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II{TRODUCTION

Tle.onstiuction df inpervious surfsces du.ing
urbsization alt€6 runofseneralion m*laisDs by
reducing tie etfective perneabilitj of!tre soil. Tie
asso.jated inc€ase in rapid runoff by dverland flos
leads to indeased nood noM {e.9., Jme6,1965; Eol-
lis, r9?5), whjsl .lier slrean ndrlholoey rhrough
in.ressdd cnamel Mdth o. depth (d.9., Hanmer,
r9?2; leopol4 rgfit Graf, 1975; Gregory and Pa.k,
19?6; Booih, 1990, 1991). Althdql such etfe.t5 of
urbarizatim on chdn.l mo.plolo6/ aE well [noM,
siBnificdt chsns€s in lhe dLclarse.esifr. also a64t
other pmesses thai innuace s!&ah ecolos (loDlh
ar.l Reinelt, 1993). Io. exanple, inc.e$ed dis.harge

asociaied wfi ubantatioD i.creases the fiequenly
and depUr ollt.esnbed scour (3ooih, 1990), and
altoralion of riparian zonos.an innuonc. dlream
siadi.g a.d ind,anrel habilat slruc1!re. Signi6cant
chee€s in strean prcesses can particullrlt iEpact
aqutic launa naladspt€d to post.urbanizatjon habi-
tat clsldenstic or disfudace regiDes.

The indunce ol dahs, overdsnins, 3.d lBbitai los
ar. droucnt to nave .onributld to iklo|i. de.inatjon
of an.dDhds satnon Dns in 6e Pacific Northwest
(Nehk.n €, di., 1991). It l a s proven difi:.ult, hoe.v.a
!o isolaro the relative impacE or $ese iaciois becau*
df bolh geoFaphic variability and inruticieni ddta.
Mu$ attlntion foc$es on the Cdlurlia River ans
b€Buse oftlle cdtroversy Nei .}ang.s rn dan nan
aglment (e.C., S.hwiebert, 1977), butruns in oastal
a*as and lhe Puget tiwlan&, *hi!h la.I dans, aE
also delinins (Palnisdno d dl., 1993). In these areas
habitat loss and de8radaiion, ove.fishins, rnd onpe
tition fron hatchery gtocks are and.C the ardors
influenci.s population declines. Wliie {!:h trthrtion
}a6 fddsd on ile tnDact offotst nanagenen! G.g,
Meenan, 1991), tl'e.ole ofurba.izatidn in hdbital
loss and hydDlocic .hmse has reeived .elatircly lit
tle aliention. In not:ble exceptions, SootI (1990)
nodeled the efr.cis or lrban'zaiion on n@d fiequency
and pr.dictdd ihat lrbeizalion 6uld .oirert r0 r.ear
dhc}a4€s to 2.5 year discha.ges in lhd tugei So$d
r.gion, and Luc.ne$i and Fuersrerberg(1992) relaled
urbdization.d.iven hrdrohsic and habilat changes
in tle Puger I,o*lands !o advese efie.h on fish popE
ldtions. Herd we eEmine eviden.e fof changes in
flood fiequency in urbanizing drainase basins of ihe
Pugei Lo{lmds and 6nd bolh .hang.s i. disharge
recuEere inbnlk .omparable to lhose predicled by
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STUDY AREAS AT.ID MITHODS

Sludy s.eas tere sele.t€d by exahinins U S C6-
los i ca l  Su rvey  iUSGS)  csus rng  s ta t i on  reco rds  to
ideh t , r y  ?use t  I ow lsnd  s t reans  w i t i  l r Jd ro log i .
reords extddins fion pndr !o Etil alter substanlial
pulses ofubanizetion. Six basins wit! sufffcient
hydrolosic reerds Nere lo.ahd in the e*rem Puget
Soud area (FiSlre D. rou. stEaDs lie wiuin Msins
tlat becane urbani'ed (Fle!t, Jnanit4 Mercer, $d
Ssmp ceeLO tud two EtrsaDs lie sithin b.sins fhat
did nor (coal dd May.reks) and fie.efore sede s

Boodr (1990), srd euden.e lor associat€d delines i. relationship involv6 dividing the relalive rank ot
ea.h annual ns:intrh discharse in rhe period at
record by one nore tnan lhe tdial years ol re.old (e s.,
Dunne and Leopold, ]973). We hypoih*ized th* a
onelation eiisred be!*een in.reased urban aEa and
dh.harge reorence intervals. Conversely, fiood Fe.
quen.y lor basins rha! ex!eten.ed litde increase in
urban area should eilher renain unch$sed, of rcled
sJstenatic bjases in storD s
cha.ges in weather patterns for ine periods $da

lor the plrpose of lhis sludt urba.ized ffeas wse
.onsidered as $e$ so idont'fi€d on USGS ropocraD!
ic naps, {hi.h ptuvided a surm
.ent tapewious area. M0re dired delemination! ol
iha proportion df inpedous areas witljn urbdizcd
rones (e,s., field.alibrriion ol mpping ftun serial
plotocraphs) required resDuBes berond lhe scDpe ol
lhh projecl. The urbanized rres wilhin eaci bastn
sas neasur.d from depictions on USGS ?.5 iopo.
glaphi. naps .t intervals ofevery 5 !o 13 Jears
dependins upon tie lrequency of nap lpdaiins,
Urban areds include dense residenijalGl.riy spaed
single fanily hones and trou5ing cdhplex4), urban
(mnnercial buildine .onpleies and cit) blo.kr, and
indusirial (airports and factojes) land use. Dhpe*d
dwcllirgs uere nor.onsidered urbdized because of
&ei. relaiively sndl percentagc
Henc. o!r depi.iions of"rblnized areas r.oYjilr :
conservative poriraral oflhe chnge in inpervi.ls

'$ends in salndn poptrlsiions were ako exlnined
for ea.l basin usins lCashingioi Sllle Dcpartnenl or
Iisheries and Wildlile salnon spawnins sround
database. lach enirt in tle survey da!. basecon:ics
olihe totll nuhb.! oflish obsewed during I i:it r, a
shaan reach; *e conbined dala fo! .hinook, &ho,
and solteye srlnon into an index df lotal salmon
abudan.e. Be.3use 1ne iunber olvisits per rear
vaned widely bod, anons streahs and ihrugh s!
essive years, {e used lhe tunually averaged nunbd
of fish observed per lird vGi!,s a metric ror ovenil
nsl abundrn.e. Al5o, onl! years shen fish sdre
obs.rved aare inclrded in our analr:k, which was
limited b fie urree of lhe sia sludy basins lor *hich
suficient dala exisled 10 exanine t.endsin salflon
abundance. Two ofihese basins (Fleit and S*!np
ceelt eiperiened sigrifi .anl lrb$izalion wlile ihe
third (Mry Creek) did iot.

RISULTS

The siudy basins exhibiled a widd ranse in ihe
e{en! oflle chsnces in urbaiized area between !i'

'

)
thelqdsouqdesi{.

Wa .ompared trends in dhciarge recurence inle!
vals 6roDgh penods of urna! €ro*rh to deternine
whether dLchlrse regines.halged as s.esuli or
urbaniza$on. We Eed USGS annMl pe* discharge
dria to conpare pre'and post.urbdnizalion hydFlog'
ic re.ords for each basin by separaling daia into sub'
records fdr lie penods before and aft€r eisnificalt
inc.ease6 in llo density ofnrban development Tle
'ear of sepsrafion beiween these subre.ords wss
deternined based on the lenqth ollhe hvdrohsl.
4cord and ile sequelce oldevelopDent pdrlrared
on t posrup}ic nap3, as discuss.d belo*. DischarE€
'ecu'enc. intervaG (Rl) neaslre lhe probabiljtv
tnat a given dis.hrse wiu oc
Generatio. of a dis.larse r
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pre' sd posturbanizsiion perjods. T}e lour hasjns
tnsi experienced rapid urbdizatior sioyed siCrl6-
can! changes in discls.ae.€3ur.ence intervals,
{hereas loth basins that rore only narsinrlly
urbanized shdwed ljtde chdcE. Alt]loush in€ spau-
er data are spa.se, rhey supporr a linh berseen
alrded ftood f.equency and salhon abundmce.

U.bmizafion oltle Fleit Creek basin occurei Dri-
baiily by developmeni ofl*ge tracls tn the rortheln
porlion of the basin md piocre$iveb noved soutl1.
Flett Cr€eh erperid.ed a t tal chdge in u.han s.ea
of 30 peaeni of the basir froD 1960 !o 193r ftnre
2a). Bash developnent slowed between 1963 and
rsm ud eiperienced only ar additional ? lercen!
Cro*tl by 19Ar The lydrolosi. re@rd eite.ded fDh
te60 1ee4, sd we $pa.!t€d p!e- and post-urhsiza-
lio. records by rhe inlewal between 1963-1S?3
(Table 1). Due !o la.k of earlier ddra, rhe pdod urat
we considered a5 the pre-urbanizatidn discha.se
reco.d rlually records nrbhizing condjtiors. Th.
pre-urbanizltion 1o-year discharse is anomalous and
likely Eflecrs dre etrect of a nole than soJear storm
dnrins ! short pertod ofrecord. Consequenilr {e
bsve onilted this oven! 6on ou. analyses. Disctrarse
r4unene irreryab for nelt Creek chansed dnnsii
cany berween rhe rwo periods (lisnre 3). A nood wfth
o eirEpolated recunen.e irt rval of 10 yesrs befoE
1963 i.Feased in lrequency to a 1.5 r? eyeni after
1973.

pe*eni urbanj4d, experiencing lhe n.st rapid urban
grcwlh bei*een 1963 rnd 1973 (Fi€nre 2b). The
hydrolosic record exlended from 196.1 !o 1990.
BecauEa a hrdrolosic separstion besrnning in 1963,
prjor !o lho nost dranaric jnceas i' Drban CDvth,
*ould aUov only nve JeaE ofre.ord fo conFare wiih
ihe p6t urhd;ed &cord, *e sepaEted t$e hydrolog
i. re.ord bet{een rg?2and 1973 (Table 1). The pe -
od fron 1964-19?2 represenls pre urbrnization
onditjoB and the pedod from 1973-1990 r€p.esents
post'urbanization condilione. Dk.harse re.ur.ence
jlteruals for lhese iso periods record tial Jlanita
c.eeh expenenced a dramlic in.rerse in flood fr+
quency follosing lrbanjzatio. (Fisu€ 3). As for Fled
C.ek, . pft-ulbsialion discha€€ *iih a lecurence
int€nal ol r0 years lad a pos!.urba.ization recur

Tha Merer Creeli basin erperiencdd the nos, dra
naij. lrbanization oflhe six siudJ areas, {ith a
.ha.c€ lEm I penent urbanized area in 1950 !o 65
percent ir 1983- Steady urban grdrih in Mercer
Creet during 1950'19?3 accekrated betweer 19?3-
1933 (fie!r.2.). The hydrolocic ped extends llon
1950-1994. We cdnsidetd ihe pre urbanizaiion pdod
to be beforo 1969 and !06!.u anization fron r9;: to
199,! (Table 1). A pre urbani:,!
interrl discharge nad a r.I rr recuren.e interal for
rhe penod fron r9?4 !o 1994 (Fisue 3).

Urban areas in !he Swanp Creeh basin srew
siesdily lmn sn initirlly snall podion olihe bssin
durins 19531953. Growlh decekrdted durins 1963
1973, snd acele'ated froh r9?3 td 193r (liEure 2d).
the hydrolosic record spanned 1964 t 199q ve rep
rsenred the pre-urbanized portior ol the recorC rs
rhe pe;od from 1964 !o r9?3 and rhe losturbanr..
liob re.ord as ih!! iloi 1931 io 1990 (T.bl. l). Tls
average of lhe toisl urbanized arca in !h. basi.
changed by r5 rer.en! belween ihe pre and posi.
urba.izalioh lerjotu. A tow wir, a r0rear r{ur.
ren.e iniaval belween 196.!19?3 b{ane r 3.6Jear
.ven!in tie perhd belween 1$1.1990 (Iiglre 3).

fsbl.DiishdthegjdFbgiR@!d6rxd

Dense urban developmsn! o(red in lhe Juanilg
c ,ee . . , ! i n  baL reen  rg5oand  r98o .  Dua ' . r l i s  r \ "b ' s i r  o f  ' oa l  _ r " " tLnd"

; ; ; . ; i ; ; . ; ; ; ; ; ; " ; ; . . ; ; ; ; ; p " ; " ; " ' ; ; ;  
' Fsdv , rba ' i a to r r ' o - ' , pn !e1  ' o14o" r "n 'o f



n

3

i

a

a
€

b

5

g

6

3

H 3

z
g

€ R 3 A 9 € A 9 0 9

6



IklE r. Pf. lrd Po,urTq FLqD,

Returence Inbruar (ys6)



each drainsse basin (Table 2). Hene, ihe observe
cboges in dtucharge ra.urence iilervals a.e ljtre
aft nbueble io basin urbsniz:iion

a

a o

o
a

o

o

20 30  40  5n

% change in urban arca

dre basjn fron 1950-1933. The hyd.otoci. record
exlends Son 1964.19?9 (lisue 2e)- Aecause of the
linired }yd.ologic E.ord and lilde .hanse in urban
srea bet*een 1950 1933, Ure lydrologic brcat was
inposeil in the niddle of ine record in 1971, which
was dGcout d aon lhe record Oable D. Coal fte*
slows .o messuahla increlse in the relurn frequebcy
offlood flo*t fdr the periods 1964-19?0 snd 1972'

Tie eilent oI urbanized areas in lie May Cre!}
basi! inoeasd fion l percant in 1950 to ll peEent
in 1963, wirh lilre or .o incEase until tlie latest nap
edifion of r9& 6i€rre 2t. We tnerefo.e diyided Ure
lydmlosic.ecord intd a pre.urbsnization perio.l fEn
1946 to 196? ail, posrubsiAtion period 011963-
1979 Clable 1). May CEek ako shosed no dts.enible
hydrologic cl,nse bdtween lhe ea.]j.r and later

The ratio ofpre- to porl.urbanization disc)rarges
exiibited a systeDatic de*easd wiih in.reasins
urbanized ares (FieuE ,1). ,{though b.sed on . linir
ed sanple size, leasl squares linear resression ind;
cat s iial tie change in urbanized ares Bn explain
33 per.ent and 95 percent df the varimce i. ure,-
year and 10.y.ar dhcharge recunen.e iniervrts i!
the study bains. Tlres irends coofirm L\a! tie nag-
.irude of nydrotogic clan* *ales wiur rhe exieni of
d.sinase basin u.banizaiion. Althoush ur.rd is no
cl*r tnreslold in the exten! ofurbanization ne.e$
srrr to t.isser nydrologic change, no deleet.ble
.hsge is evide.t in the two wahrsheds rhar ex!e.i-
enced a tess tian 14 perce.t increase in urbanized

We ako exsnined tenpoEl varjation in annual
rainfall i. order to s(ounl lor the lart.g lime peri-
ods induded in rhe pre{rd posturbanjzalio! hrdr-
logic recoi& for ealh drainage basin. The lach of
pos!-1930 dat for the cdnrrol basins could nssli sJs-
tehatic lempo.al diff€ren.es i. rainflll thai may
explain the obsened shit in f,ood frequen.r in tne
urb8nized drainase basins. Tuo lines ol evide.ce,
hoyevda sugcest urat rris is rot lhe case: (1) ihe
annual ninfall iecaid at tne Seallle-Tacomr rain
gsuge .eveals ! veali d.dini.g lrend ra$.r lhm any
systensiic posr1980 inftease ($sue 5); and (2) dre
nean annuat rainfiI wss s,esrer in ihe penod betare
urbsnization thsn in lbe posl'urbanizaiion penod lor

g)

6
.e

E
I

.9

Salndn abundance de.reasd lhrawh tine for botl
Swanp Creel snd Flet, Creek, *hereas no.lesr
,rend is appsrenl in drta f.Dm May Creek (Fislre 6l
Excludins datl fton years siil < 2 field visiis in a
yea r  does  no i  a l t e r  l he ro  senera l  l r ends .  Le .s t
squar.s lin8r.e8ression ofthe los oflisl abun&i@
versus time Jields ryeakly correlsted, bu! sisnjfi.a.i
hendslorSwanp 3nd Flelt Creels, and an insigniii
can! tr.nd fo. Msy Creeh. Note $at lhe syst€nati.
.uryature in ihe r4ression residuals appareni fDft
eranination 0f lhe dala fton Swanp Creel (Fislre
6a) reveal systenatic deviatiDns Fon a simple seni
log linear popuhiion dedine. Ali}ogn Creat annud
varjatjon in ialmon .bundanc. h !o ba expe.ied,
ihese sysiehatic lrends lrodde evjdence dldedinjrg



trends in ti. two u.banized drainage bnns and do
not guggest conpauble d.clines jn , narsi.ally
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lhai observed, {e can rejeci syslenaiic.limatic nu.
iutions for the post urbanization in.:ase in r'lood
freque.cy. we susses! rhat $ese lines ofevidlnce
leave little doubt lhaf !h. obseieed chans6 in nood
nequency arose fron urbanization olure sludy water-

Dra or 6sl abundance in lhe PtrEet Lowlands ars
sparse snd inconplele. Spawner surveys, errrled
noslly on foot dre usually condudei ii ixte rui: inn,
dri.s tn€ pfiod ol hiehesr 6sI densny. Nond, !lcs!,
our daia inply a link between in.re$ed urbanizalion
a.d dedeased salhon abnndan.e.Ifowiishi.g ttsea
were primanly ftslonsible lor the declinins salnon
runs in thes. srieami den the conlrol ba3ins should
show trends.onFalalle to the Drbanizing Lx-.ins.
Allhoush based on ninihal dat!, declines in ::lmo.
populalions in tnese ?uge! Lo*land drsinase basins
appearielat d io hyd.ologcal or habltli.hanses ihri

The jnpaci on tuh oopulalions associated wilh
urbaniz.lion and indeasod flood ieqlen.y mnd be
either direct 0r indirect and sevoral p.sibk D::!hr-
n i sns  cou ld  res r l t  i n  u re  apparen !  co r& ia r i on
betwee! urbanization and subsequent de.leases ,n
salhon ab$da.ce. chsnses in chantel size, norpboi
oe/, or bed *ou! can dnedly inpaci fish {e.C., Booih
and  Re ine l r ,  1993 ;  Mon !goderJ  e i  d l , ,  r 996 ) .
Increased nov depths .an alie. {elo.ny relugir and
increased shoambed scour .an dislurb developing
@bryos. Indired efeds olurbrnization and changes
in no0d frequen.y include t$e renoval ol l8ree Noody
debns by both hlnan intervention dd no'e etreclive
transpor! by lisher lean flowt Ttese jndirect etrects
on }abiiat .haracieristi.s .rn sis.ifi.antly alier
hahitlt suitlbiliiy for di6erenl spe.ies. Lu.chetli and
Fuers lenberg  (1992)  d0cnnen ted  changes  f rom

DISCUSSION

Ths syst€nalic relstidn of in.reas€d u.bd diea io
clmges ir f,rod frequo..t inpli.s a .ausal relttion
througll indeased 'uofaf.on inleniols areas. Tbe
unchesed tood trequncy in ile ivo .ontrol basins
suppons tbh interp.etation. Also, tld reco.d of annu'
sl rainfal lor Seli e shdws no sys
p.ecipilatidn that nigit expldn dre in.reased tuofl
aron tne fou urbanized basins, -{ciually, t}e F.ord
slows tI1e cdniraryt annual rainfr]l generally
de.resed ion ine 194tu tirough 1980s The penod
froo ttle 19?0s drougl 1990s, when dh.hrse retr_
re'c. jnt€ryals were }jgher, .orrespond !o ihe post'
urba.izdion ca!.gory fo. nost bssins. 1s ure trend in
ronola expecba !o ftsull lron this L tle aplosite of
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salnor.doninatedt tmutdoninaied.onnunitiesi.
u.bdnizing Puget Sonnd b$ins dnd athibuled tle
change !o tDdire.t el|ecls asso.ia!ed {ttl alrerod

Anoiher Dech!.ism lor fisb lo$ t om in$ea .
dis.harge is the s.o!i of enbryos fron ile slreanbed
cralol. S.ou.{hajr sludjes r! Klnnedy Creek ai Ur
louthem end of PDset Sound rev.al€d that chuh
ialnon buried lbeir eCBs just deeper ihln the &our
depih dDring an approrinalely banhlull (i.e., - l.t
year re.u.rence i.terval) flo* (Montsonery ?r dl.,
1996). InRsed flodd freqDen., r'ill in..ase annu,t
bed $ou. dnd, dependins upon the tininA, nay
ineease es lo* due to ss!. Drsnstic in.reaErih
llood frequency suld ljkely lead io sieep dedines in
species for *hi.h enbryos d.velop in slreaFbeds dur
irg seasons liliely to experiencs high f,ows. In rain-
fall-doninaied Pnget !owlard streams, sainon
sp,w. in tho lall, innediat ly prior to iigh winhr
discharce* In .onhssl cltllroal tsut spawn in ile
spri.c shen hish floss are nuch les lilely. We
suspeci tlar the dedine in salmon sbu.dance and
.hang€ ro riout doninaied fish ennunities in urban.
izing Puset Lwland slresms arose lrrn boNh stro+
rursl labitar chanae sssocisred witt urbani:ation
(Lu*heiti Bnd fuelsienbers, 1992), such 4 hss ot
woodt debris, d.d nore ftequeni disiurb$.e of egg
bcaring grsvel s.6npa.yins .onvenion of inlreque.i
hjsi nows inioannual or.onnon evenls.

Tle elation batseen waie*hed urbanization a.d
c)rr8es ir flood lreque..y holds disiincl imllicaiions
fo. nnagement .f trumn poputation g'owt, in ihe
Pnsel Sourd region, Tlis sludy sujii.rls 3,,rth's
(1990) prediction of a dired cofeilo!r 5.Nee.
urban 8lowth and sn incease in flood frequen.n
Althdush chances 0f I.1 percent or more in total
urbanized *ea resuli in incre.sed nood fr€qu.n.n
sn3ller.)ranges in urbanized area ap!e!r toljeld no
resolvable change i. discharge recurence in,.rvah.
The.hanges we leport are comparabl! id tho:! Jre.
dicied by Boolh (1990) based on sinulations ofrunotr
seneration in r$ponse !o tn.reasing inpewios ared
sronpanying urbenization. Th! rapid urba'ization
ofnany Pugei Lowland drainagebasins in tle l9?0s
and 1930s likely sllered discharge recurrene intdF
vals througlour lhe resion lsee Bodh ( t9go, rggt) lor
an excelhn! discu$ion ofasso.iat.d chanses in.hsn
nel morphohe/1. ?he sppareil innuen.e of urbaniza.
iion on salmon abunda.ce poses inportant policy
quesuons, as lailure to resh.ji .harges in nood fi
qnency atle. developme.t nay ensure lhat salm.
popuhiionsrenain d.pressed ordfllining.
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( ) $!bp cd ly - 253.2 - o.DeL GZ=o 32n:
(B) n.r cEk tr:3t.r - 0.156* (R,-!4?Ded
{c)MeycE€tb= D4.6?+o&& (n,-0.@r.
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SLIMMARY

Thu profound alteralion of srEsn flow .}arscb;}
tics in snall, rapidly ubanizins drainage basins in
lhe Pusel Lowlnds pro;des a 8!od exanple of a spa'
t'3llr dr+nbuted and cumulsine €lred Disc)rBre?
recurr€nce intervals rn bssins in whrch tne |otrl
urbmized are, expanded by nore lhan 14 percent of
the b*in dea changed snch t)rat tle pie urboiza'
tion lo.year dtucharge be.ane a 1 to 4 v*. discharse
after trrbanization, sith ths degree ofhydrolosic
cla.se proportional io iie degtee ol u.banizalion
During the saBe pdotl, dtsciars€ reilrenco inler_
vals did ndt n.asurablr clEnge for disclaiges in
cat.inenis tbat eiperien.ed mino. jncleases in
urbanized area, Ol the three basi.s sith adequat€
spamer surey &ia, $e two nrb,nized b3dne show
ilesea*d salnon ab6dscq wne.ets the uurbsn
ized ba3in shows no dkcemible irend in 6sI lbDn
ilan... Ou. sdysis sug:sestt lhat hpid ubanizeiion
lartjally e:plains tle ongoing decline in salnon
ab$dmce in Puge! Lowl.nd slreans.
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