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Lake Tahoe is the second deepest lake in the USitatgs and was formed between two and
three million years ago in the Sierra Nevada Moimstarhe lake and surrounding hydrologic
basin lie in what is now politically delineated@alifornia and Nevada. Best known for its deep,
clear water, Lake Tahoe’s land use history inclutkgsiral resource extraction, grazing,
recreation and tourism. The latter two industriggp®rt the dominant present-day economic
base and depend on the integrity of the environraktite lake and its surrounding landscape. At
the same time the seasonal influxes of peopledar-yound recreation opportunities demand
infrastructure and urban development to suppott bt local and tourist-based populations.
Human demands on the basin’s natural resourcesding the terrestrial landscape as well as the
lake itself have altered the natural environmemstaAesult of the changes to the basin in recent
human history, the lake has become a focal poiresgarch. The primary research focus is and
has been related to the lake’s water clarity araditpl which has been shown to be declining
over time (Schuster and Grismer 2004; Hathl.,2001). A great deal of research has focused
on determining the cause(s) of the decline intglamnd associated decrease in water quality and
on understanding the relationship between clantywater quality within the basin.

Sedimentation and contaminant transport are twogsses that decrease the lake’s water quality
and clarity. Both of these processes may occur ondisturbed ground but are accelerated and
magnified when the land surface is altered anctfeet of development on the landscape is
pronounced (Claasen and Hogan 2002). Urban developiacilitates sedimentation and
contaminant transport directly. In fact, it hasmelown that impervious surfaces are a major
contributor to watershed degradation and can bé aséndicators of watershed integrity

(Arnold and Gibbons 1996). Paved surfaces are impes and do not allow percolation into the
underlying soil or substrate. As a result, wat@uatulates and can move with greater velocities
over these impenetrable surfaces until it moves antunpaved surface. Because impervious
surfaces concentrate and accelerate water, the’sviiece where it leaves the paved surface is
capable of eroding or moving surface soil that wiaatherwise not erode. Contaminant transport
into water bodies occurs through the same phypicaless but involves contaminants from
vehicles that accumulate on paved surfaces. Ond eogue that if the surfaces were intact and
unpaved, vehicles would not likely drive on thend &#mus contaminants would not enter water
bodies or the terrestrial system. This brings tesjon the impact that non-paved but compacted
areas might similarly have on water quality andittaTo begin this discussion, some

definitions are needed.

Impervious cover — definitions

Hard impervious coves defined as paved surfaces such as roads, didearad parking lots

that are made of asphalt or concrete and are gragemic in origin. Houses or other structures
are also considered impervious. Impervious surfacesmpenetrable by water and do not allow
percolation into the underlying natural surface.

Natural imperviougover includes surfaces that are impervious to maieare natural in origin.
The Lake Tahoe basin was formed millions of yegislay andesitic volcanism and deformation
and was glaciated in the late pleistocemeage (Gardneat al.,2000). Evidence of the basin’s
natural history is evident where granite outcroprmde from the landscape surface. The
basin’s Desolation Wilderness for example is reneavior its magnificent granite domes,




outcrops, cliffs, and peaks. These granite strestare technically impervious because water
does not percolate through them, however they doneet the ‘hard impervious’ definition
because the origin is natural and not anthropogenic

Soft impervious coveexhibits some impervious characteristics but dmnafor percolation and
the parent material is not anthropogenic in ori§ail compaction serves to reduce the ability of
water to infiltrate the surface (Raper 2005) antlccmmpaction does differentiate ‘soft
impervious’ from pervious surfaces. In some instsncompaction of a surface coupled with the
addition of gravel or rock material may create dage that is dramatically altered in terms of its
porosity. Dirt roads or highway pullouts for examphay be created from the underlying parent
material but with continual use compact dramatjc&lome water may pool on these surfaces,
run down gradient, or channelize similar to whatus on paved surfaces, but only a fraction of
the total water volume will infiltrate. These sw#s are impervious to some degree but are not
entirely impenetrable. Furthermore, the degreehichvthe surfaces are impervious will vary in
time and with use.

Together hard, natural, and soft impervious coneludes all landscape surfaces that are
impacted by human activity. The objective of defmthese three types of impervious cover at
the gross level is to be able to classify the laade features in space and attribute them
characteristically along a temporal axis. Identifythe spatial and temporal nature of soft
impervious cover is necessary to most accuratgdtuca the effects from meteorological events
in modeling or other analytical applications. White focus of this project is the Lake Tahoe
Basin, the resulting classification is transferablany similar geographic region. Two processes
of concern within the basin that are the focus atimresearch are sedimentation and nutrient
loading. Impervious surfaces are hypothesizedayg alrole in sediment transport and nutrient
loading; for this reason the ability to discreteharacterize impervious surfaces is critical to
understand how these features and associated pescesate to water quality and clarity.

Sedimentation and Nutrient Loading

Sedimentation and nutrient loading has been ctesl @imary contributor to decreasing water
quality and water clarity of Lake Tahoe and itbutaries (Byron and Goldman 1989). In
particular, phosphorous has been identified ag@emti of primary concern because it promotes
the growth of algae, which directly decreases weltaity. With anthropogenic development
come new pathways for phosphorous transport inéassts and into the lake directly. Sixty-three
percent of the phosphorus that enters the lak®ims @irect runoff and stream loading (Murphy
and Knopp 2000). Most of the research involvingieuat loading has focused within the water
bodies measuring the effects of changes that @tgim the basin and that are the result of
disturbance. What remain unknown are the physitemical, and other processes that occur
between the nutrient or sediment source and thenkatdy. The specific sources that contribute
to an increase in phosphorous, which in turn affeter bodies, have not been extensively
identified, mapped or quantified. Understanding ponent processes of the larger watershed
system is critical to understanding the relatiopdietween development and water quality.

Sedimentation likewise negatively impacts the basiater bodies. Several studies in other
regions have examined landscape characteristicstheence sedimentation rates from soft



impervious surfaces, specifically unpaved foreatlso Studies in mountainous watersheds
suggest that unpaved roads significantly altemstbow response where there exist compaction,
cutbanks, ditches, and erosion gullies (Ziegler @raimbelluca 1997). Forest roads, cutslopes,
and footpaths were found to contribute a dispropoate level of sediment to watersheds
relative to their physical area (Reid and Dunne4)98ome natural impervious surfaces such as
exposed bedrock may only contribute to backgrowalinsentation and nutrient loading but
other natural impervious surfaces, such as roadsudarpments, contribute significantly
(Megaharet al.,2001). A study in rural Kenya revealed that roadd pathways accounted for
two percent of the watershed area, but contribR&d-50% of the sediment load (Harden
1992). Factors such as total precipitation, rogpsant slope and length, substrate type,
maintenance and use have been shown to contributereased sediment production in forest
watersheds (Ramos-Scharron and MacDonald 2005,dreiddunne 1984). If soft and natural
impervious cover are identified and mapped thereffects of these features can be factored into
analyses of sedimentation and nutrient loadingctviaill increase the effective predictive
strength of impact assessment models in the Laked hasin.

Although soft impervious cover has been showngaificantly contribute to sediment and
nutrient loading, it has not been recognized asmgortant variable for inclusion into transport
models. For example, four sources were identifeedranary contributors to sediment and
nutrient loading in Lake Tahoe basin watershedsléighet al.,(2001), hard impervious
surfaces, streambank erosion, stormwater runoffstéomn drain systems.

Quantifying load sources is not straightforward¢amplex terrain. Meaghaet al.,(2001)

applied the Universal Soil Loss Equation (USLE; ki¢iseier and Smith 1978) to cutslopes in a
mountainous region in ldaho and found that alma#tdf the variability in sedimentation and
erosion was unaccounted for by the model. Becanisensal soil equations were developed for
agricultural scenarios in flat landscapes, thealdeis do not capture the full suite of elements
that contribute to erosion in landscapes with caxpérrain. This makes understanding physical
processes in the Lake Tahoe basin challengingdiffieulty in quantifying erosion, runoff, load
and transport in the basin with its complex tersaas recognized by Murphy and Knopp (2000).
They identified the Lake Tahoe basin managemenmagg need for information and data that
will specifically identify sources of nutrients asddiment. Finally, there are management
implications for overlooking the role of soft andtaral impervious cover such as
underestimating loads, ineffectively focusing natign, and inaccurately assessing event mean
concentrations (EMC).

Currently, the primary basin measure for water igppahd clarity are Total Maximum Daily
Load (TMDL) analyses of sediments and nutriente Uhited States Environmental Protection
Agency (USEPA) guidelines for monitoring water qtyadre TMDLS, which require
guantitative data. Some TMDL models for the Lakedeabasin include roads specifically
which may be parameterized to “impervious” or “pens”, however these variables are not
weighted or factored as sediment sources and tha®icontribute to the overall model output.
Quantifying soft and natural impervious cover ia rahoe Basin would provide data on
sediment and nutrient sources that are absentdtorent analyses but are known to be
important factors.



Mapping impervious cover

Standardizing data, such a classifying, increasab/tcal power. Standardized data can be
compared across different scales of analysis dadsfor comparison between studies. A
classification system is one type of standardizgd dnd is often applied to spatial data such as
maps and satellite imagery. However, there is palidlassification system with universal
application, as it would be impossible to sati$iy heeds of inquiry from all user perspectives.
Often a classification system will be developeddnrindividual project that fits the specific
project need. Sometimes this is driven by uniqugetegion, mineral, or physical characteristics
of interest and sometimes the classification igadriby the existing available data. When
satellite imagery is to be the foundation data seuresulting classifications are often dependent
on sensor resolution. Occasionally a classificasiggtem within a select geography will be able
to span across a broad spectrum of inquiry andrbedbe basis for many different analyses.
The challenge in designing a new classificationesyss finding the balance between specificity
and universality when defining the features to lassified and designing a framework for future
analysis.

Typically, classifications are designed to suit tieeds of the analyses and are based either on
the landscape features of interest, species akistteor some other measurable spectral attribute.
For example, a study examining quality of runniratevs in central and northern Hellas, Greece,
categorizes benthic macroinvertebrates as an iftdenodeling the ecological quality of

streams (Artemiadou and Lazaridou 2005). The arsaliys into the European Union (EU)
guidelines under the water framework directive, oer the classification system may not be
applicable to other areas of Europe and certaiatyamall other continents. Because many
classification systems are developed to suit sjpguibject needs, these systems may or may not
telescope into an existing national level schenigs & due to the fact that the specific
characteristics one encounters as the grain aetteat a study area becomes refined tends to
increase in complexity and uniqueness with therfazale. Classification systems are often
location-specific and tailored to examine a patticaspect of the research discipline. Such
classifications are difficult to adapt, if at abbgsible, beyond the original study and are attracti

to few users because of the narrow focus. Therexareptions however, such as Dolan and
Parker (2005), whose classification of the Bluffiih Plain subsection of Indiana was one of

the first studies to utilize the US Forest Ser{ld8FS) hierarchical framework of ecosystem
units in such a landscape. This classificationesysivas also complementary to other studies in
southern Indiana.

Few examples of universal classifications exist Amderson system of land use classification
was developed in the 1970’s to provide a uniforsivéor quantifying and monitoring land
cover change (Anderson 1971). Anderson’s classificantentionally kept its focus broad,
applicable to many users, and customizable to rdargrse applications on local, state, and
federal scales, becoming a standard system frordhwhany other classification systems and
analyses are based. In fact, in the early 1990i®lamdet al. (1991) completed a classification
at a 1km spatial resolution that was a contermihaog cover dataset, a natural evolution of the
Anderson system with twenty years of technologathlances of remote sensing. Similarly, soll
and wetland classification systems have been dpedlover broad geographic regions and are
being used for regulatory distinctions and incogbed into many research inquiries. Such



systems have been developed to cross over broattepe of inquiry and therefore have been
incorporated into many applications. For example,National Wetlands Inventory (NWI) data
(Cowardinet al.1979) could be used to identify extent of wetlaodsould be used in a
wildlife-habitat modeling analysis. When a classition is developed in a broad and open-ended
manner it can be used beyond its original intertng the focus of many scientific and

regulatory inquiries, standardization of impervi@aser classification in the Tahoe Basin is
essential to understand the dynamic nature ofdbeces and processes that influence water
clarity and water quality. Successful classificatgystems must strive to satisfy the needs of the
majority of users and be based in scientific knalgke

Historically the classification approach to impews cover has been to categorize all roads,
buildings, lawns, parking lots, etc. into an “urb#&md use/land cover class. This is primarily
because for decades the finest spatial resolufith® sensors was no less than Landsat 30m
imagery. The French SPOT satellite had a slightigrfspatial resolution but imagery was
expensive and categorically land use/land coverugas to clump all urban and suburban
features into one class. Differentiating grassyasmich as lawns and medians, unpaved lots
with dirt or gravel surfaces, and other finer-sglatesolution urban or suburban features with
20m to 30m imagery was and remains difficult. Roplecations where different values would be
applied to features based on function or materaddtaining an acceptable level of accuracy in
the analysis is likewise difficult when functionaifferent features are not spectrally
distinguishable.

The advent of high-spatial resolution imagery bidugpout the opportunity to greatly advance
the state of the art in feature mapping in the nidetting (Goetet al, 2003). At present the
Space Imaging Ikonos sensor and the DigitalGlobielBird sensor provide commercially
available high spatial resolution imagery (1m —<jatial resolution) but with limited spectral
resolution. Still, despite having only three visiltdlands and one near infrared band, the spatial
resolution of these images allow for identifyingrtirendous detail on the landscape. Individual
roofs, paved walkways, and patios can be identdiedg with the larger physical features such
as roads and commercial buildings of developedsardze non-paved elements of suburbia such
as parks, grass medians, and other landscapingadity identifiable at a 1 m spatial resolution.
Different functional values may be applied to thiessures in analyses with confidence in
thematic accuracy.

The ability to identify and map impervious coveraimy form is important for conducting
analyses related to environmental integrity andaiot from development on ecological systems.
Several studies have focused specifically on tHimitien, classification, and detection of
impervious cover. For example, Arnold and Gibbdr#96) note the use of impervious surfaces
in urban areas as indicator of watershed integHfrd impervious cover was mapped for the
entire Lake Tahoe Basin in 2002 (Cablk and Min@03) for use in urban planning by the
Tahoe Regional Planning Agency (TRPA) and for wateality studies by Lahontan Regional
Water Quality Control Board. The most studied fahsoft impervious cover is dirt and gravel
roads, which are considered important contributaagors in sediment and nutrient loading to
watersheds (Reid and Dunne 1984, Ziegler and Gikintbel 997, Ramos-Scharron and
MacDonald 2005). Several factors influencing theafof dirt roads on sediment and nutrient
loading have been studied, including slope gragd&ape length, cover, rainfall energy, slope



aspect, road length, and road age (Megathah 2001). Harden (1992) identifies rural roads and
footpaths as generating considerable althoughblarranoff and that these features are the most
active runoff generating components of inhabitedintain watersheds. Hard impervious cover
was mapped for the entire Lake Tahoe Basin in ZMiBor and Cablk 2004) for use in urban
planning by the Tahoe Regional Planning Agency (AR&hd for water quality studies by
Lahontan Regional Water Quality Control Board.

Current Agency Perspectives

There are four agencies that have a significaetirothe management of the resources in the
Lake Tahoe Basin. The Tahoe Regional Planning Ag€RRPA) is a bi-state agency and the
Lahontan Regional Water Quality Control Board (“batan”) is state of California. The two
federal agencies are the US Forest Service LakeelBasin Management Unit (LTBMU) and
the US Geological Survey (USGS). All of these agemare responsible in some capacity for
monitoring water quality and clarity and the adtes that influence this. Each agency has
specific and unique responsibilities that are gogdrby their specific mandate.

TRPA was the first bi-state regional planning ageindhe US. The TRPA mission is to take a
leadership role in preserving, restoring and enimgnihie Lake Tahoe basin. TRPA is the
planning agency for the basin and as such issuesitseand develops and enforces regulations
as well as serving as the primary interface betwlempublic and regulations. This is the agency
that governs development and regulates all aas/ithat impact the landscape and the water
bodies in the Lake Tahoe basin regardless of owrerads such, TRPA works closely with the
public and other stakeholders to maintain compkanith environmental thresholds. At present
TRPA, the USFS and Lahontan are in the procespddting TRPA’s Regional Plan, which
guides all land use decisions in the basin ankei$asis for all ordinances and environmental
code.

The primary responsibility for protecting Califoa's water resources is with the State Water
Resources Control Board and the nine regional obhtrards. Lahontan is the regional control
board that governs the waters of the Lake Tahow blashontan’s jurisdiction covers all of
California east of the Sierra Nevada crest nortthefMojave Desert. Like TRPA, Lahontan
adopts and implements a basin-wide plan howeveomhiam’s mandate is specifically water
quality. Although TRPA is the lead agency for impknting coverage transfer, or development,
in the basin it is Lahontan that has the abilitygeiew and evaluate the potential water quality
impacts from proposed TRPA coverage increasefismtanner the two regulatory agencies
work together towards maintaining the integrityLake Tahoe.

The US Forest Service is part of the US Departra€Agriculture and is one of the largest
federal land management agencies in the counttiioAgh the USFS is best known perhaps for
timber production, the Lake Tahoe Basin Managerieritis unique in that it adheres to a
multi-use mandate. The USFS is largest landown#rarbasin, managing over 150,000 acres.
Because of the basin geography, the LTBMU managedsicape is openly visible to the public
throughout the basin. Management activities ardyealsserved and scrutinized. One of the
primary activities that the LTBMU is responsible fe fuel reduction to minimize risk of

wildfire and related hazards. The USFS also hasctime watershed restoration program to



reduce or eliminate soil erosion from disturbecefbded lands. Both of these activities relate
directly to water quality and clarity of the lakedause of the relationship between the terrestrial
uplands and the water bodies within the basin.

The US Geologic Survey maintains the Lake Tahoa Qd¢aringhouse, which is an information
gateway partnered among federal, state, tribal@a agencies. This is in keeping with their
national mission, to provide reliable scientifiidmmation about the earth. The USGS'’s role in
the Lake Tahoe basin is to coordinate researchijtororg and other management related
activities. They do not play a regulatory, planniogenforcement role and neither does the
USGS own or manage land. However, the importanciat serving and maintenance should
not be overlooked. The clearinghouse itself sedigital data and geographic information
system (GIS) data. The USGS recognizes imperviousrand is currently mapping percent
impervious cover estimates at a national levelftyan areas as a database derivative of its 2001
National Land Cover Database (NLCD) (Hone¢rl,2004). The USGS is developing the Tahoe
decision support system (DSS). This purpose o8 is to develop a retrospective baseline
against which current and projected developmentoampared, quantified and analyzed. The
USGS role in this effort is to create reliable thigal data that can be used to assess water
quality issues. The potential benefits of this tgbeetrospective research will be to evaluate
early watershed decline and thus allow for comparisith current development trends. The
recreated historic record will show watershed ctiarestics over time and will provide a
baseline of impervious cover (defined as develogjnerthe basin.

Together these four agencies play a role in themgiality of the basin either in regulation,
management, data, or a combination thereof. Eaghcggecognizes impervious cover as a
landscape feature, but their definitions vary glighn fact, only TRPA has a formal, written
definition of impervious cover. The TRPA Code od@ances (chapter 2, page 2-14) defines
hard coverage as man-made structures and softagevas compacted areas without structures,
both of which are further described in the defomtiof ‘land coverage’. The working definition
that is employed by TRPA is impervious cover doesatiow native plants to grow on its
surface and/or less than 25% of water is ableftitrate that surface. Lahontan makes reference
to hard cover and soft cover within their BasinnPtait defers to the TRPA definition of land
coverage. Likewise the USFS has no formal definibbimpervious cover but defers to the
TRPA definition. The USGS defines impervious suefam Homer et al. (2004) as impenetrable
surfaces such as rooftops, roads or parking IdteoAgh each agency is using similar
definitions of impervious cover that often pointth® TRPA code, none of the definitions
sufficiently characterize or differentiate the ftioa of different surface cover types. Interagency
definitions of imperviousness appear unclear otih@n the fact that they all are grounded in the
TRPA code. This regulatory definition is not suiiict to investigate the myriad of physical
processes present and of concern in the basinuBedapervious cover does play a large role
there is a need for further clarification and stdization to be useful and effective.

While not an agency with a significant role in tteke Tahoe basin, the US Environmental
Protection Agency (EPA) has a definition of impens cover
(http://www.epa.gov/ATHENS/research/imperviodfie EPA defines impervious cover as “the
amount of land cover in roads, building and parkotg, and turf grass cover in a watershed and
can seriously impact biotic integrity in associaségams”. Both TRPA’s and the EPA




definitions are planning-oriented, regulatory, aedcriptive but the EPA’s definition differs
from the TRPA definition by including effects. lniding effects in the definition is problematic
for several reasons. First the term ‘serious’ isenglicitly defined and what is ‘serious’ will
vary from site to site. Second, there may be irtganvhere there is no associated stream to
impact. Finally, some streams may already havengpcomised biotic integrity and thus the
negative effects of development may not furtherdeg the stream. Including effects within a
definition limits the utility of that definition ahof the resulting features identified under it.

While there is a common definition written in TRRAde, the language does not cover the full
suite of impervious surfaces that exist within ltlake Tahoe basin nor does it define all of the
types of impervious surfaces that are of inter@shé other agencies. For this reason we put
forth a comprehensive classification system of imjaeis cover that can be used throughout the
basin.

Proposed impervious cover classification

Based on the state of science of impervious cawelcdke Tahoe and for other regions as well as
based on the need expressed by agency officialsfmoved identification of impervious
surfaces in the basin, we developed a compreheaksgsification for impervious cover in the
Tahoe Basin. The classification is hierarchicahtee levels and is relevant to the Lake Tahoe
basin but is also designed to be applicable toratggons. The hierarchy of the three levels
combined characterizes all landscape surfacestbhampacted by human activity. Beyond the
functional class level (level 1) the characteadstthat further describe the behavior of the
feature can be determined by a myriad of factonges€ are termedescriptorsand are grouped

by attribute type into general descriptive categmrilrhe descriptors would be considered a
perpendicular axis that characterizes the behafionpervious surfaces. The descriptors are not
formally defined as part of the classification hesmthey are user and inquiry driven.

The main premise underlying the three-tiered digsgion is that
surface behavior = f(materials, time, function).

The way in which an impervious surface behavetenms of percolation, erosion, nutrient
loading, or any other process of interest, is &tion of what the surface is made of, how long it
was designed to exist, and its design purpose wheterm ‘function’. It is the interaction of
materials over time that governs how a surface paiform in different contexts. The prescribed
function of the surface adds further definitiorditierentiate the performance of that surface and
provides an easily recognizable terminology focdssion. Some surfaces, such as those
categorized as ‘soft’ have greater variability ehbvior than others. This variability exists
within the ‘soft’ materials designation and acrtss temporal axis. A gravel driveway will
behave differently from the Tahoe rim trail duriragn events due to the material out of which
each is constructed. Many other attributes goveerdifference in behavior of these two
surfaces, but it is the surface’s elemental comjposthat is the basis for first level
differentiation. The descriptive attributes furtiserve to differentiate between them. Over time
‘soft’ surfaces are likely to change and the vextufrchange are dependent upon the amount of
time over which the surface exists or was intendegkist. For example firebreaks, in some



instances, are constructed quickly to control wiigd§pread but are then abandoned and allowed
to revegetate without maintenance. The firebrepkgformance as impervious over time will
vary with length of time from creation. ‘Hard’ sades, such as granite or pavement, will behave
in predictable ways over very long time periodsamely they will shed water. Conversely,

‘Soft’ surfaces may change from 60% permeable tema 40% permeable over short time
periods such as weeks or months. Similarly they peaform at a relatively constant level of
imperviousness until reaching a threshold brougbuaby disturbance or particularly large
magnitude disturbance. Figure 1 demonstrates holacgibehavior varies with material over
time and how disturbance events can change susfaperties. Behavior can be any process
such as erosion, infiltration, or sediment produttior example. Figure 2 shows the
classification system in its hierarchical form.

(1) Q)

Material B
Behavior
Material A

Material C \—/7 Material D
Disturbance

even

Time Time

Figure 1. The behavior of an impervious surface fignction of its materials over time

and its designed function. In example (1) theeethree surfaces whose behavior, such as
rate of erosion for example, differs over time witlterial composition. Material A might
be a dirt road that compacts over time with reguéricular traffic. Material B could be a
gravel road shoulder that receives intermittarifittaMaterial C represents a paved
surface or a roof that behaves consistently ownee.tin example (1) material D behavior
changes upon a disturbance event, indicated witrranv, and does not recover entirely
to its oriainal level of behavio



Level | Level Il

Materials Time
—Permanent——
Harc ——
— Temporary———
—— Permanent——
Soft —t— Seasonal
L Temporary
Natural Permanent———

Figure 2. The three-tiered impervious cover classiion. Level | is materials definition,
level Il is the temporal axis and level Il is thenctional definition. At level 111 all
landscape surfaces that are affected by humansecatentified and differentiated. While
any level of the classification can be parameterinea modeling or other analysis, level

lll provides the most detail for evaluating effects
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Level | - Materials

This level defines the parent material of the stefand is the broadest definition of the
classification. This is the top level of the cléissition because the parent material is the phiysica
foundation of the surface. It is what defines thistence of the feature itself and it is the
ultimate descriptor of the extent to which watdiltiration can occur. In two of the

materials classes there is no infiltration, buthi@ soft cover class there may be a range of
infiltration that will vary with parent material drcompaction. Level | is an expansion of the
existing TRPA definition and includes three types:

1. Hard impervious coveis defined as paved surfaces such as roads, didearad parking lots
that are made of asphalt or concrete and are gragemic in origin. Houses or other structures
are also considered impervious. Impervious surfacesmpenetrable by water and do not allow
percolation through to the underlying natural scefa

2. Soft impervious coves defined as surfaces that exhibit impervious att@ristics but allow
some infiltration and are not anthropogenic in oxigCompaction is a primary factor that
changes the physical characteristics of the panaérial.

3. Natural impervious coves defined as surfaces that are impervious tommateare natural in
origin. In the Lake Tahoe basin granite outcrogsaacommon natural impervious feature.

Level Il - Time

We define the second level as the persistenceedititure and/or feature properties. A feature
can change its temporal existence between mokedével Il categories with the exception of
morphing into natural hard cover. Time allows fariability in effects of the three surface
material types.

1. Permanentover existad infinitum It endures throughout the year and remains urggdhn
over time.

2. Seasonatover type exists only during part of the yearnsTdategory defines snow-covered
surfaces and compacted snow.

3. Temporarycover is non-permanent. These cover types cormeskistence with the intention
of becoming transformed into a different cover slas

Level lll - Function

This third level further refines the imperviousfaiges in space and time based on its utility or
design. The purpose of a feature, or the purpos#ts design, will impact its behavior. Level IlI
designations also achieve a level of specificitiaimguage that enables immediate understanding
of the feature itself. It is at level Il of theadsification that the greatest differentiation in
behavior can be identified and quantified. Theeesamven types of level Il function:
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1. A Transportationfeature was built for or to be directly relatedsghicular traffic. This would
include parking lots, road shoulders, pullouts ertooks and driveways in addition to the
ubiquitous road.

2. A Structureis anything constructed with a roof. This includhes is not limited to homes and
businesses, gazebos, sheds and anything else¢lahfs water from reaching the ground
underneath it.

3. A Recreatiorfeature was built for the purpose of non-motorizelicle use. This includes but
is not limited to swimming pools, playgrounds, statard parks, footpaths, golf courses, ski
runs and trails.

4. A Halo feature is defined as the footprint of use arousttecture. Some examples of halo
features are the compacted areas around buildskggwers, road ends, water tanks, and fire
lookouts.

5. An area irtransitioncomes into existence, dramatically changes thevhehaf the cover,

and is transformed into a different cover clasgs #lways temporary between two level 11l
functional types and includes construction sitess @rtess. An example is new construction of a
shopping center or renovations or redesign of &apulrse. In both of these situations large
amounts of soft cover are exposed for short tinmmegs.

6. A Quarryis the vertical or near-vertical surface of an oproavation or pit from which
material is obtained by digging, cutting, or blagtiThe base of the quarry where vehicles and
heavy machinery operate would be considered eithesportation or halo features.

7. AnUndesignedeature lacks specific function; the feature symptcurs. Hard natural
impervious cover such as granite outcrops or rea@scarpments are examples of undesigned
features.

The functional categories, level lll, define thefane parent material, how long the surface is
intended to persist, and why it was built, if dt &bgether the functional categories include all
landscape surfaces that are impacted at humantgchigure 3 shows examples of the
functional level Il categories in the Lake Tahaesim near South Shore, CA. Beyond the
functional categories we propose descriptor categahnat further describe the behavior or
physical properties of the functional class (FigdyeThe different descriptors are useful based
on the specific inquiry. Not all projects have H#ane objectives nor ask the same questions.
This is where some flexibility is required to mé®t needs of the majority of users while
maintaining consistent definitions in classificatid his approach facilitates cross-agency and
cross-research communication and data sharingdé@$eriptor categories allow analytical power
through specificity — specifically in space (thesfithree miles of the road only or road slopes
greater than 20 degrees) and over time (withinveeek of construction or within 12 hours of a
major storm event). With this hierarchical clagsfion questions can be asked regarding the
impacts of the different impervious cover typesaater quality or clarity because first, the
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Figure 3. Three-dimensional schematic of the diassion to level Il
with the descriptor axis. The descriptors arelaite categories that
further determine the behavior of the impervioudaze.

different types have been clearly defined and sg&icam answer could be quantified by
implementing the classification.

We propose some examples of descriptors that mapiaenon to a number of user groups.
However, the list of descriptors is not exhaustisehe types of inquiry are infinite. There will
be some descriptors that are not relevant to &pkat project where there may be others that
are commonly used in most applications. The desgs@s we present them are characteristics
that influence the behavior of different imperviaser types that have been defined to any of
the three levels, although greatest analytical pavi come from descriptors applied at level
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lll. Additional segmentation beyond the third leadbws the user to analyze potential impacts
to the landscape or its water bodies from speeifents or actions. Proposing the classification
to level 11l and then allowing users to attributéurther is both consistent and specific to a leve
where the agencies, managers and scientists camaalynidentify and communicate surface

cover types. In this manner the classification gtes a set of common definitions to manage a
common landscape.

Figure 4. Examples of features at functional ldil@mpervious cover. The illustration uses
2002 Space Imaging lkonos imagery. A = hard/permiginansportation; B =

soft/permanent/transportation; C = hard/permangattare; D = soft/permanent/halo; E =
soft/permanent/recreation.
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Use

Use may be segmented int@intenancgfrequency, and intensityfogether these three
categories describe specific characteristics regath how humans affect the physical properties
of an impervious surface, which in turn may relatés performanceMaintenancehas been

cited in the literature (Ramos-Scharron and Maclib2805; Reid and Dunne 1984) as
affecting sedimentation and could be attributed teature either as a categorical variable such
as monthly, biannually, annually, or greater thanually or numerically, such as 7 week
intervals.Frequencydescribes how often the feature is used and dlgaicould be numerical,

as in the number of days used per year or the nuaibehicles per day, or categorical such as
abandoned, low, medium, or high. Tineensityof use describes the type of activity, specifically
the weight class of the impacting force. For examnaluser may define heavy machinery or
commercial trucks, light work vehicles, cars, snavaites, bicycles, and foot traffic.

Topography

Topographic attributes of a feature may includesasslope, slope length, slope direction,
elevation. Slope length is the distance that aufeatarries a specific angle. Slope direction és th
direction that the slope faces and differs fromeaspwhich is the cardinal direction of the
underlying landform. Slope direction may vary fragpect when a road, for example, runs
across a slope. Elevation may be of importance wevatuating events relating to snow.

Soil properties

Soil properties may include type, drainage charesties, infiltration rate, parent material, grain
size and depth to bedrock. For some application® myeecific descriptions of the soil horizon
may be merited. All of these descriptors are sonawdlated but may help further define
particular areas of importance within the landsaapdifferent physical response patterns of the
different cover.

Basin characteristics

Basin characteristics connect impervious surfagésytirological features. The location of
impervious cover in relation to hydrological feasiisuch as streams or lakes is important
because impervious surfaces are unlikely to impatér bodies that are physically above them.
Distance to stream, depth to water table and lsdspe, size and location as well as surface
flow direction affect transport of nutrients andiseents from the impervious surface to
downslope water bodies.

Disturbance

Compaction is an obvious type of disturbance thaii inherent characteristic of soft impervious
surfaces. It is a function of use intensity andjfirency but can be attributed specifically as a
numerical parameter. A second type of disturbas@vénts, both natural and anthropogenic,
such as wildfire frequency, burn intensity of mastent event, rainfall rate, storm event
frequency, or mean snowfall.
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Examples of functional categories

We provide examples of features that would be eefioy each of the level Il functional
categories. This is not an exhaustive list but jples a fairly detailed accounting of the features
of interest within the Lake Tahoe Basin. If appltedther landscapes additional features may be
identified while others that pertain to the bagiedfically may not appear.

Hard Permanent Transportatidieatures include paved parking lots, paved roadlslecs,
paved pullouts or overlooks, paved driveways, paeads, paved bike paths, paved airport
runways and curbs.

Hard Permanent Structur@sclude homes and businesses, gazebos, shedsttsagmd covered
picnic areas, fire lookouts, greenhouses and indtion kiosks.

Hard Permanent Recreatideatures include swimming pools, paved playgrousklateboard
parks, paved footpaths, tennis and basketball sppaived RV or campsite pads, stadiums, and
outdoor amphitheatres.

Hard Temporary Transportatiomcludes highway interchanges or roads that ailetowcarry

traffic during construction and maintenance of exgslanes. Temporary roads are created when
the existing roads are damaged from disastersasisborm or flood events. Temporary roads
are sometimes created while the original road$airy repaired.

Hard Temporary Structureare typically associated with construction or tenapp storage.
Examples include mobile trailers in use at a carsion site, carports associated with
construction, or interim storage facilities thabpke construct on their property.

Hard Temporary Recreatiofeatures may not actually exist in the basin &ttime, but
potentially could exist in the future.

Soft Permanent Transportatideatures are unpaved parking lots, road shoulgeiguts or
overlooks, driveways, roads, and bike paths, rasfdyg. These include mountain bike trails,
off-highway vehicle and jeep trails, power linesdalirt or grass landing strips.

Soft Permanent Recreatid@atures include unpaved playgrounds, schoolyaats;er and
football fields, running paths and trails, picnreas, riding stables, and ski runs.

Soft Permanent Halteatures include the compacted non-paved areas@tauildings, ski
towers, road ends, trailheads, water tanks, fio&kdats, medians between the sidewalk and the
road, the base of climbing areas and may includ&yzaids where animals are tied out or where
human use compacts the ground.

Soft Seasonal Transportatiéeatures are snowmachine routes that do not fallowxisting
paved or dirt road. These are routes that exigtwith snowpack or in extreme cases may
include mud between snow patches. During wet camditwhen the main route sports mud,
drivers will often drive around the mud hole andate a new path that skirts the existing route.
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When the road dries and becomes directly passghla,ahese side routes may no longer be
used.

Soft Seasonal Recreatiéeatures are snowshoe and ski trails that do verie existing trails or
roads. Two examples are backcountry snow traveesoor tree island ski trails. Skate ski trails
may be created over a meadow, wetland, or frozen [Bhe underlying surface is natural but
during the snow season it is compacted by the gimgpprocess and by use.

Soft Seasonal Halfeatures may or may not overlie soft permanertd fedtures because the
movement patterns on a snow surface may be difféman on the earthen surface. Most of the
soft seasonal halo effects will occur around sklgks, ski parking areas, trailheads, and ski lifts.

Soft temporary transportatioimcludes logging skid paths, can include loggiogds that are
constructed for one timber harvest and then cleseidremediated, and firebreaks constructed
during a wildfire event that are not intended tanentained.

Soft temporary recreatiofeatures would include single tracks where hikersorseback riders
cut switchbacks. They are temporary because oftea discovered by the management
authority they are closed and remediated. Tratices can be created temporarily while
maintenance is performed on the main route.

Soft Temporary Halmay occur with the soft temporary transportatioreénthe temporary
transportation feature is closed or decommissiotiedhalo effect disappears concomitantly.

Soft Temporary Transitioareas are construction sites including constrocixess. These
features come into existence with groundbreakirdycisappear when the final structure is
completed. Golf course renovation is included betw#he time when the existing turf is
removed and new turf is replaced.

Natural Permanent Transportatideatures are formal roads or bike trails that treganatural
stone or rock formations. It is unlikely that amatures in the Lake Tahoe basin fall into this
class, but in lands of the desert southwest sudhoab, UT, roads and trails would be included
in this category.

Natural Permanent Recreationcludes trails that occur on bedrock. Trailsha Desolation
Wilderness and other places along the Sierra enéisin the basin fall into this category.
Typically the formal routes are marked by cairnéireed with small rocks to indicate the trail.

Natural Permanent Quarng limited to the actual surface of a quarry tlsdbeing excavated,
dug, cut or blasted.

Natural Permanent Undesignéelatures are granite outcrops, road cut escarprtigaitgnclude

granite or bedrock. Creek beds that have erodedutace to bedrock are included in this class
although the extent of these features may be Jariaithin a stream.
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Discussion

The resulting impervious cover classification digtiishes 20 distinct functional categories. The
expansion of existing definitions from the two-amigy soft/hard impervious designations to 20
well-defined and specific classes greatly increasedytical power. With this comprehensive
classification there is now an opportunity to idgmtumerous features of interest that under the
existing impervious cover two-class definition &st. Furthermore, the resulting 20 classes are
simple enough to be applicable throughout the ehiitke Tahoe basin landscape and capture all
affected surface area. Being able to identify aglthdate any and all impervious features is the
initial step towards understanding the associatgipal processes that are hypothesized to
affect water quality and clarity.

With the new classification the landscape can beldd into different and distinct classes that
capture a broad range of function. With this afilit is possible to examine the landscape in
terms of each different category, categorical fiomcand in terms of different analytical
contexts. The challenge at this point is to ideritiie associated values or weights for each of the
newly refined impervious types within each categdfgny of the features that are classified in
the 20 functional categories are unstudied in teshisehavior such as erosion or infiltration. It

is expected that additional research is necessatgtermine what the values or rates will be as
impervious cover has been redefined in more ddtas.also expected that the assigned values
and weights may change based upon the inquiryefibe to understand how to weight or
parameterize the processes governed by impervaes ¢s worthwhile for several reasons.
First, adopting the classification enables allh&f stakeholders to view what the range of
impervious cover types. Second, it will be posstbledentify which functional feature types
contribute to sedimentation, erosion, nutrient lngar other processes that impact water clarity
and quality. The implementation of the classifioatwill provide hard estimates about the
current spatial extent of each type within the baBinally, the relevant features can begin to be
guantified in terms of contribution to environmdnssues through research.

We provide an example of how the proposed clasgifin might be used to enhance and focus
research efforts relating to a specific disturbanitbin the basin. The first step is to demonstrate
the difference in the landscape from the originstment of impervious cover compared with
our classification imposed.

Implementation — Mapping impervious cover

High spatial resolution imagery is an obvious seudrom which to begin to classify the entire
Lake Tahoe basin impervious cover. There existsbagle coverage at 1 m spatial resolution
(Space Imaging lkonos) that was purchased throughla-agency agreement in 2002. This
imagery, because it is wall-to-wall coverage, ceovigle baseline data and serve as a means to
verify the classification. There also exists a hargdervious cover data layer (Cablk and Minor
2003) that can be refined to the level 11l with didehal interpretation. The existing impervious
cover data set was based on the TRPA definitiortla@efore only includes anthropogenic
paved or roofed surfaces. Therefore it is the adtamd soft impervious cover functional classes
that remain unidentified. Some of these featuresgdcbe readily mapped using the imagery or
the imagery with ancillary data. Other featuresraklikely to be readily captured with imagery
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or with ancillary data and would require other mefor mapping, such as ground delineation
with global position systems (GPS). Some featurgghtibe partially identified such as trails,
roads, or road shoulders but due to high canopgrdovforested tracts some modeling might be
useful for completing the extent. The challengéhweixisting ancillary data layers such as soill,
streams, or digital elevation data (DEM) is thetigkly coarse spatial resolution and the
timeliness, since existing data layers are oftadated or not updated in regular intervals.

Vector data, while limited in its utility, could hesed in different ways to contribute to the
impervious classification. First existing roadgrails can be buffered to their finite edges and
then rasterized. These roads can be additionafferteal to capture shoulders and medians for
example. Point features such as ski lift towersalaa be buffered to give them full spatial
extent.

The spatial resolution of the data layer that tssubm implementing the proposed classification
should be one-half the size of the physically sestlfeature that is of interest. If the smallest
feature is a 10-meter wide road, then the spasdlution should be 5-meters or less. If the
smallest feature of interest is a footpath thatpigroximately 0.5 m then the spatial resolution of
the data set should be approximately 0.25 m. Téugdcpresent challenges because of the effort
that would be required to map all trails or othmali features within the basin. However this
effort could be guided by imagery or by existingdand trail data sets. The level of spatial
detail will also be governed by the inquiry. Foaexyle, if someone were to investigate the
impacts of an area where many unofficial footpdiid been cut over time by hikers and horse
riders, they may opt to focus on that area andi@ipimap with GPS all of these features. The
mapped trails, while more spatially detailed inttparticular area, would still be categorized
according to the classification and thus couldrtegrated into the larger impervious layer as a
result.

As with the existing impervious cover data layerr@eommend the classification be primarily
raster based. This is because modeling and arallpibever comes from raster data format. This
is not to say that vector features might not beevappropriate for specific functional categories
when the spatial resolution required is extremilg,ffor example single footpaths, halo extents,
features that are more vertical than horizontahsagcroad cuts or granite cliffs. What is most
important about the impervious classification isrtaintain the structure of the classes
themselves for integration across studies and aggrdaintaining the classification structure
also serves to facilitate long-term data develogméren data from various studies are
recompiled to update the comprehensive layer.

Implementing the Classification — Next steps

This classification scheme can be implementeden_tike Tahoe Basin both in terms of
finalizing the classification to desired level adtdil and developing an action (implementation)
plan. The action plan would include monitoring @&wadluation and would include the
technologies required to collect, map, and anatia. As discussed above, because hard
impervious cover was mapped by Minor and Cablk §20Bard impervious cover would be
updated. Other cover types may have baseline datawhich to start, and these sources would
need to be identified and assessed before beingeaitor update. New data collection will be
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required at least in part for all cover types. Ctanpn of this classification and implementing it
in the Tahoe Basin will assist managers in addngsguestions about environmental status of
aquatic and terrestrial landscapes as well as girayupdated, accurate and refined data in
support of modeling efforts.

Conclusions

The development of impervious cover definitions dasen from urban studies where urban and
suburban development affects biotic integrity. Tieed was to refine previous maps that
categorized “urban” into more specific classeshs different processes could be attributed or
parameterized based on land cover. As a result, dedisitions of impervious focus on hard
cover types in the urban matrix and soft coveffieroan afterthought, ‘lumped in’ because the
spatial distribution is secondary. Soft cover gadédscribes yards, grass medians, and vacant
lots, which are functionally semi-pervious but ac paved. Expanding this paradigm to include
non-urban landscapes requires further definitiodisoriminate between the physical and
functional elements of development. In this repad,advance the definition and classification
of impervious cover to capture the full suite opmeted surfaces that may affect water clarity
and water quality across an entire basin.

We have explored how to assess and categorizenghects that non-paved but compacted areas
have on water quality and clarity. To begin thecdssion we focused on definitions of various
impervious cover types to distinguish between festfiound in the landscape expanding from
the existing impervious/pervious binary definitimna more comprehensive definition that
includes hard, natural, and soft impervious cowapturing all affected features within the
landscape. We then reviewed two physical procesfsesncern to the watershed, sedimentation
and nutrient loading, setting impervious surfaces the context of concern within the basin.
Examining these physical processes, the way theguwrently measured, and the relationship
between impervious cover and these processes wgnize impervious cover as a critical
element in understanding the function of these ggses in the landscape.

After reviewing current agency perspectives wefprth a comprehensive classification system
that defines and classifies all type soft impersicaver, and sets forth common definitions
which can then be used to distinguish a commorsleaqe. The classification system is
elemental in form based upon the interaction ofemails, time, and function. From this inclusive
classification we proposed how all impervious stefacould be identified and mapped with the
intention that if these features are able to bentjiied then the effects of these features can be
factored into analyses of sedimentation and nutteading. This refining of the definition of
impervious cover and refining of how impervious epis classified will greatly increase the
effective predictive strength of impact assessmaadels and provide a set of common
definition from which to understand and study taedscape and processes active in the Tahoe
Basin. Finally, we detail the resulting 20 classeprovide a context for future users of the
system and note the challenge of weighting thesiflaation system. Furthermore, we outline
the necessary research steps to create the dpgéiarepresenting the classification system and
provide an example of the implementation to dematesthe expanded resolution of the
classification system.
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This classification scheme needs implementatidtsimitial form to provide baseline data to the
researchers and regulators of the basin. It will/jgle the necessary definitions and framework
for interagency cooperation and understanding atilie range of impervious cover types are
and what each functional feature types contribtdesvironmental issues. Once implemented
the classification will provide hard estimates abithe current spatial extent of each functional
type and the relevant features can begin to betijieainn terms of contribution to
environmental issues through research. Being ablederstand and quantify the role of
impervious cover in the basin will advance the uatinding of the physical processes active in
the basin and the relationship between differemhfof development and the resulting
environmental issues.
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