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Addition of urea to prcmote the growth of various
conifer species has been practiced on commercial forest
land in the Pacific Northwest since the mid-1960s (Crown
1974; Fredriks€n et al. 1975). Urea prill are applied by
aerial spreadingfrom a helicopter about 30 to 90 meterc
above tree tops, quite often over steep rnountainous
terrain. Watersheds in which fertilization takes place in
the Douglas-fir region have many small sEeams/ some

of which are fish bearin& bu t most are not perennial and
are too srnall to support fish populations. In any cas€,
these small v/ate6heds almost always drain into larger
sbeam systems thatcontain valuable fishery resources
or serve as domestic water supplies, Thus/ enviroffnmtal
concems related to urea fertilization and forested shearns
have centered on drinkint water quality and the effects
on fish populations of inoeased nitrogen concenha-
tions (Norris et al. 19&3).

Monitoring sfudies in connection with fertilizer aFF
plications began in the late 1960s and continued into the
1970s (Moore 1975d). Initial obF€tives were to deter-
mine whether drinking water standards would tle ex-
ceeded or whether the increased nitrogen concenhations
would be boxic to aquatic life. When it became apparcnt
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^BSTR,ACT. Incrosed oncentrations of three species o{ dissolved nitrogen are found in surface waters a ft€r urea application:
(l) urea-N (ofien reported as Kjeldahl-N oror8anic-M, whi.h is present for only a few days; (2) ammonia-N, which is often
clevated for several we€ks to s€veral months; and (3) nitrate-N, which may b€ €levated for up to a yeai oi more. Peak ur€a-N
levels immediately after fertilization usually range from 0.1 to50 m8ll-dependinS on the p€rcentage of watershcd fenilized,
drainage densily, urea application rate, precipitation, and lenSth and width ofbuffer strips (unfertilized areas) alonS riparian
corndors. Peak concentral ions of total ammonia-N (ionized and un-ionized ammonia)after fertilization aretypically0.l to 0.5
mg/Ldep€ndin8 on thefaclors mcntioncd above, as wellas tempeEtu.eand soil chemistry. Relativelyhigh concenkations of
ammonia in surfacewaters havebaen associated with turtilizinSat low temp€ratures, which inhibits nitrificaiion. The highest
nitrate-N concenkalions reported from Pacific Northevest streams after fertilization have exc€ed€d 3 m8lL, but Fakconcen-
trations ranginS r'om 0.1 to 1.0 m8/L are more tpical of lhe Douglasjir re8ion. Estimated FrcentaSes of fcrtilizer nitrogen
exponed from watersh€ds in streams during the first year range from less than 1% to more than 107o of the total nitrog€n
app)ied. Baseline nitrate lcvels rnay bo increas.d in watersh.ds with histories of muxiple fertilization. During normal op€ra-
tions, ncither drinking water standards (10.0 mg/L nitrate-N,0.5 mg/L ammonia-N) nor aquatic toxicity thrcsholds (about r.2
rng/ L total ammonia-N) are exce€dod. Increased nitrogen in st'eans has the potential to promote th€ Srowth of p€liphyton. In
some streams increased pnrnary p.oduction can lead to enhanced production ofaquatic invert€brates and fishes, althouSh
enhanced fish production after forest fertilizalion has not yet b€en clearly demonstra ted in the Pacific Northwest. Transpon of
fcrtilizerderived nitrogen downstream to hydraulic sink in thedrainaSe system (lakes, wetlands) may contribute to ac€eleF
ated cutrophicalion ifthese wat€r bodi€s are nitroSen limited. Considered asa wholg however, thedata sugSest that forest
fcrtilization in the Dou8la$fir region does not produce conditions that erce€d wa te. quality standard s. Although incr€ases in
dissolved nikoSen relative lo baseline levels may be considerable, adverse effects on beneficial uses hav€ not been shown.
Therefore, whileforest turtilization maycause changes in thenitrcSen dynamics of receiving waters, it does not r€sult in water
quality impairment, provided reasonabl€ pre.autions are taken to minimizedirect entry of urea tostreams frcm aerial
applications and to prevent surface runofffrcm ure. stora8eand loadingareas.
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that routine urea aPPlications to coniferous forests did

not result in nitrate conc€nttahons in excess of the

recommended drinking watet limit of 10 mt/L

Oiedemann 1973; Moore 1972,1975r; Freddksen et al'

1975) or hiSher than suggested limits for the Protechon
of fish and other aquatic resources (Thut and Haydu
1971; Meehan et al. 1975; Stay et al 1978), the number of

monitoring proj.'cts declined Nevertheless, some con-

cerns still lingered over Possible sublethal eff€cts of

elevated nihogen concentrations on aquatic biota, es_

D€cially that increased eutrophication of dosnstream
waters would result (Thut and Haydu lqTl; Croman
1972).

In this chapter we review studies on the effects of

forest ferhlization on surface waters in the Douglas{ir
reeion. These studies have included a broader geo-

griphical range than early research in westem OreSon

and Washington,and have also included examinations
of watersheds with histories of multiple urea apPlica-

tions. We discuss factors influencing baseline nitrogen
concentrations in sFeams, case studies of intensively
monitored small watersheds, the potential of fertilizer

ni trogen to exceed drinking water standard s and aquatic
toxicity thresholds, the effects of fertilizer nitrogen in

stream and lake ecosystems (including thc Potenhal to

increase fish Production), and the effcctivencss ot
unfertilized buffcr strips in amelioratlng nitrogen run_

off. Physical and biological Processes controlling the

storage and transPort ofni trogen in streams arc cu rrently

b€ing investigatcd usinga variety of new res€arch tools
(e.g., Munn and Meycr 1990), and there is still much to
be leamed about the resPonse of sbeam ccosystems to
nitrogen addihons. However/ weattemPt to summanze

what is known about short- and long-tcrm pattcrns in

stream-water nitrogen after urea fertilizatlon in the
Pacific Northwesl and to relate thesechanges to watcr
quality and biological considerations of regional intet-

est,

Early Water QualitY Studies

Initial monitorinS studies of stream-water quality

during and after op€rational fertilization revoaled that

three species of dissolved nitrogen were present alter
fertilizer applications (Thut and Haydu '197t, Norris
and Moore 1971;Groman l9Z2). Urea_N concentrations,
sometimes analyzed as dissolved Kjeldahl-N (analyti-

cal test fordissolved organic nitsogen), roseimmediately
and were followed shortly by elevated ammonia-N
concentrations (Moore 19754)- Nitrate-N concentsations
began to rise at a more gradual rate as oxidation of

Table 1-Aver.ge strerm-n'atet P€ak (on<entr:tio8 of u.c._

N (most me:3uernent3 using lhe Kieldaht lest),lotal immo'

ni.-N, and nit.:te-N :fier forcst f€rrilizatior in Alaskr,
Id$o, Oregon, .nd WashinStor. Froln Nottit et al. U983)
bared on Moore (r9754)

Peak conenhahon (mq/L)

Nitrog€n spe.i6 Med Ranae
7.a7 0.09 - {4.4

0.01-1.{
0.04,4.0

Amnonia-N Q27

NitdteN 0.78

ammonia occurred, but elevated nitrate persisted in
stseams long aftcr urea-N and ammonia-N had re
tumed to background levels (Burroughs and Fro€hlich
'1972). It was not uncommon to observe a s€cond Peak in
nitrate the following autumn during the first heavy
minfall (Malueg et al. 19721, although this was not
always the case (Moore 1975b). Peak concentrations of
urea-N, anrmonia-N, and nitrate-N from selectcd forest
fertilizahon monitoring studies in the Pacif icNorthwest
prio. to 1975are Siven in Table 1. Although the magni-
tude of the p€aks vaded Sreatly among watersheds,
these early studies demonstrated that the temporal se_
quencc of change in Stream-water nitrogen concentra_
tions af tcr forest fertilization wassimilar throughout the
region (Fredriksen et al. 1975).

water Quality Standatds

Water quality standards related to urea fertilization
can be divi ded into di fferent ca tegories: (l ) Public heal th
standards for drinking watcr, (2) thresholds of toxicity
to aquatic life, and (3) nanative standards that pertain to
antidegradation. Standards within the United States are
generally takcn tobe thoscsetby the U.S. Environrr€ntal
Protection Agency (EPA 1986). The latest water quality
standards in Canada are now contained in CCREM
(Canadian Council ofResource and Environment Min_
isters), firstpublished in March 1987and last uPdated in
May 1990 (CCREM 1990). Narrative criteria related to
general waterqualityprotection in theUnited States are
listed in tlre federal Clean Water Act Recommended
limits for different species of dissolved nitrogen are
similar for the two countries and are shown in Table 2

Urea-N (CO(NH,),) is relatively nontoxic, and ex-
tremely hiSh concentrations would be required in order
to be harmful to either humans or fish (Norris et al
1983). These concenhations would occur only in the
event of a direct spill of large quantities of urea into a
stream, and even then raPid hydrolysis of urea to am_
monia would pose a fargreater cnvironmental dsk
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T.bl. 2-R€comm€ndcd .oncentration limits for diff€rcnt
rpccies of dissolvcd nitroSen ir drinkin8 water .nd in
nrtural wate6 for the prcteliotr of.old-w.ierbiol.. B:.ed
on w:ter qu.Iily strndards in th.United Stats (EPA 1985)
.nd Crn.dr (McN€ely et il. 1979).

R<ohmend€d Umirs {ms/L)
Niho86 5pd6 Drinkirgwatd Aquatic Tondty
Urea-N Nme 3,0m ' 10,000 (aate)

Ammonia-N (total) 0.5 (chronic) 1.2 (adre)

Nitrit+N 1,0 (clront.) 0.24 (adte)

1O0 (.h.oni.) None

Ammonia is generally reSarded as the most toxic
species of dissolved inorganic nitrogen (Thurston 1980),
but there is rlo single waterquality standard for protection
ofaqua tic life, b€cause ammonia toxicity has bc'en shown
to behighly variablein laboratory bioassays (Thurston
and Russo 1983; Meade 1985). McNeely et al. (1979)
recommend a total ammonia-N limit of 0.5 mg/L for
public drinkingwater. Therearetwo formsof dissolv€d
ammonia, ionized (NHr') and un-ionized (NH3),and the
un-ionized form is the most toxic (Szumski et al. 1982).
However, under low tempemtures and circurureutral
pH levels that are prevalent in Pacific Northwest
strearns, the un-ionized form is not favored and gener-
ally occurs in concentrations less than 0-0170 of thoseof
the ionized form (Emerson et al. 1975)- In some cases,
ionized ammonia can become a water quality problem,
even though itis less toxic, simply bccause of i ts grea ter
abundance (Meade 1985).

In natural wate$/ ammonia toxicity will be influ-
enced by rnany factors (Figure l), rnaking it very diffi-
cult to establish a threshold against which to judge
fertilizer monitoring results. Since some basis for com-
parison is needed, however, a conservative estimate of
the maximum safe level of total ammonia-N (ionized

Decreasing
pH

Decreasing
D.O.

Increasing
co2

\ Increastng
., temperature

plus un-ionized) was calculated from the EPA (1986)
recoiynended acute concenha tion limi ts for Drotection
of cold-water biota. The EPA wdtcr quality tatles show
that ammonia toxicity increases with decreasing pH
and increasing temperature. Assuming a stream-water
pH of6.5 and a rMximum temperature range of 20-25.
C (the exheme conditions normally encountered in
shearns in the Douglas-fir region when urea is applied ),
the EPA recommends a maximum ammonia concen-
tsationof |.5 mg/ L. Conversionof lhis value to ammonia-
N (he form usually reported in analytical tests) by
multiplying f.5 by 0.8235 yielded an estimated nuxi-
mum safe ammonia-N concentration for Pacific North-
west shearns of 1.2 mg/L (Table 2). This estirnate in-
cluded both ionized and un-ionized forms.

Nitrite (NO?) isan intermed ia te i n thebio-oxidation
ofammonia to nitrate. Theacute toxicityofnitdteto fish
is hiShly variable and has been reported to range from
0.24 to 1l mg/L for rainbow trout (Lewis and Morris
1986); therefore, 0.24 mg/L has been trken to be a
conservative estinrate of the concentration toxic to sal-
monids ffable 2). Nitrite normally occurs at exhemely
low levels in well-oxygenated water (less than 0.005
m8/L) and has not been implicated as a w.ter quality
problem associated with f orest fertilization (Nonisetal-
1983). Toxic concenhations in strea ms ha v€ bcen caus(d
by industrial and sewage efflucntt and have bcen as-
sociated with certain types of aquaculture (Lewis and
Morris l986). The EPA Gold Book indicates that "nitrite

nitrogen levels kcpt at or below 0.06 mgll should be
protective of salmonid fishes. Theselevelsar€ notknown
to occur or would be unlikely to occur in natural su ace
waters." TheCCREM (1990) report suggests a drinking
water nitrite-N limit of 1.0 mg/L.

There is no generally accepted aquatic toxicity
threshold for ni trate-N (NOi), but the eggs of some sal-
monids have demonstrated sensitivity to concentra-
tions of approximately 10.0 mg/L (Kincheloe et al.
1979). Like humans, fishes suffer impaired respiralory
ability from high nitrate concentntions. The drinking
water standard of 10.0 mg/L appears to be sufficient to
protect aquatic organisms (Norris et al. 19E3).

Natural Processes Infl uencing Nitrogen
Concentrations

Most strearns in the Douglas-fir region have low
dissolved nitrogen concentrations/ sometimes as low as
a few UglL for each species (Table 3). However, there is
considerable natural variation among watersheds and a
number of factors can influence baseline levels. Nitro-
gen in streams is strongly innuenced by precipitation

Fluctuating
ammonia

concentrations

Other
toxicants

figur. 1. Sohe avnonmental fetors @rkibuting to hqeased
tonciry or dhonla to fish6. D.O. = dislved orySen. B&d on
*vsal pap.F by R.v. Ihcton and 6[eag!6.
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W.siinBton, rnd Bntish Columbi..
Range of Concnhation (F8/L)

T.ble 3-R:n8e of ratunl .onc€ntrations of dissolved or-

..ni" n;tt.c";..rn.ni., rnd nitr.tcin str€'ms in theco'st'l
-Douglas-fn 

ngion, ftorn brselh€ me'surements in o'e8ory

the riDarian zone. Lowrance et al. (198"4) found that

ripari;n forests could act as nutrient filters in agricul-

tural walersheds. These authors reported nitsogm re-

ductrons in groundwater due to Plant uPtake of about

25%.
Storage and recycling of nudents within tlrc stteam

itself also affect the concentration of dissolved nikogen

Oriska etal.1982). Munn and Meyer (1990) found that

the ftequency oforganic debris darns shongly influenc€d
the distance required for nihogen to be recycled by

sheam biota; the more frequent the dams, the tighter the

nudent "spirals " UPtake by PeriPhyton can remove

significant amounts of dissolved nitrogen from str€am

water before it is hansPorted downstream, and convert

it to Darticulate form (Newbold et al. 1982). Nihification
and denitrification can take Place in stream sedirn€nts
(Cooke and white 1987j Wissmaretal l98T)andinmats
of Deriphyton (Duff et al lg&[), and these Prmessescan
adi oi rcmoue available nitrogen from the water col-

umn, In addition, stream-water nitrogen canbeenhained
in or released from d."eP hyPorheic sediments adFcent

to tle stream channel (Triska et al l989; Duffand Triska

r990).
The processes involved in nitrogen storage and

transDori in forested watershed s are interconnc\cted 6nd

ertremely complex (Triska et al 19E4). Regional

geoclimatic differences, vegetative conditions, soil

;tructure, gtoundwater transport charactenstics, and

stream channel morphology all influence baseline ni-

trogen levels, Because extraPola tion from one watershed

to another can lead to significant error, extensive
prefertilization monitoring is often nc\cesgry lo estab'

iish baseline concentrations Pnor to fertilization

Nitrogen Increases Following Fertilization

Short-tenn and Lofig+erm Patlerns
Each operational fettilizcr aPplication Produces a

uniquechangeinthePattemand magnitud€of dissolved

nitroeen runoff in streams, Nevertheless, the general

sequince of nitrogen exPort is similar throughout the

Douglas-fir region, although the timingand amount of

increase are variable 'Ihis variability is illustrated in a

comparison of two urea applications in western Wash_

ington (FiSure 2). Lous€ Creek is a second-order stream

that drains a small midelevation watershed on the west

slopeof theCas(ade Range The watershed is steeP a nd

soils are well drained and of volcanic origin LudwiS
Creekis asmall third-orderstreamthatdrainsa sliShtly
larget low elevation waterhed in theCoast Range The

gradient is more Sentle, the watershed is hiShly dis-

<0.m5,0.4
<0.@2 - 0.03
<0.m5 - 0.7

(Feller 192). lncreases in the absolute amounts, but not

necessa ly concenEations, of dissolved organic-N'

ammonia-il, and ni trate-N t?ically coincide with winter

storms, with the gteatest increases usuallv associated

with th€ first fall frcshets (Scrivener 1982) Dissolved

or8anic and inorganic nitrogcn also increascsin fall and

winler in rainfalliominated climates, due to the release

of ni tioeen stored in forest soils (Felter 192 Vitousek et

al.1982t leaf decomPosi tion (Triska and Buckley 1978)'

entrainment of organic matter from the floodPlain
(Naiman and Sedell 1979), and, Possibly, decomPosing

salmon carcasses (Richeyet al. 1975; Klineet aI 1990)

Other watershed characteristics can influence

baseline nitrogen levels Beaver ponds and riParian

wetlands provide water and organic rnatt€r storage

sites whcr; anaerobic condi trons in sediments faciliiate

denitrification and nutrient release (Dahm et a| 1987)

These areas can deliver nitrogen-rich watar to streams

and arc heavily uscd bY wildlife
Composition of riParian and uPland vegetation also

infl uences baseline nitrogen levels Nitrogen-fixing

sDecies such as red rlder (Alfl s ru,ra) and low Srowing
plants such as Cearollras and L Pitrls sPecies add sub_

stantial amountsof nitrogen to forest soils where these

sDecies are abundant (Tarrant and Mitler'1963j Berg and

doerksen 1975; Van Miegroet et al. 1990) ln addition,

the rate of nibification in soils is inlluenced by the

relative abundance of available nihogen and the C:N

ratro (Van Miegroetetal. 190) Timber harvestln por-

tions of a drainagebasin can accelerate nitrcgen runoff
(Vitousek and Melillo'1979), but the €xtent of nihogen

losses after clearqrtting in the Pacific Northwest can

varv ereatlY (Feller 1977)
Lia"r ."trrin circumstances, riparian forests and

wet sites can serve as nutrient filters Where bacterial

denitrification occurs, nitrate inputs to strearns can be

teduced SchiPPer et al (1991) studiednihatedynamics
insaturated soil riParian areasand found reducdons in

nitrateconcentrahons a5 great a5 80o/o overa distancf of

2 melers. Concen trations of nitrate in tro und water were

reduccd by as muchasg8Toasthe waterpassed through
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Louse Creek Ludwig Creek

u€c Jan Feb

Nov Doc Jan Feb

1 0 0 1 0 0

o.o l

< r o

1 .

E
? o .1

<  1 0

z
_ L t

6
:<- o.1

z,

J

Z .

z

J

z

g o.r
2

o.0t
Apr

z

o.o l

1 0

o,o r
MayFeb

'10

f .

o.01
Feb

sected by approxirnately 25 first-order hibutaries, and
the deep soils are of both volcanic and sedimentary
origin. In addition, the Ludwit Creek watershed con-
tains several srnall wedands and beaverDonds.

O€c Feb

Virtually the entirc areas of both drainages were
fertilized at an application rate of 224 kg N/ha, and both
watersheds had been fertilized at least once previously.
The lruse Creek watershed was fertilized in early spring

o.1

Fi8lre ! Chan86 in dlslved nlttoAen sF.i6 after uea appli€tion (224 kg N/hr) in l-@ C@1, a Didelevation stred tn rh€ Cddde
Range, dd Ludwt8 Get, a low elevation stream in the Coat Rarge. AroB lndl@te tlme of ldtilizarion, From P, Bisn and B. F!m*n,

d.

e.

c.

t
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(April 13,1989) while the LudwigCreek watershed was

fe;lized in late fall (December 1, 1988). No unfertilized

buffer strips were left along either stream during appli

cations bv helicopter, and urea Prill were obs€rved in

both streims for up toan houtafter fertilizdtion Water

samPles were drawn from each stream with automauc
pump samplers,' 

In f.o"i" Creek, organic nitrogen, ammonia' and

nitrate respond.'il immediately to fertilization, but

Kieldahl-Nretumed to a level very near Preferhlization
concentrations within a few days (FiSure 2a-c) Arnrno-

nia-N remained elevated for slighdy more than one

month, and nitsate-N remained elevated throughout

the Dostf ertilization monitoring Petiod of aPProxirnately
q0 days. The lattcrobservation was not surPrising since

increased nitrate_N concentrations for up to a year or

more have b€€n found in some lonS-term fertilization

monitoringstudies(StayetaI 1979;HetherinSton 1985)'

NiEogen increases in Ludwig Creek wete rnore pro-

tracted (Figure 2d-0 Organic nitrogen was elevated for

more than i weet before retumi nB to the Prefertili zation

concentration range, Ammonia underwent a gradual

declinebut then increased sharply withhealy rainstorrns

in late December and early January, and ro5€ again in

mid-February. Nitrate concentrations ros€ slightly but

steadily throughout the monitoting Period. with btief

Deaks corresponding to freshets' 
Hourlv samoles were taken in both streams for four

d"ysauring ani immediately after fertilization (Figure

3a-d), and changes innitroSen concentrations illustraled

resDonse differences of the two watersheds Kjeldahl_N
in Luse Creek rose quickly to 60 m8/L, the hiShest

level yet recorded for streams in the Pacific Northwest

after a urea application, and then retumed quickly to

baseline levels. The Pattern of Kjeldahl_N increases in

LudwieCreekwasdifferent Three sePara te Peaks were

)

z

z
.E

)

E

z
.E

Louse Creek

4/14

Ludwig Greek

'12/3

12/1

" " ' 1 2 t 1"  '  ' 4 l 13
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noted during the three days following fertilization, al-
though urea application was completed in only a few
hours of the first day. No precipi tation occurred during
this period and the peaks on the s€cond and third day
after fertilizadon could notbeexplained, but ruy have
been related to the wetlands, beaver ponds, and
ground water seeps tha t were numerous in the watershed,
Likewis€, short-term chanSes in ammonia-N in the hvo
streams differed after fertilization. In Louse Creek,
ammonia rose rapidly and declined steadil, while in
Ludwig Creek the increase took place in stages, with the
highest concentrahons measured on the second and
third days following urea application. Thus both short-
and long-term differcnces in nitrogen runoff occurred
between these two watersheds; however, the Seneral
pattems were similar and were consistent with other
monitoring studies in the Douglas-fir regron (Nor s et
aI.1983).

Limit(d water quality monitoring i5 of tcn a rcquire-
ment of operational forest fertilization. T)?ically, a few
grab samples are taken before and a fter urea applica tion
todetermine whether watcrquality standards are met.
Monitoring protocols also may requirc Srab sampling
during freshets in an effort to establish peak concenha-
tions. However, results of intensively monitored sites
with sampling intervals as often as hourly suggest that
concentration pcaks are very transitory (urea) and un-
predictable(ammonia and nitrate).'Ihus grab samplin&
espccially with a limited frequency, stands very little
chance of measuring peak postfertilization concentra-
tions of any of the nitroSen species.

Overall, most monitoring studies have shown that
forest fertilization causes elevated urea (organic nitro-
gen) concenEations over a period of days, elevated
ammonia concentrations over a period of a few week to
a few months, and elevated nitrate concentrations over
a period of up to one year or more. The Seneral patteh
of nitrogen runoffobserved durinS shrdies in the 1960s
and 1970s has been upheld by research in the 1980s,
although the dura tion of nitrate concentration increases
has been shovrn in some cases to be longer than was
measured in the early studies.

Anflual Losses of Fertilizer Nitrogm
Many water quality monitoring projects have at-

tempted to determine the fraction of applied nibogen
lost to stream-water runoff. Early research on the trans-
port characteristics of nitro8en amendments throuth
the soil (Cole and Cessel 196.5) had su8gested that
fertilizer nihoSen was noteasily rerroved, and therefore
that little if any added ni trogen would be Iost to streams.

Waterqualitystudiesduring the'l960sand 1970sseemed
to support this conclusion (Table 4), with annualized
estimates of nitrogen loss usually amounting to less
than 17o of the total amount applied to the watershed
(Moote 1972, 1975b).

More recent studies, however, have produced loss
esdmates considerably greater than those of the 1970s
(Table 4). Preston et al. (l9m) were able to account for
only about 50% of the labeled rsN added to a forest site
in coastal British Columbia; the rest was believed to
havebeen lost through leaching,denitrification, orvola-
tilization. Nihogen export in stream water within one
year of fertilizer application has been esdmated to be
greater than 10% in one small watershed in British
Columbia (Hetherington 1985, and two othershrdiesin
the Paci fic Northwest have placed annual nihogen loss€s
at between about 2% and 107.. Fertilization with am-
monium nitrate led to estimated losses to sbeam water
of 27.57. over thr€€ years in the Fernow Expenmental
Forest of the central Appalachian Mountains in West
Virginia (Edwards et al. 1991). Likewise, annual nitro-

Table lFEstim.ted p€rcent.ges of f edilizernitrog€n lort to
strc.m runoff in oneyea!, frcmstudis offorest fertiliz.ation
in thePacific Northw.3t.nd W.rlcm EurcDe.

Pelqlage ot Nitro8en
LrstlnOncYed Referfice

W6tem OreSon 0.17
w6tem WashlnSton 0,45
OreEon and WashinSton 2 - 3
wsteF washlnSton 0.20 - 0.26
Oregon and washingron <0.5

W6ied WashinSlon 1.9 '9.0

M@re(l92)
Cline (ltl3)r

M@re(19750)

(r975J

Hethenngton O9E5)'
2_1 - 5.2
5.9-r4.5

9
No.way 10 Oxn€r (1982) 7
'CIt€d by HetherinSton (1985).
:Briiated losg afte. eady fertilizer applications that Save little
protetion to w.ler@tre.
1Ba*d or studiG of fou small waleFh€ds that had one lo lhre
previoG @a appuotions.
lBelised by the autnors to be d udd6tlmate of th€ et@l
amoui of etPortd nitroSen.
rTotal l6s Feasu€d over 14 Fonths, laihq tnan 12 hdtns.
.Fqtiliation with Mmoniun nitrate; los stimate bas.d on lG

'Fertiliation with dmonium .itrale, lo$ 6iihate bar€d on 1F
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sen export from EuroPean watersheds fertilized with

ii.r*ii"- "ir"t" has been estimated at about 10%

(Table 4l'- -r.ie. 
(tgZ, has s"ggested a mechanism that might

e>.ol"in the "ppare.tt discrepancy between the h)'Poth-

..i'. tir"t """Jtvrtt fe.tifize! nitrogen will beretained in

ii",ott,Cot" l"a C"t*l 1965, Cole et al 1975)and the

.esrrtts of recent monitoring studies that led to higher

iJr" ""d*rt". *t"" " .rier P;edictions (P Blsson and M'

Marosv, lg8l, unPublished; Perrin et al l984;

H"th".inston tgeSt.ir"Pid transPort o f solutes throuSh

.oiittt "tioot"t ta"."v"a root channels) was believed

bv Feller (j9m to potenhally result in mu(h treater

#t-een lorres to .L""ms than were Predicted by ly-

.l*"i"" ^""rrrr"^"no of water P€rcolating through the

soil matrix. Water movement through trucroPores $

lifficult to samPle,but mayb€ an imPortant Pathwayby
wtrich fertilizei nitrogen enters streams without being

retained in forest soils (Hetherin8ton 1985)'

Effects of Multiple Fe ilizo Arylicoliotts

some watersheds in the Douglas-fir rcgion have

been fertilized several times, yet the effects of rePeated

applications on wa tcr qual ity are poorly knnwn ln one

u;Dublishcd stud y, bascline nitrogen concentratrons tn

-"i".snnas with different fertilization histories but

which wcre otherwise similir with respcct to major soil

twe, siteindex, slope, and stand age were comPared (F

iir"rruro "nd P. Bisson, Weyerhaeuser company'

Tacorrll, Washintton) Strcams draining watcrsheds

it'"t t'ui t"on picviously fcrtilized had hiSher fall

baseline nitrate-N concentrations than streams draining

0

z
o,

z

1 2 3
Number  o f  T imes Fer t i l i zed

iicur. {. Bd<line.uhsn nitrdte N oncentratlons 'n \b erm\ in

tn; Silver bte baqin ofeuthwhlem Wahington llowlnS 'rom

."t."iJJ" a,'r**t r"'hlizaton hi5roti6 sMPlP \ir rcIeB

ro n dbet of watcFheds From F Cudtsoandl br>sn
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unfertilized watersheds, and there aPPeared to be a

trend toward increasing baseline levels with successive

ferhlizer apDlications (Fi8ure4) A Possible mechanism

io, the increase in sfet -waEr nitrate in the fall' if in

fact it represents a general Pattern, is the flushing of

nitrate from watersheds where multiPle fethlizer aP

plications have enhanced the rate of nitrrfication in

iorest soils (Wagenet et al. 1977) In such watersheds'

long+erm export of nitrogen may be increased as a

result of multiPle fertilization'

Biological Effects of Forest Fertilization

Feiilizer NitrcSen os a Pollutant

Relative to the nitrate and ammonia dnnkingwater

standards and to the estimated ammonia toxicity

threshotd (Table 2), Peak nitro8en concentrations in

streams after urea aPCications have usuallybeen well

below recommended water quality limits (Table 5) ln

most cases, maximum ammonia_N levels havebcen l''ss

than0.5 mg/L and nitrate-N levels have be€n less than

3 me/L, aithough one study on Vancouver Island re'

corj'ed a nitrate-N peakofg 3 m8/L in a small tribuiary
(Herhcrinqton 1985) ln part, thcse rclativcly low Peak
concentraions have becn aided by naturallylowbascline

nitrogen concentrahons in Pacific Northwest streams

The risults ofover 20years of monitonng suggest that

operational forcst fertilization in the Douglas-firregion

vew rately exceedsdrinkingwater standards in streams

intheMohun lakestudyonVancouver lsland (Perrin

et al. 1984), total ammonia_N concentrations aftcr fer-

tilization bricfly etceeded Potentially toxic levels in

several small watersheds whcre streams were not Pro_
tccted bv unfertilized buffer striPs feak ammonia-N

concenfra fions in I iveof scvcn wa tersheds without bu ffer

slrios were greater than I 2 mg/L,and fourof the scven

ercldea a.o mg/t- Tte hiSh ammonia concentrahons

were attribute,i to direct introduction of urea to the

streams, as Peaks occurred within one week of aPpli-

cation, However, long-term urea and amrnonia eleva tion
(uD to 144 daYs) wasallo noled in thisstudy lcrnnetal

ttigal soec'rtared that latc fall and winter fertilizer

Tible 5-TWicrl Perk (on.enltrlionr of tmmoni'-N and

"r,,.",*N r'iitt*'i" "tr"'ur. tenilization in rhe Dougl'e

iii recion, and theirtel:tionshiP to the estimat'd threshold

lor a;adc toti.ilv (rmnonia) and drinkin8 walertoticily

(nilr.te).

NitrogensP.ies Conmlatio!(mg/L) To{ritv-IrYgshold

0.t - 0,5
0.5-3.0

1 0 , 4 0
5 - 3 0



applica tions, including someapplica tions on snow cover,
could result in extended periods ofrelatively high urea
and ammonia levels in sheams because temperafure-
dependent nitrification rates would be reduced (Wol-
lum and Davey 1975; Otchere-Boateng and Ballard
1978). Meehan etal. (r975) also measured high ammo-
nia concenhations in streams and delayed nitrification
after urea fertilization in southeastern Alaska. Some
water quality benefi ts may therefore be achieved by not
appllng urea at very low temperahlres, particularly
where snow is present. Preston ct al. (1990) caution
against fertilization on snow with nitrateas opposed to
other forrns, since the potential for losses due to leach-
lnS rs 8rear.

Anothe. potential concem is that forcst fertilization
could promote nuisance growths of algae in streams
and lakes (Croman 1972; Tamm etal.'1974). This cpuld
occur ifnitrogen was the primary nutrient limiting algal
production and if other factors such as scouringduring
freshets, consumption by invertebrates, low tempera-
tures, and hiSh suspended sediment were not control-
ling alSal biomass. Whether or not nitrogen will act as
theprimarylimiting nutdent will depcnd, in mostcaset
on the atomic mtio ofavailable nitrogcn to phosphorus
as wcll as the actual concentrationsofboth. Critical NrP
ra tios as Iow as 7il oras high as 33:1 have becn suggested
as criteria for establishing nitrogen or phosphorus
limitation to algae in natural watcrs; howcver, many
workers in the Pacific Northwest favor a ratio of aD-
pro\imately lGl5:l  Ohut and Haydu l97l; Stockn;r
and Shortreed 1978; Perrin et al. 1987). That is, NrP
atomic ratios b€low this range indicate that aquatic
plants will be nitrogen limited, while ra tios greater than
this rangeindicate that plants are likely to be phospho-
ms limited.

Although nitrogen has been identified as a limiting
nutrient in some streams in the Douglas-f ir region (Thut
and Haydu 1971; c�r%ory 1980; Cregory et al. l98Z
Munn and Meyer 1990), increased algal growth in
streams after fertilizer applications has not been reported
to reach nuisance or harmful levels. Most forested
streams in watersheds receiving nitrogen amendrnents
are relatively steep, have short water residence times,
and are heavily shaded. Accumulationof periphytonin
such streams is often limited by light levels (Cregory
1980), water currents (Homer and Welch l98l), the
grazing activities of invertebrates (l.amtErti and Resh
1983; Cre8ory 1983; Power 1990), and other factors
unrelated to nutient concentrations.

Nitsogen runofI into a highly oligotrophic lake can
potentially increase phytoplankton production if the

lake is nitrogen limited. Dense phytoplankton blooms
could reduce wa ter clarity and impair the pristinequal-
ity of these systcms. However, the occurrence of nitro-
genlimitation in lakes is relatively rare and tends to be
transitory (Schindler 192). More often, phosphorus is
the primary limiting nutrient in lakes in the Pacific
Northwest (Perrin et al. 1984; Stockner and Shortreed
1985). As with streams, there have b€€n no clearly
documented cases of forest fertilizer runoff causing
algae in lakes to increase to nuisance levels in the Dou-
glas-fir region.

Fertilizer Nitrogen as afi Aqualic Nutriefit
Nuhient additions to streams have been shown in

certain cas€s to increase the production of fishery re-
sou rces (salmon and trou t) by increasing the availability
of food organisms (Huntsman 1948; Warr€n et al.1964;
Mundie et al. l9E3). Similarly, fish production in lakes
has becn posi tively correlated to nutiients, phytoplank-
ton, and zooplankton (Northcoteand Larkin 1956;Ryder
et al. 1974; Le Brasscu r et al. 1976). Bccause nitrogen may
be a limiting nutrient to primary production in some
stream ecosystems in the Pacific Northwest(Gregoryet
al 1987), introduction of nitrogen from forest fertiliza-
tion has dre potential of promoting the growth of algae,
leading to greater abundance of aquatic invertebratet
which in tum increases theavailability of food for fishes.

Several studies have examined the responseof dif-
ferent trophic levels in sFeams to nutrient additions in
the Pacific Northwest and Alaska (Table 6). Cregory
(1980) found that nitrogen was the primary lirniting
nutrient in a small stream in the H. G. Andrews Ex-
pcrimental Forestof westem Oregonj however, he noted
that light limitation overrode nutrient limiiation in this
hcavily canopied old-growth system, and only by ex-
perimenhlly increasing litht levels would added ni-
trogen produce an increasein algalgrowth. Bisson etal.
(1975) continuously added nitrate for two years to
uncanopied experimental stieam channels in theCascade
Range of Washington. They, too, found nitrogen to be
the primary limiting nutrient, but were not able to show
that increas€d prirnary production led to increased
production of rainbow trout. Stockner and ShorM
(1978 ) tested both ni trogen and phosphorus add itions to
flowing-water troughs in Carnation Creek, a small west
coast Vancouver Island stream. They found that phos-
phorus, not nitrogen, was the primary limitingnutrient.
In one of the largest whole-river experimental enrich-
ment study in the Pacific Northwest to date, a mixture of
nitrogen and phosphorus was continuously added to
the Keogh River, a medium-sized river on the east coast
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Table of stram:nd lakebiot. to nurrienl enri'hment alm ih. P:.ific cosl of North Ameri.a.

N, P, liEht

STREAMS

Indea*d alSal SroMh (N dd liSht onlv) cregory (t980)

Bothweu (r9E5, 1989)

Petern et al. (1985 dd unPub.)

N, Face etemmts tndeaed alSal E ohnh (N only)

N , P

N , P

P

Indeaed alSal go*ih (P dly)

lndeaed alSal grosthindeased salmotid Itowlh

Ino.a*d alSal Erohtn;indeasd salnonid Srowth

LAXES

Indea$d phyloplanllon Production (nostlv P)

Indedsed phytoplankton Produ.tion (m6tly P)i sbo<kner dd Shortred (1985)
N , P
N , P

iroea*d salmonid Ffowlh

of Vancouver Island. The nutrients were added in sPri ng

and summer sPccifically for the Purpose of enhancing

the production of anadromous salmonids Results of

this study showed that enrichmcnt imProved algal
growth (Perrin et al 1987), and that the size ofjuvcnile

ioho salmon(OncorfiSnrcfi xs hsutdt)and steelhead trout
(O. rtyhss) significantly increased after fertilization

0ohnston et al. 1990) Continuous PhosPhorus enrich'

ment of the KuParuk River, an Alaska tundra stream,

has also demonstrated that nutrient additions can en_

hance Drimary production (Petcrson et al la85) and

increas; fishgrowth, in lhiscase the Srowth of $ayling
(mutnallus a/cticusl

ixperimental fertilization of Great Central Lake on

Vancouver Island with a mixture of nitrogen and

phosphorusdemonshated that the run ofadult socleye
ialmon (O. nerka) could be enhanced (Le Brasseur et al

1978). Becaus€ of the success of this Pilot Project, a

number ofolisotroPhic lakes (Table 6) in coastal British

Columbia have been fertilized to improve the Srowth
and survival of iuvenile sockeyesalmon (Shortreed etal

1984). In qeneral, the lakes have been limited more by

available- phosphorus than by available nitrogen
(Stockner and Shortreed 1985). Only in the Mohun Lake

study has forest fertilizer runoff been considered as a

Dote;dal nutrient source for enhanced 6sh Production
iPerrin et al. 1984). These authors concluded that nitro-

een derived from forest fertilization imProved Phyto-

fbnkton production in Mohun Lake in the sPrin&but
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that phosphorus was the Primary limiting nutrient for
most of the Year.

Although elevated nitrogen levels in streams and
lakes can potentially lead to increased fi sh Prod uction in

nitroeenlimited waters, there have been no studies in

theDiuglas-fir region thathaveclearly demonstrad a

Dositrve association betwe€n urea apPlications and fish
oopulations. In some cases, streams have resPonded to
mirturesofbothttitrogen and PhosPhorus, and in oth€r

cases nitrogen addihorlsd id not raise Primary Production
without a corresPonding increase in liSht levels. Simi-
larly, lake enrichment has improved fish Production,
butonly whenbothnitroSen and PhosPhorushavebcen
added. At this Point, it app€ars Possible that fertilizer
runoffcould enhance thegrowth and survival ofsalmon
and trout in c€rtain waters, but definitive evidence is
lacking.

Potefltial for Dowtlslream Cufiulatioe Effects

Little isknown about the additiveeffectsof multiPle
fertilizer applications within a tiver system on down_
stream aquatic resources, and this issue desefies morc
study. Where forestry is the major land use, fertilization
has the potential to contribute significantly to total
nitrogen loadingina river ifa large area ofthedrainage
basin is fertilized and baseline nitrogen concenttahons
are low. Unfortunately, we are awareof no shrdies tl|at
have addressed the cumulative cffects of widesPread
fertilizerapplicationson theaquatic resourcesof a latSer



stream or river (greate. than fourth-order). This lack of
information has sometimes been a badier to the accel>
tance of forest fertilization as an environmentally safe
forest management practice,

In manyriverbasinsof the Douglas-firregion, forest
nranaSement is oneofseveral anthropogenic sources of
nutrients. Significant inputs can come from agriclrltural
practices and a variety of urban and industrial storm-
waterand wastewater discharges. Partlybecause of the
tremendous eipense involved in constructing a nitrogen
budget for an entire river basin, and because the relative
contributions of nitrogen ftom different types of land
use are Senerally not known, it is often impossible to
assess the downstream cumulative effects of forest fer-
tilization within larSe river systems.

Although there is no sure way to identify surface
waters that might respond in either a desirable or un-
dcsirable wayto forest fertiliza tion, resource managers
should begin by evaluating thecurrent mndition of the
d ra inage of interest. This evalua tion should include the
relative concentrations of baseline nitrogcn and phos-
phorus, and the extent of eutrophication of rivers and
Iakes within the system. The occurrence of valuable
fishery resources, ha tchery wa ter in takes, and drinking
watcr supplies downstream f rom f ertilizer applications
should bc documcnted so tlra t an appropria te monitoring
program can be establi shed if neccssary. The presence of
potential sinks (lakes, sloughs, wetlands, estuaries) for
nitrogen tlansported downstream should bc noted, and
inputs of nitrogen from other sources should be iden-
tified, even if actual amounts cannot be quantified.
Aesthetics should also be considered. Some pristine,
oligotrophic waters, particularly those with signif icant
recreational use, rnay have value apart from fish pro-
duction, and this value should be taken into account.

Environmental Protection

State and provincial forestchemical regulations usu-
ally prescribe minimizing direct application of fertilizer
to streams. This isaccomplished by leavingunferhlized
strips alongstreambanks- In locations thatinclude very
steep terrain and large numbers of small first- and
second{rder channels, the ability of helicopter appli-
cation methods to effectively bufler small streams is
limited. Reasons for the inability to effectively leave
unfertilized strips along some headwater shearns in-
clude the ste€pness of the hill slopes, often requiring
thatthe flight line be perpendicular rather than parallel
to the axis of the stream, and the difficulty in locating the
channel beneath a coniferous forest canopy. Larger
strearns are easier to buffer; they are located in more

gentle terrain, the channel is more readily visibte, and
they are often bordered by deciduous trees.

Few studies have examined the effectiveness of
unfertilized buffer strips in preventing nitrogen from
entering streams. Perrin et al. (1984) found that 50 m
buffer strips reduced peak urea and ammonia concen-
trations by about an order of rnagnitude, while nihate
peaks were reduced by more than 50% (Table 7). In
addition, buffer strips delayed the time for peak urea
and ammonia concentrations to occur. The autho$ at-
tributed the success of the unfertilized buffer strips to
reduced dir€,ct application of urea prill to the streams.
They also found that high concentrations of both urea
(57.6 mg/L) and ammonia (4.7E mgll) in one stream
apparently originated from a fertilizer spill at the heli-
port. These resul ts illustrate the importrnce of locating
fertilizer storage and loading areas away from water-
courses or ditches that may carry spilled fertiliz€r to
perennial strcam channels, Because urea dissolves
rapidly, spills should be cleaned as quickly as possible.

Accuracy ofaerial urea prill application was investi-
gated in anopen ficld by Terry and Coedhard (19E9). A
row ofopen containers (pans) collected prill applied by
helicopter from heights of about30 and 90 m (100 and
300 ft). The effective swath width was defined as the
total width of the swath in which prill were collected in
the containers. The maximum swath width was the
absolute maximum width of all observed fertilizer, in-
cluding prill that were so infrequent as to rernain
unsampled in the containers, Trials were conducH
when conditions were relatively calm and when con-
ditions included a crosswind ofapproximately 25 km/
hr(10-15 mph). Atnormal flight altitudes (30 m), Terry
and Goedhard (1989) found that the effective swath
width was about 50 m (200 ft). Increasing the night
altitude to 90 m expanded both the effective and rnaxi-
mum swath widths somewlrat, and the presence of a
crosswind displaced theswath laterally from the flight
center line (Table 8). Based in part on these results, the
Washi nSton State Department of Natudl Resources has
recently recommended that buffer strips be left where a

T.blc 7-Eff€ct3 of 50m unf€rtiliz€d buff€rst.ips on pc.k
nitmgen .on(.ntrations in th€ Moh'rn l2k. forcst f€rriliz:-
tion ttudy. Frcm Perin.t.l. (r98{).

P6k Conerrration (mg/L)

Withoui 50 b
Nihogen Speci* Bulfer SFip

25.2
2.83
0.39

0.3
0.2E
0.16
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rrtl. a-Uf..livc e"a 'n.imurn width (se€ tert) of th'
rwath of ute. Piill rPPli€dbyh.li.oPtafrom two differ'nt

73

n
90

'25 tli /hr 66wind di+ld.ed swath 6 to 9 F from flight

flight path parallel to the stream is Possible, and that the

centerline of the flight Path be 150 ft (45 m) from the

wate/s edge when winds are calm ot blowing away

from the stream. When winds are blowing toward the

stseam, the recommended fli8ht centerline increas€s to

200 ft (60 m) from the wate/s edge

SummarY

Recent investigations have shown that the amount
and durationof fertilizer nittogen entering streams are
highty variable, but may be greater than was suggested
by early water quality monitoring shrdies. RePeat€d
watershed fertilization, urea aPplic.tions during cold
weather, water movement through soil macroPores,
and the possibility of long-term increases in nitrifica tion
rates in forest soils maycontribute to elevated nitrogcn
runoff in the Douglagfir region. However, Peak con-

centrations of urea-N, ammonia-N, and nitrate-N in
stseams are, in neatly all routine fertilizer aPplications,
less than 5O7o of the recommended limib for drinking
water and the protection ofsalmonid fishes Th€re is a
possibility that Primary Production and, in tum, fish

Droduction will be increased in streams and lakes where

nitrogen is the principal limiting nutsient, but such an

effect has not yet b€en clearly demonstrated and will be
stronSly inf luenced by PhosPhofus availabi l i ty.
Unfertilized buffer striPs are an effe.tive means of re-
ducing peak nitrogen concentrations, Particularly of
urea and arrmonia, during and soon after fertilizer
application.
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Questions and Answers

Hape thete been an! studies ol the eJfech ol fettilizo-
tion on mocrcinoeltebrates in strcafi systerns?

According to the EPA recommendations for protec-
tion of cold-water biota (EPA 1986), the sensitivity of
fishes toelevated nitrogen, especially ammonia, isequal
to or greater than the sensi tivi ty of aquatic invertebra tes-
Acute(96hr) toxicity thresholdsof 'l'1 iorized ammonia-
N for salmonids have been rcported to range from 0.083
to 1.09 mglL, whilechronic (>4 days) toxicity thresholds
for macroinvedebntes range from 0.304 to 1.2 mg/L.
Therefore, protection of water quality for fishesshould
provide adequate protection for macroinvertebrates.

S€veral of the studies cited in Table 6 documentcd
increases in the density of aquatic invertebrates when
algae responded to nutrient additions. The types of
invertebrates most likely to benefit from increased au-
totrophic production would be members of feeding
guilds able to makedirect useofperiphyton and algal-
based detritus (Cregory etal. l9E7).In PacificNorthwest
sFeams/ some Ephemeroptera (mayflies) and rnany
members of the Chironomidae (midges) are dominant
within these f€€ding Suilds. These insect larvae readily
enter the drift and are heavily used by salmonids. It
should be pointed out, however, that invertebrate re-
sponse to forest fertilization has not yet been demon-
stsated.

With regard to the question "Can macroinvertebrates
be used to monitor dre impacts of fertilization?" we are
reluctant to advocate using these organisms as indica-
tors of the response of sheam ecosystems to fertilizer
applications. Stay et al. (1979) €xamined aquatic inver-
tebrates after fertilization and found no significant shifts
in cgmmunity shucture. Likewise, Meehan etal. ('1975)
were unable to detect any changes in benthic inverte
brates in southeastem Alaska streams. Aquatic inver-
tebrates are notoriously patchy in their di stribution and
are therefore difficult to sample quantitatively; in ad-
dition, processing invertebrate samples is very time
consumingand expensive. In theory macroinvertebrate
abundance should retlect significant changes in avail-
ability of algae and other organic matter sources, but
any macroinvertebra te moni toring program should not
be undertaken lightly.

Compared to spikes caused by fertilization, hort sig-
nificait arc nutrient rcleases .auseil by .lecomposition
of salmon carcasses?

Nutrients releas€d by decomposing salmon can be a
significant source of nitrogen within a stream system
(e.9., see Klineetal. 1990). In thc Douglas-firregion,and
particularly in coastal Oregon, Washington, and the
Columbia River Basin, retums of naturally spawning
salmon havegenerallydeclined tolevels far below what
they were historically (Nehlsen et al. 1991). With fewer
salmon returning to sbearns and wi th the short residence
timeof thecarcasses (manycarcasses arercmoved from
streamsby scavenging wildlife), it is unlikely thateither
peak nitrogen concenfations or long-term nitrogen in-
crease caused by carcasses or dead eggs exceed the
magnitude of increases associated with forest fertiliza-
tion. However, this generalization may not hold for
sheams with very large nrns of species such as sockeye
salmon, chum salmon (O. lefa), and pink salmon (O.

Sorr!scra) that tend to spawn athigh densities in limited
areas.
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