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Effects Of Urbanization On Small Streams

In the Puget Sound Ecoregion

by Christopher W. May, Richard R. Horner, JamesR. Karr, Brian W. Mar, Eugene B. Welch

University of Washington, Seattle, Washington

America, isexperiencing anincreasein urban

development that is rapidly expanding into
remaining natural aquatic ecosystems. In the Puget
Sound lowland (PSL) ecoregion, the natural resources
most directly affected by watershed development are
small streamsand associated wetlands. Stream ecosys-
temsarecritical spawningandrearing habitat for several
species of native salmonids including coho and cut-
throat trout and many salmon species. These fish,
especialy the salmon, hold great ecological, cultural,
and socioeconomic val ue to the peoples of the region.
Despite this value, the wild salmonid resource is in
considerable jeopardy of being lost to future genera-
tions. Over the past century, salmon have disappeared
fromabout 40% of their historical rangeand many of the
remaining populations(especially in urbanizing areas)
areseverely depressed (Nehlsen, et al. 1991). Thereis
no one reason for this decline. The cumulative effects
of land-usepracti cesincluding timber-harvest, agricul -
ture, and urbani zation haveall contributed significantly
tothiswidely publicized “salmon crisis.”

The effects of watershed urbanization on streams
arewell-documented (L eopold, 1968; Hammer, 1972;
Hollis, 1975; Klein, 1979; Arnold, et al. 1982; Booth,
1991) and include extensive changes in basin hydro-
logic regime, channel morphology, and water quality.
The cumulative effect of these alterations have pro-
duced aninstream habitat structurethat issignificantly
different from that in which salmonids and associated
faunahaveevolved. Inaddition, devel opment pressure
has anegativeimpact on riparian forests and wetlands
that are essential to natural stream function. Consider-
able evidence about these impacts exists from studies
of urban streams in the Pacific Northwest, athough
most previous work has fallen short of establishing
cause-effect relationships among physical and chemi-
cal impactsof urbanization and theresponseof aquatic
biota.

The most obvious manifestation of urban develop-
ment isan increasein impervious cover and the corre-
sponding lossof natural vegetation. Land clearing, soil
compaction, riparian corridor encroachment, and modi-
fications to the surface water drainage network all
typically accompany urbanization. Watershed urban-
ization ismost often quantified in terms of the propor-

T hePacific Northwest, likemany areasof North

tion of basin area covered by impervious surfaces
(Schueler, 1994; Arnold and Gibbons, 1996). Although
impervious surfacesthemselvesdo not generate pollu-
tion, they are the major contributor to changes in
watershed hydrology that drive many of the physical
changes affecting urban streams. Basin impervious-
nessandrunoff aredirectly related (Schueler, 1994). In
previous studies, measures of total impervious area
(%TIA) of about 10% havebeenidentified asthelevel
at which stream ecosystem impairment begins (Klein,
1979; Steedman, 1988; Schud er, 1994; Boothand Reinglt,
1993). Recent studiessuggest that thispotential thresh-
old may apply to wetlands aswell.

Stream Study Design

A key objective of the Puget Sound lowland stream
study conducted between 1994 and 1996 wastoi dentify
the linkages between watershed conditions and in-
stream environmental factors, including defining the
functional relationships between watershed modifica
tions and aquatic biota. The goal was to provide a set
of stream quality indicesfor local resourcemanagersto
useinmanaging urban streamsandtominimizeresource
degradation resulting from devel opment pressure. For
example, one study objective was to determine the
conditionsfor maintaining agiven population or com-
munity of organisms (such as native salmonids) at a
specifiedlevel. Thisrequiressustaining acertain set of
habitat characteristics, which in turn depend on an
established group of watershed conditions. A part of
thisoverall objectivewasto identify any thresholds of
watershed urbanizationasrel ated toinstream salmonid
habitat and aquatic biota. The study was designed to
establish the linkages between landscape-level condi-
tions, instream habitat characteristics, and bioticinteg-
rity. A conceptual model of this design is illustrated
below:

Watershed and Riparian => Instream Habitat

Characteristics

A subset of 22 small-stream watershedswaschosen
to represent arange of development levels from rela
tively undeveloped (reference) to highly urbanized.
Researcherscontrolledfor physiographicvariability by

Conditions
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studying only streams in the Puget Sound lowland
ecoregion (see Figure 1 for stream locations). Total
impervioussurfacearea(%TIA), becauseof itsintegra-
tive nature, was used as the primary measure of water-
shed urbanization. The attributes of the stream
catchments were established using standard water-
shed analysis methods including geographic informa-
tionsystem (GIS) data, aerial photographs, basinplans,
and field surveys. Impervious surface coverage, ripar-
ianintegrity, instream physical habitat characteristics,
chemical water quality constituents, and aquatic biota
were analyzed on both watershed and stream segment
scal es. Dischargewascontinuously monitored by local
agencies on 10 of the study streams. Chemical water-
quality monitoring (baseflow and storm events) was
conducted at 23 sites on 19 of the study streams.
Biologica sampling (macroinvertebrates) wasperformed
in 31 reaches on 21 of the study streams. Extensive
surveysof instream physical habitat and riparian zone
characteristics were made on 120 stream-segmentson
all 22PSL streams, eachrepresentinglocal physiographic,
morphologic, and sub-basin land use conditions from
the headwatersto the mouth of each stream. Salmonid
abundancedatawereobtainedfrompublic, private, and
tribal sources.

All streamswerethird-order or smaller, rangingin
basin areafrom 3to 90 km? with headwater el evations
less than 150 meters. Stream gradients were less than
3.5% (most were < 2%). The study watersheds repre-

Figure 1: Puget Sound Lowland (PSL) Ecoregion

sented the two general types of geologic and soil
conditionsfoundinthePuget Soundregion. Theunder-
lying geology and soil types are mainly aresult of the
lastglacial period (15,000yearsago). All but threeof the
watersheds were dominated by poorly drained glacial
till soils, withtheremaining basinsdominated by glacial
outwash soil types (moderately well drained).

Intheundisturbed, natural forested condition, PSL
catchments are capable of providing adequate natural
precipitation storageinthesurficial “forest-duff” layer
withlittlerunoff resulting. Devel opment typically strips
away this absorbent forest soil layer and compactsthe
underlying soil and exposes the underlying till layer.
Thetypical suburbandevelopmentinthePacific North-
west has been estimated to have roughly 90% less
storage capacity than under naturally forested condi-
tions(Wigmostaet al., 1994). Thelatest (1990) storm-
water mitigation and best management practices have
the potential to recover only about 25% of the original
storage capacity (Barker et al., 1991). Because these
standards affected very little new development that
occurred between 1990 and the start of this study in
1994, the basin conditions observed largely reflected
the pre-1990 situation with little effective stormwater
control present. Therefore, no significant conclusions
could be drawn about the effectiveness of current
stormwater controls and regulations during this re-
search.

Resultsand Discussion

Watershed Conditions

Watershed imperviousness ranged from undevel-
oped (%TIA <5%) tohighly urbanized (%TIA > 45%).
Imperviousness (%TIA) was the primary measure of
watershed development; however, other measures of
urbanizationwereinvestigated. Cal culatingimpervious
surface area can be costly, especialy if computerized
methodslike Gl Sareutilized. In addition, theland use
datarequired for calculation of %TIA may be unavail-
able or inaccurate. As part of this study, a low-cost
alternative to imperviousness was also investigated.
Analysis demonstrated that the relationships to be
discussed were very similar if development isalterna
tively expressed as road-density (Figure 2). This is
especialy relevant in that the transportation compo-
nent of imperviousness often exceeds the “rooftop”
componentinmany land-usecategories(Schueler, 1994).
A recent study in the Puget Sound region has shown
that the transportation component typically accounts
for over 60% of basinimperviousnessinsuburbanareas
(City of Olympia, 1994).

Watershed urbanization results in significant
changes in basin hydrologic regime (Leopold, 1968;
Hoallis, 1975; Booth, 1991). This was confirmed for
streamsinthePSL study. Theratio of model edtwo-year
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stormflow tomeanwinter baseflow (Cooper, 1996), was
used as an indicator of development-induced hydro-
logic fluctuation (Figure 3). This discharge ratio is
proportional to the relative stream power, and thusis
representative of the hydrologic stress on instream
habitats and biota exerted by stormflow relative to
baseflow conditions. The modified basin hydrologic
regime was found to be one of the most influential
changes resulting from watershed urbanization in the
PSL region.

In addition to an increase in basin imperviousness
and the resulting stormwater runoff, urbanization also
affects watershed drainage-density (km of stream per
km? of basin area). Thiswasfirst investigated by Graf
(1977). Natural, pre-devel opment drai nage-density (DD)
was calculated using historic topographic maps. This
was compared to the current, urbanized DD which
included boththelossof natural stream channels(mostly
first-order and ephemeral channels lost to grading or
construction) and the increase in artificial “channels’
due to road-crossings and stormwater outfalls. Not
surprisingly as imperviousness increases above the
eight to 10% level in study watersheds so does the
number of road crossings and stormwater outfalls per
kilometer at asteady rate. Theratio of urban to natural
drainage density was used as an indicator of urban

impact.

Riparian Conditions

Thenatural riparian corridorsalong Pacific North-
west streamsareamong themost diverse, dynamic, and
complex ecosystems in the region. Natural riparian
integrity is characterized by wide buffers, anear-con-
tinuous corridor, and mature, coniferous forest asthe
dominant vegetation. Theripariancorridorisfrequently
disturbed by flooding events, creatinganaturally com-
plex landscape.

Not surprisingly, riparian conditions were also
strongly influenced by thelevel of development inthe
surrounding landscape. The impact of development
activities on riparian corridors can vary widely. Very
recently, regional development regulations did not
specifically addressriparian buffer requirements. Sen-
sitive area ordinances, now in effect in most loca
muni cipalities, typically requireriparian buffersof 30to
50 meters (100 to 150 feet) in width. These recently
adopted regulations had little influence on the urban-
ized streamsinthePSL study. Ingeneral, wideriparian
bufferswerefound only inundevel oped or rural stream
watersheds(Figure4). Theactual sizeof riparianbuffer
needed to protect the ecological integrity of the stream
systemisdifficulttoestablish (Schueler, 1995). Inmost
cases, minimumbuffer width“ required” dependsonthe
resource or beneficial use of interest and the quality of
theexisting riparian vegetation (Castelleet al., 1994).
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Figure 2: Relationship Between Urbanization (%TIA) and

Sub-Basin Road-Density in PSL Streams
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Figure 3: Change in Basin Hydrologic Regime

with Urbanization in PSL Streams

Encroachmentintotheriparianbuffer zoneisperva
sive, continuous, and extremely difficult to control. At
the same time, riparian forests and wetlands, if main-
tained, appear to haveasignificant capacity tomitigate
some of the adverse effects of development. A buffer
width of less than 10 meters is generally considered
functionally ineffective(Castelleetal., 1994). Thefrac-
tionof riparianbuffer lessthan 10 meterswidewasused
asameasureof riparian zoneencroachment. Ingeneral,
only streamsin natural, undevel oped basins (%TIA <
10%) hadlessthan 10% of their buffer inanonfunctional
condition. As watershed urbanization (%TIA) in-
creased, riparian buffer encroachment also increased
proportionally. The most highly urbanized streams
(%TIA > 40%) in this study, generaly had a large
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portion (upwardsof 40%) of their buffersinanonfunc-
tional condition.

Thelongitudinal continuity or connectivity of the
riparian corridor is at least as important as the lateral
riparian buffer width. A near-continuousriparian zone
isthetypical natural conditioninthePacific Northwest
(Naiman, 1992). Fragmentationof theripariancorridorin
urban watersheds can come from a variety of human
impacts; the most common and potentially damaging
being road crossings. In the PSL stream study, the
number of stream crossings (roads, trails, and utilities)
increasedin proportiontobasindevelopmentintensity.
All but oneundevel oped stream (% TIA < 10%) had, on
average, lessthan oneriparian break per km of stream.
Of thehighly urbanized streams(%TIA >40%), all but
onehad greater thantwo breaksper kilometer. Based on
current development patternsinthePSL, only rural land
use consistently maintained breaksin theriparian cor-
ridor to< 2 per kilometer of streamlength. Ingenera, the
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Figure 4: Relationship Between Riparian Buffer Width and

Basin Urbanization (%TIA) in PSL Streams
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Figure 5: Relationship Between Watershed Urbanization

(%TIA) and Riparian Quality (Maturity) in PSL Streams

morefragmented and asymmetrical thebuffer, thewider
it needsto beto perform the desired functions (Barton
etal.,1985).

Theriparianzonewasal soexaminedonaqualitative
basis. Mature forest, young forest, and riparian wet-
landswereconsidered“ natural” asopposedtoresiden-
tial or commercia development. From an ecological
perspective, matureforest or riparian wetlands are the
twomost ecol ogically functional riparianconditionsin
the Pacific Northwest (Gregory et al., 1991). Inthe 22
PSL streams, riparian maturity was also found to be
strongly influenced by watershed development. Only
the natural streams (%TIA < 5%) had a substantial
portion of their riparian corridor asmatureforest (40%
or greater), while urban streams consistently had little
matureriparianarea(Figure5). Inaddition, noneof the
urbanized PSL streamsretai ned morethan 25% of their
natural floodplainarea.

Chemical Water Quality

Chemical water quality constituents were moni-
tored under baseflow and stormflow conditions. Storm
event mean concentrations of several chemical con-
stituents were found to be related to both storm size
(magnitude and intensity) and basin imperviousness
(Bryant, 1995; Horner et al., 1996). However, water
quality criteriawererarely violated except in the most
highly urbanized watersheds (%TIA > 45%). Total
phosphorus(TP) andtotal suspended solids(TSS) also
showed similar relationships. Sediment, zinc and lead
also indicated a relationship with urbanization, again
showing the highest concentrationsin the most devel-
oped basins, athough all were still below sediment
quality guidelines. As with other recent studies
(Bannermanetal.,1993; Pittetal ., 1995), thesefindings
indicatethat chemical water quality of urban streamsis
generally not significantly degraded at thelow impervi-
ouslevels, but may beamoreimportant factor instreams
draining highly urbanized watersheds.

Instream Salmonid Habitat Characteristics

Largewoody debris(LWD) isaubiquitouscompo-
nent in streams of the Pacific Northwest. There is no
other structural component as important to salmonid
habitat, especially in the case of juvenile coho (Bisson
etal.,1988). LWD performscritical functionsinforested
lowland streams, including dissipation of flow energy,
streambank protection, streambed stabilization, sedi-
ment storage, and providinginstream cover and habitat
diversity (Bisson et al., 1987; Masser et al., 1988;
Gregory et al., 1991). Although theinfluence of LWD
may change over time, both functionally and spatially,
itsoverall importanceto salmonid habitat issignificant
and persistent.

Boththeprevalenceand quantity of LWD declined
with increasing basin urbanization (Figure 6a). At the
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sametime, measuresof salmonidrearinghabitat, includ-
ing percent of pool area, pool size, and pool frequency,
werestrongly linkedtothequantity and quality of LWD
inPSL streams. While LWD quantity and quality were
negatively affected by urbanization, even many of the
natural, undevel oped streams also had alack of LWD
(especially very largeLWD). Thisdeficit appearstobe
aresidual effect of historictimber-harvest and* stream-
cleaning” activities. Neverthel ess, withfew exceptions
(habitat restoration sites), high quantities of LWD
occurred only in streams draining undevel oped basins
(%TIA <5%). It appearsthat stream restoration in the
PSL should include enhancement of instream LWD,
including addressing the long-term LWD recruitment
requirements of the stream ecosystem.

An intact and mature riparian zone is the key to
maintenance of instream LWD (Masser et al., 1988;
Gregory etal., 1991). Thelack of functional quantities
of LWDinPSL streamswassignificantlyinfluenced by
the loss of riparian integrity (Figure 6b). In general,
except for restoration sites, higher quantities of LWD
were found only in stream-segments with intact up-
streamripariancorridors. Inaddition, LWD quality was
strongly influenced by riparian integrity. Very large,
stablepiecesof LWD (greater than0.5meterindiameter)
were found only in stream segments surrounded by
mature, coniferous riparian forests (Figure 7). This
natural LWD historically provided stable, long-lasting
instream structurefor salmonid habitat and flow mitiga-
tion (Masser et al., 1988).

Thestream bottom substratumiscritical habitat for
salmonid egg incubation and embryo development, as
well as being habitat for benthic macroinvertebrates.
Streambed quality can be degraded by deposition of
fine sediment, streambed instability dueto high flows,
or both. Although, the redistribution of streambed
particles is a natural process in gravel-bed streams,
excessive scour and aggradation often result from ex-
cessiveflows. Streambed stability wasmonitored using
bead-type scour monitorsinstalledinsalmonid spawn-
ingrifflesinselectedreaches(Nawaand Frissall, 1993).
Basin urbanization in PSL streamswas found to have
the potential to cause locally excessive scour and fill.
Urbanstreamsinthe PSL withgradientsgreater than2%
andlackinginLWD, werefoundtobemoresusceptible
to scour than their undeveloped counterparts.

Streambank erosion was also far more commonin
urbanized PSL streamsthan in streamsdraining unde-
veloped watersheds. Using asurvey protocol similar to
Booth (1996), all stream segments were evaluated for
streambank stability. Stream segmentswith>75%of the
reach classified as stable were given a score of four.
Between 50% and 75% stablebankswerescored asa3,
25-50% asa?2, and <25% asal. Artificial streambank
protection (riprap), showninthephotointheright panel
below, was considered a sign of bank instability and
graded accordingly. Only two undevel oped, reference
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(%TIA <5%) stream segmentshad astability ratingless
than three. In the five to 10% basin imperviousness
range, streambank ratingswere generally ranked three
or four. When the sub-basin impervious area was be-
tween 10 and 30% there was a fairly even mixture of
streambank conditionsfrom stableand natural tohighly
eroded or artificially “protected.” Above 30% TIA,
there were no segments with a streambank stability
rating of four and very few witharating of three. These
outliers were found only in segments with intact and
wideripariancorridors. Artificia streambank protection
(riprap) wasacommon feature of all highly-urbanized
streams. Overall, the streambank stability rating was
inversely correlated with cumulative upstream basin
%TIA and even moreclosely correlated with devel op-
ment within the segment itself, perhaps reflecting the
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local effectsof constructionand other human activities.
Streambank stability isal soinfluenced by thecondition
of the riparian vegetation surrounding the stream. In
this study, the streambank stability was related to the
width of theriparian buffer andinversely related tothe
number of breaks in the riparian corridor. While not
completely responsible for the level of streambank
erosion, basin urbanization andloss of riparian vegeta
tion, contribute to the instability of streambanks.

Resultsof finesediment sampling (McNeil method)
indi cated that urbani zation can result in degradation of
streambed habitat. Finesediment levels(%fines) were
related to upstream basin urban devel opment, but the
variability, even in undeveloped reaches, was quite
high (Wydzga, 1997). Nevertheless, percent fines did
not exceed 15%until %TIA exceeded 20%. Inthehighly
urbanized basins, the percent fineswere consistently >
20% except in higher gradient reacheswhere sediment
was presumably flushed by high stormflows.

Theintragravel dissolved oxygen (IGDO) wasalso
monitored as an integrative measure of the deleterious
effect of fine sediment on salmonidincubating habitat.
A significantimpact of finesediment onsalmonidsisthe
degradation of spawning and incubating habitat
(Chapman, 1988). The incubation period represents a
critical and sensitivephaseof thesalmonidlifecycle. A
high percentage of fine sediment can effectively clog
theinterstitial spacesof the substrataand reduce water
flowtotheintragravel region. Thiscanresultinreduced
levels of IGDO and a buildup of metabolic wastes,
leadingtoevenhigher mortality. Elevated finesediment
levelscanal so havevarioussub-lethal effectsondevel-
oping salmonidswhich may reducetheoddsof survival
inlater lifestages(Steward, 1983).

Whilelow IGDOlevelsaretypically associatedwith
fine sediment intrusion into the salmonid redd, local
conditions can have a strong influence on intragravel
conditions as well as the distribution of fine sediment

Figure 7: Large Woody Debris in Undisturbed and Urbanizing Streams
Large woody debris (LWD) is an important structural element of undisturbed Puget
Sound lowland streams (top panel). Urbanizing watersheds have much lower
levels of LWD within the stream (bottom panel). Photographs by Chris May
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(Chapman, 1988). Spawning salmonidsthemselvescan
also reduce the fine sediment content of the substrata,
at least temporarily. Measurement of instream dissol ved
oxygen (DO) coincident with IGDO alowed for the
calculationof al GDO/DOinterchangeratio (Figure 10).
Inall but onecase, themeaninterchangeratiowas>80%
intheundevel oped streams. Once TIA increased above
10%, agreat mgjority of the reaches had amean inter-
change ratio well below 80% (as low as 30%). While
theseDOlevelsarenot lethal, low IGDO level sduring
embryo development canreducesurvival toemergence
(Chapman, 1988). Several urbanized stream-segments
had unexpectedly high (>80%) IGDO concentrations
(Figure8). All of these segmentswere associated with
intact riparian corridors and upstream riparian wet-
lands. Generally, these reaches also had stable
streambanks and adequate levels of instream LWD.

Cohosalmonrely heavily onsmall lowland streams
and associated off-channel wetland areas during their
rearing phase (Bisson et al., 1988). They are the only
speciesof salmon that overwinter in the small streams
of the PSL. Cutthroat trout are commonly found in
almost all small streamsinthe Pacific Northwest. Cut-
throat and cohoaresympatricinmany small streamsand
as such are potential competitors (adult cutthroat also
prey on juvenile coho). In general, habitat, rather than
food, isthelimiting resourcefor most salmonidsinthe
region (Groot and Margolis, 1991). In urban streamsof
the PSL, rearing habitat appears to be limiting. This
study found all but the most pristine (%TIA < 5%)
lowland streams had significantly less than 50% of
stream habitat areaaspools. Inaddition, thefraction of
cover on pools decreased in proportion to sub-basin
development. Coho rear primarily in pools with high
habitat compl exity, abundant cover, and with LWD as
the main structural component (Bisson et al., 1988).
Urbanization and loss of riparian forest area signifi-
cantly reduced pool area, habitat complexity, andLWD
inPSL streams.

Biological Integrity

Thebiological condition of thebenthicmacroinver-
tebrate community was expressed in terms of amulti-
metric PSL Benthic Index of Biotic Integrity (B-1BI)
developedby Kleindl (1995) andKarr (1991). Theabun-
dance ratio of juvenile coho salmon to cutthroat trout
(Lucchetti and Fuerstenberg, 1993) wasused asamea-
sureof salmonid community integrity. Figure 9 shows
the direct relationship between urbanization (%TIA)
and biological integrity, using both measures. Only
undevel oped reaches (%T A < 5%) exhibited an B-IBI
of 32 or greater (45 being themaximum possiblescore).
Therealsoappearstoberapiddeclineinbiacticintegrity
with the onset of urbanization. At the same time, it
appearsunlikely that streamsdraining highly urbani zed
sub-basinscouldmaintainaB-1BI greater than 15 (mini-
mumB-IBlisnine). B-1BI scoresbetween25and 32were

1M %
. H
Lt
0% 178 | -
i) e, - . *
B O80% 1 - ettt oo ommma e et m ammmm e an s e
a4 . -
% T0% 4 . . .
C hd . -
o % 14 - *
<
O ' .
E 0% 1 : .
c
- 40%
O -
A :
5 W% ; . . R
O 204
Qe
10%
0% + ’ " + - M
1] 10 20 30 40 0 G0 70
Watershed Urbanization (% TIA)
The IGDO/DO Ratio is an indicator of sediment intrusion into spawning redds.
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Instream Dissolved Oxygen Ratio in PSL Streams

associated with reaches having a %TIA < 10%, with
eight notableexceptions(Figure9). Theseeight reaches
had sub-basin%T I A valuesinthe25t0 35% (suburban)
range and yet each had amuch higher biological integ-
rity than other streamsat thislevel of development. All
eight had a large upstream fraction of intact riparian
wetlands and all but one had alarge upstream fraction
of wideriparianbuffer (> 70%of thestreamcorridor with
buffer width > 30 m = 100 feet). These observations
indicate that maintenance of a wide, natural riparian
corridor may mitigate someof the effects of watershed
urbanization.

Urbanization also appears to alter the relationship
between juvenile coho salmon and cutthroat trout. In
this study, coho tended to dominate in undevel oped
(%TIA <5%) streams, whilecutthroat weremoretol er-
ant of conditions found in urbanized streams. In 11
study streams where data was available, natural coho
dominance (cutthroat:coho ratio > 2) was seen only at
very low watershed devel opment levels. Duetothelack
of data, a more specific devel opment threshold could
not be established. Nevertheless, it is significant that
both sal monid and macroinvertebratedataindicatethat
asubstantial lossof biological integrity occursat avery
low level of urbanization. These results confirmed the
findings of earlier regional studies.

Given that relationships were identified between
basin devel opment conditions and both instream habi-
tat characteristicsand biological integrity, itisreason-
abletohypothesizethat similar direct associationsexist
between physical habitat and biological integrity. Asa
general rule, instream habitat conditions(both quantity
and quality) correlated well with the B-IBI and the
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coho:cutthroat ratio. Measures of spawning and rear-
ing habitat quality were closely related to the
coho: cutthroat ratio. Asmight beexpected, measuresof
streambed quality wereal so closely relatedtothe B-1BI
(benthic macroinvertebrates). Chemical water quality
may also influence aquatic biota at higher levels of
watershed urbanization.

In addition to the quantitative habitat measures, a
multi-metric Qualitative Habitat Index (QHI) wasalso
developed for PSL streams. Thisindex assigns scores
of poor (1),fair (2), good (3), andexcellent (4) toeach of
15habitat-related metrics, thensumsall 15metricsfora
final reach-level score(minimumscoreof 15and maxi-
mum score of 60). The QHI issimilar in design to that
whichisused in Ohio (Rankin 1989) and as part of the
U.S. EPA Rapid Bioassessment Protocol (Plafkinetal.,
1989). Aswasexpected, biological integrity wasdirectly
proportional to instream habitat quality. Coho domi-
nanceis consistent with aB-1BI > 33 and aQHI > 47;

conditionsfoundonly innatural, undevel oped streams.
These results were consistent with the findings of a
similar studyinDelaware(Maxtedetal ., 1994). The QHI
has the advantage of being simpler (less costly) than
more quantitative survey protocols, but may not meet
the often rigorous requirements of resource managers.
However, asascreening tool, it certainly has merit.

A mgjor finding of thisstudy wasthat wide, continu-
ous, and mature-forestedriparian corridorsappear tobe
effectivein mitigating at | east some of the cumulative
effectsof adjacent basindevelopment. UsingtheB-1BI
astheprimary measureof biological integrity, Figure10
illustrates how the combination of riparian buffer con-
dition and basin imperviousness explains much of the
variation in stream quality. These observations sug-
gest a set of possible stream quality zones similar to
thoseproposed by Steedman (1988). Excdllent (natural)
stream quality requiresalow level of watershed devel-
opment and asubstantial amount of intact, high-quality
ripariancorridor. If a“good” or “fair” streamqualityis
acceptable, then greater development may be possible
with anincreasing amount of protected riparian buffer
required. Poor stream quality isalmost guaranteed in
highly urbanized watersheds or where riparian corri-
dorsareimpacted by humanactivitiessuch asdevel op-
ment, timber-harvest, grazing, or agriculture. Because
of themixture of historical development practicesand
resource protection strategiesincluded in thisstudy, it
wasdifficulttomakean exactjudgment astohow much
riparian corridor isappropriatefor each specific devel-
opment scenario. Moreintensiveresearchisneededin
thisarea

Summary

Results of the PSL stream study have shown that
physical, chemical, and biological characteristics of
streams change with increasing urbanizationin acon-
tinuous rather than threshold fashion. Although the
patterns of change differed among the attributes stud-
ied and were more strongly evident for some than for
others, physical and biological measures generally
changed most rapidly during the initial phase of the
urbanization processas%T | A exceeded thefiveto 10%
range. As urbanization progressed, the rate of degra-
dation of habitat and biol ogicintegrity usually became
more constant. There was also direct evidence that
altered watershed hydrologic regime was the leading
cause for the overall changes observed in instream
physical habitat conditions.

Water quality constituents and metal sediment
concentrations did not follow this pattern. These
variables changed little over the urbanization gradient
until imperviousness (%TIA) approached 40%. Even
then, water column concentrations did not surpass
aquatic life criteria, and sediment concentrations re-
mainedfar bel ow freshwater sediment guidelines. Once
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urbani zation increased above the 50% level, most pol-
lutant concentrations rose rapidly, and it islikely that
therole of water and sediment chemical water quality
becamemoreimportant biologically.

It isalso apparent that, for almost al PSL streams,
large woody debris quantity and quality must be re-
stored for natural instream habitat diversity and com-
plexity to berealized. Of course, prior to undertaking
any habitat enhancement or rehabilitation efforts, the
basin hydrologic regime must be restored to near-
natural conditions. Resultssuggest that resource man-
agers should concentrate on preservation of high-
quality stream systems through the use of land-use
controls, riparian buffers, and protection of critical
habitat. Enhancement and mitigation effortsshould be
focused on watersheds where ecological function is
impaired but not entirely lost.

Biological community alterationsin urban streams
are clearly afunction of many variables representing
conditions in both the immediate and more remote
environment. In addition to urbanization level, akey
determinant of biological integrity appears to be the
guantity and quality of the riparian zone available to
buffer the stream ecosystem, in some measure, from
negative influences in the watershed (Figure 10).
I nstream habitat conditionsal sohad asignificantinflu-
ence on instream biota. Streambed quality, including
fine sediment content and streambed stability, clearly
affected the benthic macroinvertebrate community (as
measured by theB-IBI). Thecomposition of thesalmo-
nid community was aso influenced by a variety of
instream physi o-chemical attributes. InthePSL region,
management of all streamsfor coho (and other sensitive
salmonid species) may not befeasible. Management for
cutthroat trout may be a more viable alternative for
streams draining more highly urbanized watersheds.
The apparent linkage between watershed, riparian,
instream habitat, and biota shown here supports man-
agement of aguatic systems on awatershed scale. The
accompanying box outlines some key watershed man-
agement recommendationsfor PSL streams.

Thefindingsof thisresearchindicatethat thereisa
set of necessary, though not by themselves sufficient,
conditions required to maintain ahigh level of stream
quality or ecological integrity (Tablel). If maintenance
of that level is the goal, then this set of enabling
conditions constitutes standards that must be achieved
if thegoal istobemet. ForthePSL streams, impervious-
nessmust belimited (<5-10%TI1A), unlessmitigated by
extensive riparian corridor protection and stormwater
management. Downstream changes to both the form
and function of stream systems appear to beinevitable
unlesslimitsareplaced ontheextent of urban devel op-
ment. Stream ecosystemsare not governed by a set of
absolute parameters, but are dynamic and complex
systems. We cannot “manage” streams, but instead

should work more as“ stewards’ to maintain naturally
high stream quality. Preservation and protection of
high-quality resources, such as salmon, should be a
priority. Thecomplexity anddiversity of saimonidlife
cycles and our limited understanding of them, merits
additional caution in our effortsto mediate the effects
of urbanization in stream environments. Engineering
solutions in urban streams have utility in some situa-
tions, butinmost casescannot fully mitigatetheeffects
of development. Rehabilitation and enhancement of
aquaticresourceswill almost certainly berequiredinall
but the most pristine watersheds.
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of the riparian corridor should be allowed to have a buffer width < 10 m).

» Protectand enhance headwater wetlands and off-channel riparian wetland areas as natural
stormwater storage areas and valuable aquatic habitat resources (buffers).

» Actively manage the riparian zone to ensure a long-range goal of at least 60% of the
corridor as mature, native coniferous forest.

Stormwater and Water Quality

» Allow no developmentin the active (100-year) floodplain area of streams. Allow the stream
channel freedom of movementwithin the floodplain area.

» Continuously monitor streamflow and maintain two-year stormflow/baseflow discharge ratio
much less than 20.
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should include a measure of rearing habitat (LWD and/or pools) and a measure of spawn-
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tics should be measured; scour monitoring can be used to evaluate local streambed
stability in association with specific development activity.
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Metric to English Conversion Table

Unit To Convert Multiply By To Obtain
Length km .621 mi
Length meters 3.281 ft

Area km 2 247.1 acres

Area km 2 .386 mi 2

Proportion km / km 2 1.609 mi / mi 2
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