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Microbes and Urban Watersheds:

anaging microbes from urban watersheds

Ways to Kill 'Em
can be a daunting task, as bacteria are

M usually present in high concentrations dur-

ing storms, come from many different sources, and
follow many complex pathways to reach receiving
waters. Inthisarticle, weexaminewhether it istechni-
cally feasibleto reduce microbesin urban stormwater
to maintain drinking water, water contact recreation
and shellfish consumption uses. Thearticlebeginswith
a discussion of the causes of bacteria mortality, and
then reviews what is currently known about bacteria
removal provided by stormwater best management
practices, stream buffers, and source controls. The
major focusison fecal coliform bacteria, asthisindi-
cator has been used in nearly all performance studies
conducted to date.

Thereview concludesthat current stormwater prac-
tices, stream buffersand source controlshaveamodest
potential to reduce fecal coliform levels, but cannot
reducethemfar enoughto meet water quality standards
in most urban settings. It is also argued that current
watershed practices have even less capability to re-
moveprotozoansin stormwater runoff, suchasGiardia
and Cryptosporidium. The last section examines sev-
eral designimprovementsthat might enhance the bac-
teriaremoval performance of watershed management
practices.

Figure 1: Effect of Different Die-off Rates (k) on

100

Bacteria Mortality (Hydroqual, Inc., 1996)
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Most fecal coliform bacteriathriveinthedigestive
systems of warmblooded animals, but do not fare well
when exposed to the outside world. Over time, most
fecal coliforms gradually “die-off.” Key factors and
practices that can be manipulated to increase bacteria
die-off includethefollowing:

» Sunlight (ultravioletlight)
» Sedimentation
Sandfiltration

Soil filtration

» Chemical disinfection

e Growthinhibitors

The term “die-off,” however, is not as fina as it
would appear. Often, researchers actualy only mea
sure the “disappearance”’ of bacteria from the water
column. Bacteria and viruses settle from the water
columntothebottom sediments. Giventhewarm, dark,
moist and organic-rich conditions found in bottom
sediments, many coliform bacteria can survive and
even multiply in this environment. A number of re-
searchers have documented this behavior in the sedi-
ments of storm drains, catch basins, ditches and chan-
nels. If these sediments are resuspended by turbulent
stormwater flows, the bacteria can reappear in the
water column.

Researchersand engineershaveexaminedthe“ die-
off” rates for many different microbesin fresh waters
(Mancini, 1978). Bacteriadie-off can bemodeled asa
first-order decay equation, using ak value of about 0.7
to 1.5 per day (Figurel). Inpractical terms, “k” values
in this range mean that about 90% of bacteria present
will disappear fromthewater columnwithintwotofive
days. Thedie-off rateisgenerally muchfasterinmarine
and estuarine waters than freshwater (Thoman and
Mueller, 1987).

Exposure to Sunlight

Bacteriaarealotlikevampiresinthat they generally
can't stand the light of day. Bacteria are killed when
exposedto avery specific and narrow band of thelight
spectrum (254 nm—ultraviolet UV light). Consequently,
exposuretosunlightisoneof themostimportant factors
causing bacteriadie-off. Maximumdie-off requiresclear
water, however, and the turbidity and organic matter
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Table 1: Comparison of Die-Off Rates and Treatment Effectiveness for Different Microbes

Surface Die off Ability to Survivalin
Microbial Indicator Light? Settling? filtration? rates (k) Multiply sediments?
Total coliforms Yes Yes Yes 1/day Yes Moderate
Fecal coliforms Yes Yes Yes 0.7 - 1.0/day Yes Days
Fecal Streptococci Yes Yes Yes 1/day Low Weeks
Escherichia Coli Yes Yes Yes 1/day Low Months
Weeks to
Salmonellaspp. Yes Yes Yes 1.5/day Yes months
Psuedonomas .
. Yes Partial Yes ? Yes Months
aeruginosa
Crytospoidium spp. No Partial Partial 1.5/day No Months
Giardiaspp. No Partial Partial 1.5/day No Months

found in urban runoff can greatly interfere with the
sunlight effect (Bank and Schemhel, 1990).

UV light has been utilized by water utilities to
disinfect drinking water and wastewater effluent. In
recent years, this technique has been used for end-of -
pi perunoff treatment at combined sewer and stormwa-
ter outfallsin a few settings including Toronto, New
York, and Florida (O’ Shea and Field, 1992). These
initial applicationsindicated that substantial stormwa-
ter treatment is needed to remove suspended solids
before UV light is effective. Sophisticated telemetry
and energy arealso needed to calibratethe“ dosage” of
intensive UV light to therapidly changing flow condi-
tionsin stormwater.

Sedimentation

Individual fecal coliform bacteria cells are very
small particles(assmall asasinglemicronindiameter),
but they frequently adsorb to sediment particles or
attach to other bacterial cells. Schillinger and Gannon
(1982) reported that about 15 to 30% of fecal coliform
cells present in stormwater are adsorbed to larger sus-
pended particles, most of which were greater than 30
microns in diameter. Fecal coliform bacteria that do

adsorb totheselarger particlescan settlerapidly out of
thewater column (Schillinger and Gannon, 1982; Auer
and Niehaus, 1993).

Bacteriathat do not attach or adsorbto particlesare
much harder to settle. Schillinger and Gannon (1982)
note that 50% of fecal coliform bacteriain stormwater
suspensions were not attached. These cells are only
onetotwo micronsindiameter and effectively act like
fine clay particles in terms of surface transport and
settling characteristics(Coyneetal., 1995). Suchsmall
particles have very slow settling velocities, and may
remain in suspension for days or even weeks.

Auer and Niehaus (1993) computed a combined
settling velocity for unattached and attached coliform
bacterial cellsinurban stormwater of about twoto four
feet per day, depending on the relative proportion of
small andlargebacteria“ particles.” Using thissettling
rate, about 90% of bacteria would settle out from a
typical stormwater pond in about two days under ideal
conditions. Thisfinding is consistent with the onelog
bacteriaremoval consistently achieved in stabilization
ponds utilized for wastewater treatment which typi-
caly yields a fecal coliform effluent of about 1,000
MPN per 100ml (Godfrey, 1992).
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Sand Filtration

Sandfiltration hastraditionally been used by water
utilities to ensure the purity of drinking water, after
chemical pretreatment and sedimentationareempl oyed.
Coliformremoval ratesof 97 to 99.5% can be expected
in aproperly operated treatment plant (Viessman and
Hammer, 1993), but drop to about 60% without prior
chemical pretreatment.

Sandfiltration hasbeen adapted totreat stormwater
runoff (Claytor and Schueler, 1996), but it isimportant
torecognizethat stormwater sandfiltersaredifferentin
many ways from those used to treat drinking water.
First, sand filtersemployed to treat drinking water use
severd layersof filter mediato promotemoreconsi stent
filtration (e.g., anthraciteand garnet). Second, drinking
water filters are designed to enable daily “back flush-
ing” that drivestrapped sedimentsand microbesbackup
through the filter bed and thereby prevents microbial
breakthroughinthefilter media. Lastly, drinkingwater
filtersemploy chemical pretreatment to removelarger
solids before they ever reach thefiltration bed.

Most stormwater sand filterslack these character-
istics—particularly the ability to back flush. Thisis
worthnoting, sinceindividual bacterial cellsareonly a
few micronsinsizeand may not befully strained out by
passingthrough sand grainsthat aremuchlargerinsize
(45to55microns). Thus, sincestormwater filtersarenot
regularly back-flushed, it is likely that microbes and
pollutants migrate through the filter bed over time.
Consequently, most field studiesof sandfiltersremove
only 50t0 65% of carbon and bacteria, although solids
removal canapproach 90% (article64).

Soil Filtration

Bacteriacan be effectively treated by filtering and
straining water through thesoil profile. Indeed, ahome
septic systemrelieson sail filtration. Inthistraditional
method for onsite sewage disposal, wastewater isdis-
tributedthrough asubsurfacedrainfieldandallowedto
percolatethroughthesoil (after larger solidshavebeen
trappedinaseptictank). Soil filtrationissimilar tosand
filtration, but canresultingreater bacteriaremoval rates
sincethehigher organic matter and clay content of most
soilsincreasespotential bacteriaadsorption (Robertson
and Edberg, 1997). When properly located, installed
and maintained, septic systems can achieve virtually
completebacteriaremoval over adistance of 50to 300
feet (but not necessarily complete removal of much
smaller entericviruses). A number of factorscan cause
soil filtrationtofail (e.g., clogging, macropores, hydrau-
licoverloading, thin soils, excessively permeablesoils
or bedrock fractures). Inthesecases, wastewater breaks
out or throughthesoil profilewithlittleor notreatment.

Several stormwater practicesalso utilize some de-
gree of soil filtration to aid in pollutant removal. Ex-
amplesinclude infiltration practices and bioretention

areas that divert runoff through the soil profile. To a
lesser degree, grassswal esallow for somesoil filtration
if runoff infiltrates into the channel during smaller
storms. No dataareavailableto assessthe performance
of stormwater practicesthat utilizesoil filtration, but it
isreasonabletoassumethat their bacteriaremoval rates
arecomparabl etoseptic systemsif thesoil filterisdeep
enough.

Chemical Disinfection

Bacteria can be rapidly killed through chemical
disinfection. The most common approach is to add
chlorine or related compounds to wastewater. While
chlorine can be very effective in killing bacteria, it
needs to be added at the right dosage. If too little
chlorineisadded, some bacteriawill survive, particu-
larly thoseadsorbedtosolid particles (Fieldetal., 1993).
If toomuch chlorineisadded, environmental ly harmful
chlorineresidual scan berel eased downstream. Precise
dosing is possible within the highly controlled condi-
tions of awater supply or wastewater treatment plant,
butisvery difficulttoattainwhenflow andturbidity are
highly variable. Thus, chemical disinfection of storm-
water has been largely restricted to combined sewer
overflow abatement facilitiesand afew Canadianbeach
outfalls(Fieldand O’ Shea, 1992).

Growth Inhibitors

A series of factors can slow the growth of bacteria
insurfacewatersand sediments. Whilethesefactorsdo
not technically kill bacteria, they do slow their growth,
reduce survival and increase predation. Mgjor factors
that can inhibit the growth of bacteria include colder
water temperatures, low nutrient levels, low carbon
supplies, low pH levelsand moistureloss(Oliveri etal.,
1977). Whileit isdifficult for awatershed manager to
control these factors, they can sometimes be manipu-
lated in the design of stormwater practices and open
channelsto achieve greater bacteriaremoval.

Sour cesof Protozoan M ortality

Protozoans such as Cryptosporidium and Giardia
appear to be harder to control than fecal coliform
bacteria. Thisis somewhat surprising given that cysts
and oocystscanbefiveto 10timeslarger thanindividual
bacterial cells, andthereforeshould settleor filter more
rapidly. The cysts and oocysts of these protozoans,
however, are not affected by sunlight, and because of
their persistence and durability they can last for many
months in wet sediments (Bagley et al., 1998). Soil
filtration does appear to be a promising method, as
protozoansare not very mobilein soils(Robertson and
Edberg, 1997).

Sandfiltrationat drinking water plantshasnot been
found to be fully effective in removing all cysts and
oocysts according to Lechevalier and Norton (1995),
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although it is not clear whether the cysts that pass
through sand filters remain viable. (Indeed, a strong
debate rages on the proper methods to monitor viable
Cryptosporidium and Giardia). A series of studies
havefound that back flushing of sandfiltersat drinking
water treatment plants resuspend protozoa, and can
becomeasignificant source of cysts/oocysts (Stateset
al., 1997; Lechevalier and Norton, 1995). Wastewater
effluent is a so one of the major sources of protozoato
surfacewaters, particularly for Cryptosporidium(States
etal.,1997; Lechevalieretal., 1991; Stern, 1996).

Chemical disinfection caninactivate cysts and oo-
cysts, but typicaly regquires chemical pretreatment,
higher doses, and longer contact timesthan when used
to inactivate fecal coliforms. Researchers are begin-
ning to study the best ways to inactivate cysts and
oocysts. Physical abrasion, ammonia, low moisture
content, freeze-thaw conditions, and very high tem-
peratures (25-30 degrees C) have all been found to
inactivate protozoa to some degree.

There is no monitoring data to assess whether
stormwater practices can effectively remove Giardia,
Cryptosporidiumor Salmonella. Giventhat few effec-
tiveremoval mechanismsexist for thesedurabl e patho-
gens, it is speculated that it will be much harder to
remove them compared to fecal coliform bacteria
Additional research is needed to answer this question.

Ability of Water shed Practicesto Treat Bacteria
Sour ces

Effectiveness of Sormwater Practices

Urban stormwater practicesmust beextremely effi-
cientif they areto producestorm outflowsthat meet the
200M PN standardfor fecal coliformbacteriafromasite.
Assume for a moment that a site experiences a fecal
coliform concentrati on equival ent tothenational mean
of 15,000 per 100 ml during a storm. A stormwater
practice would need to achieve a99% removal ratefor
fecal coliform to meet the standard. To date, perfor-
mancemonitoring research hasindi cated that no storm-
water practice canreliably achievea99% removal rate
of any urban pollutant on a consistent basis.

Todate, only 24 performancemonitoring studiesin
our database have actually measured the input and
output of fecal coliform bacteria from stormwater
practices during storm events. The Center’s stormwa-
ter pollutant removal databaseincludesten ponds, nine
sand filter and five swales (Table 2). The magjority of
performance studies have focused onfecal coliformor
fecal strep as bacteria indicators, with just a few
observationsfor Psuedonomasand E. coli. It should be
noted that fecal coliform monitoring does not lend
itself to automated monitoring techniques because of
holding time limitations. Consequently, estimates of
efficiency aretypically based on grab sampling.

For the 10 stormwater ponds, mean fecal coliform
removal efficiency was about 65% (range -5 to 98%).
The mean removal efficiency calculated for nine sand
filterswas|ower (about 50%), and these practices had
awider range in removal (-68 to +97%). It should be
noted that most sand filter performance data has been
collected during warm seasons and most siteswerein
Texas. Noperformancemonitoring datawereavailable
toassessthecapability of infiltration practicesor storm-
water wetlandson coliformremoval.

Most researchersreport afew episodes of negative
fecal coliform removal during the course of their sam-
pling efforts. Figure2 providesatypical exampleof the
variability in bacteriaremoval inaNorth Carolinawet
pond monitored by Borden and his colleagues (1996).
The limited data on fecal streptococci and E. coli
removal appearsto fall within the same range asfecal
coliform removal (Table 2).

Outflow Concentrations from Sormwater Practices

Pollutant removal performance can be strongly in-
fluenced by the variability of the pollutant concentra-
tionsinincoming stormwater. If inflow concentrations
arenear an“irreduciblelevel,” alow or negativeremoval
can be recorded, even though outflow concentrations
dischargedfromastormwater practicearestill relatively
low (seearticle65). Thisbehavior may explainthehigh
concentration of bacteria often found in stormwater
pond outflows. Table 3 compares outflow concentra-

Table 2: Comparison of Mean Bacteria Removal Rates

Achieved by Different Stormwater Practices

Stormwater

Management Practice Fecal coliform Fecal streptococci E.coli
Ponds 65% (n=10) 73% (n=4) 51% (n=2)
Sand filters 51% (n=9) 58% (n=7) No data
Swales -58% (n=5) No data No data
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Figure 2: Inflow and Outflow Bacteria Levels in a North Carolina Wet Pond

(Borden et al., 1996)

tions among stormwater practices and suggests that
most practices dischargefecal coliform bacteriainthe
rangesof 2,500t05,000 coloniesper 100ml, or about 12
to 25 times the water contact recreation standard.

Effectiveness of SreamBuffers

Our current knowledge about the bacteriaremoval
capability of stream buffersisrather sparse. Indeed, at
the present time, no data exist on the performance of
either forested stream buffers or grass filter stripsin
removing bacteriafrom urban stormwater runoff. Some
indication of their potential effectiveness, however,
can be inferred from the performance of grass filter
strips used to control runoff from crops and livestock
operations. Taken together, these studies suggest that
grass filter strips have only a modest capability to
remove fecal coliformsfrom runoff.

For example, Coyne et al. (1995) found that grass
filter strips were able to remove 43 to 70% of fecal
coliformsintwo experimental grassfilter plot studies,
whileY oungetal. (1980) reported 70%coliformremoval
fromal00-foot grassfilter strip. Two other researchers,
however, found that grass filter strips had essentially
no ability to remove fecal coliform due to short flow
lengths (Dickey and Vanderholm, 1981) or extremely
highinfluent concentrations(Schellinger and Clausen,
1992).

Itisvery doubtful whether an urban stream buffer
could exceedthe 70% maximumremoval rateobserved
for agricultural stream buffers, given coliform sources
within stream bufferssuch aswildlife, plantsand even
soils, therelatively narrow band of adjacent land that

Table 3: Comparison of Mean Bacteria Removal Rates

(Colonies/100ml) Achieved by Different Stormwater Practices

Stormwater

Management Practice Fecal coliform Fecal streptococci E.coli
Ponds 5,144 (n=9) 3,381 (n=4) 869 (n=2)
Sand filters 5,899 (n=9) 16,088 (n=7) No data
Swales 2,506 (n=3) No data No data
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can be effectively treated, and the tendency to create
channelizedflows.

Another lineof evidencesuggeststhat urban stream
buffers or filter strips may have little potentia to
remove fecal coliforms from urban stormwater. Five
researchershaveexamined whether grasschannelscan
effectively filter or trap bacteria as stormwater passes
through them. Depending on storm size, the swales
exhibited shallow concentrated flow, or more rarely,
sheetflow conditions. Asagroup, thegrassswaleswere
foundtohavenoability toreducefecal coliformlevels,
with zero or negative changes in concentration re-
portedinfour out of fivestudies(see Table2andarticle
116). Pet droppings, in-situ multiplication and short
travel times were all cited as reasons for the poor
performance of swales. Swales had ageometric mean
outflow concentration of about 2,500 MPN per 200 ml
(Table 3). It should be noted that these performance
studies did not account for bacteria reduction by soil
filtration under the swale.

Effect of Source Control in Reducing Bacteria Levels.

Sourcecontrol seekstoreduceor eliminatesources
of bacteriain urban watersheds before they comeinto
contact with stormwater. Common source control pro-
grams focus on pet waste cleanup, proper disposal of
Kitty litter, pumpouts of boat sewage, septic system
mai ntenance, di scouraging resi dent waterfowl and gen-
eral urban housekeeping. Whilesourcecontrol isdesir-
able, very little monitoring has been conducted to
determineif it can actually reduce watershed bacteria
levels. One study that evaluated the effectiveness of
source control in urban watersheds was conducted by
Lim and Oliveri (1982), who reported that bacterial
densitiesweregenerally lower inwell-maintained Bal -
timore alleys compared to aleys in poor condition
(e.g., trash and refuse piles).

The ultimate effectiveness of any bacteria source
control effort is dependent on four factors. First, how
prevalent isthe behavior that educati on programs seek
to modify? Second, how effective are education or
enforcement programs in reaching the target popula
tion? Third, what specific educational or enforcement
techniquesareeffectiveinactually changingthebehav-
ior of the target population? Finally, what realistic
bacteriareductionsin awatershed could beexpected if
the target population actually changed its behavior?

Consider for amoment the most common bacteria
source control program: getting pet ownersto clean up
after their dogs. A recent phone survey of dog owners
in the Chesapeake Bay indicated that 59% of respon-
dents claimed to clean up after their dog most or all of
the time, while 38% of the respondents reported that
they rarely or never did so (CWP, 1999). Most dog
walkers understood the water quality or public health
consequences of their behavior: 65% agreed with the

statement that pet waste can beasource of bacteriaand
nutrientsto nearby streams (27% disagreed). I nterest-
ingly, thewalkerswhodidn’talwayscleanupafter their
dogs showed little interest in changing their behavior.
Factorsthat might prompt them to clean up more often
werecomplaintsby neighbors(21%), asimplesanitary
collection method (17%), convenient disposal loca
tionsaong trails or parks (17%) and fines (7%). One-
third of all dogwalkers, however, indicated that noneof
thesefactorswouldinducethemto changetheir behav-
ior. Clearly, pet wastesourcecontrol programswill need
tobevery creativetoalter thesedeeply rooted attitudes.

Wouldthese* bad actors’ respond moretothestick
of an enforcement approach or the carrot of an educa-
tionapproach?What outreachtechniquesreally attract
their attention? How much bacteriado they generatein
a watershed, and what realistic bacteria reductions
could result if some or all of the bad actors changed
their behavior? Until we can answer these questions, it
is very difficult to craft effective source control pro-
grams, andvirtually impossibleto assign a“watershed
bacteriareduction” for source control.

Effect of Improving Wastewater Disposal and Convey-
ance.

In watersheds where untreated wastewater is a
documented source of bacteria, basic repairs to the
wastewater system can produce impressive local re-
ductionsin bacterialevels. For example, several com-
munities have measurably reduced bacteria levels by
connecting homes with failing septic systemsto sani-
tary sewer lines, rehabilitating aging sanitary sewer
lines, eliminatingillicit/illegal connections, providing
pumpouts of recreational sewage, and treating com-
bined sewer overflows (Field and O’ Connor, 1997,
NRDC, 1999). While these measures can be an effec-
tive strategy for reducing extremely high bacterialev-
elsin dry and wet weather flows in urban watersheds,
they do not address bacteria contributed by stormwa-
ter.

ImprovingBacteriaTreatment By Water shed
Practices

Sormwater Practices

Few stormwater regulations provide specific guid-
anceonhow todesign or sel ect stormwater practicesfor
greater bacteriaremoval. Several designenhancements
are provided below that might be able to enhance the
performance of the current generation of stormwater
practices.

 Create high light conditionsin the water column
of stormwater ponds or wetlands. For example,
storagecan beprovidedinaseriesof separateand
rather shallow cells. The last cells should have
lower turbidity and therefore permit greater UV
light penetration.
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Provide additional retention or detention timein
stormwater pondsto promotegreater settling (i.e.
two to five days). Alternatively, engineers could
size ponds based on a smaller minimum design
particle(say 15microns).

Design inlet and outlet structures of stormwater
pondsto prevent bacteria-laden bottom sediments
from being resuspended and exported. Reducing
turbulenceisessential for “dry” extended deten-
tion pondsthat do not havea* pool barrier” totrap
and retain bottom sediments.

Reduce turf and open water areas around storm-
water ponds so that resident geese and waterfowl
populations do not become established and be-
come an internal bacterial source.

Add shallow benchesand wetland areasto storm-
water pondsto enhance the plankton community
and therefore increase bacterial predation.

Infiltration practices can play arole in reducing
bacteriayieldsto surface waters where soil con-
ditionspermit. Optimal soil infiltrationratesrange
from 0.5 to 2.0 inches. Even when infiltration is
not feasibleat asite, designersshould endeavor to
achieveasmuch soil filtration aspossiblethrough
the use of filter strips, rooftop disconnection and
open channels.

If filtering practicesareused, empl oy finer-grained
mediainthefilter bed withasmall diameter (say,
15 microns), or at least provide a finer-grained
layer at mid-depthinthefilter profile. Thetypical
“concrete-grade” sand used in most sand filters
may be too coarse-grained to prevent coliform
breakouts. The use of finer-grained media, how-
ever, could lead to more chronic clogging of the
filter bed. Inany event, sandfiltersarenot likely
to achieve high bacteriaremoval unlessthe pro-
cessfor pretreatment and/or filtrationisextended
for 40 hours or more. Thisismost easily done by
extendingthedetentiontimeinthesedimentation
chamber used for pretreatment.

Remove trapped sediments from filter pretreat-
ment chambers on a more frequent basis during
the growing season. In addition, “dry” pretreat-
ment chambers may be moredesirabl e since bac-
teria-laden sediment would be subject to both
sunlight and desiccation. In general, sand filters
should be oriented to provide maximum solar
exposure.

Consider using bioretention, infiltration and dry
swale practicesthat employ soil filtration. Given
sufficient pretreatment and soil filtering depth,
these practiceshavethe potential to achieve bac-
terial removal rates comparable to functioning
septic systems. Their actual performance moni-
toring and longevity inthefield, however, needs

more study before stormwater “soil filters’ are
recommended for bacteria-limited watersheds.

» Avoid creating internal bacterial sources in the
stormwater conveyance system, such as ditches,
catch basins, swales, or sediment storage within
the storm drain network. In bacteria-limited
catchments, conveyance systems should be de-
signed to be either self-cleansing or promote
maximum sediment retention. Dry swales, which
employ sail filtrationand haveanunder drain, are
probably superior to grassswalesfrom abacteria
reduction standpoint.

» Locatenew stormwater outfallsto maximizedis-
tancefromany water intakes, beachesor shellfish
beds.

Research is needed to determine what, if any,
additional bacteriaremoval could beproduced by these
design enhancements. I n addition, performance moni-
toring is urgently needed to evaluate whether Giardia
or Cryptosporidium can be removed by current or
enhanced stormwater practices. Clearly, there are up-
per limitsonwhat gravity-driven stormwater practices
can actually achieve. Even an advanced secondary
wastewater treatment that filters its effluent still dis-
charges fecal coliform at the 10° to 10° levels before
final chemical disinfection (ASCE, 1998). This sug-
geststhat more advanced disinfection techniques may
need to be incorporated into stormwater practices if
they ever will be able to meet bacterial standards in
urban waters.

Sream Buffers

The ability of urban stream buffers to remove
bacteria has never been tested in the field, so the
following design enhancements are based solely on
engineering theory and bacteria behavior. An ideal
stream buffer might becomposed of threelateral zones:
astormwater depression areathat leadsto agrassfilter
strip that in turn leads to aforested buffer. The storm-
water depression is designed to capture and store
stormwater during smaller storm events and bypass
larger stormflowsdirectly intoachannel. Thecaptured
runoff within the stormwater depression can then be
spread across a grass filter designed for sheetflow
conditionsfor thewater quality storm. The grassfilter
then discharges into awider forest buffer designed to
havezerodischargeof surfacerunoff tothestream(i.e.,
fullinfiltration of sheetflow).

The outer zone of a stream buffer must be engi-
neered in order to satisfy these demanding hydrologic
and hydraulic conditions. In particular, simple struc-
turesareneededto store, split and spread surfacerunoff
within the stormwater depression area. Although past
effortsto engineer urban stream bufferswere plagued
by hydraulicfailuresand maintenanceproblems, recent
experience with similar bioretention areas has been
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muchmorepositive(Claytor and Schuel er, 1996). Con-
sequently, it may be useful to consider elements of
bioretention design for the outer zone of an urban
stream buffer (shallow ponding depths, partial under
drains, drop inlet bypass, etc.).

Even when stream buffers cannot be engineered,
they can be managed for bacterial source control. For
example, grazing within aurban stream buffer should
not be permitted, and livestock should be excluded
from stream buffersadjacent to hobby farmsand horse
pastures.

Source Control

Bacteria source control remainsinitsinfancy asa
watershed practice. While the value of source control
efforts such as pet waste cleanup is obvious, it is not
alwaysclear how toimproveitseffectiveness. Several
lines of research are probably worth pursuing:

 Catchment scalemonitoringtodirectly link petsto
pollution

« Attitude surveys that profile the psychology of
pet owners for devising better ad campaigns

 Buffer training for dogs

» Researchto devel op amore convenient and sani-
tary product to retrieve and dispose of pet wastes

Summary

Current stormwater, buffer and sourcecontrol prac-
tices do not appear capable of removing enough fecal
coliform bacteriato meet the 200 MPN water contact
recreation standard in stormwater discharges, unless
thereceivingwater iswell-mixedanddilutedwith cleaner
water. The 50 to 75% bacteria removal reported for
stormwater and buffer practicesfallswell short of the
99% removal needed to meet standards. Considering
that the outflow concentration from stormwater prac-
ticesisontheorder of 2,500t0 5,000 M PN/100 ml, itis
probable that bacterial concentration will always ex-
ceed pre-devel opment conditionsin most urban water-
sheds, even if stormwater treatment and buffer prac-
tices are fully implemented and all wastewater dis-
chargesareeliminated.

References

References denoted by an asterisk (* ) wereusedinthe
bacteria removal performance analysis provided in
Tables 2 and 3.

ASCE. 1998. Design of Municipal Wastewater Treat-
ment Plants. Fourth Edition. Volume2. American
Society of Civil Engineers Manual and Report on
Engineering Practice No. 76. Water Environment
Federation MOP#8.

Auer,M.T.,Niehaus, S.I.1993."ModeingFeca Coliform
Bacteria—I. Fidldand L aboratory Determinationof
LossKinetics." Water Resources27(4):695-701.

Bagley, S., M. Auer, D. Stern and M. Babiera. 1998.
"Sourcesand Fateof GiardiaCystsand Cryptospo-
ridium Oocysts in Surface Waters." Journal of
Lakeand Reservoir Management 14(2-3):379-392.

Bank,H.andM. Schmehl. 1990."Bactericida Effective-
ness of Modulated UV Light." Applications of
Environmental Microbiol ogy56(12):3888-3889.

Bannerman, R.and R. Dodds. 1992. Unpublished storm-
water pond data. Bureau of Water ResourcesMan-
agement. Wisconsin Dept. of Natural Resources.
Madison, WI.*

Borden,R.C.,J.L.Dorn, J.B. Stillmanand S.K. Liehr.
1996. Draft Report. Eval uation of Pondsand Wet-
lands for Protection of Public Water Supplies.
Dept. of Civil Engineering. North Carolina State
University. Raleigh,N.C.*

Center for Watershed Protection. 1999. Urban Nutrient
Behavior Survey: Chesapeake Bay Resident Atti-
tudes. Ellicott City, MD.

City of Austin, TX. 1990. Removal Efficienciesof Sorm-
water Control Structures. Final Report. Environ-
mental Resource Management Division.*

City of Austin, TX. 1997. Evaluation of Nonpoint
Source Controls, An EPA/TNRCC Section 319
Grant Report. Volume 1. Final Report. Environ-
mental Resource Management Division.*

Claytor, R.and T. Schueler. 1996. Design of Sormwater
Filtering Systems. Chesapeake Research Consor-
tium. Center for Watershed Protection. Ellicott
City,MD.212pp.

Coyne, M.S., RA. Gilfillen, RW. Rhodes, and R.L.
Blevins. 1995. " Soil and Fecal Coliform Trapping by
GrassFilter StripsDuring Simulated Rain." Jour nal
of Soil and Water Conservation 50: 405-408.

Dickey,E.C.andD.H. Vanderholm. 1981. "V egetative
Treatment of Livestock Feedlot Runoff." Journal
of Environmental Quality 10:279-284.

Driscoll, E. 1981. Unpublished notesof fecal coliform
removal at UnquaNURP Pond.*

Egan, T., J. Burroughsand T. Attaway. 1995. "Packed
Bed Filter." In Proceedings of the 4th Biennial
Research Conference. Southwest Florida Water
Management District. Brookeville, FL.*

Field, R. and M. O’ Shea. 1992. "An Evaluation of the
Bacterial Standards and Disinfection Practices
Used for the Assessment and Treatment of Storm-
water." Advancesin Applied Microbiology 37:21-
40.

59



Field, R.,M.O’ Sheaand M. Brown. 1993. " TheDetec-
tionand Disinfection of Pathogensin Storm-Gen-
erated Flows." Water Science and Technology
28(5):311-315.

Field,R.and T. O’ Connor. 1997."Control and Treatment
of Combined Sewer Overflows." In Control and
Treatment of Combined Sewer Overflows. 2nd
Edition. P. Moffa, editor. Van Nostrand Reinhold,
New Y ork.pp.124-218.

Godfrey, A.1992." Sourcesand Fateof Microbial Con-
taminants." In Recreational Water Quality Man-
agement Volume 2: Freshwaters. D. Kay and R.
Hanbury editors. EllisHorwood, New Y ork, N, pp.
137-154.

Goldberg, D. 1993. Dayton Avenue SwvaleBiofiltration
Sudy. Seattle Engineering Dept., Seattle, WA .*

Hordley, S\W. 1995. "The Storm Treatment System- a
New Technology Stormwater Runoff." Tech. Note
No. 67. Watershed Protection Techniques 2(1).*

Hydroqual, Inc. 1996. Design Criteria Report, Kensico
Water shed Sormwater Best Management Facili-
ties, Appendix C. New Y ork City Dept. of Environ-
mental Protection. 240 pp.

Jones, S.and R. Langan. 1996. Assessment of the Effec-
tiveness of Permanent Stor mwater Control Mea-
sures. Find reportto New Hampshire Officeof State
Planning. University of New Hampshire. Ports-
mouth, NH 22 pp. *

LeChevallier, M., and W. Norton. 1995. "Giardia and
Cryptosporidium in Raw and Finished Water."
Journal AWWA. 87(9): 54-68.

LeChevallier,M.,W.NortonandR. Lee. 1991. " Occur-
rence of Giardia and Cryptosporidiumin Surface
Water Supplies." Applied and Environmental Mi-
crobiology. 57(9): 2610-1616.

Lim,S.andV.Olivieri. 1982. Sourcesof Microorganisms
in Urban Runoff. Johns Hopkins School of Public
Health and Hygiene. Jones Falls Urban Runoff
Project. Baltimore, MD. 140pp. *

Mancini, J. 1978. "Numerical Estimates of Coliform
Mortality RatesUnder VariousConditions." Jour-
nal WPCF. pp. 2477- 2484.

Natural Resources Defense Council (NRDC). 1999.
Municipal Solutions to Stormwater Pollution.
Draft Report. New Y ork, NY . 324 pp.

Olivieri, V., C. Kruse, K. Kawata, and J. Smith. 1977.
Microorganisms in Urban Sormwater. USEPA
ReportNo.EPA-600/2-77-087 (N TISNo. PB-272245).

O’ Shea, M. andR. Field. 1992."An Evaluation of Bac-
terial Standards and Disinfection Practices Used
for the Assessment and Treatment of Stormwater."
In Advancesin Applied Microbiology. Academic
Press.New York,NY. pp. 21-40.

Robertson, J. and S. Edberg. 1997. "Natural Protection
of Spring and Well Drinking Water Against Sur-
faceMicrobia Contamination: 1. Hydrogeol ogical
Parameters." Critical Reviews in Microbiology
23(2):193.

Schellinger, G.R. and J.C. Clausen. 1992. "V egetative
Filter Treatment of Dairy Barnyard Runoff in Cold
Climates." Journal of Environmental Quality 21
40-45.

Schillinger, J. and J. Gannon. 1982. Coliform Attach-
ment to Suspended Particlesin Sormwater. U.S.
Environmental Protection Agency. NTIS PB 83-
108324. 106 pp.

SeattleMetroand Washington Dept. of Ecology. 1992.
Biofiltration Swales: Performance, Recommen-
dations, and Design Considerations. Publication
#657. Water Pollution Control Dept., SeattleWash-
ington.*

Stanley, D. 1994. An Evaluation of the Pollutant Re-
moval of aDemonstration Urban Detention Pond.
Albermarle-Pamlico Estuary Study. APESReport
AU-07.*

Sates, S, K. Stadterman, L. Ammon, P.Vogdl, J. Bd dizar,
D.Wright, L. Conley andJ. Sykora. 1997. " Protozoa
in River Water: Sources, Occurrence and Tresat-
ment." Journal AWWA89(9): 74-83.

Stern, D. 1996. "Initia Investigation of the Sourcesand
Sinksof Cryptosporidiumand GiardiaWithinthe
Watersheds of the New Y ork City Water Supply
System." In Proceedings of a Symposium on New
York City Water Supply Studies. McDonnell et al.
editors. American Water Resources Association.
Herndon, VA.TPS-96-2 184 pp.

Stormwater Assessment and Monitoring Performance
Program. 1997. Harding Park Retrofit Wet Pond
Facility Progress Report, Rouge River Sormwa-
ter Facility Progress Report #2. Ontario Ministry
of Environment, Toronto, Canada. *

Thoman, R.andP. Mueller. 1987. Principlesof Surface
Water Modeling and Control. Chapter 5. Harper
Collins.New Y ork,NY .450pp.

Viesmann, W.and M. Hammer. 1993. Water Supplyand
Pollution Control. Fifth edition. Harper Collins.
New Y ork,NY.860pp.

Welborn, C. and J. Veenhuis. 1987. Effects of Runoff
Controls on the Quantity and Quality of Urban
Runoff at Two Locations in Austin, Texas. U. S.
Geological Survey. Water-Resources Investiga-
tionsReport 87-4004. Austin, TX. *

Young, R.,T.Huntrodsand W. Anderson. 1980. "Effec-
tivenessof Vegetated Buffer Stripsin Controlling
Pollution from Feedlot Runoff." Journal of Envi-
ronmental Quality 9: 483-487.

60




