organic matter results in release and accumulation of ammonia.  Ultimate sources of ammonia in�clude nitrogen fixation and assimilation in the aquatic and paralimnetic ecosystem compo�nents.  Under aerobic condi�tions, ammonia is oxidized in a two step process called nitrifica�tion first to nitrite, then to nitrate.  Under anaerobic conditions nitrification of ammonia to nitrate does not occur, and ammonia accu�mulates often at the bottom of lakes.  Much of the historic difficulty with quantifying total oxygen demand (and sizing of aeration systems) can be attributed to this "ammonia anomaly".  Total oxy�gen demand includes respiratory de�mand and nonrespiratory demand (e.g., chemosynthesis).





Nitrate is the first alternate TEA used in anaerobic respiration when oxygen is ex�hausted.  As long as nitrate remains available, the Eh remains above that required for iron reduction and subsequent sediment phosphorus release from ferric hydroxy-phosphate complexes in sediments.  Enhancing nitrification of ammonia to nitrate, and subsequent use of nitrate in denitrification, can stabilize Eh and reduce internal phosphorus loading.


Chlorophyll a


Chlorophyll a is considered the principal variable to use as a trophic state indi�ca�tor.  There is generally a good agreement between planktonic primary production and al�gal biomass, and algal biomass is an excellent trophic state indica�tor.  Fur�thermore, algal biomass is associated with the visible symptoms of eutro�phication, and it is usually the cause of the practical problems resulting from eutro�phication.  Chlorophyll a is relatively easy to measure compared to algal biomass.  One serious weakness of the use of chlorophyll a is the great variability of cellular chlorophyll content (0.1 to 9.7 % of fresh algal weight) depend�ing on algal species.  A great variability in individual cases can be expected, either seasonally or on an annual ba�sis due to a species composition, light conditions and nutrient (particularly nitrogen) availability.





Chlorophyll a is to be measured within the euphotic zone.  Simply, the euphotic zone is de�fined as the depth at which the light intensity of the photosyn�thetically active spectrum (400-700 nm) equals 1% of the subsurface light intensity (from photometric measurements with a Spherical Quantum Sensor and a DataLog�ger).  It is desirable to use a spherical quantum sensor (4�SYMBOL 112 \f "Symbol"� type).  Where this infor�mation is not available, a Secchi disc reading (in meters) in which Ze= 2.5 Secchi may be used (OECD).





Caution:  The relationship between phosphorus and algal chlorophyll (i.e. algal biomass) is a log-log plot of the data, and there is considerable scatter to the linear data, in�dicating effects from other factors in the pelagic environment, such as light, nitrogen, or zooplankton grazing, in limiting algal biomass.  This also in�di�cates that there can be wide variation in the expected chlorophyll from any given phosphorus concentration.


�
Secchi disc 


The Secchi disc (20 cm disc with alternate black and white quadrants) trans�parency measure�ment is perhaps one of the oldest and simplest of all meas�urements.  But there is grave danger of errors in such measurements where a water telescope is not utilized, as well as in the presence of water color and inorganic tur�bidity.


Hypolimnetic oxygen depletion rates 


In addition to chlorophyll a, planktonic primary production and hypolimnetic oxygen depletion rates are desirable as trophic state indicators.  In contrast to daily rates of primary production which have a very high short-term vari�ability and are difficult to meas�ure, hypolimnetic oxygen de�pletion has a low short-term variability and is relatively easy to measure.  However, the said oxygen deple�tion measure�ments can be obtained in deep lakes only, which eliminates a large number of shal�low lakes from consideration.  An�aerobic hy�polimnetic conditions caused by over�fertilisation are one of the undesirable ef�fects of eutro�phication.  To avoid erroneous conclusions concerning trophic state, the precedent setting interna�tional OECD studies caution the following:  Lakes with high in�puts of alloch�thonous organic matter or lakes where water color is over 10 pt. units, should not be used for oxy�gen deficit calculations.  In addition, only lakes with a well-defined ther�mocline (> 1 C/m) at the end of the summer stratification are to be considered, and the hy�polimnium was de�fined as be�ginning downwards from the depth of the inflection point during the two months pre�ceding the on�set of the fall overturn.  In addition, only lakes where the hypolimnetic to epilimnetic volume ratio is at least 1.5 were considered.





Measurement of DIC increment yields a more comprehensive estimate of total hy�polimnetic respi�ration than oxygen consumption rate.


Compensation depth 


Compensation depth is the depth at which photosynthetic oxygen production by phytoplankton is balanced with respiratory demand for oxygen.  The depth to which 1% in�cident PAR penetrates approximates the compensation depth in a eutrophic lake, which is the boundary between the tro�phogenic (above) and trop�holytic zones (below).  Compensa�tion depth can be estimated by mul�tiplying Secchi disk depth by between 1.6 and 2.4, de�pending on light attenuation in lake water due to color, dis�solved organic matter, etc.


The Ascent of Compensation Depth


The Ascent of Compensation Depth:  As eutrophication advances, transparency de�clines, and compensation depth ascends, which leads to process changes.  When anoxia reaches the upper metalimnetic boundary, and the trophogenic zone becomes more shallow than the epilimnetic mixing depth, abrupt shifts in the phytoplankton community occur.  Epilimnetic Cyanobacteria be�come dominant.  Epilimnetic loading of bottom-generated constituents increases, and critical zooplankton refuge habitat is lost.  A shift from metalim�netic communities (e.g., Oscillatoria sp. which can perform phototrophy, chemotrophy, and heterotrophy) to epilimnetic Cyanobacteria blooms (e.g., Anabaena sp.) may occur as eu�trophication advances.  As compensation depth as�cends above the thermocline in a eutro�phic lake, internal structure shifts from "control by diffu�sion" to "control by light penetra�tion".  Photosynthetic oxygen production occurs only in more shallow waters, nitrification and subsequent denitrification in deeper strata declines; ammonia ac�cumulation intensifies.





As autochthonous production intensifies, the organic load to the detrital dynamic structure in�creases, favoring bactivory (e.g., by Bosmina sp.) over phytoplankton grazing (e.g., by Daphnia sp.).  The shift in dominance from trophic to detrital components may be�come more pronounced due to a decline in suitable habitat for piscivorous fish, an over�abundance of zooplanktivorous fish, and decline in grazer refuge habitat.  Watershed nutri�ent loading affects the entire structure and function of the lake ecosystem, not simply in�creased primary production.  Preventing spatial separation between the trophogenic boundary and epilimnetic-metalimnetic interface (mixing depth) is critical to manag�ing trophic quality (especially buoyancy controlled Cyanobacteria), and can be achieved by reducing autochthonous production by reducing nutrient influx and/or by in-lake methods.





Toxic and Potentially Hazardous Substances


While the aforementioned sections clarify the role of nutrients in eutrophication, it is recog�nized, however, that along with an increased trophic response, other harmful effects of cer�tain sub�stances are part of the overall problem of man-made (cultural) eutrophication.  Some of these sub�stances such as trace elements were always pre�sent in low quantities in aquatic systems supplied in the basic natural load, but with accelerated eutrophication, the increased amounts supplied, ac�cumulated and recy�cled in the aquatic system cause problems.


Other substances, mainly organic compounds of an anthropogenic nature, originating from pesti�cides, paints and other chemicals, also enter into water courses and add to the problem.  These substances are usually found in very low concentra�tions in water but they can accumulate in ani�mal tissues and persist in a water body.


Trace Elements


Mercury, lead, arsenic, cadmium, selenium, copper, zinc, chro�mium, and vanadium could cause serious local problems near point sources of industrial re�leases.  The additive and synergistic ef�fects of the mixture of heavy metals can further in�crease the hazard to aquatic life.  Mercury and lead rank highest with respect to real or an�ticipated environmental hazard.  Both of these ele�ments can be converted by the process of methylation by microorganisms into methyl mer�cury and methyl lead, which are strong hu�man nerve poisons.


Organic Compounds


Organochlorine pesticides such as DDT, Aldrin-di�eldrin, chlordene, polychlorinated biphenyls (PCBs) are extremely persistent chemi�cals and have the ability to bioac�cumulate.  These sub�stances are known to cause re�productive failure in fish-eating birds, either by failure of eggs to hatch or by the production of non-viable off�spring.


Microorganisms


Pathogenic organisms can enter water systems from direct sewage dis�charge, sewer overflows and septic system failures.  Depending on the size of the water body, they can cause health haz�ards in nearshore regions or they can affect the whole water body.


�
References


Bishop, Pam. 1998.  Phytoplankton Assemblages and Their Ecological Preferences in 10 Lakes within the Halifax Regional Municipality (HRM) and the Hants County, NS, Canada. Proj�ect-D1. (10 lakes: HRM-Eastern Region: Lakes Charlotte, Eagle, Paces, and Winder; HRM-Central Region: Lakes Kearney, and Paper Mill; HRM-Western Region: Lakes Moody, and Wrights; Hants Co.: Lakes Lewis, and Pigott).  x, 83 p.


Bloesch, J., J. Armengol, F. Giovanoli, and H.-H. Stabel. 1988.  Phosphorus in sus�pended and settling particulate matter of lakes. In Procs. of the first interna�tional workshop on sedi�ment phosphorus, Advances in Limnology, Archiv Für Hydrobiologie, Organ der Interna�tionalen Vereinigung für Theoretische und Angewandte Limnologie.  30: 84-88.


Boström, B., M. Jansson, and C. Forsberg. 1982.  Phosphorus release from lake sediments. In Arch. Hydrobiol. Beih. Ergebn. Limnol.  18: 5-59.


Canadian Council of Ministers of the Environment. Updated 1992.  Canadian Water Quality Guide�lines.  Environ�ment Canada.


Carmichael, W.W. 1992.  A Status Report on Planktonic Cyanobacteria (Blue-Green Algae) and Their Toxins. USEPA # EPA/600/R-92/079.  141 pp. (includes 867 references)


Clean Lakes Program Guidance Manual. 1980. EPA 440/5-81-003. U.S.E.P.A.  264 pp.


Dillon, P.J. and F.H. Rigler. 1975.  A Simple Method for Predicting the Capacity of a Lake for De�velopment Based on Lake Trophic Status. J. Fish. Res. Board Can.  32: 1519-1531.


Dillon, P.J., K.H. Nicholls, W.A. Scheider, N.D. Yan, and D.S. Jeffries. 1986.  Lakeshore Ca�pacity Study. Trophic Status. Min. of  Mun. Affairs, Ontario.  90 pp.


Dillon, P.J., W.A. Scheider, R.A. Reid, and D.S. Jeffries. 1994.  Lakeshore capacity study: Part I- Test of effects of shoreline development on the trophic status of lakes. Lake and Reserv. Manage.  8(2): 121-129.


Engel, S. 1985.  Aquatic community interactions of submerged macrophytes.  Wis. Dept. of Nat. Res.  Tech. Bull. No. 156.  79 pp.


Fricker, H. 1981.  Critical evaluation of the application of statistical phosphorus loading models to Alpine lakes. Diss. ETH Nr. 6883, Swiss Federal Institute of Technology Zurich.  119 pp.


Hart, W.C., R.S. Scott, and J.G. Ogden III. 1978  A phosphorus loading model for lakes in the Shuben�acadie Headwaters.  Tech. Rpt. 2.  34 pp.


Haynes, R.C. 1988. Deptt of Env. Qual. Engg., Commonwealth of Massachusetts.  An In�troduction to the Blue-Green Algae (Cyanobacteria) with an Emphasis on Nuisance Species.  North Am. Lake Manage. Soc.  19 pp.


Hutchinson, G.E. 1957.  A treatise on limnology v.1. Geography, Physics and Chemistry. Wiley.  1015pp.


Hutchinson, G.E. 1967.  A treatise on Limnology v.2. Introduction to Lake Biology and the Limno�plankton. John Wiley & Sons.  1048pp.


Hutchinson, G.E. 1975.  A treatise on limnology v.3. Limnological Botany. Wiley.  660pp.


Hutchinson, G.E.  A treatise on limnology v.4. The Zoobenthos. Wiley.


Hynes, K.E. 1998.  Benthic Macroinvertebrate Diversity and Biotic Indices for Monitoring of 5 Ur�ban and Urbanizing Lakes within the Halifax Regional Municipality (HRM), Nova Sco�tia, Canada. Project-D2. (Lakes Kearney [Halifax], McGrath [Brookside], Morris [Dartmouth], Springfield [Sackville], and Wrights [Hubley]).  xiv, 115 p.


Janus, L.L., and R.A. Vollenweider. 1981.  The OECD Cooperative Programme On Eutro�phica�tion. Summary Report. Canadian Contribution. Canada Center for Inland Wa�ters, Burling�ton.  392 pp (draft)


Jensen, H.S., and F.Ø. Andersen. 1992.  Importance of temperature, nitrate, and pH for phosphate release from aerobic sediments of four shallow, eutrophic lakes.  In Lim�nol. Oceanogr.  37(3): 577-589.


Jones R.A., and  G.F. Lee. 1986.  Eutrophication Modeling for Water Quality Man�age�ment: An Up�date of the Vollenweider- OECD Model.  In WHO- Water Quality Bulletin.  11(2): 67�74, 118.


Jørgensen, S.E., 1980.  Lake Management. Vol.14. Pergamon Press.  167 pp.


Jørgensen, S.E., and R.A. Vollenweider. Editors. 1989. Guidelines of Lake Man�agement. Vol.1. Principles of Lake Management. Int. Lake Env. Comittee. U.N. Env. Pro�gramme.  200 pp.


Jørgensen, S.E., and H. Löffler. Editors. 1990. Guidelines of Lake Management. Vol.3. Lake Shore Man�agement. Int. Lake Env. Committee. U.N. Env. Pro�gramme.  174 pp.


Klessig, L.L., and R.M. Korth. 1990.  A Guide to Wisconsin's Lake Management Law.  Wis. Dept. of Nat. Res.  48 pp.


Kortmann, R.W. 1988.  Septic systems and how they affect lakes (or all you never knew about septic tanks and the environment).  N. Am. Lake Manage. Soc. Lake Line 8(6): 8-11, 18-19.


Kortmann, R.W., M.E. Conners, G.W. Knoecklein, and C. Bonnell. 1988.  Utility of layer aeration for reservoir and lake management. In Lake Reserv. Manage. 4: 35-50. pgs from Aeriation of Stratified Lakes: Theory and Practice this LPM issue.


Kortmann, R.W., and P.H. Rich. 1994.  Lake ecosystem energetics: The missing manage�ment link. In Lake and Reserv. Manage.  8(2): 77-97.


Lee, G.F., and Jones, R.A.  Effects of Eutrophication on Fisheries. Manuscript (published in Re�views in Aquatic Sciences).  25 p.


Linden et al. 1984.  Smallmouth Bass.


Mackie, Gerald L. 1998.  Applied Aquatic Ecosystem Concepts. University of Guelph Cus�tom Coursepack.  12 chapters, Index.


Mandaville, Shalom M.  Predictive Phosphorus Modelling of several lakes & ponds within the Halifax Regional Municipality (HRM), and Hants County, Nova Scotia, Canada (includes electronic media of the Predictive Models (can be used to obtain answers to “what if”), and extensive historic field data.--{Ongoing- 664 lakes & ponds completed to date}.


Mayhew, J. 1963.  Thermal stratification and its effects on fish and fishing in Red Haw Lake, Iowa.  Biol. Sec., State Cons. Comm.  24 pp.


Molot, L.A., and P.J. Dillon. 1991.  Nitrogen/phosphorus ratios and the prediction of chlo�rophyll in phosphorus-limited lakes in central Ontario.  In Can. J. Fish. & Aq. Sc.  48(1): 140-145.


North American Lake Management Society. 1988.  Water Quality Standards for Lakes. A Survey. Preliminary Report.  129 pp.


Nürnberg, G.K. 1984.  The prediction of internal phosphorus load in lakes with anoxic hy�polimnia. In Limnol. Oceanogr.  29(1): 111-124.


Olem, H. and G. Flock, eds. 1990.  Lake and Reservoir Restoration Guidance Man�ual. 2nd edi�tion. EPA 440/4-90-006. Prep. by N. Am. Lake Manage. Soc. for U.S.E.P.A.  326 pp.


Ontario Ministry of the Environment.  Water Management, Nov. 1978, rev. May 1984.  Provincial Water Quality Objectives and Guidelines, July 1991.


Organization For Economic Co-Operation And Development (OECD). 1982.  Eu�trophi�ca�tion Of Waters.  Monitoring, Assessment And Control.  156 pp.


PLUARG. 1978.  Environmental Management Strategy for the Great Lakes System. Final Report to the International Joint Commission.  173 pp.


Rast, W., and Lee, G.F.  1978.  Summary Analysis of the North American (US Por�tion) OECD Eu�trophication Project: Nutrient Loading Lake Response Rela�tion�ships and Trophic State Indi�ces. Corvallis Environmental Research Lab., Cor�vallis, Ore�gon. EPA 600/3-78-008.  454 pp.


Reckhow, K.H. 1979.  Quantitative techniques for the assessment of lake quality.  EPA�440/5�79�015.  146 p.


Reckhow, K.H., M.N. Beaulac, and J.T. Simpson. 1980. Modeling Phosphorus loading and lake re�sponse under uncertainty: A manual and compilation of ex�port coefficients. EPA 440/5-80-011. U.S.E.P.A.  214 pp.


Reckhow, K.H., and J.T. Simpson. 1980.  A procedure using modeling and error analysis for the prediction of lake phosphorus concentration from land use in�formation. Can. J. Fish. Aq�uat. Sci. 37: 1439-1448.


Ryding, S.O., and W. Rast. Editors. 1989. The Control of Eutrophication of Lakes and Reser�voirs. UNESCO, Man And The Biosphere Series. Vol.1. The Parthe�non Pub�lishing Group.  314 pp.


Sherwood, Allison. 1994.  The Epiphytic Diatom Flora of Russell Lake and Settle Lake (Dartmouth, Nova Scotia).  15 leaves, appendices.


Sherwood, Allison. 1994.  An Ecological and Taxonomic Examination of the Epiphytic Dia�tom Flora of Four Halifax County Lakes.  49 leaves, maps, appendices..


Shubenacadie-Stewiacke River Basin Board. 1980.  Final Report. A joint federal provincial project. N.S. Deptt. of Env.  73 p.


Soil & Water Conservation Society of Metro Halifax. 1991.  Limnological Study of Twenty Seven Halifax Metro Lakes.  136 leaves: ill., map.


Soil & Water Conservation Society of Metro Halifax.. 1992.  Theoretical Phosphorus Loading in 27 Halifax County Lakes (Phase-A1 Limnology project).  vi, 71 leaves: ill., maps.


Soil & Water Conservation Society of Metro Halifax.. 1992.  Phytoplankton Assemblages in Six Halifax County Lakes (Phase-A2 Limnology project).  ii, 56 leaves: ill.


Soil & Water Conservation Society of Metro Halifax. 1993.  Theoretical phosphorus load�ing to 25 Halifax Metro Lakes (Phase-B2 Limnology project).  x, 125 p.: ill., maps.


Soil & Water Conservation Society of Metro Halifax. 1993.  Phytoplankton Assemblages in 21 Halifax Metro Lakes (Phase-B3 Limnology project).  x, 120 p.: ill., maps.


Soil & Water Conservation Society of Metro Halifax. 1993.  Compendium of Synopsis and Briefs, being extracts from credible literature in Theoretical/Applied Limnology with emphasis on Lake Restoration/Management.  135 p.: ill.


Soil & Water Conservation Society of Metro Halifax. 1993.  Compendium of briefs on 7 Halifax Metro Lakes, (Stage-IIA [1991-93] protocol).  xiv, 234 p.: ill., maps.


Stauffer, R.E., and S.A. Peterson. 1981.  Sampling strategies for estimating the magnitude and importance of internal phosphorus supplies in lakes.  Corvallis Env. Res. Lab., USEPA.  EPA 600/3-81-015.  89 p.


Urbonas, B., and W.P. Ruzzo. 1985.  Standardization of Detention Pond Design for Phos�phorus Removal.  In Procs. NATO Advanced Research Workshop, France, Aug. 1985. NATO ASI Series, Vol. G10.  Springer-Verlag. 1986.


U.S. EPA. 1976.  Areawide Assessment Procedures Manual. Vols I-III. Municipal Environ. Res. Lab., Cin�cinnati, Ohio.  EPA-600/9-76-014.


U.S. EPA. 1978.  Lake Restoration. Procs. of a Nat. Conf. 1978. EPA 440/5-79-001.  254 pp.


U.S. EPA. 1980.  Clean Lakes Program Guidance Manual. Office of Water Regula�tions and Stan�dards, Washington. EPA-440/5-81-003.


U.S. EPA. 1990.  Volunteer Water Monitoring: A Guide For State Managers.  EPA 440/4-90-010.  78 pp.


U.S. EPA. 1991.  Volunteer Lake Monitoring: A Methods Manual.  EPA 440/4-91-002.  122 pp.


Uttormark, P.D., J.D. Chapin, and K.M. Green. 1974.  Estimating Nutrient Loadings of Lakes from Non-Point Sources. U.S. EPA. EPA 660/3-74-020.  112 pp.


Vallentyne, J.R. 1974. The Algal Bowl. Lakes And Man. Misc. Spe�cial Publica�tion 22. Dept. of the Environment, Fisheries and Marine Services, Ottawa.  185 pp.


Vokey, Joanne. 1998.  Development of Unit Urban Phosphorus Export Coefficients in the Local Watersheds of 2 Mesotrophic Lakes within the Halifax Regional Municipality (HRM), NS, Canada. Project-C. (2 Lakes: Settle and Bissett).  viii, 51 p.


Vollenweider, R.A. 1968.  Scientific fundamentals of the eutrophication of lakes and flow�ing wa�ters, with particular reference to nitrogen and phosphorus as factors in eutro�phication. OECD, Paris. Tech. Rpt. DA 5/SCI/68.27.  250 pp.


Vollenweider, R.A., and P.J. Dillon. 1974.  The application of the phosphorus loading con�cept to eutrophication research. NRC, Canada. NRCC No. 13690.  42 pp.


Vollenweider, R.A., Editor, J.F. Talling, and D.F. Westlake. 1974.  A Manual on Methods for Meas�uring Primary Production in Aquatic Environments. IBP Handbook No. 12. Second Ed. Int. Biological Programme, London. Blackwell Scientific Publns., Ox�ford.  225 pp.


Vollenweider, R.A., and J.J. Kerekes. Draft. April, 1980.  Synthesis Report. OECD Coop�erative Programme On Monitoring Of Inland Wa�ters, (Eutrophication Control).  290 pp.


Vollenweider, R.A., and J.J. Kerekes. 1981. Environment Canada.  Background and Sum�mary Re�sults of the OECD Cooperative Program on Eutrophication. In Restoration of lakes and inland waters. Int. Symp. on Inland Wa�ters and Lake Restoration. Sept. 8-12, 1981. Port�land, Maine. EPA 440/5-81-110.  25-36.


Walker, W.W. 1988.  Lake/Reservoir Sampling Design Worksheet (Disk). LRS�D.WK1. Mass.


Walker, W.W. 1988.  Reservoir Eutrophication Modeling Worksheet (Disk). CNET.WK1. Mass.


Walker, W.W. 1987.  Empirical Methods for Predicting Eutrophication in Im�poundments, Report 4: Applications Manual (Disk). BATHTUB. U.S. Army Corps of Engineers. Tech. Rep. E-81-9.


Waller, D.H. 1968. Selected information about reported research on the subject of pollution due to storm water and overflows from combined sewage. Tech. Rpt.1. N.S.Tech. College.  30 pp. 


Waller, D.H. 1977.  Effects of urbanization on phosphorus flows in a residential system.  UNESCO IAHS-AISH Publn.  123:  52-58.


Waller, D.H., and W.C. Hart. 1985. Solids, Nutrients, And Chlorides in Urban Run�off.  NATO ASI Series, G10. Springer-Verlag. 1986.  59-85.


Wedepohl, R.E., D.R. Knauer, G.B. Wolbert, H. Olem, P.J. Garrison, and K. Kep�ford. 1990.  Monitoring Lake and Reservoir Restoration. EPA 440/4-90-007. Prep. by N. Am. Lake Man�age. Soc. for U.S.E.P.A.  142 pp.


Wetzel, R.G. 1983.  Limnology. Second Edition. Saunders College Publishing.  860 pp.


Wetzel, R.G., and G.E. Likens. 1991.  Limnological Analyses. 2nd Ed. Springer-Verlag.  392 pp.





�PAGE  �A—14�


Ap
