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ABSTRACT

Thereisaresurgence of interest in controlling the excessive fertilization (eutrophication) of surface waters
inorder to protect domestic water suppliesand other beneficid uses of waters fromimparment (pollution)
by excessve growths of agae or other aguatic plants whose growth is stimulated by nitrogen and
phosphorus. An area of particular concern is the nutrients added to waterbodies through the land
gpplication of inorganic fertilizers and management of domestic wastewater dudges (biosolids), anima
manure, and compost that could lead to surface and ground water pollution. With the development of
TMDLsto control excessve fertilization of waterbodies and the emphasis on protecting domestic water
supply watersheds from pollution (source protection), the use of fertilizers as well asthe regulation of the
management of waste residues on land needs to be focused on controlling surface and ground water
pollution. Thosewho fertilizelands as part of crop production aswell those who dispose of wasteresidues
(biosolids, anima manure, and compost) on land will be required as part of nutrient TMDL s to conduct
comprehengve, rdiable monitoring programs to ensure that the fertilizer nutrientsand the condituentsinthe
waste do not cause pollution — impairment of uses — of surface and ground waters associated with the
waste management activities. The current federal and state regulatory agency guidance on management
of biosolids needs to be amended to incdlude a monitoring program to determine if nitrogen, phosphorus
and, for that matter other congtituents, in the biosolids cause surface or ground water pollution. It is
important that the groundwater monitoring program be pro-active in detecting pollution before the
groundwaters are polluted, such as through the use of unsaturated flow monitoring of the groundwater
underlying the areas receiving the waste resdues.

This paper provides guidance onthe use of the OECD eutrophication study resultsto eva uate the potential
impacts of nutrient releases from agricultural lands and other sources on the eutrophication related water
quality inmany typesof waterbodies. 1t aso providesguidance on how to establish alowable nutrient loads
to waterbodiesto protect the eutrophicationrel ated designated beneficid uses. Particular attentionisgiven
to ngthewater qudity significance of nitrogenand phosphorus present instormwater runoff/irrigation
return waters from the areas that receive land gpplication of inorganic fertilizers and waste resdues. It
discusses monitoring programs needed to ensure that land gpplication of inorganic fertilizers and waste
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residues do not cause or contribute to impairment of the beneficid uses of surface or ground waters for
domestic water supply, for the propagation of aquatic life, and/or for recreationa purposes.

KEYWORDS
inorganic fertilizer, nitrate, phosphate, land application, biosolids, anima manure, compost, water quality
impacts, eutrophication.

INTRODUCTION

Aspart of implementing the CleanWater Act requirementsfor Total Maximum Dally Loads (TMDLSs), the
US EPA (1999) and many states are developing control programs for aquatic plant nutrients (nitrogenand
phosphorus compounds) inwastewater discharges, irrigationreturn/drainage water and stormwater runoff.
Many waterbodiesin the US are dready listed as 303(d) “impaired” because of excessve aquatic plant
growth in surface waters; the number of lidings of this type will likdy increase sgnificantly when the US
EPA (1998, 2000a) and the states develop chemica-specific water qudlity criteria for nitrogen and
phosphorus compounds intended to control excessive fertilization of waterbodies. Also of concernisthe
potentia for nitrogencompoundsinvarioustypesof fertilizersand wastes derived frommunicipd, industrid
and agriculturd activitiesto cause groundwater pollution. In many stuations shallow groundwatersthat are
polluted by nitrate, discharge to nearby watercourses and thereby increase the nutrient load to those
waterbodies.

Agricultura activitiesthat lead to greater nitrogen and phosphorus discharges to surface waters compared
to nutrient fluxes from undevel oped, native land are under increased scrutiny. Of particular concernisthe
useof inorganic and organic fertilizers for enhanced crop production. Thisstuationwill dicit evauation of
land-based waste management, such as of biosolids (sewage dudge), compost, and manure. Whileitis
argued that the nitrogen in biosolids or compost should not be tregted any differently from the inorganic
nitrogen used for crop production, in redity, because of the opposition to the use of biosolids in crop
production, lands that receive biosolids could readily be subjected to grester restriction because of their
being asource of nitrogenand phosphorus thet leads to excessive fertilization in waterbodiesrecaving the
runoff/discharges.

This paper reviewsissuesthat should be evaluated in connectionwiththe use of inorganic fertilizersand the
land application of biosolids and other waste solids that are high innutrients. Whilethefocus of the paper
ison agriculturd areas as sources of nutrients, it is equaly gpplicable to municipd and industrid wastewater
discharges and urban sormwater runoff. Much of what is presented herein is gpplicable to evauating the
gopropriate use and regulation of fertilizers on urban resdential and commercid properties.

This paper aso provides an overview discussion of the authors and their associates work devoted to
developing and applying the Vollenweider-OECD eutrophication modeling approach for managing
excessve featilization of waterbodies. As discussed and demonstrated, this approach is an extremely
powerful and relidble tool that can be readily used to help determine the degree of nutrient control needed
to achieve dedired water quality in awaterbody impacted by nutrients.



EFFECTSOF NUTRIENTSON WATER QUALITY

The aguatic plant nutrients, nitrogen and phosphorus simulate the growth of avariety of types of aquatic
plants. When present in excessive amounts, these plants can significantly impair the use of waterbodiesfor
a number of purposes. In addition to planktonic and attached agae, excessive fertilization can, under
certain conditions, lead to the development of excessve amounts of higher aguatic plants, such as water
weeds (e.g., water hyacinth) and other plants that are adverse to the beneficia uses of awaterbody.

Lee (1971) summarized how aquatic plants can adversdly impact the beneficia uses of waterbodies. Use
of the water for domestic water supply canbe adversdly affected insevera ways. Planktonic (suspended)
dgee and, in some cases, attached agae can cause tastes and odors in a domestic water supply.
Panktonic dgae can dso cause shortened filter runs, increased chlorine demand, and interference with
dignfection. Further, as discussed by Lee and Jones (1991a) under unusua circumstances, agae can
increase the tota organic carbon (TOC) in the waterbody and thereby lead to increased trihalomethanes
upon disinfection with chlorine,

One of the mogt sgnificant impacts of excessve fertilization of waterbodies is an imparment of the
recreationa uses. Excessve growths of agae and other aguatic plants can have a sgnificant adverse
impact on the aesthetic qudity of the water, and contact and non-contact recreation including boating,
swvimming, wading, and participating in shoreline ectivities: These issueswerereviewed by Vollenweider
(1968) and Lee (1971).

Excessive fertilization of awaterbody, suchasChesapeake Bay, has gpparently led to the growth of certain
agee (Pfiesteria) that aretoxicto fish. Further, in some Stuations, ether naturdly derived nutrients or
those derived fromcultura sourcesleadto” redtides,” inwhichexcessive growths of certaintypes of agee,
some of which may betoxic, occur. Anareacf the Gulf of Mexico isexperiencing hypoxia(low dissolved
oxygen) which is apparently related to the dga growthinthe surface waters of the Gulf. According to the
US EPA (2000b), the hypoxia is srongly correlated with nutrient discharges from the mouth of the
Missssppi River. Thisriver drains 40 percent of the lower 48 states; its watershed is home to dmost a
third of the US population. The Gulf of Mexico hypoxia Stuation has stimulated the US EPA and states
to explore developing nutrient control programsin the Missssippi River watershed. Increased attention
will be given to the sources of nutrients in the Chesapeake Bay and the Missssippi River watersheds that
are causing excessve fertilization of the Bay and the Gulf of Mexico.

Excessive fetilization of a waterbody can dimulate suffident aguatic plant growth so thet it impairs the
fisheriesof awaterbody. While the addition of nutrientstimulatesoverdl fishproduction, as discussed by
Lee and Jones (1991b), excessve fetilization can aso sgnificantly adversdy impact the qudity of fish,
changing the populations from desirable gamefish to rough fish such as carp. The decompostion of
excessve planktonic agae can cause deoxygenation of the hypolimnionof awaterbody and, if severe, lead
to dgnificant dissolved oxygen depletion in the surface waters as wdl. While somewhat unusud, an
example of thistype of Stuationoccursinthe San Joaquin River Deep Water Ship Channel near Stockton,
CA. There, nutrients derived primarily from agriculturd sources in the San Joaguin River watershed



dimulate sufficient agae to lead to depletion of the oxygen resources to levels below water qudlity
standards throughout the water column, induding surface waters (Lee and Jones-Lee, 2000a,b). This
gtuation arises from the biochemica oxygen demand (BOD) of the dgae whichexerts an oxygendemand
in the water column and contributes to biotic and abiotic oxygen demand in the sediments.

Thedid (24-hr) cydeof oxygen production (photosynthes s) and consumption(respiration) associatedwith
agd growth causesincreases and decreasesindissolved oxygen concentration over the course of a24-hr
period. How low the dissolved oxygen concentration goes and the duration of the decreases affect how
this phenomenon can impact fish. Theissue that should be addressed is what it means to the aquatic life
resources of the waterbody to have excursions of dissolved oxygen below the 5 mg/L criterion for afew
hours each day. These excursgons can be asmuchas 1to 2 mg/L or so below the standard during periods
when there are Significant dgd populations in the near-surface waters.

DO depletions below 5 mg/L affect the rate of growthof fishand other aguatic life. Thedtered fish growth
ratesare amdl for minor depletions below 5 mg/L; however, depletions down to 3 mg/L are acutely lethd
to some fish (US EPA, 1986, 1987). An important part of developing a nutrient control program is to
clearly define the DO water quality objective violations that are to be controlled by nutrient management.
In some ingtances, because of the high cost associated with megting worst-case-based water qudity
standardsfor dissolved oxygen, it may be necessary to devel op a specia classficationof aguatic life-related
beneficid uses of waterbodies, whichwould alow some minor impairment of the beneficid usesdue to DO
depletions below the water quality objective associated with did or near-sediment/water interface
excursions below the objective.

FACTORSINFLUENCING THERELATIONSHIPBETWEENALGAL NUTRIENTSADDED
TO A WATERBODY AND WATER QUALITY PROBLEMS

Aquatic plant nutrients N and P exist inanumber of forms, some are available, and others are unavailable
to support dgd growth. Nitrate and anmonia are typicaly avalable forms of nitrogen. While organic
nitrogen, when converted to ammonia, is available, part of the organic nitrogen is not readily convertible
to ammonia through ammonification reactions. For phosphorus, it is the soluble orthophosphate that is
available to support aga growth. Many formsof particul ate phosphorus, e.g., the phosphorus associated
with inorganic particulates, are not available and typicdly are not readily converted to available forms.
Some forms of particulate phosphorus, such as agd cels, are converted through minerdizationreactions,
to soluble orthophosphate, which supports dga growth. Based on thereview by Lee et al. (1980), for
many Stuations the amount of avallable phosphorus in a waterbody can be estimated to be equa to the
soluble orthophosphate plus about 20 percent of the particul ate phosphorus.

The stoichiometry of ageeistypicaly 106 carbon to 16 nitrogen to one phosphorus on an atomic basis,
or 7.5 nitrogen to one phosphorus on amass basis. Based on the stoichiometric compaosition of agae,
typicdly either nitrogenor phosphorus is the eement present inthe dgd environment whichwhen supplied
a aratelessthan needed, can limit the growth of dgee—i.e, isthelimiting dement. Thisis important in
managing eutrophication-related water quality impairment since increasing the supply of available limiting



nutrient increases aga biomass. Similarly, reducing the amount of the limiting nutrient available can effect
reduction in agd biomass.

There is consderable confusion about how to determine the limiting nutrient in waterbodies. Often,
atempts are madeto apply the so-called “ Redfidd numbers’ (dgd stoichiometry relationships) to predict
limiting nutrients where if the ratio of the concentrations of avalable N to P are greater than 7.5 to one,
phosphorusis sad to belimiting. In fact, this approachisnot vaid, unlessthe actua concentration of P at
peek biomassis at or below a growth-rate-limiting concentration. Growth-rate-limiting levels are on the
order of about 5 pgP/L for soluble orthophosphate and about 20 pgN/L for nitrate plus anmonia as N.
If the concentrations of soluble orthophosphate and available nitrogen are greater thanthese amounts, the
rate of growth of the agee is not limited by nutrients, but rather by other factors, usudly light. The
approach for rdiably determining limiting nutrients in awaterbody, as described by Lee and Jones-Lee
(19984), involves determining the concentrations of avallable N and P a maximum agd biomass. If the
concentrations of avalable N or P are greater than growth-rate-limiting concentrations under these
conditions, then that nutrient is not limiting.

Algae cangrowto asufficient extent to shade themsdvesand, thereby, limit their further growth. Inorganic
turbidity, such asis associated with eroson, and color in the waterbody can aso reduce light penetration
aufficiently to cause the algal biomass in the waterbody to be lessthanit would be if the turbidity and color
werenot present. While inorganic turbidity and color can dow therate of dgd growth, in order for those
conditions to limit the ultimate biomass that devel ops, the concentrations of inorganic turbidity would have
to be quite high; this can occur when Secchi depth isless thanabout 0.2 m(Leeet al., 1980; Ortiz et al.,
1981).

CRITICAL NUTRIENT CONCENTRATIONS

TheUSEPA (1998, 2000a) is atempting to devel op chemical-concentration-based, numeric water quality
criteria/standards for nutrients. The US EPA’s proposed approach is to define a critica nutrient
concentration for a particular ecoregion and type of waterbody, e.g., river, lake, or estuary. Thiscritical
nutrient concentration, which would become the state water qudity standard, would be applied to all
waterbodies of the particular type. It isthe experience of the authors, however, that this approach canlead
to inappropriate evauation and regulation of critical nutrient concentrations for many waterbodies. As
discussed herein, the approach that should be used to determinethe appropriatenutrient | oad/concentration
should be based ona site-specific eva uation cons dering the waterbody’ s nutrient 1oad, and morphological
and hydrologicd characterigtics. Further, as discussed below, the critical concentration of a nutrient is
related to the response of the public in the particular area to the growth of algae or other aguatic plants.
Rather than eutrophication response being controlled by a US EPA-defined “ecoregion,” it is more
appropriately adjusted to a geographica area reflecting the range of eutrophication-related water qudity
characterigtics of the waterbodies of the area. Thepublic’ sresponseto excessivefertilization asit impacts
recreational use, depends to a consderable extent on their experience/exposure to excessvely fertile
waterbodies.



As arigindly proposed, the US EPA’ s proposed numeric nutrient criteria/standards would be applied in
ways smilar to the sandardsfor heavy metas and various organics where an exceedance of the standard
vaue would cause the waterbody to be considered “impaired,” which would, in turn, lead to the
development of nutrient control programs througha TMDL. Typicaly, successful nutrient control programs
focus on controlling the limiting nutrient input to the waterbody. 1t may be possible in some Situations to
control the particular nutrient input to the waterbody to make it limiting. For most freshwaters, available
phosphorusis the element that is either limiting or can be made limiting for aga growth. In some aress,
especidly on the West coast of the US and in many marine waters, nitrogen is the dement that is more
likely to limit algdl growth. In heavily impacted areas, such as those receiving large amounts of domestic
and some types of indudtrid wastewaters and/or agricultura runoff, neither dement islimiting. Under these
conditions, it is normally more cost-effective to control phosphorusinputsfromwastewatersand agriculturd
runoff than nitrogen (Lee and Jones, 1988).

MANAGING EXCESSIVE FERTILIZATION

Waterbodies exig in various degrees of naturd fetility, from highly oligotrophic, with very few agae,
through hypereutrophic, with massve naturdly occurring dga blooms. The culturd activities of man
(farming, development of municipdities, and industry) in a waterbody’ swatershed cangreetly increasethe
flux of nitrogen and phosphorus to a waterbody. The issue of primary concern in managing excessve
fertilizationof awaterbody is the impact of culturd activitiesinawatershed onthe increased fertility above
the naturd fertility that would be present inthe waterbody. 1n the 1950s and 1960s, it was recognized that
the excessve fertilization of waterbodies was one of the mgor causes of water quaity/use-imparment.

The US EPA (2000Db) has recently released its latest National Water Qudity Inventory. Thisinventory
presents the US EPA’ s Clean Water Act Section305(b) 1998 report to Congress onthe conditionof US
waterbodies. It shows that the states that are the source of informationfor the inventory, have concluded
that about 45 percent of the lakes, reservoirs, and ponds had impaired water qudity due to nutrients.
Further, 30 percent of the lakes included in the inventory were impaired due to congtituents (nutrients,
sediments, atmospheric deposition, etc.) derived from agriculturd sources. About 12 percent of the
impaired lakes were impaired because of condituents in wastewater sources discharged to them. As
indicated inthe US EPA (2000b) Nationa Water Quality Inventory, excessive fertilization of waterbodies
isone of the mogt sgnificant causes of water quaity impairment in the US,

Subgtantia literature was developed in the 1960s and 1970s devoted to managing excessve fertilization
of waterbodies. It was established, primarily by Vollenweider (1975, 1976), that the impact of nutrients
on awaterbody (lake or reservoir) is dependent not only on its nutrient loads/concentrations but also on
the morphology (mean depth) and hydrology (hydraulic resdence time) of the waterbody. This Stuation
makes the US EPA’ s attempts to develop standardized, ecoregion-wide critica |oads/concentrations of
nutrients to waterbodies questionable. While there is a variety of modeling approaches (Ambrose et al.,
1988, 19933,b; Bowie, 1985; US EPA, 1997) that can be used to attempt to relate nutrient loads to a
waterbody to the waterbody’ s planktonic alga growth, the most comprehensive and reliable approach is
the result of the V ollenwel der-OECD eutrophicationstudy. Thisstudy wasa22-country, 200-waterbody,



$50-millioneffort that took place over afive-year period inthe 1970sinWestern Europe, North America,
Japanand Audrdia (OECD, 1982; Vollenweider and Kerekes, 1980). Figure 1 presentsthe relationships
developed fromthe Vollenweider-OECD studiesfor the US waterbodies(Rast and Lee, 1978; Leeet al.,
1978).

Figure 2 presents the database that exists now, which isin excess of 750 waterbodies located in various
parts of the world (Jones and Lee 1982a, 1986). The abscissain Figures 1 and 2 is Vollenweider’s
normalized phosphorus load. This normdized load to a lake or reservair is gpproximately equa to the
average annud concentration of phosphorus in the waterbody. As shown in these figures, there is
remarkably good agreement between the normalized phosphorus load (in-lake phosphorus concentration)
and the average planktonic agd chlorophyll. Each of the dots shown in Figure 2 represents a waterbody
that hasbeen evauated by a nutrient load eutrophication response study conducted over at least one year.
A widerange of types of waterbodies is represented, including a permanently ice-covered Antarctic lake
(Jones-Lee and Lee, 1993), shdlow farm ponds, and Lake Superior in the US-Canadian Great L akes.
They include severd estuarine and near-shore marine waters as well (Lee and Jones, 1981, 1989).

Leeand Jones (1991b) compiled information on the relationship betweenphosphorus|cadstowaterbodies
and thar yidds of fish (Figure 3). This figure shows that there is a good relationship between the
normaized phosphorus load and the fish biomass present in a waterbody. As Lee and Jones (1991b)
discussed, asthe nutrient loads increase there is a dhift in the type of fish that are present. In temperate
climates, nutrient-poor waterbodies that Stratify and thereby mantain cooler waters in the summer in the
hypolimnion, can mantain coldwater fisheries. However, as the fertility of the waterbody increases,
deoxygenation of the hypolimnion leeds to sufficdent DO depletion to prevent coldwater fish from over-
summering in thet area.

As discussed by Jones and Lee (1988), the relationships shown in Figures 1, 2, and 3 can be used to
evauate overdl ecosystem functioning with respect to relating nutrient loads to primary and secondary
production. Of particular concerniswhether therearetoxicantsin the waterbody that areinhibiting aquatic
organism production & various trophic levels. 1t isthe experience of the authors that with few exceptions,
the relationships shown in Figure 2 are applicable to awide variety of waterbodies located throughout the
world.

Based onthe normdized phosphorus load to waterbodies, it is possible to predict, withsufficient reigbility
for management purposes, the planktonic aga chlorophyll that should be present in the waterbody and,
most importantly, how changing the phosphorus load to the waterbody will change the overall planktonic
agd chlorophyll content of the water. As discussed by Rast et al. (1983), the relationships shown in
Figures1 and 2 can be used to evauate the impact of adding or removing an amount of phosphorus from
a particular source on the overdl fertility of the waterbodly.



Figure 1 - P Loading/Eutrophication-Related Water Quality Response Relationships for US
Water bodies (After Jones and Lee, 1982a)
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Figure 2 - Updated Vollenwelder-OECD Normalized P Loading/Chlorophyll Response
Relationship (After Jones and Lee, 1936)
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Figure 3 - Relationship between Normalized P Load and Fish Yield (From Lee and Jones, 1991b)
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An example of an gpplication of the V ollenweider-OECD eutrophication study results to managing water
qualityinadomestic water supply reservoir has been provided by Archibald and Lee(1981). They have

shown how the planktonic agd chlorophyll in Lake Ray Hubbard, awater supply reservoir for the city of
Dalas, TX, will change asaresult of dtering the phosphorus loadsto the lake fromitswatershed. Changes

10



in the planktonic agd chlorophyll in a water supply reservoir can be correlated with characteristics of
concernto water suppliesinduding dgd tastesand odors, and lengthof filter runs (Jonesand Lee, 1982b).

REGULATION OF BIOSOLIDSNITROGEN APPLICATION RATES

Previoudy, the applicationof biosolidsto land was regul ated primarily by heavy metal concentrations inthe
biosolids, in order to meet the US EPA Rule 503 requirements. Today, with the increased emphasison
controlling excessve fertilization of waterbodies, consideration is being given to meeting nitrogen and, in
some areas, phosphorus loadings to the soil to prevent surface and/or ground water pollution. In the past
and in some areas today, little or no regard is givento whether the nitrogeninbiosolids (or for that matter,
in anima manure or compost) typicdly in the form of organic nitrogen and ammonia, converts to nitrete,
which leads to surface or ground water pollution.

The primary objective of current biosolids gpplication rates, with particular emphas's on nitrogen, is to
achieve “agronomic rates’ of gpplication. Badicdly, this is interpreted as the application of biosolids
nitrogen (organic nitrogen, anmonia, nitrite and nitrate) to matchthe normal inorganic fertilizer goplication
rates that are used in crop production. Since typica agronomic rates of inorganic and organic fertilizer
goplication can lead to surface water runoff that fertilizesrecaiving waters and to groundwater pollution by
nitrate, the development of TMDL s to control excessve fertilization of waterbodies could, in many aress,
lead to a 9gnificant reduction in the rates of dlowed fertilizer gpplication for inorganic as wel as organic
sources. Particular attention will likely be given to waste management practices, such as application of
biosolids, anima manure, and compost, becauseof some individua aversionto usangwaste-derived sources
of nutrients in agricultura crop production.

Gilmour et al. (2000) recently completed a Water Environment Research Foundation (WERF) project
devoted to developing approaches for estimating agronomic rates of nitrogen gpplication associated with
biosolids. That project involved assessing the amounts of organic nitrogen present in biosolids from a
variety of sources around the country that become available to support plant growthunder fidd conditions
in severd areas of the U.S. The project yielded results that can be used to estimate the biosolids
gpplicationratesthat match agronomic rates, consdering the factors that control the conversionof organic
nitrogen to anmoniaand nitrate. However, no cons derationwas giveninthe project to whether meeting
agronomic rates would lead to surface or ground water pollution. It was acknowledged that whatever
pollution occurs associated with meeting agronomic rates for a particular fertilizer rate of application could
aso occur from the biosolids gpplication.

One of the important observations from this study was that on the order of 30 percent of the organic
nitrogenthat is present in biosolidsis not mineraized duringthe growing season of gpplication, but iscarried
over to the next winter. Thisleadsto adifferencein thebehavior of biosolidsand, presumably, manureand
compog, from inorganic fertilizers. While the rate of gpplication of inorganic fertilizer can potentidly be
more cosdy matched to the crop needs during a particular season, the organic sources of nitrogen
(biosolids, manure, and compost) have the potentia to be carried off the property in stormwater runoff
during the winter. Also, thereisadow rate of minerdization during the winter/spring period which would
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occur during non-growing seasons, and, therefore, could lead to transport from the area of gpplicationto
surface or groundwaters.

MONITORING NITROGEN LOSSESFROM LAND RUNOFF

AND GROUNDWATER RECHARGE

As part of the US OECD eutrophication studies, Rast and Lee (1983) examined data available as of the
mid-1970sfromabout 100 watersheds|ocated acrossthe US for the amountsof nitrogenand phosphorus
released/exported to surface waters from these watersheds. A summary of the results obtained in that
study is presented in Table 1. AsshowninTable 1, for most of the US rurd/agriculturd areas contributed
about 0.5 g/m?/yr of nitrogen and 0.05 g/né/yr phosphorus. In the western US, the nitrogenexport from
rura/agricultura landswas found to be 0.2 g/n/yr. Thisdifferenceisapparently related tothe amospheric
contribution of nitrogen to land found in the western states compared to that of the eastern states. This
differenceisanimportant reasonthat gd growthinlakesinthe Midwest and East istypicaly phosphorus-
limited.

Table 1 - Amounts of Nitrogen and Phosphorus Contributed from Various Sour ces

Sour ce Nitrogen Phosphorus Units
Domestic Wastewater 3.2 0.9 kg/person/yr
Urban Drainage 0.5 (0.259 0.1 o/neiyr
Rurd/Agriculture 0.5 (0.2 0.05 o/nelyr
Forest 0.3(0.19) 0.01-0.001 g/
Manured Land 0.34 0.11 g/nthyr
(100 cows/mi?, 15 tons manure/cow/yr)

Drained Marsh 10.1 45 g/n?
Rainfall and Dry Falout 2.4 0.02 o/niyr®

a= For Western US Waterbodies; b = Waterbody Area; (after Rast and Lee, 1983)

Asshownin Table 1, the export of P from rurd/agriculturd lands that have manure from 100 cows per
square mile is about twice that from rura/agricultura lands without cettle.

There is need to update/verify the Rast and Lee (1983) findings to examine in detail how various types of
agriculturd activitiesin various parts of the US impact nitrogen and phosphorus export to surface waters
fromland. Further, and most importantly, nutrient export studies should be conducted in areasthat receive
biosolids, manure, and compost as wel as inorganic fertilizers, to determine whether gpplication of the
organic forms of nitrogen in biosolids, etc., at agronomic/comparable rates, leads to different nitrogen
export from various types of agricultura activities. A particular concern is the issue of the partid
minerdization of the organic nitrogen that was found by Gilmour et al. (2000) during the growing season
leading to increased nitrogen export during the non-growing season.
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Groundwater Pollution

Thereisan urgent needfor agricultura interests and regul atory agenciesto change the approach being used
to regulate the pollution of groundwaters by inorganic and organic fertilizerswaste. The current approach
involves finding excessve concentrations of nitrate in groundwaters that are a threat to the use of
groundwaters for domestic water supply purposes, and then conduding that there is need to restrict
agricultura activitiesto stop further pollution. Rarely, however, have regulatory agencies taken action to
actudly prevent groundwater pollution by nitrate.

The current, passve approach, inwhichagriculturd activities'waste management are alowed to occur with
limited restrictions, should be replaced by a pro-active approach designed to detect incipient groundwater
pollution by nitrate before widespread pollution occurs. There could come aday when the gpplication of
inorganic or organic fertilizers to land is controlled to prevent or greatly minimize groundwater pollutionby
nitrate. In order for such an gpproach to be implemented it will be necessary to develop programs to
religbly monitor the concentration of nitrate in unsaturated/saturated flow within the vadose zone under
agriculturd fieds and waste management aress. It is possible, through the use of vacuum cup lysmeters,
to collect the flow through the vadose zone associated with precipitation and/or irrigation events and
measure the concentrations of nitrateinthis unsaturated/saturated flow. An example of this approach was
provided by George et al. (1986).

It is important to understand that much of the nitrate, and many other groundwater pollutants, are
transported through the vadose zone in saturated/wetted front flow associated with precipitation/irrigation
events. The actua amount of transport under average vadose zone moisture conditions is probably
inggnificant for nitratetransport. Therefore, the vacuum cup lysmeterswould need to be operated so that
they can capture the short-term pulses of nitrate that occur in wetted fronts associated with
precipitation/irrigation events.

Appropriate vadose zone monitoring of nitrate transport coupled with highly selective monitoring of the
upper few feet just under the water table will alow anassessment of the comparative impacts of the various
types and rates of fertilizer gpplications, soils, and crop conditions that lead to groundwater pollution by
nitrate. It is important that this type of monitoring begin to be implemented on a large-scde basis
throughout the US in order to determine the alowable inorganic aswdl as organic (biosolids, manure, and
compost) loadings that can be permitted without causing groundwater pollution by nitrate.

Ordinarily, phosphorus is not transported to a significant extent in groundwaters because phosphate tends
to sorb onto aguifer particles. However, as discussed by Jones and Lee (1979), there are Stuations in
which phosphate is transported in groundwater systems. These occur in non-calcareous quartz sand
aquiferswhichaso have low ironcontent. Quartz sand typicaly has low sorption capacity for phosphate.
Cdcium carbonate particles (calcite or aragonite) can precipitate phosphate on the surface of the particles
as hydroxyapatite. Also, iron coatingson quartz particlescan sorb phosphate, thereby reducing itsmobility
in an aquifer.
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RECOMMENDED APPROACH FOR EVALUATION OF ALLOWED INORGANIC AND
ORGANIC FERTILIZER APPLICATIONSBASED ON NITROGEN EXPORT

There are some who espouse, as part of eutrophication management programs, that “every little bit” of
nutrient control helps.  This claim, however, is not supported by knowledge of how nutrients impact
eutrophication-related water qudity of waterbodies. Lee and Jones (1986) found that at least a 20 to 25
percent reduction inanutrient load to awaterbody is needed to produce a discernible improvement in the
eutrophication-related water quality of the waterbody. Except for those Stuaions where a mgor point
source, such as a domestic wastewater discharge, is the primary source of nutrients for a waterbody,
eutrophication management programs should be based on watershed-based approaches in which all
sources of avalable forms of nutrients are evauated with respect to ther impact on the excessve
fertilizetion water quality problem of a particular waterbody. The components of a watershed-based
eutrophication management program are summarized below. This summaryisbased on areview by Lee
(1999) concerned withmanaging nutrientsinthe San Joaquin River Deegp Water Ship Channel watershed
that lead to excessive growthof dgaethat, inturn, causes DO depletioninthe Ship Channe to leves below
the water quality standards.

Define the Eutrophication-Related Water Quality Problem

Itisextremey important to properly define the water qudity problem(s) caused by excessive nutrient input
to a waterbody of concern. As part of defining the problem, a consensus should be developed by the
stakeholders concerned about the problem and its management, on the degree of control of the use
impairment that isdesired. For domestic water supplies, thiswould likely focuson thefrequency of noxious
aga blooms that cause tastes and odors or shortened filter runs. For recreationa use of waters, water
clarity controlled by planktonic dgae (Secchi depth), isa measure that can be used to relate planktonic
agd growth to water quaity/use-imparment.

Leeet al. (1995a,b,c) discussed an approach for establishing the desired trophic state (degree of fertility)
for awaterbody. Particular attention was given to water clarity (Secchi depth) as a quantitative indicator
of the aesthetic qudity of the water. Asshown in Figure 1 and discussed in detail by Lee et al. (1995c¢),
thereisaninverserdationship betweenthe Secchi depthand the planktonic dgd chlorophyll inwaterbodies
in which Secchi depth is controlled by planktonic dgee. If inorganic turbidity or color significantly impact
light penetration, then the Secchi depth will be less than that predicted based on the planktonic algal
chlorophyll content of the water.

Low dissolved oxygen concentrations in the hypolimnion (hypoxia) is an important consequence of
excessve fertilization of waterbodies that densty stratify due to temperature and/or sdts. Figure 1c
(lowest) shows the initid results developed by Rast and Lee (1978) relating the normaized phosphorus
load to awaterbody to the rate of hypolimnetic oxygen depletion. As discussed by Lee and Jones-Lee
(1995), depletion of dissolved oxygen in the hypolimnion of awaterbody is controlled by the BOD of the
agaeraning down through the thermodine and the oxygendemand of the sediments, aswel asthe volume
of the hypolimnion. Fitzgerad (1964) made measurements of the oxygen demand of algae, which, on a
mass basis, is amilar to that of domestic wastewaters. The oxygen demand of sediments is normally
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primarily due to abictic reactions invalving ferrous ironand sulfides. It ispossible, through rdaively smple
models, to relate these two sources of oxygen demand to the amount of planktonic aga chlorophyll that
developsin the surface waters of awaterbody. Asareault, it is possbleto relate the nutrient loads to a
waterbody to itshypolimnetic oxygendepletionrate. Theimpact of the hypolimnetic oxygen depletion rate
onthe water quaity—i.e., on dissolved oxygen concentration, depends on the volume of the hypolimnion
which is afunction of the waterbody’ s morphology.

Lee (1970) reviewed the factors influendng the exchange of oxygen demand and other congtituents
associated withwaterbody sediments. He pointed out that the primary mechanism for thisexchangeisthe
degree of mixing of the sedimentsinto the overlying water column, whichenablesthe condtituents, induding
oxygen demand associated with the interdtitid waters of the sediments, to be mixedinto the water column
waters near the sediment/water interface. Thismixing processiscontrolled primarily by physica processes,
suchascurrentsinduced by water movement near the sediment/water interface. Also, biological processes,
such as anaerobic production of methane and CO, can be amechanismfor irring of sediments. Aquatic
organism foraging and bioturbation are aso important mechanisms for mixing of sediments, and thereby
promoting sediment/water exchange reactions.

It isimportant to understand that the V ol lenweider-OECD aswell as other eutrophicationmodding efforts
are gpplicable only to planktonic dgae. They do not rdiably predict how nutrients impact attached dgae
or attached or floating water weeds/macrophytes such as water hyacinth. Lee et al. (1995b) suggested
that water qudity problems associated with these types of aguatic plants can best berelated to percent of
the waterbody surface area covered by them.

The US EPA’s current gpproach for developing chemical-concentration-based nutrient criteria and
standards focuses on defining nutrient concentrationsin an “ecoregion” of the country that represents the
concentration of nutrients (total N and tota P) that would occur without culturd activities of man in the
waterbody’ s watershed. The Agency hopes to be able to relate the nutrient concentrations to a water
quality parameter such as chlorophyll or Secchi depth. Lee and Jones-Lee (1998b) have discussed
problems withthe US EPA’ s proposed approach for developing chemical-specific nutrient criteria Thus
far initsnutrient criteria development, the Agency islargely ignoring the vast amount of work that was done
in the 1960sand 1970s rating nutrient loads and concentrations to eutrophication-related water quality.
By focusing on nutrient concentrations rather than nutrient impacts, the Agency’s approach can provide
unrdiable information on the degree of nutrient control needed for a particular waterbody to achieve the
desired water quality.

The approach advocated by the authors of this paper, of focusng on a eutrophication-related water quality
problem and then defining the nutrient and other factors that control this problem, is a far more rdiable,
technicaly vaid approach than that being advanced by the US EPA. Eutrophication management
programs must be focused on controlling red, sgnificant water quality problems in each waterbody of
concern, and evauate the factors that influence how a particular nutrient load impacts the water quaity
problem of the waterbody, and how its manipulation will change water qudity.

15



Assessing Limiting Nutrient(s) and their Sour ces

As pat of its efforts to develop water quality criteriafor nutrients, the US EPA (2000a) is attempting to
use total phosphorus, rather than algd-available phosphorus, asthe bags for nutrient criteria/standards.
This approach can reedily lead to dgnificant errors in relating phosphorus loads to waterbodies to the
planktonic agd chlorophyll that can develop from the P load. While the rdationships shown in Figures 1
and 2 arebased onanormadized total phosphorus |oad, the data shown inthesefiguresare for waterbodies
in which most of the added phosphorus wasin anagd-availabdle form, i.e., soluble ortho-P, or particulate
phosphorus that can readily be converted to soluble ortho-P. As discussed above, only about 20 percent
of the particulate phosphorus in land runoff from agricultural or urban areas, can be expected to be
converted to algal-available phosphorus (Lee et al., 1980). There are waterbodies in which most of the
phosphorus added to the waterbody is associated withinorganic particles because of highrates of erosion
inthe watershed. Under these conditions, the adga-avail able phosphorusload should beinitidly estimated
based on the generd finding that soluble ortho-P plus 20 percent of the particulate phosphate load is
avalable to support dgd growth. Site-specific investigations incorporating aga assay procedures
described by Lee et al. (1980) can be used to evaduate available P loads to a particular waterbody.

Withrespect to esimating the amount of organic nitrogenthat convertsto anmoniaitrate, it isthe authors
experiencethat organic nitrogen, primarily in the form of algal cdls or other recently developed organic-N,
will essentidly completely convert to aga-available forms over a severd-week period. However, aged
organic-N can be highly refractory; where only alimited amount will convert to agd-available N.

In developing a eutrophication management program it is important to assess whether nitrogen or
phosphorus islimiting or could be made to limt agd growth that impacts the water qudity problem of
concern. Asdiscussed above, it isimportant to correctly determine the limiting nutrient through examining
whether the concentrations of available nitrogen and phosphorus are growth-rate-limiting during periods
of pesk dgd biomass. If nether islimiting — i.e., both remain surplus a peak biomass — then far greater
control of nutrient sources will be needed in order to achieve growth-rate-limiting concentrations, and
auffident reduction beyond that to effect change in eutrophication-related beneficid uses. Figure4 is a
diagrammatic representation of thisStudtion. It isthe authors experiencethat, typically, excessvely fertile
waterbodies have nutrient concentrations onthe growthrate plateau areain Figure 4. This necessitates a
sgnificantly larger — more expangve — nutrient control program than if the excessive fertilization water
quality problems occurred in the region of Figure 4 where the growth rate of algae is proportiona to
nutrient concentrations. Whileit isreatively easy to control 90 to 95 percent of the phosphorusin typical
secondary domestic wastewater discharges through additional wastewater treetment, fromthe information
available in the Chesapeake Bay watershed aswell asthe lower Great Lakes watersheds, it appearsthat
itisgoing to be extremdy difficult to control nitrogenand phosphorus fromland runoff more thanabout 40
percent. Sharpley (2000) recently edited a conference proceedings devoted to agricultura phosphorus
management in the Chesapeake Bay watershed. He commented that agriculturd interests in the
Chesgpeake Bay are having difficulty meeting a40 percent reduction in nitrogen and
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phosphorus loads from land runoff. Logan (2000) discussed smilar problems in achieving sgnificant
nutrient reductionsin the Lake Erie watersheds.

Based on the experience of the Chesapeake Bay and the Lake Erie watersheds, it may be extremely
difficult if not impossble to maintain fertilized agricultura production as it is practiced today and aso
achieve the required nutrient reduction to control the excessive fertilization of some — possibly many —
waterbodies. It will be important to gain a good understanding of how controlling nitrogen and/or
phosphorus added as aninorganic or organic fertilizer/soil amendment will impact the eutrophi cation-rel ated
water quality of waterbodies of concern.

An important part of developing atechnicaly valid, cost-effective nutrient control program is gaining an
undergtanding of the hydrology and physical limnology/oceanography of the waterbody of concern. Itis
important to assess whether nutrients added to the waterbody are mixed throughout the waterbody or are
present in some parts of the waterbody in higher concentrations than others. There are two types of
Stuations of primary concern, one of these iswherethe inlet to the waterbody is near the outlet. Thistype
of stuation can lead to short- drcuiting of nutrients through the waterbody without the opportunity for
phytoplankton to fully develop on the added nutrients.

Another issue occursfor long, thinwaterbodies, inwhichnutrients added at one end are not rapidly mixed

throughout the waterbody. Under these conditions, it is appropriateto divide thewaterbody into plug-flow
segmentsrepresenting about aweek to two weeks' trave time per segment, and then determine the amount
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of agd growththat occursineach segment. Theavailable nutrientsremoved through algal growth are used
to correct the total nutrient load to the waterbody, wherethis corrected load is that which isto be used in
the next plug flow segment. Beron and Lee (1984) described the use of this gpproach for areservair in
northern Argentina.

An assessment should be made of the hydraulic resdencetime (volume divided by annud tributary inflow
and precipitation) of the waterbody of concern. If the hydraulic resdence time is less than a year then
nutrients added during the high flow winter/spring period may be flushed through the waterbody and,
therefore, are not avalable to support the dgd growth during the following summer. Under these
conditions the nutrient load should be assessed on a monthly basis; the nutrients that contribute to the
summer/fal aga growthare the nutrient loads that determine the phytoplankton levels reached during the
summer period.

TheV ollenwei der-OECD eutrophi cationmodding approachis not applicable to very short-residence-time
waterbodies. Waterbodieswith summer hydraulic resdencetimesof |essthan about aweek to two weeks,
do naot alow time during the summer for agae to develop to the maximum extent possible based on the
nutrient loads to the waterbody. These types of waterbodieswould havelower chlorophyll than expected
based on its annua normaized P loads (Figure 2).

Developing Nutrient L oad—Eutrophication Response Relationship

A key componert of any nutrient control-based program for excessive fertilization management is the
development of a nutrient load--eutrophication response relationship for the waterbody of concern.
Because of the amplicity of its use and demonsirated reliability for a wide variety of waterbody types
located throughout the world, the Vollenweider-OECD eutrophication modeling approach should be
evauated as a potentia tool for relating nutrient loads to awaterbody to the planktonic dga growth that
develops in the waterbody and guiding the regulationof nutrient input. Using the guidance provided herein
and by Jones and Lee (1982a, 1986), the normdized phosphorus load to the waterbody should be
evauated. Thisload should be used to predict, through Figures 1 and 2, the average planktonic agd
chlorophyll that would be expected to be present during the summer. Jones et al. (1979) found that the
maximum summer chlorophyll that develops in waterbodies is about 1.7 times the mean summer

chlorophyl.

If the planktonic alga chlorophyll found in the waterbody is within the range of vaues shown in Figure 2
of those previoudy found in waterbodies throughout the world, then there is reasonable certainty that the
Vollenwel der-OECD eutrophi cationmodding approach, usng the database devel oped by Jonesand Lee
(19824, 1986), can be used to predict the amount of phosphorus |oad reductionthat needsto be achieved
in order to effect the desired waterbody water qudity as measured by planktonic dgd chlorophyll. If
however, there is poor agreement between the measured planktonic agd chlorophyll and the vaues
predicted from the Figure 2 relationship, then either the database uponwhichthe evauationisbeing made
for the particular waterbody is unreligble, or the gpplication of the Vollenweider-OECD eutrophication
moddingapproach, isbeingdone incorrectly (e.g., avalability of Pload, or hydrologicd and morphologica
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characteristicsarenot properly addressed). Itisaso possible, athough rare, that the particular waterbody
of concernis sgnificantly atypica of waterbodies located throughout the world with respect to how an
available phosphorus load to the waterbody produces planktonic agd chlorophyll. Asnotedabove,if most
of the dgd-available phosphorusisusedto devel op attached d gae and/or macrophytes, thenthe planktonic
agd chlorophyll in the waterbody would not be expected to be predicted by Figure 2.

If thereisaninsuffident database to rdiably assessthe normaized phosphorus |oad and the planktonic dgd
responseto thisload, thenardativey smple monitoring programneeds to beimplemented that will develop
the data needed to apply the Vol lenwel der-OECD eutrophication study resultsto a particular waterbody.
As part of their American Waterworks Association Quality Control and Reservoirs Committee activity,
Lee and Jones (1992) developed guidance on the minimum study program that is needed to generate the
database for application of the Vollenweider-OECD eutrophication study results to most waterbodies.

I mplementing Nutrient Control Programs

Once the desired level of phosphorus/nitrogen control has been established, then an evauation needs to

be made of the rdative sgnificance of various sources of the available nutrient(s) that need to be controlled.

It is at this point that an evauation of the potentid role of the water quaity sgnificance of any fertilizer

(inorganic or organic) including biosolids-derived nutrients that lead to the excessve fertilization of a
waterbody, canbemade. Itislikely, based on current gpproachesfor nutrient-based TMDL devel opment,

that dl non-point sources of nutrients will be required to reduce their nutrient export by a specified

percentage of the total export from the area.

Thework of Gilmour et al. (2000) provided important informeationon the minerdizationof organic nitrogen
in biosolids. The approximately 30 percent of the organic nitrogen that is not mineraized during the
gpplication growing season as well as the amount of mineralized organic nitrogen and the phosphate, will
need to be evauated with respect to contributing nitrogen and phosphorus in stormwater runoff and
agriculturd discharges. The Gilmour et al., work needsto be followed up withstudies specificdly directed
toward understanding how nutrientsin biosolids, anima manure, and compost aswel asinorganic fertilizers
can be applied to land without Sgnificant export to surface or groundwaters. Information of this type will
be extremdy important in determiningtheloading of inorganic fertilizersand biosolidsand other nutrient-rich
wadtes that can be gpplied to land without causing surface or groundwater pollution.

Sediments asa Nutrient Source

There is confusion regarding the importance of hypolimnetic accumulation of nutrients. It is sometimes
aleged that the buildup of nutrients in the hypolimnionisan indication of the importance of sedimentsasa
source of nutrients. Ordinarily, thethermocline (dengty dratification) isan effectivebarrier for thetrangport
of hypolimnetic nutrientsto the surface waterswhere they can stimulate dga growth. However, there are
gtuations, particularly associated with the sharpening of the thermodline/picnocline as aresult of sorm-
driven mixing of the epilimnion, where nutrients located below the thermocline are transferred into the
epilimnion/surface waters. A study of severa Wisconsin lakes (Stauffer and Lee, 1973) found that the
passage of stormfrontsand their associ ated wind-driven mixing of the epilimnionsharpens the thermocling,
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with the result that some of the waters that had been in the metdimnion region of the thermocline are
transferred from the hypolimnion to the epilimnion. In anumber of Stuations, the passage of astormfront
resulted inthe occurrence of algal blooms about two weeks later, inresponseto the nutrients derived from
the metalimnion/hypolimnion area. Passage of a sorm front may aso result in the transfer of nutrients at
the edge of the thermocline lake edge boundary, where internal waves on the thermocline would break,
resulting in mixing of hypolimnetic watersinto the epilimnion.

Leeet al. (1977) investigated the importance of oxic versus anoxic release of nutrientsin Lake Mendota
in Madison, WI. This lake thermdly dratifies each summer with the classcd hypolimnion nutrient
accumulaion. They found that the primary source of N and P that influenced summer growth of algaewas
agd minerdization under oxic conditions rather than the anoxic release from the sediments. While under
gratified conditions, there can be considerable increase in the P and N concentrations in the hypolimnion,
except as discussed above, associated with thermocline migration, the thermocline is a fairly effective
barrier preventing these nutrientsfrom simulating the growthof a gaeinthe euphotic-lighted surface waters.

The fdl overturn which mixes the nutrient rich hypolimnetic waters into the water column may not be an
important source of phosphorus that is available the next summer to stimulate algal growth. Often
associated with fall overturn is the oxidation of ferrous iron that has dso accumulated in the hypolimnion
under anoxic conditions by the dissolved oxygen introduced into the former hypolimnion at fal overturn.
Thisleads to the formation of ferric hydroxide which can coprecipitate a large amount of the hypolimnetic
phosphorus that had accumulated over the stratified period (Lee, 1975 and Leeet al. 1977).

Expected Rates of Recovery

One of the issues of primary concern in aeutrophication management program based ontributary nutrient
input reductioniswhether the nutrientsinthe sediments of the waterbody will represent a significant source
of nitrogen and/or phosphorus so as to greatly inhibit the rate of recovery. Sediments of a eutrophic
waterbody often contain large amounts of nitrogen and phosphorus in particulate forms. They therefore
represent a potentia source of nutrientsthat, until removed fromthe sediments, could beasgnificant source
that would maintain high levels of agee even though nutrients derived from the watershed have been
sgnificantly reduced.

Sonzogni et al. (1976) investigated the rate of recovery of lakes uponreduction of the nutrient input. They
found that a phosphorus residence time model best described thisrate.  The phosphorus resdence time
of awaterbody isandogous to the hydraulic resdence time and is determined by ng the total mass
of phosphorus in the water column divided by the annud P load. The phosphorus residence time of a
waterbody is typicaly much shorter than the hydraulic resdence time. For example, for Lake Michigan,
the hydraulic resdence time is about 100 years, while the phosphorus resdence time is about SX years.
The rate of recovery of awaterbody upon atering phosphorus |oads can be estimated as being equal to
threetimesthe phosphorus residencetime. Sonzogni et al., found that this gpproach tracked well the rate
of recovery for several waterbodies that had experienced reductions in phosphorus input from the
watersheds.
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The rel ease of phosphorus fromsedimentsisincorporated into the phosphorus residence time model snce
the total mass of phosphorus in a waterbody’s water column includes the phosphorus released from
sediments.  The fact that waterbodies recover in accord with phosphorus residence time models
demondtrates that the primary source of nutrients for many waterbodiesis the watershed, and that while
the sediments are a source of nutrients, they are not the dominant source controlling the excessve
fetilization of waterbodies. For Stuaions in which nitrogen is the contralling eement governing
phytoplankton devel opment, nitrogen residence time can aso be determined.

The addition of dum (duminum sulfate) to wastewaters has been found to be an effective approach for
removal of phosphorus fromthe wastewaters. The auminum hydroxide floc incorporates the phosphorus
into the precipitate where it can be removed by sedimentation and/or filtration. Alum has dso been used
to treat lakes for control of phosphorus. While as discussed by Lee (1971) dum treatment of lakes can
be effective in controlling dgd blooms, the duration of this effectiveness depends on the hydrologic
characterigtics of the waterbody. If tributary flow to the waterbody is sufficient to bring a new load of
phosphorus to the waterbody in a short period of time, then there will be need to treat the waterbody with
dum farly frequently. If however, the annud load of phosphorus is smal compared to the waterbody
volume, then dum treatment of awaterbody can be effective for severd years.

The phosphorus incorporated into the duminum hydroxide precipitates is permanently bound within the
precipitate. Thisisdifferent from the Stuation associated with iron hydroxide precipitation of phosphorus
inthat under anoxic conditions, the ferric hydroxideisreduced to ferrous ironreleasing the phosphorus that
was bound in the ferric hydroxide precipitate (Lee et al. 1977).

Phased Nutrient TMDL

Theinitid modeling of eutrophicationresponseto nutrient loads as part of aTMDL nutrient control program
is designed to devel op the necessary information to formulate a Phase | estimate of the amount of nutrient
control needed to achieve a desired eutrophication-related water qudity. If the nutrient control program
ispart of aTMDL, in addition to reducing the nutrient inputsto achieve the desired water qudity, it will be
necessary to reduce the nutrient loads further to achieve a TMDL-required safety factor. It should be
understood that, even with the OECD eutrophication study’s modeling approach, there is need to
gpecifically tune the nutrient |oad—eutrophication response relationships to a particular waterbodly.

As shown in Figure 2, there is condderable scatter about the line of best fit for normaized phosphorus
loads and average planktonic agd chlorophyll. The deviations represent the individud characteristics of
waterbodies that are not accounted for by the Vollenweider normalized phosphorus load modeling
approach. In determinigtic-type models, in which differentid equations are used to describe the various
processes, and “range of literature values’ are used to determine the coefficients (rate constants)
incorporated into these equations, the initia tuning process focuses on adjudting the rate congtants until the
modd results track the exiding database for nutrient load, planktonic agal chlorophyll, and Secchi depth.

21



However, the fact that deterministic mode s such as those recommended by the US EPA (1999) are able
to be tuned to the exiding database does not mean that such modeds have rdiable predictive capability
whenthe nutrient loads are Sgnificantly atered from the tuning (rate-congtant adjustment) conditions. The
differentia equations-based approach for modding environmental processes represents such an
overamplification of the actual processes that govern load-response reaionships so as to make the
reliability of the modding of the impact of atered | oads on responses questionable inmany Stuations. This
lack of awell-defined rdiability doesnot meanthat modds of these types should not be used. Often, for
complex systems, deterministic models which properly describe the hydrodynamics of the systemare the
only religble approach that can be used to develop the initid load-response relationship needed for
formulating the first phase of anutrient control program.

The US EPA has adopted a phased approach for TMDL implementation, where the Phase | condtituent
load is understood to be arudimentary — sometimes very rudimentary — estimate of the | oad reductions that
will be needed to achieve the desired water qudity. The Phase | estimate of loads, coupled withthe safety
factor, providesa gtarting point for meaningfully modding |oad-responserdationships. Phasel of theload-
response relaionship TMDL  provides the opportunity to develop the waterbody-specific datafor loads
and responsesto greetly improve the | oad-response modding for that waterbody. Detailed, comprenensive
monitoring programs of both the loads and the waterbody characteristics during load dteration and fina
equilibration must be conducted in ameaningful Phasel program. Thisinformation then is used to adjust
the alowable loads to achieve the desired water qudity in Phase .

Phase 11 should be devel oped if the desired water quality is not achieved in Phase . Because of year-to-
year climate-related variability in nutrient load—eutrophi cation response relationships for waterbodies, it is
recommended that at least three, and preferably five, years of Phase | monitoring be conducted after the
nutrient load reductions have beensubgantidly completely implemented and the waterbody has adjusted
to the new nutrient loads. Thisadjustment period isestimated asthree timesthe limiting-nutrient residence
time for the waterbody. Therefore, Snceit islikdy to take several yearsafter aTMDL load alocationhas
been developed before the nutrient control programs are inplace and operating rdiably, ultimately, Phase
[1 in the nutrient control eutrophication response management program may not be implemented until at
leest five and sometimes ten or more, years after the TMDL and its dlocations have been
developed/agreed to. Since, in many TMDL situations, it is possble that there will be litigation involving
stakeholders objecting to the load reduction alocation provided them, this could delay the initiation of
Phase Il of the TMDL implementation from five to 15 years after the TMDL is firg formulated and
allocated.

Nutrient Load Reduction Allocation

The dlocation of dlowable nutrient loads among the dischargers can be assigned based on respective
responsbilities, where each discharger is required to reduce its load by a certain amount of itsshare of the
total load. However, economic, politica, and legd issues can often influence the dlowed nutrient
discharges from the various sources. Basicaly, nutrient load reduction alocation is a societd process
whereby society can decide whichof the dischargers of nutrientsor otherswho influence how the nutrients
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impact water qudity, should finanddly support nutrient control. For example, it may be appropriate to
require domestic wastewater treatment plants to remove 90 to 95 percent of the phosphorus, which can
typicaly be done a a cost of afew cents per person per day for the population served by the treatment
plant, and to require 30 to 50 percent control of phosphorus from agricultural land runoff/discharges.

Another areathat is receiving increasing atention is pollutant |oad trading, whereby one type of discharger
will remove a greater percentage of nutrients than other dischargers. Rather than amunicipdity spending
large amounts of money to remove the last percent or so of anutrient fromthe wastewater discharges, the
municipaity may find that it is more cogt-effective to hdp support (fund) agriculturd interests to remove
nutrients.

One of the aspects of nutrient control from agricultura lands that must be considered isthat removing a
ubstantia part of the nutrients from agriculturd runoff/discharges may be cost-prohibitive in terms of
maintaining aviable agriculture. For many crops, the profit margin for average-year production is small,
leaving limited ability to spend fundson nutrient remova without jeopardizing the overal economic viability
of the agriculturd enterprise. Since maintaining viable agriculture in aregion may be considered societaly
desirable, it may be determined that the urban nutrient discharges through wastewaters and stormwater
runoff should remove agreater proportion of nutrients fromthese discharges thanrequired fromagricultura
lands.

Itisextremey important that pollutant trading programs be based on available forms of nutrients, and not
tota nutrients, which include large amounts of unavailable nutrients. Numerous technicdly invalid pollutant
trading programs that have been developed, whichincorporatetrades of discharge of unavailable nutrients
for discharge of avallable nutrients. Both the Lake Dillon Reservoir near Denver, Colorado, and the North
Carolina Pamlico River estuary phosphorus control programs were based ontotal phosphorus, rather than
agd-available phosphorus. Thiscanlead to aningppropriate pollutant (phosphorus) trading program (Lee
and Jones-Lee, 1994).

Another aspect of pallutant trading is the examination of both near-field impacts of nutrients (i.e,, near the
point of discharge), as well as the far-field (downgradient or waterbody-wide) effects. Nutrients
discharged into bays or aams of alarger waterbody can readily have a sgnificant adverse effect inthe bay,
but not in the waterbody overdl. The bay adverse effects near the point of discharge could be severeand
requiregreater nutrient control than if the issue were bay-wide impacts. Lee and Jones-Lee (1996) have
discussed the importance of criticaly reviewing the impacts of nutrients for both near-field and far-field
gtuations in the development of TMDL godls.

Inthe San Joaguin River Degp Water Ship Channd watershed, a number of municipditiesare prohibited
fromdischarging domestic wastewatersto the San Joagquin River because of adverseimpactsonriver water
qudity during the summer and fdl. These municipdities discharge their wastewaters to land during the
summer/fal. Thereisconcern, however, about whether thisland disposa of wastewatersduring thisperiod
could lead to contamination of shalow groundwater by nitrate, which in turn, through discharge to the
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surfacewaters, could be animportant source of nitratefor the San Joaquin River. Itisimportantinany land
gpplication of wastewaters to be certain that such an gpproach does not result in pollution of shalow
groundwater that then transports the nutrients to surface waters.

Insome instances, respong bility for eutrophi cation-rel ated water qudity problems may lieto aconsiderable
extent with non-nutrient dischargers. An example of this type of Stuation occurs in the development of
nutrient control programs for the SanJoaguin River Deep Water Ship Channdl. Asdiscussed by Lee and
Jones-Lee (2000a), agee that develop within the San Joaquin River watershed, as well as within the
channd, are amgor cause of the dissolved oxygen depletion to levels below the water qudity objectives,
that occurs eech summer and fal. The San Joaquin River upstream of the Deep Water Ship Channd is
about ten feet deep. It discharges to a ship channd that is 35 feet degp. This increased depth and its
associated volume greatly changes the hydraulic residence time of the water and, therefore, the exertion
of the oxygen demand associated with the algae that are brought into the ship channd from upstream
SOUrces.

Sincethe San Joaquin River does not have DO depletions below water quaity standards upstream of the
ship channd, it can be argued that the Port of Stockton (the Port for which the channdl was devel oped)
and those who benefit fromthe Port activitieshave aresponshbility for causing the DO depletion within the
channd; without the channd, therewould be no sgnificant DO depletion problems. Theseissuesarebeing
discussed by the San Joaguin River DO TMDL Steering Committee, where DO depletion below water
quality objectives arisng from the existence of the channd, is being assigned a respongibility factor thet is
equivaent to aload of oxygen demand.

Another factor that isimportant in the oxygendemand of the San Joaquin River Deep Water Ship Channel

isthefact that, at times, through water diversions primarily for export to Centra and Southern Cdlifornia,

thereislittle flow through the channd. Thisresultsin aStuation where the hydraulic resdence time of the

channel changesfromabout aweek to as muchasfour weeks. Under these conditions, an oxygen demand

load that would be acceptable under higher flow conditions may cause severe DO depletion below the
water qudity standard under low-flow conditions. Here again, the diverson of water by those who

manipulate flows through and around the channd carries with it a responsibility for DO depletion. If the

flowswere maintained throughthe channd, the amount of oxygendemand that oxygen-demand dischargers
would have to remove could be consderably less than that which will be required under lower flow
conditions. The San Joaguin River DO TMDL Steering Committee is exploring ways to assign a
respongibility for DO depletionto those who divert flows out of the channd and thereby increase the DO

depletion and the resdua oxygen demand loads brought into the channd.

One of the approaches that is being explored for control of DO depletion within the Deep Water Ship
Channdl isaerationof the channd. It may befar more cost-effectivefor the dischargers of oxygen demand
and nutrientsthat cause the DO depletion within the channd to pay for aeration, rather than to try to treat
the runoff fromagricultura lands which contribute nutrients that |ead to dgae which cause oxygendepletion
in the channd. It is possible that, through financial support from the water diverters and the Port of
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Stockton—those who benefit from the Port and agriculturad and domestic wastewater interests — the cost
of aeration could be shared among dischargers and those who adversely impact how an oxygen demand
load/agae impact DO depletion within the channd. It will be interesting to see how the dlocation/funding
of nutrient control findly evolvesinthe San Joaquin River Deep Water Ship Channd TMDL, withparticular
referenceto assgning respongbility to the Port and the water diverters, where they would have anassigned
respongibility for helping to pay for correcting the problemof low DO due to the decay of dgae within the
channd.

The San Joaguin River DO TMDL development efforts face a somewhat unusud Stuation for surface
waters, with respect to establishing the TMDL god to diminate violations of water qudity standards for
dissolved oxygenwithinthe water column. One of the important issues that must be resolved in developing
this TMDL iswhether the DO water qudity standard is to be implemented as a worst-case value, not to
be exceeded at any time or location. The US EPA nationd water qudity criterion for dissolved oxygen
isb mg/lL. The Agency, however, does not have apolicy on whether this5 mg/L isan average considering
the diel DO changes associ ated with photosynthesis and respirationinthe near-surface watersor inthe DO
depletion that can occur near the sediment/water interface due to sediment oxygen demand.

A sgnificantly different reductioninnutrient |oadsto awaterbody can have to occur if the DO water qudity
sandard isimplemented as a worst-case vaue, not to be exceeded by any amount more than once every
three years (i.e., typica Clean Water Act water quaity standards implementation gpproach used by the
USEPA) or can be an average vadue for the water column, largely ignoring the DO depletionthat occurs
inthe early morning hoursdueto aga and bacteria respirationand near the sediment/water interface during
times of limited mixing of the watersin the water column down to the sediments.

CONCLUSIONS

All sources of nitrogenand phosphorus that are discharged to waterbodiesthat are experiencing excessive
fertilization—whichindude many inland waterbodies and muchof the East coast, the Gulf coast, and some
of the West coast near-shore marine waters— will be subject to increased scrutiny as part of TMDL efforts
to control excessve nitrogen and/or phosphorus inputs to the waterbodies. All sources of nutrients
(inorganic and organic fertilizers) will likedy recelve increased scrutiny as a contributor to excessive
fertilization of waterbodies. 1t will be important for al managers of sources of nutrients, and especidly
biosolids, to develop and then actively participate in monitoring programs to define, on a
waterbody/watershed-specific basis, the role that a particular nutrient source plays in impacting the
excessve fertilizationof the receiving waters for sormwater runoff and irrigation water discharges. It will
aso beimportant to religbly eval uatehow the eutrophi cation-rel ated water quality problems associated with
aparticular nutrient source and type of nutrient source, impact excessve fertility of a waterbody and in
particular, how reduction of that nutrient source will impact the eutrophication-related water quality
problems of the waterbody.
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