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BOX 3-10 Continued

The general predictions of the ICM are as follows. Stream segments with less than 10 percent
impervious cover (IC) in their contributing drainage area continue to function as Sensitive Streams, and
are generally able to retain their hydrologic function and support good-to-excellent aquatic diversity.
Stream segments that have 10 to 25 percent IC in their contributing drainage area behave as Impacted
Streams and show clear signs of declining stream health. Most indicators of stream health will fall in the
fair range, although some segments may range from fair to good as riparian cover improves. The decline
in stream quality is greatest toward the higher end of the IC range. Stream segments that range between
25 and 60 percent subwatershed impervious cover are classified as Non-Supporting Streams (i.e., no
longer supporting their designated uses in terms of hydrology, channel stability habitat, water quality, or
biological diversity). These stream segments become so degraded that any future stream restoration or
riparian cover improvements are insufficient to fully recover stream function and diversity (i.e., the
streams are so dominated by subwatershed IC that they cannot attain predevelopment conditions).
Stream segments whose subwatersheds exceed 60 percent IC are physically altered so that they merely
function as a conduit for flood waters. These streams are classified as Urban Drainage and consistently
have poor water quality, highly unstable channels, and very poor habitat and biodiversity scores. In many

cases, these urban stream segments are eliminated altogether by earthworks and/or storm-drain
enclosure. Table 3-14 shows in greater detail how stream corridor indicators respond to greater

subwatershed impervious cover.

TABLE 3-14 General ICM Predictions Based on Urban Subwatershed Classification (CWP, 2004):

Prediction Impacted Non-supporting Urban Drainage
(IC 11 t0 25%) ® (IC 26 to 60%) (IC > 60%)
Runoff as a Fraction of Annual 10 to 20% 25 to 60% 60 to 90%

Rainfall '

Frequency of Bankfull Flow per
Year*

1.5 to 3 per year

3 to 7 per year

7 to 10 per year

Fraction of Original Stream 60 to 90% 25 to 60% 10 to 30%
Network Remaining

Fraction of Riparian Forest Buffer 50 to 70% 30 to 60% Less than 30%
Intact

Crossings per Stream Mile 1to2 2to0 10 None left

Ultimate Channel Enlargement
Ration *

1.5 to 2.5 larger

2.5 to 6 times larger

6 to 12 times larger

Typical Stream Habitat Score

Fair, but variable

Consistently poor

Poor, often absent

Increased Stream Warming *

2t04 °F

4t08°F

8+ °F

Annual Nutrient Load °

1 to 2 times higher

2 to 4 times higher

4 to 6 times higher

Wet Weather Violations of Bacteria | Frequent Continuous Ubiquitous

Standards

Fish Advisories Rare Potential risk of Should be presumed
accumulation

Aquatic Insect Diversity © Fair to good Fair Very poor

Fish Diversity ’ Fair to good Poor Very poor

"Based on annual storm runoff coefficient; ranges from 2 to 5% for undeveloped streams.
2 predevelopment bankfull flood frequency is about 0.5 per year, or about one bankfull flood every two years.

3 Ultimate stream-channel cross-section compared to typical predevelopment channel cross section.
Typical increase in mean summer stream temperature in degrees Fahrenheit, compared with shaded rural stream.
Annual unit-area stormwater phosphorus and/or nitrogen load produced from a rural subwatershed.
® As measured by benthic index of biotic integrity. Scores for rural streams range from good to very good.
” As measured by fish index of biotic integrity. Scores for rural streams range from good to very good.
8 |C is not the strongest indicator of stream health below 10% IC, so the sensitive streams category is omitted from this table.
SOURCE: Adapted from CWP (2004).
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BOX 3-10 Continued

Scientific Support for the ICM

The ICM predicts that hydrological, habitat, water quality, and biotic indicators of stream health
first begin to decline sharply at around 10 percent total IC in smaller catchments (Schueler, 1994). The
ICM has since been extensively tested in ecoregions around the United States and elsewhere, with more
than 200 different studies confirming the basic model for single stream indicators or groups of stream
indicators (CWP, 2003; Schueler, 2004). Several recent research studies have reinforced the ICM as it is
applied to first- to third-order streams (Coles et al., 2004; Horner et al., 2004; Deacon et al., 2005;
Fitzpatrick et al., 2005; King et al., 2005; McBride and Booth, 2005; Cianfrina et al., 2006; Urban et al.,
2006; Schueler et al., 2008).

Researchers have focused their efforts to define the specific thresholds where urban stream
degradation first begins. There is robust debate as to whether there is a sharp initial threshold or merely
a continuum of degradation as IC increases, although the latter is more favored. There is much less
debate, however, about the dominant role of IC in defining the hydrologic, habitat, water quality, and
biodiversity expectations for streams with higher levels of IC (15 to 60 percent).

Caveats to the ICM

The ICM is a powerful predictor of urban stream quality when used appropriately. The first caveat
is that subwatershed IC is defined as total impervious area (TIA) and not effective impervious area (EIA).
Second, the ICM should be restricted to first- to third-order alluvial streams with moderate gradient and no
major point sources of pollutant discharge. The ICM is most useful in projecting the behavior of
numerous stream health indicators, and it is not intended to be accurate for every individual stream
indicator. In addition, management practices in the contributing catchment or subwatershed must not be
poor (e.g., no deforestation, acid mine drainage, intensive row crops, etc.); just because a subwatershed
has less than 10 percent IC does not automatically mean that it will have good or excellent stream quality
if past catchment management practices were poor.

ICM predictions are general and may not apply to every stream within the proposed
classifications. Urban streams are notoriously variable, and factors such as gradient, stream order,
stream type, age of subwatershed development, and past land use can and will make some streams
depart from these predictions. Indeed, these “outlier” streams are extremely interesting from the
standpoint of restoration. In general, subwatershed IC causes a continuous but variable decline in most
stream corridor indicators. Consequently, the severity of individual indicator impacts tends to be greater
at the upper end of the IC range for each stream category.

Effects of Catchment Treatment on the ICM

Most studies that investigated the ICM were done in communities with some degree of catchment
treatment (e.g., stormwater management or stream buffers). Detecting the effect of catchment treatment
on the ICM involves a very complex and difficult paired watershed design. Very few catchments meet the
criteria for either full treatment or the lack of it, no two catchments are ever really identical, and individual
catchments exhibit great variability from year to year. Not surprisingly, the first generation of research
studies has produced ambiguous results. For example, seven research studies showed that ponds and
wetlands are unable to prevent the degradation of aquatic life in downstream channels associated with
higher levels of IC (Galli, 1990; Jones et al., 1996; Horner and May, 1999; Maxted, 1999; MNCPPC,
2000; Horner et al., 2001; Stribling et al., 2001). The primary reasons cited are stream warming
(amplified by ponds), changes in organic matter processing, the increased runoff volumes delivered to
downstream channels, and habitat degradation caused by channel enlargement.
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BOX 3-10 Continued

Riparian forest cover is defined as canopy cover within 100 meters of the stream, and is
measured as the percentage of the upstream network in this condition. Numerous researchers have
evaluated the relative impact of riparian forest cover and IC on stream geomorphology, aquatic insects,
fish assemblages, and various indices of biotic integrity. As a group, the studies suggest that indicator
values for urban streams improve when riparian forest cover is retained over at least 50 to 75 percent of
the length of the upstream network (Booth et al., 2002; Morley and Karr, 2002; Wang et al., 2003; Allan,
2004; Sweeney et al., 2004; Moore and Palmer, 2005; Cianfrina et al., 2006; Urban et al., 2006).

Application of the ICM to other Receiving Waters

Recent research has focused on the potential value of the ICM in predicting the future quality of
receiving waters such as tidal coves, lakes, wetlands and small estuaries. The primary work on small
estuaries by Holland et al. (2004) [references cited in CWP (2003), Lerberg et al. (2000)] indicates that
adverse changes in physical, sediment, and water quality variables can be detected at 10 to 20 percent
subwatershed IC, with a clear biological response observed in the range of 20 to 30 percent IC. The
primary physical changes involve greater salinity fluctuations, greater sedimentation, and greater pollutant
contamination of sediments. The biological response includes declines in diversity of benthic
macroinvertebrates, shrimp, and finfish.

More recent work by King et al. (2005) reported a biological response for coastal plain streams at
around 21 to 32 percent urban development (which is usually about twice as high as IC). The thresholds
for important water quality indicators such as bacterial exceedances in shellfish beds and beaches
appears to begin at about 10 percent subwatershed IC, with chronic violations observed at 20 percent IC
(Mallin et al., 2001). Algal blooms and anoxia resulting from nutrient enrichment by stormwater runoff
also are routinely noted at 10 to 20 percent subwatershed IC (Mallin et al., 2004).

The primary conclusion to be drawn from the existing science is that the ICM does apply to tidal
coves and streams, but that the impervious levels associated with particular biological responses appear
to be higher (20 to 30 percent IC for significant declines) than for freshwater streams, presumably due to
their greater tidal mixing and inputs from near-shore ecosystems. The ICM may also apply to lakes ,
(CWP, 2003) and freshwater wetlands (Wright et al., 2007) under carefully defined conditions. The initial
conclusion is that the application of the ICM shows promise under special conditions, but more controlled
research is needed to determine if IC (or other watershed metrics) is useful in forecasting receiving water
quality conditions.

Utility of the ICM in Urban Stream Classification and Watershed Management

The ICM is best used as an urban stream classification tool to set reasonable expectations for the
range of likely stream quality indicators (e.g., physical, hydrologic, water quality, habitat, and biological
diversity) over broad ranges of subwatershed IC. In particular, it helps define general thresholds where
water quality standards or biological narrative conditions cannot be consistently met during wet weather
conditions (see Table 6-2). These predictions help stormwater managers and regulators to devise
appropriate and geographically explicit stormwater management and subwatershed restoration strategies
for their catchments as part of MS4 permit compliance. More specifically, assuming that local monitoring
data are available to confirm the general predictions of the ICM, it enables managers to manage
stormwater within the context of current and future watershed conditions.
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Human Health Impacts

Despite the unequivocal evidence of ecosystem consequences resulting from urban
stormwater, a formal risk analysis of the human health effects associated with stormwater runoff
is not yet possible. This is because (1) many of the most important waterborne pathogens have
not been quantified in stormwater, (2) enumeration methods reported in the current literature are
disparate and do not account for particle-bound pathogens, and (3) sampling times during storms
have not been standardized nor are known to have occurred during periods of human exposure.
Individual studies have investigated the runoff impacts on public health in freshwater (Calderon
et al., 1991) and marine waters (Haile et al., 1999; Dwight et al,. 2004; Colford et al., 2007).
Although these studies provide ample evidence that stormwater runoff can serve as a vector of
pathogens with potential health implications (for example, Ahn et al., 2005, found that fecal
indicator bacteria concentrations could exceed California ocean bathing water standards by up to
500 percent in surf zones receiving stormwater runoff), it is difficult to draw conclusive
inferences about the specific human health impacts from microbial contamination of stormwater.
Calderon et al. (1991) concluded that the currently recommended bacterial indicators are
ineffective for predicting potential health effects associated with water contaminated by nonpoint
sources of fecal pollution. Furthermore, in a study conducted in Mission Bay, California, which
analyzed bacterial indicators using traditional and non-traditional methods (chromogenic
substrate and quantitative polymerase chain reaction), as well as a novel bacterial indicator and
viruses, traditional fecal indicators were not associated with identified human health risks such as
diarrhea and skin rash (Colford et al., 2007).

The Santa Monica Bay study (Haile et al., 1999) indicated that the risks of several health
outcomes were higher for people who swam at storm-drain locations compared to those who
swam farther from the drain. However, the list of health outcomes that were more statistically
significant (fever, chills, ear discharge, cough and phlegm, and significant respiratory) did not
include highly credible gastrointestinal illness, which is curious because the vast majority of
epidemiological studies worldwide suggests a causal dose-related relationship between
gastrointestinal symptoms and recreational water quality measured by bacterial indicator counts
(Pruss, 1998). Dwight et al. (2004) found that surfers in an urban environment reported more
symptoms than their rural counterparts; however, water quality was not specifically evaluated in
that study.

To better assess the relationship between swimming in waters contaminated by
stormwater, which have not been influenced by human sewage, and the risk of related illness, the
California Water Boards and the City of Dana Point have initiated an epidemiological study.
This study will be conducted at Doheny Beach, Orange County, California, which is a beach
known to have high fecal indicator bacteria concentrations with no known human source. The
project will examine several new techniques for measuring traditional fecal indicator bacteria,
new species of bacteria, and viruses to determine whether they yield a better relationship to
human health outcomes than the indicators presently used in California. The study is expected to
be completed in 2010. In addition, the State of California is researching new methods for rapid
detection of beach bacterial indicators and ways to bring these methods into regular use by the
environmental monitoring and public health communities to better protect human health.
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CONCLUSIONS AND RECOMMENDATIONS

The present state of the science of stormwater reflects both the strengths and weaknesses
of historic, monodisciplinary investigations. Each of the component disciplines—hydrology,
geomorphology, aquatic chemistry, ecology, land use, and population dynamics—have well-
tested theoretical foundations and useful predictive models. In particular, there are many
correlative studies showing how parameters co-vary in important but complex and poorly
understood ways (e.g., changes in fish community associated with watershed road density or the
percentage of IC). Nonetheless, efforts to create mechanistic links between population growth,
land-use change, hydrologic alteration, geomorphic adjustments, chemical contamination in
stormwater, disrupted energy flows, and biotic interactions, to changes in ecological
communities are still in development. Despite this assessment, there are a number of
overarching truths that remain poorly integrated into stormwater management decision making,
although they have been robustly characterized and have a strong scientific basis. These are
expanded upon below.

There is a direct relationship between land cover and the biological condition of
downstream receiving waters. The possibility for the highest levels of aquatic biological
condition exists only with very light urban transformation of the landscape. Even then,
alterations to biological communities have been documented at such low levels of
imperviousness, typically associated with roads and the clearing of native vegetation, that there
has been no real “urban development” at all. Conversely, the lowest levels of biological
condition are inevitable with extensive urban transformation of the landscape, commonly seen
after conversion of about one-third to one-half of a contributing watershed into impervious area.
Although not every degraded waterbody is a product of intense urban development, all highly
urban watersheds produce severely degraded receiving waters. Because of the close and, to date,
inexorable linkage between land cover and the health of downstream waters, stormwater
management is an unavoidable offshoot of watershed-based land-use planning (or, more
commonly, its absence).

The protection of aquatic life in urban streams requires an approach that ‘
incorporates all stressors. Urban Stream Syndrome reflects a multitude of effects caused by
altered hydrology in urban streams, altered habitat, and polluted runoff. Focusing on only one of
these factors is not an effective management strategy. For example, even without noticeably
elevated pollutant concentrations in receiving waters, alterations in their hydrologic regimes are
associated with impaired biological condition. Achieving the articulated goals for stormwater
management under the CWA will require a balanced approach that incorporates hydrology,
water quality, and habitat considerations.

The full distribution and sequence of flows (i.e., the flow regime) should be taken
into consideration when assessing the impacts of stormwater on streams. Permanently
increased stormwater volume is only one aspect of an urban-altered storm hydrograph. It
contributes to high in-stream velocities, which in turn increase streambank erosion and
accompanying sediment pollution of surface water. Other hydrologic changes, however, include
changes in the sequence and frequency of high flows, the rate of rise and fall of the hydrograph,
and the season of the year in which high flows can occur. These all can affect both the physical
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and biological conditions of streams, lakes, and wetlands. Thus, effective hydrologic mitigation
for urban development cannot just aim to reduce post-development peak flows to
predevelopment peak flows.

A single design storm cannot adequately capture the variability of rain and how that
translates into runoff or pollutant loadings, and thus is not suitable for addressing the
multiple objectives of stormwater management. Of particular importance to the types of
problems associated with urbanization is the size of rain events. The largest and most infrequent
rains cause near-bank-full conditions and may be most responsible for habitat destruction; these
are the traditional “design storms” used to design safe drainage systems. However, moderate-
sized rains are more likely to be associated with most of the annual mass discharges of
stormwater pollutants, and these can be very important to the eutrophication of lakes and
nearshore waters. Water quality standards for bacterial indicators and total recoverable heavy
metals are exceeded for almost every rain in urban areas. Therefore, the whole distribution of
storm size needs to be evaluated for most urban receiving waters because many of these
problems coexist.

Roads and parking lots can be the most significant type of land cover with respect to
stormwater. They constitute as much as 70 percent of total impervious cover in ultra-urban
landscapes, and as much as 80 percent of the directly connected impervious cover. Roads tend to
capture and export more stormwater pollutants than other land covers in these highly impervious
areas because of their close proximity to the variety of pollutants associated with automobiles.
This is especially true in areas of the country having mostly small rainfall events (as in the
Pacific Northwest). As rainfall amounts become larger, pervious areas in most residential land
uses become more significant sources of runoff, sediment, nutrients, and landscaping chemicals.
In all cases, directly connected impervious surfaces (roads, parking lots, and roofs that are
directly connected to the drainage system) produce the first runoff observed at a storm-drain inlet
and outfall because their travel times are the quickest.

Generally, the quality of stormwater from urbanized areas is well characterized,
with the common pollutants being sediment, metals, bacteria, nutrients, pesticides, trash,
and polycyclic aromatic hydrocarbons. These results come from many thousands of storm
events from across the nation, systematically compiled and widely accessible; they form a robust
data set of utility to theoreticians and practitioners alike. These data make it possible to
accurately estimate pollutant concentrations, which have been shown to vary by land cover and
by region across the country. However, characterization data are relatively sparse for individual
industrial operations, which makes these sources less amenable to generalized approaches based
on reliable assumptions of pollutant types and loads. In addition, industrial operations vary
greatly from site to site, such that it may be necessary to separate them into different categories
in order to better understand industrial stormwater quality.

Nontraditional sources of stormwater pollution must be taken into consideration
when assessing the overall impact of urbanization on receiving waterbodies. These
nontraditional sources include atmospheric deposition, snowmelt, and dry weather discharges,
which can constitute a significant portion of annual pollutant loadings from storm systems in
urban areas (such as metals in Los Angeles). For example, atmospheric deposition of metals is a
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very significant component of contaminant loading to waterbodies in the Los Angeles region
relative to other point and nonpoint sources. Similarly, much of the sediment found in receiving
waters following watershed urbanization can come from streambank erosion as opposed to being
contributed by polluted stormwater.

Biological monitoring of waterbodies is critical to better understanding the
cumulative impacts of urbanization on stream condition. Over 25 years ago, individual states
developed the concept of regional reference sites and developed multi-metric indices to identify
and characterize degraded aquatic assemblages in urban streams. Biological assessments
respond to the range of non-chemical stressors identified as being important in urban waterways
including habitat degradation, hydrological alterations, and sediment and siltation impacts, as
well as to the influence of nutrients and other chemical stressors where chemical criteria do not
exist or where their effects are difficult to measure directly (e.g., episodic stressors). The
increase in biological monitoring has also helped to frame issues related to exotic species, which
are locally of critical importance but completely unrecognized by traditional physical monitoring
programs.

Epidemiological studies on the human health risks of swimming in freshwater and
marine waters contaminated by urban stermwater discharges in temperate and warm
climates are needed. Unlike with aquatic organisms, there is little information on the health
risks of urban stormwater to humans. Standardized watershed assessment methods to identify
the sources of human pathogens and indicator organisms in receiving waters need to be
developed, especially for those waters with a contact-recreation use designation that have had
multiple exceedances of pathogen or indicator criteria in a relatively short period of time. Given
their difficulty and expense, epidemiological studies should be undertaken only after careful
characterization of water quality and stormwater flows in the study area.
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