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•Watershed Determinants.of Ecosystem Functioning

Richard R. Homer *'2,M. ASCE; Derek B. Booth2; Amanda Azous_; and
Christopher W. May2

By the mid-1980s it was clear that urban stormwater runoff was strongly implicated
in the alteration of streams and freshwater wetlands in the Puget Sound Basin of
Washington state to ecosystems lower in biologically diversity and productivity of
the species most valued by society. I.twas also apparent that the causes of these
modifications were rooted in watershed hydrology and sediment transport as well as
reduced water quality. Recognition of these connections and the rapid pace of ,
development in the region stimulated research to define the linkages among stream
and wetland habitatstructure, conditions in the surrounding laAdscapes, and the
_sociated biological responses. One project monitored watershed and riparian
zone conditions, flow, physical habitat characteristics, water quality, benthic
macroinvertebrates, and fish in 31 reaches on 19 low-order, Streams, representing a
gradient of urbanization, over a three-year period. A second project followed 19
palustdne wetlands during an eight-year period when urbanization began or
increased in the watersheds of about half, while the remainder were essentially
unchanged. Overall, the findings of these projects agree that the effects of modified
hydrology accompanying-urbanization exert the earliest and, at least initially, the
._tzongestdeleterious influences on the freshwater ecosystems studied. Further-
more, the results agree that the steepest rates of decline in biological functioning of
both streams and wetlands, and the conditions necessary to support that function-
ing, occur as urbanization increases total impervious land cover from 0 tO about 6
percent, unless mitigated by'extensive riparian protection, management efforts, or
both. Thereafter, the decline proceeds at a slower rate as impervious cover
increases further. Functioning at the highest level (e. g., stream benthic index of
biotic integrity, B-IBI, > 35) with very low imperviousness drops by roughly half
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252 W.,\TERSHEDDEVELOPMENTEFFECTS

(c. g., B-[B[ < 20) a-':urbanization progresses to about 45 percent impervious cover.
The results suggest that management concentrateon preservation through land use
controls where resource values are high, and on prevention of further degradation
and enhancement, especially directed at riparian zones, where functioning is
impaired but not lost.

[ntrgductJon

Ecological Functions and Proh,lem_ Qf pacifi¢ bl'orthwest Streams and Wettand_

In the Puget Sound region of the Pacific Northwest, in common with many areas in

North America, urban development is rapidly extending into areas containing much

of the remaining aquatic resource base. In this region the aeuatic ecosystems most

directly affected by the prevailing pattern of watershed development are relatively
small streams and wetlands in the lowlands surrounding Puget Sound. These

streams are critical spawning and rearing locations for seven species of native
anadromous and. resident salmonid fish of great ecological, cultural, social, and

economic importance. Despite its value, this resource is in considerable jeopardy
of being lost. More than 100 native salmon and anadromous trout runs in the

region are already extinct, and approximately 200 more are seriously threatened
(Nehlsen et al. 1991). Wetlands frequently form the headwaters of lowland

spawning and rearing streams and comprise substantial portions of their riparian
zones. Wetlands also supply other crucial ecological functions and social values,

including diverse vegetation; habitat, for amphibians, birds, and small mammals;

open space; and recreational and educational opportunities.

Ten years ago environmental scientists and managers in the region lacked a founda-
tion to formulate strategies for arresting the decline of these key freshwater

resources. Many of them contributed to several research projects over the
intervening years to narrow the gaps in knowledge of ecosystem'functioning and

improve management ability. As the first stage of these efforts is nearing

completion, this paper was prepared to summarize the overall approach, key
representative results, and implications for managing the region's lowland

watersheds to accomplish stream and wetland resource protection goals.

Watershed urbanization effects on streams, in particular, have been fairly well
documented and include numerous and extensive changes in the hydrologic regime,

channel morphology, riparian corridor, and water quality. These alterations in sum
produce a verydifferent habitat structure than the one in which aquatic organisms

have evolved, usually resulting in decline or complete loss of at least some popula-
tions and substantial modification of biological communities. A full account of the

many individual changes is beyond the scope of this paper.and may be found else-
where (e. g., Booth 1990, 1991; Booth and Jackson 1994; Homer e', al. 1994).

__...A
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ECOSYSTEMFUNCTIONINGDETERMINANTS 233

In analyses of aquatic ecosystem impacts, watershed urbanization has been

expressed most commonly in termsof the proportion of watershed area covered by
impervioussurface. Some past work has identified impervious cover of l0 +/-
severalpercent as the level at which streamecosystem impairment becomes
evident. For example, Klein (1979) used a variety of hydrologic, water quality,
biological informationto conclude that serious stream quality impairment can be
prevented if watershed imperviousnessdoes not exceed l 5 percent, or 10percent
for more sensitiveecosystemswith self-sustaining trout populations. Booth and
Reinelt (1993) found a very similarrelationship for Puget Sound Basin lowland
streams. Shaveret aI.(1995) found decline in macroinvertebratecommunity
indices in Delawarecreeks with8 percent watershedimperviousness and sub-
stantiallymore decrease above 15percent. They demonstrated that the impact was
linked more to physicalhabitatthan waterquality degradation.

Towarda SystematicApproachto ManagingWatershedand AquaticEcosystem

With recognition of the web tying together landscapes and aquatic habitats and their
inhabitants has come an interest.in defining the functional relationships between
discharges from watersheds and aquatic resources well enough to avoid or
minimize resource losses through management intervention. In this scenario there

would be reasonable confidence that a goal to maintain a given organism or

Community at a Specified level couldbe met by sustaining a certain set of habitat

measures, which in turn depend on established values of pai'ticular watershed
measures. To realize the promise of this approach, of course, it will be necessary to

set well conceived goals that set the direction and parameters of the entire
management thrust.

Needed for progress in system, aticaIly managing watersheds and their aquatic
resources are meaningful and convenient measures of watershed conditions,

biological "health," and the habitat conditions on which biota depend. Moreover,

these measures must be suitable for defining the linkages among these ecosystem
components. For expressing watershed conditions, the traditional use of

impervious cover must be supplemented by measures that express other facets of

the landscape (e. g., riparian zone and drainage system characteristics). Perhaps
most critical to progress in describing habitat structure is to identify on an

ecoregional scale the variables with the most utility for assessing habitat

relationships with watershed circumstances on the one hand and biological
responses on the other. The work reported here makes an attempt to advance the
measurement and interpretation of both watershed and habitat conditions.

The last 15 years have seen substantial pro_ess in expressing biological com-
munity attributes in useful forms for comprehensive watershed studies. Major

developments include the index of biotic integrity CIBI; Karr 1981; Karr and Dudley
.._ 1981: Karr et al. 10R6" Kurr 1001" ltd,.rune =n_ R'=,,,-10aa l::,.,,., ,t ol ;..... ;.... x ,t..

•" AR 039927



_.-; WATERSHED DEVELOPMENT EFFECTS

U. S. Environmental ProtectionAgency's (USEPA)Rapid BioassessmentProtocols
(Plafkin et al. 1989),andthe stateo'fOhio's biologicalcriteria (Yoder 199I).
Further [BI developmentwasperformedaspart of thestudy discussedin this paper
(Kleindl 1995).

RESt_ARCHPROGRAM FORMAT

Research Scope

Several research projects have been performed over the last I0 years to identify
watershed determinants of freshwater ecosystem character and functioning in the
Puget Sound region. These projects have applied the systematic approach outlined
in the previous section inwhich watershed, physical and chemical habitat, and
biological variables have been measured and linked with the goal of understanding
and learning better how to manage watershed and aquatic ecosystem change. The
projects providing most of the data base for this paper are:

• A study of the attributes of lowland streams across a gradient of urbaniza-
tion, again with an underlying interest in better managing streams, their
resources, and the discharges to them from diffuse sources on the landscape
(1994-1996). This research is being performed by the University of
Washington with a grant from the Washington Department of Ecology's
Centennial Clean Water Program and in-kind support from several local
governments.

• An investigation of the effects of urbanization, especially urban stormwater
discharge, on freshwater wetlands and how to manage wetlands and
stormwater for optireal aquatic resource protection (1986-1996). This
research is being performed by a cooperative unit involving the King
County Natural Resources Department and hS predecessor agencies and the
University of Washington, with major funding from the Centennial
Program, USEPA Region X, and a variety of support from several local
governments.

The paper also takes advantage of a series of studies of the habitat and fish
resources in lowland streams in the urban and urbanizing area of King County,
Washington, performed by King County Surface Water Management Division.
This agency has been a participant and contributor of material support and data to
both research efforts and has shared and utilized the findings produced by those
projects.
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Ext)erimental Designs !

S._trearn Research !i.

The design of the stream study was to establish attributes of the watersheds con- ii

tributing to selected stream reaches and then to make a number of measurements of il_
the riparian, habitat, and biological conditions within those reaches. The concept :.I

"4

underlying the study, simply illustrated as follows, was that watershed and riparian _
characteristics determine habitat conditions, which, in relation to evolved organism :'

preferences and tolerances, set the composition of the biological communities:

Watershed and - Habitat - Biota

riparian characteristics conditions

Data analysis was directed at establishing the linkages represented by the arrows, as
well as the less direct connections between watershed characteristics and biota.

!
Researchers and governmental participants in the research selected streams and _ :

• study reaches from over I00 candidates that best met 15 criteria expressing such Jl

factors as representativeness of Puget Sound lowland stream conditions and ]ii
resources, ability to cover a range of watershed urbanization from near zero to more !t
than 50 percent imperviousness, and data availability. All study reaches are of the it'i
same general scale, being of first, second, or third order. They have mean annual .'i
discharges in the approximate range 0.1-1.7 m3/s (3.5-60 ft3/second); lie at altitudes i] I,
of less than 150 meters abovesea level; and have average stream gradients under 5 _t.

,4 .

tion, when it was hypothesized that the most rapid change in ecological conditions
occurs, or with very little to no urbanization. These latter catchments represent l_i

what is considered to be the max'imum attainable ecological function in Puget i_i
Sound lowland streams. Until recently, these "reference" sites have experienced ' ]!:
relatively little human activity after being logged approximately 100 years ago. i[

Watersheds contributing to the 31 study reaches monitored since 1994 exhibit the i!
following.distributions of T/A: 0-5%--8 sites, 5-10%--7 sites, 10-20%--3 sites, 20- I:
30%-3 sites, 30-50% 6 sites, and > 50%.-4 sites. "

• The study watersheds cover two distinctly different geologic conditions. All but I:..
two are underlain by glacial till, in which continental glaciation (15,000 years b.p.) !i!
deposited a dense hardpan, now approximately 1 meter beneath the surface and !i"

overlain by a loamy soil. The other watersheds are underlain by glacial outwash, !i
with surface c0arse.material providing direct hydraulic communication between the !!
surface and the regional aquifer. In the undisturbed forested condition glacial till

•catchments are capable of providing precipitation storage on the order of 15 cm in i_
the overlying soil, and the outwash areas much more CvV'ign'nostaet al. 1994). !

,i

i"

.i
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Suburban development of routine density and style with the stormwater manage.

ment standards prevailing in Kin_County between 1979 and 1990 reduced StOrage
by roughly 90 percent. New standards taking effect in 1990 in that county and
elsewhere in the study area would recover more storage but still provide no more
than 25 percent of the original amount (Barker et al. 1991; Booth and Jackson
1994). Because the new standards affected little new development between 199C.

and 1994, conditions in this study more reflect the pre-1990 situation; i. e., little

effective stormwater management.

Monitoring occurred over three years in 3l reaches on 19 streams and consisted of
determination of watershed land cover and other attributes, riparian zone dimen-

sions and characteristics, a host of physical habitat measurements, flow and water

quality under storm and base tqow conditions, bed sediment quality, benthic

macroinvertebrate community composition, and salmonid fish usage. Habitat and
riparian zone assessments were conducted on 120 segments, representative of local

.physiographic and land use conditions and approximately I km in length, extending
between study reaches and headwaters. Additional details on study design and the
specific monitoring methodsare given by Olthof (1994), Bryant (1995), Kleindl

(1995), and May (1995).

W¢tl_r_ds Research

The wetland and stream study designs were similar, with one exception. While t)'-
stream research was confined within a fairly short stretch of time, during which

little land use change occurred, the wetland study extended long enough to observe
the effects of land use changes in some of the contributing watersheds. Those that

did not change were regarded as references. As with the stream study, wetland

research sites were chosen according to specific criteria, in this case from
approximately 150 candidates. The complete set of activities over allyears of
monitoring involves 19 wetlands. An additional seven wetlands served for special
studies. All lie at altitudes of less than 150 meters above sea level. Wetland areas

range from 0.61 to 12.55 ha. Contributing watersheds of the 19 principal study

sites exhibited the following TIA distributions at the beginning and end of the
project: 0-5%--8 sites in 1989, 6 in 1995; 5-10%--3 sites in 1989, 2 in 1995; 10-
20%---4 sites in 1989, 5 in 1995; 20-30%--2 sites in 1989, 3 in 1995; 30-50%--1 site

in 1989, 2 in 1995; and > 50%--I site in 1989, I in 1995.

Monitoring encompassed determination of watershed land cover and other

attributes; w.etland morphology; water level fluctuation patterns; water and
sediment quality; and insect, amphibian, bird, and small mammal community

characteristics during 5 years over the period 1986-1995. Like the stream research,
the wetlands project investigated associations among those system components.

Additional details on study design and the specific monitoring methods are given

by King County Resource Planning Section (1987, 1988), Reinelt and Homer
(1990, 1991), Cooke (1991), Taylor (1993), and Richter and Azous (1995).
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' Research Results and Inte_retations
f

_tream Research
!

I
; Stream Biology in Relation to Watershed and Riparian CharacteristicsJ

This discussion considers observed linkages between the source and response

components of the system, letting aside for the moment the intermediate habitat
component:

Watershed and - Habitat -- Biota

riparian characteristics conditions

Throughout this paper watershed condition is characterized by impervious cover.
Analyses demonstrated that the relationships discussed are very similar if watershec
condition is alternatively expressed by road density (kin/kin 2 of watershed area,

May 1996).

The ecological condition and functioning of the benthic macroinvertebrate
community was expressed in terms of a Benthic Index of Biotic Integrity (B-IBI),

which accounts for the relative presence in the respective reaches of certain taxa

and trophic groups with varying tolerances to stress (Kleindl 1995). Figure l

portrays the relationship between B-IBI values computed in 1994 and 1995 and

urbanization level, expressed by total impervious area as a percentage of the total
watershed (% TIA). Only reaches with TIA < 3.9 percent exhibited an index of 3.5
or greater. All B-IBI values of at least 25 were associated with watersheds having

no more than I 1 percent impervious, with eight notable exceptions. These eight
points (B-IBI = 25-3 l) were computed.for reaches on two streams having

contributing catchments with 25-34 percent TIA. Despite the moderately high lev¢

of urbanization in these cases, these streams have more of their riparian areas in
intact wetlands (17.2-21.5 percent) than all but one of the 19 streams and have

overall wider riparian zones (- 60 percent > 30 meters wide) than most cases Of
similar urbanization level. These observations give an indication that maintenance
of the adjacent stream buffer zone may help ameliorate the effects of moredistant
urbanization.

Setting aside these eight points, the general shape of the curve in Figure I indicate

a relatively rapid rate of decline in biological function as impervious area increase

to about 8 percent, following which the rate of decline appears to slow as urbanizl

tion increases further. It appears from these data to be probable that Puget Sound

lowland streams would have a B-IBI of 15 or less with more than 45 percent
imperviousness.

Among the salmonid fish, the research concentrated on the coho salmon

._i,.... (On¢o_yncht_ kisutch), the species arguably most vulnerable to Urban runoff
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cf["ect.s.Coho especially rely on small lowland creeks and is the only Northwest
sahnon species that over-winters in fresh water as ajuvenite (Nickelson et al.
1992), dwelling primarily in pools (Bisson et al. 1988). In urban streams cob•
suffcr from loss of pools through increased sedimentation and less large WOody
debris (LWD). On the community level, urbanization seems to alter the relation.
ship between coho salmon and cutthroat trout (Oncorhynchus clarki), another

salmonid species with far less social and economic recognition. These two species
are often in competition for food and habitat space, and adult cutthroat prey on
juvenile cob•. Cob• tend to dominate in less urbanized watersheds, while the

advantage shifts to cutthroat with increasing development (Perkins 1982,Richey
1982, Steward 1983, Scott et al. 1986).
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Figure 1. m Benthic Index of Biotic Integrityin Puget Sound LowlandStreams
Over a Gradientof WatershedImperviousLand Cover

Figure 2 shows salmonid fish data available for a subset of the study streams,
expressed in terms of the ratio of coho salmon to cutthroat trout abundance. The
less tolerant coho dominate only with a small amount of urbanization, the level of
which can not be fixed because of a ga_ in the data between 4 and 10 percent TIA.
They appear to have a slight dominance :n the 10-15 percent TIA range, following
which dominance switches to the trom. Lucchetti and Fuerstenberg (1993) earlier
found a similar trend of decreasing coho abundance with increasing imperviousness
in a partially overlapping set of King County creeks.

.

Habitat Conditions in Relation to Watershed arid Riparian Characteristics

This discussion considers the direct linkages between the source and physical and
chemical habitat components of the •system:

Watershed and - Habitat - Biota
ripariancharacteristics conditions -_
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_gure 2. -- Ratio of Coho Salmon to CutthroatTrout in Puget Sound Lowland
Streams Over a Gradient of Watershed Impervious Land Cover

Water quality was examined in wet and dry season base flow and during runoff
from small (0.6-I .2 cm precipitation), medium (1.2-1.8 cm), and large (> 1.8 cm)
rain storms. Figure 3 illustrates a representative resuk, showing total zinc
concentrations versus TIA for all three storm sizes. Also shown are acute and
chronic criteria for protection of aquatic life for the hardness prevailing in these
streams. The concentration was well below both criteria under all conditions until

TIA rose above 40 percent. The gaps between measured concentrations and
regulatory criteria were even greater for other metals. The distributions of storm
flow concentrations were similar for total suspended solids and other contaminants.

•Base flow concentrations were generally lower. It does not appear that measured
water quality effects are strongly associated with the biological responses seen with
rather small.impervious proportions in.Figures. 1 and 2.

Figure 4 plots sediment zinc concentrations over the % TIA gradient. All were
below the "lowest effect threshold" of the W.ashington Department of Ecology
(1991) freshwater sediment criteria and far below the "severe effect threshold." __

The low measured concentrations relative to advisory or regulatory criteria were _t t, ¢__,i_"

found with other metals as well. As with water quality, it appears that sediment
quality does not change appreciably until urbanization reaches the vicinity of 50.

percent impervious. Again, there is no sign of a strong association between
sediment quality and the biological changes that occur much earlier.during the
onset ofurbanization.

Incontrasttotheabsenceofassociationsbetweenwaferandsedimentqualitywith
relativelylowandmoderatelevelsofurbanization,increasinghydrologic

fluctuationseemstobeanearlyharbingerofrisingimperviouscover.Discharge
:

l[_mL._.._ . .
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Figure 3. -- Total Zinc Event Mean Concentrations in Puget Sound Lowland
Streams DuringStorm Runoff Overa Gradientof Watershed Impervious Land
Cover
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Figure 4. -- Zinc Concentrations in PugetSound Lowland Stream Sediments Over
a Gradient of Watershed Impervious Land Cover

recordsweremodeledusingeither.(i)theHydrologicSimulationProgram-
FORTRAN (I-ISPF)continuous simulation computer program; (2) "runoff files"
generated from regional data and HSPF runs (King County Surface Water
Management Division 1995); or (3) multiple regression analyses to determine an
unknown discharge from a known one in terms of relative catchment areas, % .T_,
mean annualprecipitation,andproportionofcatchmentwithtillsoils(Cooper
1996). Modeling results were compared to values from stream gauge records where
available. Figure 5 illustrates the available results lr. :he form of a plot of the ratio
of the 2-year frequency peakto the winter (wet season) base flow versus % TIA.

,,.,..m,
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The ratio expresses the relative stream power, and thus physical stress on habitats
and biota, exerted by storm runoff in relation to inter•vent conditions. The ratio is
consistently < 20 with TIA < 15 percent, mostly 20-30 with TIA = 20-40 percent,
and usually above 40 thereafter.
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Figure 5.- Ratio of 2-Year Peak Flow to Winter Base Flow in Puget Sound
Lowland Stream Sediments Overa Gradient of Watemhed Impervious Land Cover

Several other habitat features have been related to urbanization as expressed by
impervious cover. Figure 6 shows, for example, the results for large woody debris
quantity. This feature is particularly important in Northwest streams, providing
roughness that regulates velocities, cover to fish, and aid in forming pools in which
fish feed and rest 0VlcMahon and Hartman .1989). LWD more numerous than 300
pieces/km never occurred when TIA was more than 9 percent, with two exceptions
where, respectively, wood was added to the channel in a habitat improvement
project and a culvert prevents wood movement downstream. Numbers were alway_

• below 100/kin.with TIA > 40 percent. As a second example, not illustrated, the
proportion of fines (< 0.85 mm) in the stream bed surface (top !0 cm) did not
exceed 16 percent until TIA went above 20 percent. Values were in the range 22-
27 percent fines with TIA at 45 percent or above, except where flushed by high
flows.

A major reason, probably the leading one, for the death of salmonid embryos in the
egg is ineffective dissolved oxygen (DO) interchange through fines that cover the
spawning ground s. Measurement of both water column and in_agravel DO gave
the opportunity to assess this risk in relation to urbanization, as pictured in Figure
7. The ratio of intragravel to water column DO was above 90 percent in about hall
of the cases where TIA was 5 percent or less and above 80 percent for all but one c
the remainder. Values generally fell below 70 percent above 10 percent TIA, but

• AR 039935



262 WATERSHED DEVELOPMENT EFFECTS

some reaches with more riparian protection exhibited more effective DO
interchange At TIA above 40 percent all ratios were below 70 and fell as low as
30 percent.
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Figure 6. _ Large Woody Debris Quantity in Puget Sound Lowland Stream
Sediments Over a Gradientof Watershed Impervious Land Cover
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Figure 7. -- Ratioof InmagraveltoWaterColumnDissolvedOxygenin Puget
SoundLowlandSl_mamSedimentsOvera Gradientof WatershedImperviousLand
Cover

Stream Biolot,v in Relation to HabitatConditions

Given that relationships were identified between biological communities and
contributing catchment conditions and between those conditions and habitat ..--- ._.

AR 039936



ECOSYSTEM FUNCTIONING DETERMINANTS 263

attributes, it is reasonable to suppose that associations of similar form exist between
habitat conditions and biology. This discussion explores those linkages:

Watershed and - Habi_,t - Biota

riparian characteristics conditions

Figure 8 illustrates how B-IBI varies in relation to the ratio of 2-year peak flow to
winter base flow. All indices of 35 or above were found in reaches where the

hydrologic ratio was below 20. With ratios of 39 and above all but one B-mI value
was less than 20.
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Figure 8. -- Benthic Index of Biotic Integdtyin Relationto Ratio of 2-Year Peak
Flow to Winter Base Flow in Puget Sound Lowland Streams

Figure 9 shows the influence of the riparian zone on the biotic index. The highest
indices (>/= 35) were all found where at least 60 percent of the riparian buffer zone
upstream of the sampling point was at least 30 meters wide, and the lowest (< 20)
where less than 50 percent of the buffer was that wide.

Also investigated, but not shown, was B-IBI versus percent fines (< 0.85 ram) in
the bed substratum. All indices >/= 35 were consistent with no more than 15

percent fines, whereas reaches with 22 percent or more fines all had B-IBI < 20.
The benthos thus appear to be quite sensitive to a relatively small alteration of the
substratum.

Finally, Figure 10 shows B-IBI and coho salmon/cutthroat trout ratio in relation to a
Qualitative Habitat Index.. This index was derived by assigning scores of 1-4 to 15
attributes and summing (May 1996). Coho salmon dominance is consistent with B-
IBI > 35 and a habitat index > 50. At the other extreme, cutthroat trout dominance
is absolute with B-IBI under 20 and habitat index less than 40.
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Figure 9 -- Benthic Index of Biotic Integrity in Relation to Cumulative Upstream
Riparian Zone _Vidth in Puget Sound Lowland Streams
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Figure 10. -- Benthic Index of Biotic Integrity and Coho/Cutthroat Trout Ratio in
Relation to Qualitative Habitat Index in Puget Sound Lowland Streams

WETLANDS RESEARCH

Wetland Biolo__ow in Relation to Habitat Condition,5

This discussion considers observed linkages between WLF and key elements of
wetland biological communities:

Watershed and -- Habitat -- Biota
, riparian characteristics conditions

+I As in the stream study, water pollutant concentrations were generally well below
i levels known to have direct biological effects, thus raising the relative significance ....d_._
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of hydrology further (Reinelt and Homer 1990). The widely recognized primacy of
hydroperiod (inundation pattern, specifically its depth, frequency, and duration) as a
determinant of wetland ecosystem character (Mitsch and Gosselink 1993) produced
an interest in finding a convenient means of measuring and expressing hydroperiod
and investigating its relationship to biological communities on the one hand and
a'';ku'es_u,,.,. of contributing watersheds on the other. Instantaneous and crest

(maximum since preceding measurement) water level readings were taken and used
in computing water level fluctuation (WLF) as the difference between the crest and
the average instantaneous depth in a time period (Azous 1990, Taylor 1993). •

Plant species richness (number of species represented) was found to decline with
increased mean annual WLF in the emergent (Figure 11) and scrub-shrub zones
(not shown). Richness differed significantly (Mann-Whitney test, p < 0.002)
between areas with mean annual WLF above and below 22 cm in both zones. No
emergent areas had more than 14 species ifWLF exceeded 22 cm, whereas 30
percent of the areas with WLF < 22 cm had at least 16 specie s. In the higher WLF
group 33 percent had five or less species, in contrast to only 8 percent in the group
subject to less fluctuation. Very .similar distinctions pertained to scrub-shrub zones.
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Flg'm'e11. -- Emergent Zone Plant Species Richness in Relation to Mean Annual
Water Level Fluctuation in Puget Sound Lowland Wetlands

Being restricted to wetlands for reproduction, amphibians represent a biological
indicator useful in assessing wetland condition. Fig_.tre12 graphs richness in this

•community during the baseline years of the study versus mean annual W'LF and
presents a picture similar to the plant community. Of the wetlands with WLF <.22
cm, 62 percent had five or more species, and all had at least three. Of the wetlands
in the group with W'LF >/= 22 cm, 83 percent had four or less species. In later
years amphibians declined in all wetlands, whether affected by urbanization or not.

_ The reason for this decline is not known but may be the result of natural variation,
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266 WATERSHED DEVELOPMENT EFFECTS

meteorological effects, or human-induced stress other than urbanization. Over all

years, 83 percent of wetlands with mean annual WLF < 22 cm averaged three or
more species, while 73 percent with WLF at or above this level had two or fewe

species,
8
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Figure 12. -- Amphibian Species Richness in Relation to Mean Annual Water
Level Fluctuation in Puget Sound Lowland Wetlands

The patternsof decline of species richness for both plants and amphibians exhibi'
continuous rather than threshold response to water level fluctuation. Still, the po ....

at about WLF = 22 cm seems to represent a boundary of tolerance in both
communities, above which substantially fewer species tolerate the more

dynamically fluctuating environment.

Wetland Habitat Conditions and Biology in Relation to Watershed Conditions

With respect to linkages between habitat and watershed conditions:

Watershed -- Habitat - Biota
characteristics conditions

WLF was found to have a relationshi p to urbanizati_)n. All watersheds with < 5.5
percent TIA had mean WLF in the two periods 1988-1990 and 1993-1995 no higher
than 21 era. With TIA > 21 percent, WLF exceeded this level in 89 percent of the
cases. --

Not surprisingly in light of these results and those reported earlier, watershed and
biological connections were also established:

Watershed -- Habitat -- Biota .

characteristics conditions
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Amphibians responded negatively to urbanization in a pattern similar to the
variation of "_F with imperviousness (Figure 13). Of the instances of highest

amphibian richness (5 Ormore species), all were in watersheds with 22 percent or
less impervious area, and 78 percent had watersheds with TIA < 6 percent. Another
observation for this group of wetlands, although not graphed, was that watershed
forest cover was at least 35 percent in 88 percent of the cases.
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Figure 13. -- Amphibian Species Richness in Puget Sound Lowland Wetlands
Over a Gradient of Watershed Impervious Land Cover

Conclusions and Implications for W_t_rshed Management

Research in representative sets of Puget Sound lowland streams and wetlands has
shown that a host of physical habitat and biological characteristics change with
increasing urbanization in a continuous rather than threshold fashion. Although the
patterns of change differ among the attributes studied and are more strongly
evidenced for some than for others, physical and biological measures generally
were seen to change most rapidly from levels lightly affected by urbanization as
total impervious area increased to 5-8 percent. With greater urbanization, the rate
of alteration of habitat, and biology usually slowed. There was direct evidence in
both stream and wetland cases that altered watershed hydrology was at the source o
the overall changes observed.

Water quality measures and concentrations of metals in sediments did not follow
this pattern. They did not change much over the urbanization gradient until
imperviousness approached 50 percent. Even then water column concentrations di
not surpass aquatic life criteria, and sediment concentrations remained far below
freshwater sediment criteria.

, Thus, physical and biological change were seen to start early, almost immediately,
in the urbanization process. Chemical pollutants did not exhibit a role in these.,ad..l¢_,.._.
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early stages. They may not even have a large role at the intermediate levels
represented in these studies, still being below regulatory criteria. Of course, for
various reasons these criteria may not provide a realistic basis forjudgment in t)

dynamic urban runoff environment. As urbanization increases above the 60 pen..

impervious level, with pollutant concentrations rising rapidly at that point, it is
likely that the role of water and sediment chemistry will become more important

biologically.

It is clear that biological community alterations in urban streams and wetlands are

functions of many variables representing conditions in the immediate and more

remote surroundings. In addition to urbanization level, a key determinant of

biological condition appears to be the integrity of the riparian area available to

buffer the aquatic community, in some measure, from negative influences in the
watershed. The involvement of these numerous variables throughout the wider

system shows the wisdom of moving to the watershed level to consider how to

manage aquatic systems.

From the research results there appears to be a set of necessary, though not by
themselves sufficient, conditions for the highest level of biological functioning. If

maintenance of that level is an adopted goal, then this set of conditions constitutes

standards that must be achieved if the goal is to be met. Using Puget Sound area

lowland streams as an example, if that level is taken to be a B-rBI of at least 35,
TIA must be < 5 percent, unless mitigated by extensive riparian protection,

management efforts, or both. Some of the specific conditions that must be met
would be:

• 2-year peak flow/winter baseflow < 20;

• > 60 percent of upstream buffer > 30 meters wide; and

• < 15 percent of surface bed material < 0.85 mm.

This set will be enlarged and refined as data analysis proceeds. Other sets of
conditions could, and will, be similarly established for other biological goals.

To assess what these observations mean for watershed management, it maybe

useful to generalize the observed pattern of physical habitat and biological change
with urbanization and consider what management objectives and challenges would

most likely.a.pply in different situations (Figure 14). In the broad region on the
right side Of the graph, some of the original resource base has been lost.
Attempting to recover it, even if possible, would require large reductions in or

compensations for urban land use. Thus, dramatic ecological restoration would be
extremely challenging. The principal management objective in this situation should
properly be stemming decline. Fortunately, with the relatively slow rate of chang"
here, the system is likely to be more "forgiving" of change than in the region to _
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' left. Holding the line can be successful if changes with negative tendencies are
compensated by actions that maintain the overall status in about the same position.
Another management objective should be to use anYavailable opportunities to
enhance the ecosystem structure and functioning. One of the leading strategies, on
the basis of both its feasibility and probably effectiveness, should be to protect the
riparian .zone and, whenever possible, acquire riparian property and return it to a
natural condition.

\ RESOURCE

0

o NON-DEGRADATION,
o

ENHANCEMENT

" ' Um=ni._tion Measure

Figure 14. -- General Pattern of Physical Habitat Characteristics in Puget Sound
Lowland Streams and Wetlands Over a Gradient of Urbanization, with Regions
Representing Different Watershed Management Objectives and Challenges

In the region on the left of the graph, resources have not been substantially affected
and are likely to be highly valued. Here, a relatively small modification outside of
the aquatic system is likely to create a proportionately bigger change within. The
management objective would probably be to preserve the resources. Accomplish-
ing this objective would require intense management to control the amount and
location of impervious surfaces, maintain existing runoff storage capacity, prevent
disruption of riparian areas, and the like, a very difficult challenge technically, and
perhaps even more so, politically. The only way to meet such an objective is
through strong preservation and regulation that allows very little and only certain
types of watershed alteration: Implementing this program may be possible only
with extensive property-owner incentives, government purchase of a large portion
of the contributing catchment, transfer of development rights to art already highly
degraded watershed, or some combination. Obviously, government could not mov,
in such a fashion, nor justify the political and economic costs, without a strong cas_
for the value of the resource thereby saved.

I
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