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l_Bmlework Simuna._y historic status of an ecological unit with similar,
reference ecological units, qlae natural variabil-

Ecosystem management requires an under- i W in ecosystem form and function among sites
standing of Interactions between biotic and is thus accounted for, so observed differences in

ablolie components of ecosystems at malt/pie resource status may be better correlated to the
spatio-temporal scales (USDA 1993), "l_u_e treatments imposed.
types of map information combine to describe

these Interactions and to analyz_e ecosystems: This report presents a hierzu'chical framework

analysis areas, ecological units, and resouree for classifying and mapping aquatic ecological
status, units based on biophysical factors that (1)

display low temporal variability at a given map
/tn**lysls areas define the ecosystems of inter- scale, and {2} strongly affect the types ofecosys-
est (ecoregions, watersheds, forest stands, etc.) tom patterns and processes that occur in
for a given purpose. They may be delineated at aquatic systems. It expands on tile work of
various scales to meet multilevel plarming and Cowardin etal. (1992) and addresses the three

project needs, arid commonly include socioeco- major aquatic systems that occur widely on
nomic, biological, and physical criteria (USDA National Forest System (NFS) lands: the river-
1993), Ecoregion nlaps (Bailey 1983, Omernik ine system of streams and rivers; the lacustrine
1987] are an example of coarse-scale ecosystem system of lakes and open-water wetlands; and
analysis areas that have proven use ful tbr the ground-water sys tern o faquifers.
regional aquatic planning and analysis (Gallant tlydrogeomorphic criteria are also proposed to
et ol. 1991). refine existing wetlands classifications

{Cowardin et al, 1992),
Descriptions of ecosystem potentials require
maps of biophysical environments that are Three types of biophyaical environments are
commonly referred to as ecological units recognized in ttlis framework: geoclimatic,
(USDA 1993), Ecological unit maps delineate zoogeographic, and aquatic systems. Each
physical and biological systems that are rela- envinmrnent is hierarchical and may be used tbr
lively stable at a given scale of ecosystem de- multisealed classification arid mapping. Eeo-
scriptton. They use features that exert primary logicaI unit maps of aquatic ecosystems are
control on ecosystem processes and patterns in constructed by using one or more of these

their construction, biophysical environment map themes. Aquatic
systems (rivelSne, lacustrine, ground water) are

Resource status maps describe the existing or nsuaUy shown on separate maps of proper
historic statns of various resom'ce components scale. The geoelhnatlc adld zoogeographic
for environmental analysis (Jensen et al. 1991}, settings that snch aquatic systems are nested
These maps describe ecosystem components within are displayed oil other maps.
that display high temporal variability for a given

scale of mapping and commonly include data Aquatic ecological units are constructed by
collected from traditional vegetation, wildlife, describing an aquatic system in context of the
and aquatic surveys, geoclirllatlc and zoogeographic settings in which

it is most immediately nested. For example,

The components of ecological units (climate. riwwine networks may be stralified into valley
geology, landfonlfl are not changed by manage- segment types and differentiated based on their
mont. so ecological unit maps may be used m types of landtype association and subwatershed
consistently describe similar biophysical cnvi- settings (fig. 1).
mnments for ecosystem assessment {[3alley et
aL 1994}. Ecological units provide a stable C_tmlimaticSettlng
template for assessing factors changed by

management and for describing the historic or Watersheds and aquatic systems w_th similar
current status of an ecosystenL climate and physiography often have similar

ecological patterns and processes (Bailey 1983,
Resource status data are combined with eeologi- Hack 1957, Strahler 1957). This geoclimatic
ca/unit maps to deterintoe the condition of setting affects the hydrologic processes (magni-
ecological units. The effects of management are tude and frequency of events) that create pat-
best described by contrasting the current or terns in aquatic systenls. Geoclimatie settings
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Figure I .--General framework of aquatic ecological unit hierarchy. Sizes of units decrease from top to
bottom, Larger hydrologic units and ground-water regions are regionalized based on zoogeography
and physiography. Smaller aquatic systems are classified based on biophysical criteria and are
nested within these overlying settings. Primary functional linkages between aquatic systems and
terrestrial (.qeoclimatic) systems are shown as dashed lines.
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also influence zoogeographic distributions of of aquifers whose hydrogeologic factors affect
aquatie biota and govern arrangements of ground-water movement. Aquifers within these
aquatic habitats. Geoclimatie information is settings are based on their geology, hydrology,
used to group watersheds for improved analysis and water quality. Aquifer zones distinguish
and management. Criteria for classifying and reeharge areas from discharge areas. Finally,
mapping geoclimatic settings are in the national aquifer sites delineate springs and sinks where
hierarchy of ecological land units |USDA 1993) the water table intersects the land surface.
and should be applied at all levels of the aquatic
hierarchy. Ecological Classification Principles

Zcogeograph/cSett/ng This section discusses ecological and mapping
principles that form the scientific basis for the

Hydrologic units contain linked aquatic net- classification and mapping of aquatic ecological
works that significantly affect the biotic compo- units. These underlying principles are related to
nents of aquatic systems Hydrologic units have the aquatic hierarchy.
affected speciation because their boundaries
have isolated aquatic populations. At the upper Nested andNe_vorkedHiera_hie_
levels of the hierarchy, aquatic zoogeography
(Poff and Ward 1990) Is used to stratify hydro- Hierarchical theory (Alien and Start 1982,
logic units, These units contain groups of O'Neill eta/. 1986) deals with multiscaled
aquatic populations that have been isolated by s3rstems in which upper levels of organization
geomorphic and biotic co-evolution to explain provide the template from which lower levels
historic patterns of native species distributions emerge (Bourgeron and Jensen 1994). A major
(Moyle and Cech 1988). At lower hierarchical precept of hierarchical systems is that each
levels, zoogeographic, geoclimatic, and morpho- component is a discrete functional entity and
metric information is used to describe water- also part of a larger whole. Smaller systems
sheds and subwatersheds, develop within eon_araints set by the larger

systems in _c_l _ are nested. This relation-
River/neSystern ship is very tC_eful '_ classifijing and mapping

aquatic systems and provides a basis for strati-
The riverine system consists of stream netWorks fled sampling. Predlctlon of emergent properties
in watersheds. Stream networks are divided in aquatic system_ _reafly improved through
into valley segments based on hydrogeomorphic an understanding of their hierarchical organlza-
factors. Valley segments are divided into stream tion.
reaches based on geomorphie and other factors.
Stream reaches are divided Into channel units Watersheds. valley segments, stream reaches.
based mostly on hydraulic and substrate fea- and channel units are an example of hierarchi-
tures, eal organization in riverine systems (Frissell et

a£ 1986. Minshall 1994}. The geoclimatic
Lacu_trineS_gstem features of a watershed constrain the types of

valley segments of the stream network. Valley
The lacustrine system consists of lakes, ponds, segment types constrain the stream reaches,
and reservoirs Whole lakes are classified by Pool-riffle (channel unit} morphology is affected
geology, hydrology, and morphometry, and by stream reach type and the sediment and
described by physical, chemical, and biological water input from the watershed (Schumm and
features. Lake zones are based on depth Lichty 1965). These physical habitats and their
classes. Lake sites represent specific lake biota control the form and function of aquatic
habitats based on substrate, flora, and other communities [Frissetl eta/. 1986).
features.

Networked hierarchies recognize that ecological
Gromnd-WaterSyst_rn units can have very similar patterns and pro-

cesses among diverse geoclimatic and zoogeo-
Ground-water regions define patterns of aquifer graphic settings. For example, two streams with
systems with similar occurrence and availability similar channel morphology can exist on diverse
of ground water. These regions are divided into continents and yet exhibit similar fluvial charae-
hydrogeologic settings that define associations terlstics {Montgomery and Bufflngton 1993.



Rosgen 1994). This fact also enhances classifi- habitats. Coarse-scale events such as regional
cation, sampling, and extrapolation of informa- floods and tectonic events occur less olden and

tion. affect broad patterns such as valley segments
mad all the smaller patterns within them

Pattern_ition (FrisseU et al. 1986, Minshall 1994).

Ecosystems are patterns of rather homogeneous Biotic processes also follow space-time scale
units (Forman and Godron 1986, Urban et al. relations (fig. 2d). Major geologic and climatic
1987). To analyze ecosystems, we must identify events such as tectonics and glaciation form
these patterns and their causes at various scales watershed boundaries that isolate populations
(Turner 1989). Ecological inventories must and create zoogeographic patterns through
address three agents of pattern formation (Levin speciation and extinction over long time periods.
1978, Urban et al. 1987): physical landscape Hydrologic events that recur from years to
features (biophysical environments); disturbance decades drive population dynamics between
events (floods, droughts, etc.); and biotic pro- evolutionary (many generations) and ecological
cesses (migration, extinction, etc.). Ecological (few generations) time. Changes in water flow
relations are defined by matching patterns with and quality at diel to annual cycles control
their relevant agents of formation at appropriate behavior patterns (Poff and Ward 1990).
spatial and temporal scales (fig. 2).

Physical features, disturbance events, and biotic
Classification of aquatic systems should help processes are hierarchically related. Distur-
describe aquatic patterns and address the role of bance events affect habitat form and ecological
specific agents of pattern formation. Classifica- function. The degree and spatial scale of such
tion should also stress effects of biophysical effects, and the force needed to alter physical
environments and disturbance events on biologi- features at different spatial scales, depend on
cal systems and the role of spatio-temporal the magnitude and frequency of events. The
scales in understanding these phenomena recovery time of an aquatic system following
(Frissell et at 1986, Minshall 1994, Poffand disturbance is related to the spatial scale and
Ward 1990). intensity of the event (Minshall 1994, Poff and

Ward 1990). Landscape features and distur-
For example, inventories of riverine systems may bance cycles form a physical habitat template
describe changes in pattern from the channel that constrains species attributes as well as
unit to river basin scales (fig. 2a). Each scale biotic processes and responses in aquatic
spans a spatial and temporal range that reflects systems (Poff and Ward 1990).
the key agents of pattern formation. This fact is
vital to successful design and interpretation of Aquatic classification must reflect natural
ecological aquatic inventories, disturbance processes that express themselves

as emergent prope_des of aquatic ecological
Physieallandscapefeaturesarethebasic units. Past disturbance regimes and the ecosys-
template on which aquatic patterns are formed, tem pattems they maintained provide a tem-
At coarse scales, ecoregion and river basin plate for assessing ecosystem health and diver-
patterns respond to regional climate and physi- sity (Bourgeron and Jensen 1994. Swanson et
ography, which change over thousands to at 1994. Turner 1989). Correlating historic
millions of years (fig. 2b). At medium scales, disturbance regimes with ecological units is vital
valley segments and stream reaches reflect to risk analyses (Hann et aL 1994), identification
variations in geomorphology and mesoclimate, of restoration needs (Shlisky 1994), and re-
At fine scales, channel unit patterns respond to source planning and monitoring (Morrison
variations in features such as substrate size and 1994. O'Hara et al. 1994).
woody debris, which change over periods of
months to years (Frissen et al. 1986). Driving Variables

Disturbance events affect aquatic pattems and Ecosystems exist at spatial scales ranging from
occur at scales ranging from millimeters and global to microscopic. They may be defined by
minutes to hundreds of kilometers and millions associations of ecological factors such as eli-
of years (fig. 2c). Fine-scale events such as mate, geology, landform, soft, water, plants, and
channel scour occur frequently and affect small animals (USDA 1993). The association of all
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factors is important in understanding eeosys- affect enerL._2, moisttu'e, and nutI-ient gradients
[eros. However, the difficulty in classifying and and regulate the structure and function of

mapping ecosystems is to identify those few ecosystems. Map units exhibit similar patterns
variables that strongly affect ecological patterns of climate, geology, and landform that affect soil

and processes at various spatial scales. To be and vege_:ation patterns and their many ecologi-
most effective, the driving variables used to cal processes. Classifications used to construct
classify mid map aquatic systems at any scale this hierarchy include those of Fenneman

should: (1938a, 1938b), Wertz and Arnold (1972). Bailey
{1989), and Omernik {1987).

1. Dominate aquatic ecological processes,

Domains, divisions, and provinces are defined

2. Define classes that show similarities in mainly by global, continental, and regional
pattern, climatic regimes, Sections, subsections, and

landtype associations are identified chiefy by
3. Distinguish classes based on the causes geology and geomorphology. I_dt54pes and

of class differences, not their effects landtype phases are defined primarily by- land-
(Strahler 1975). form, soil, and vegetation patterns.

4. Display a high degree of covariance with This geoclimatic template defines patterns of
other important ecological attributes, aquatic systems, water chemistry, and hydro-

logic regimes that affect the fon_n and function of
5. Reflect nested and networked hierarehi- watersheds and their aquatic systems (Platts

cal constraints. 1979). Climate, geology, and geomorphology are
the prime d_'iving variables that govern fluvial

6. Be easily mappable, processes tn watersheds {Lotspeich 1980), the
water quality and structure of aquatic habitats

The number of variables used in classification {Ome_-nik 1987), and aquatic population distri-
and mapping should be limited to promote buttons within river basins (Minshal11994,

efficient and consistent products that can be Naiman et ak 1987, Perry and Schaeffer 1987).
readily understood by users. This objective

requires that the criteria listed above be used to Geoelimafie settings serve two primary proposes
identify the basic elements (Wertz and Arnold in characterizing aquatic environments. They
1972) or controlling factors {Bailey et al. 1994) are used to group watersheds into similar types
that most affect patterns and processes in based on their structure and function, which

aquatic systems. Because these factors change improves watershed analysis, management, and
with scale (USDA 1993), a hierarchical, multi- monitoring. They are also used to define pat-
factor approach should be used to design terns of finer scale aquatic systems within
ecological classifications and mapping units watersheds, which helps us classify and de-
(Bailey et aL 1994, Rowe 1980). scribe these systems. The remainder of this

section discusses these two uses of geoelimatic
This aquatic classification arid mapping frame- settings.
work follows the ecological classification prin-

ciples discussed above. Table 1 gives examples Geoenmattie Settings and Watersheds
of riverine classification at various scales. Table

2 shows some relationships between map unit Watersheds can be characterized and assessed

design criteria for terrestrial and aquatic ecologi- on the basis of the geoclimatic setting in which
cal units, they are found. The transport of water, sedi-

ment. and solutes is governed by geoclimatic

GEOCLIffiiATIC SETTINGS factors such as elevation, relief, slope, landform.
soil. drainage density, and plar_t cover, Because

The National Hierarchical Framework of Ecologi- land systems distinguish important hydrogeo-
col Units (USDA 1993) classifies and maps land morphic properties of a watershed, they are very
systems (geoclimatic settings) based on associa- useful in grouping watersheds into types with
tions of physical and biological factors that similar hydrologic responses.
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Understanding the relationships that exist and lake classes likely to be found within [Item.
between land and aquatic systems is key to Valley segment settings may be used to predict
predicting their response to natural or haman- stream reach types likely to be nested within
induced disturbances, For example, predicting thera.
effects of mass erosion on sediment delivery to
stremns and sediment routing downstream to Since the ecoregion maps of Bailey (1983) and
critical fish habitat commonly requires knowl- Omernik (1987) both utilize geoelimatie settings
edge of the nature and interrelationships of the as defining criteria, there should be some
landtype associations, land types, stream cot:celation between these ecoregions and fish
networks, and valley segments that occur in the distributions at the landscape level. Indeed,
area. Hughes et ak (1990) have shown a coarse-scale

correlation between ecoregions and fish dish-i-
Geoelimatic settings such as subsections mad buttons over widely separated geographic areas
landtype associations are used to group water- o[the U1_ited States. However, both Lyons
sheds based on geomorphic structure and (1989) and Poff and Allan (1995) have suggested
overall hydrologic response. The mix of specific that an understanding of fish assemblages and
criteria used to stratify" watersheds, however, distributions within ecoregions is improved
must be governed by local climate, geology, considerably by using habitat variables and
topography, and plant cover (Minshall 1994) hydrology, respectively. Moreover, Bayley and Li
and by specific ecosystem management needs. (1992) have explained that some of the inconais-
"lbe geoclimatie sett_g that immediately encore- tency of ecoregIons in predleting fish distribu-
passes the watershed defines the context of the tions can be athJbuted to the fact that the
watershed. Similar geoclimatic settings would ecological potential of aquatic ecosystems may
identify similar watershed types, be dominated by geoelimatie conditions in the

headwaters of their watersheds and not by the
Geoelimatic patterns such as landtypes divide ecoregion in which they occur. The following
the watershed into meaningful hydrologic sections describe how hydrologic ur_.ts and
response units and help us understand the geoclinmtie settings can be used together to
functional components of the watershed. Infll- rigorously define fish distributions and their
tration and evapotrartspiration, runoff and general habitats.
erosion, and surface and subsurface flow
systems are influenced by the properties of land ZOOGNOGI_&PHICSETTINGS
units.

TWo factors make watersheds a valid choice for

Geeelfmatie Setthxgs and Aquatic Syste_lls ecological classification of surface-water systems
within geoclimatic settings, First, watersheds

Ecolog{eal linkages between land and aquatic provide a natural nested hierarchy for ecological
systems are very important. By understanding stratification and analysis over a wide range of
these linkages, we can analyze attributes of scales (Hornbeek and Swank 1992, Lotspeieh
aquatic systems togetller with the climate, 1980, Odum 1971). Second, watersheds into-
geology, and landform attributes of the land grate many physical, chemical, and biological

units within whlc h they are nested. Land units processes affecting the form and function of
define the geoclimatie context of aquatic units, both aquatic and terrestrial ecosystems. "Ibis

effect is related to lithology and geomorphic
These linkages apply at "allhierarchical levels, surfaces created by geoclimatic processes.
Very large lakes and aquilbrs care nested within
vase geoclimatie settings such as provinces and For the most part. watersheds are distinct
sections, whose features help describe them and geomorphic units bounded by drainage divides.
assign them to similar classes. Subwatersheds Exceptions occur when subsurface geology or
and stream networks are nested within mesos- low surface relief promotes ground-water or
tale landscapes such as subsections and flood-water transfers between watersheds.
landtype associations. At finer scales, stream respectively. These exceptions do not detract
reaches and most lakes are nested within from the utility of watersheds as suggested by
landtypes and lmldtype phases, whose at- Hughes and Omemik {1981} as long as these
tributes may be used to help predict the streanl processes are recognized.

l0



_Il_e geoclimatic processes that created water- the Rocky Mountains (Gilbert 1976). Fish fauna of
shed divides and that distinguish physiographic the Arctic-Atlantic Subzone are widely distributed,
patterns of watersheds are also responsible for those of the Pacific Subzone have experienced
the distribution of marly native aquatic organ- restriction and increased endemism, and those of
isms. This is especially true of mussels and fish the Mexican Transition Subzone reflect both expan-
whose entire life cycles are confined to water, sion (mainly in the south) and restriction (mainly in
but may not fully apply to some aquatic plants the north).
and insects whose life cycles are affected by
wind. The zoogeographic outcomes of Table 3.--Aquatic subzones, regions, and subregions
geoclimatic processes may be arranged in a in the nearctic zone (North America). The alpha-
hierarchical structure using the emergent numeric coding is cross referenced to figure 3.
propez-ties of biological systems.

SUBZONE REGION SUBREGION

For example, unique assemblages of aquatic
communities reflect, and can be used to delin- Pacific Coastal North Coastal (P1a)

eate, the geoclimatic impact on large regions. At (P) (P1) Columbia Glaciated (P1b)
middle levels of the hierarchy, unique aquatic Columbia Unglaciated (Plc)

Upper Snake (Pld)
communities are less distinct and are recognized Mid-coastal (Ple)
more by the presence of unique species or Central Valley (Plf)
endemism. At lower hierarchical levels, ende- South Coastal (Plg)
mism is still important, but relationships be-
tween physiography and species groups pre- Great Basin Bonneville (P2a)
dominate and intra-species genetics become (P2) Lahontan (P2b)
important. Oregon Lakes (P2c)

Death Valley (P2d)

Darlington (1957) has proposed six zoogeo-
graphic zones of the world. They are the Nearc- Colorado Upper Colorado (P3a)
tic (North America), Neotropical (South and (P3) Little Colorado (P3b)

Vegas-Virgin (P3c)
Central America), African (Africa), Oriental Gila(P3d)
(India, Southeast Asia, Macronesia), Palaearctic LowerColorado (P3e)
(Eurasia north of the Oriental zone), and Austra-

lian (Australia, New Zealand, New Guinea). Arctic-Atlantic Rio Grande Upper Rio Grande (Ala)
(A) (A1) Guzman (Alb)

For the Nearctic zone, fish zoogeography has Conchos (Alc)
been described by Hocutt and Wiley (1986), Pecos (Ald)
Hubbs et al. (1974), Lee et aL (1980), Mayden Mapimi (Ale)
(1992), Miller (1959), and Moyle and Cech Lower Rio Grande (Alf)

(1988). Mussel zoogeography has been ad-
dressed by Williams et al. (1993). The Nearctic Mississippi Upper Mississippi (A2a)
zone has 950 to 979 native fish species and 29.7 (A2) Middle Mississippi (A2b)

Mississippi Embayment (A2c)
known taxa of freshwater mussels. By consult- Upper Missouri (A2d)
ing the above references and various ichthyolo- Middle Missouri (A2e)
gists, we have subdivided the Nearctic zone into Central Prairie (A2f)
seven hierarchical levels. The first three divi- Interior Highlands (A2g)
sions are depicted in figure 3 and table 3. Southern Plains (A2h)

EastTexas Gulf (A2i)
Subzones West Texas Gulf (A2j)

Teays (A2k)
The Pacific, Arctic-Atlantic, and Mexican Transi- Old Ohio (A21)
tion Aquatic Subzones are subcontinental Tennessee-Cumberland

(A2m)
zoogeographic strata with unique aquatic com- MobileBay (A2n)
munities, created in large part by plate tectonics Florida Gulf (A2o)
and mountain building. Eastern and western

North America have had quite independent (table 3 continued on next column)
faunal histories since the pre-Pliocene uplift of
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(table 3 continued) The Mexican Transition Subzone is the southern
limit of seven North American families, the

SUBZONE REGION SUBREGION northern limit of two South American families,
and the seat of evolution of one family.

Atlantic Florida(A3a)
(A3) South Atlantic (A3b)

Pamlico-AlbemarleSound Re_lons
(A3c)

Chesapeake Bay (A3d) Regions portray ref'mements of fish distributions
Long Island Sound (Aae) resulting from changes in routes of dispersal
Gulf of Maine (A3f) and isolation within subzones caused by

geoclimatic factors. Barriers to dispersal caused

St. Lawrence Superior (A4a) by glaciers, or changes in flow patterns caused
(A4) Michigan-Huron (A4b) by uplift after and subsidiary to that separating

Erie-Ontario (A4c) subzones, are the major agents for this delinea-
LowerSt. Lawrence(A4d) tion.
NorthAtlantic-Ungava(A4e)

HudsonBay Upper Saskatchewan(ASa) Uses
(AS) Lower Saskatchewan(ASb)

Engtish-Winnepeg Lakes (A5c) This level has broad applicability for regional
Circum-Hudson (A5d) modeling and sampling, and for addressing

questions of strategic regional interagency
Arctic Gulf of Alaska (AGa) planning and assessment.
{AG) Yukon (AGb)

UpperMackenzie(AGc) Map Unit Delineation and Scale
LowerMackenzie(AGd)
EastArctic (AGe)
Arctic Islands (AGf) Hydrologic units are aggregated into regions

covering hundreds of thousands of square

Mexican Tran- Central Plateau (M1) kilometers. Mapping scale is 1:7,500,000.
sition (M) PacificCoastal (M2)

Gulf Coastal (M3) Definm.g Criteria

Patterns of unique communities, endemism,
Uses and dispersal within fish families define regions.

For example, fault-block uplift separated the

This level of the hierarchy has broad applicabil- Pacific Coast, Great Basin, and Colorado regions
ity _br modeling and sampling. Aquatic of the Pacific Subzone and created their distinct
subTxmes also can be used to address questions communities. The six Arctic-Atlantic regions
of strategic international and intergovemmental mostly reflect mergings and separations of fish
phmning and assessment, caused by Pleistocene glaciations and Appala-

chian orogeny. The three regions of tile Mexican

Map Unit Delineation and _ale Transition Subzone separate the central plateau
with high endemism from the two coastal

Hydrologic unit:s are a_regated into subzones regions that were likely dispersal routes for
covering millions of square kilometers. Mapping fishes coming from both north and south.
scale is 1:7,500,000.

Subreglons

Aquatic subregions are major drainage systems
Broad patterns of fish Lxmilies and unique within a region that are defined by endemism

aquatic communities define subzones. Major and unique fish communities. Subregions
faunal elements in the Pacific Subzone include reflect further refinement of fish similarity

distinctive (\yprinid and catostomid genera and indices, but the fauna within each subregion
species of the families Salmoz_dae, Cyprinodon- show some common ancestry to others wifllin
tidae, and Cottidae. Much of the Arctic-Ariantic the region. Historic mixing and isolation of

fauna include species of Cyprinidae, Percidae, stream patterns within regions created the
Centrarchidae, and Ictaluridae (Mayden 1992). population distributions of subregions.
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Uses Defining Criter_a

This level has broad applicability for subregional River basins are defined by the presence of

modeling amd sampling, and for questions of unique species assemblages, and often one or
strategic subregional interagency planning and more endemic aquatic species, caused by the
assessment, foianation of discrete river systems with clear

hydrographic divides. Each basin's geoclimatic

Map Unit Delfneation and Scale history created barriers to dispersal through
isolation caused by climate change, oceans, or

Hydrologic units are aggregated into subregions hydrographic divides.
covering tens of thousands to hundreds of
thousands of square kilometers. Mapping scale /kquatie Zoogeography Within IZtver Basins
is 1:7,500,000.

Both hydrologic units and geoclimatic patterns

I_f_ingCriteria segregate aquatic populations (Moyle and
Ellison 1991). Basins may be divided into

Subregions are defined by major drainage _ based on physiographic criteria that
systems whose geornorphic history caused the define different physical-chemical habitat
mixing and isolation of fish species. For ex- patterns inhabited by distinct species groups
ample, during Pliocene times in the Mississippi (fig. 4). Species are further grouped by physical

Region, the present Missouri River flowed north and chemical habitat patterns within stream
into the Hudson system, and the "Plains" River and lake systems (Moyle and Cech 1988).

(m_alogous to much of the present Arkansas, Subbasins are typically thousands of square
Red, and White Rivers) flowed south into the kilometers in size.

Gulf of Mexico without connecting to the Missis-

sippi. This allowed unique faunal elements to Subbasins are divided into _heds and
develop. Pleistocene events connected these sulntmtersheds using hydrographic criteria
waters to the Mississippi River system and (Appendix A). Clusters of these smaller hydro-
modified their faunal relationships, which logic units often separate genetic groups within

resulted in the present pattern of subregions in species. For example, Perkins et al. (1993) show
the Mississippi Region (table 3). that brook trout in New York stratify genetically

by watersheds; they suggest that defining
River Basins heterozygosity in polymorphic loci is vital to

preserving heritage populations in a watershed

River basins axe parts of a subregion with clear hierarchy. Similar pattems have been docu-
hydrographic boundaries that have been iso- mented for walleye (Billington and Hebert 1988),
lated from each other long enough to show some chinook salmon (Bartley and Gall 1990), and
differences in fish species, tn many cases, yellow perch (Todd and Hatcher 1993). This

adjoining basins have high similarity indices, genetic data can be attributed to individual
but the presence of unique or endemic species watersheds, streams, and lakes. Watersheds
is the basis for their delineation. The identifica- and subwatersheds are hundreds and tens of
Lion of all basins in North America is incomplete square kilometers in size, respectively.

as of the tirne of this writing.
In summary, defining patterns of aquatic com-

Uses munities and speciation from the subzone to
river basin levels is critical to assessing aquatic

This level of the hierarchy can be used for biodiversity and native species distributions. At

strategic statewide and multiagency analysis the subbasin level and below, knowledge of
and assessment, geoclimatic and habitat patterns and genetic

variation within species is crucial to sound

Map Unit Delineation and Scale fisheries management programs that recognize
population diversity both among watersheds

Hydrologic units are aggregated into basins (species) and within watersheds (stocks). Zoo-
covering thousands to tens of thousands of geographic information can be attributed to
square kilometers. Mapping scale is watersheds, subwatersheds, valley segments,
1:2,000,000. and lakes as one progresses through this

hierarchy.
15
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Watershed Characterization 1. Assessment of aquatic biodiversity and
native species distributions at the subbasin,

Watersheds at any scale exhibit certain bio- watershed, and finer scales (Baxtley and Gall
physical characteristics that are determined by 1990, Billington and Hebert 1988, Perkins et
their geoclimatic and zoogeographic settings and a/. 1993, Todd and Hatcher 1993).
their morphologic features. Watershed patterns
can be def'med from similarities in settings and 2. Prediction of streamflow, sediment, and
features using four major types of information: thermal regimes, including water and sedi-

ment yield, peak and base flows, and flow
1. The geoclimatic pattern of a watershed is durations {Kircher et al. 1985, Marston

defined mostly by climate and physiography 1978, Maxwell and Marston 1980).
(USDA 1993). This pattern governs aquatic
system structures, water chemistry, and 3. Characterization of surface-water and
hydrologic regimes that control the form and ground-water quality and fish habitat, since

function of watersheds (Minshall 1994). The physiography affects aquatic habitat struc-
landscape (subsection, landtype association) ture (Heller et al. 1983), nutrient availability,
that engulfs the watershed defines the and water chemistry.
watershed's geoclimatic setting. Land units
(landtypes) within a watershed stratify the 4. Watershed analysis and monitoring, since
watershed into hydrologic response units watershed and water body health should be
that explain pattern and process variation, diagnosed and compared among watersheds

with similar geoclimatic characteristics and
2. The zoogeographic pattern of a watershed ecological potentials (Ohlander 1993).

is defmed by distributions of aquatic biota.
Aquatic zoogeography is critical to assessing 5. Data storage and analysis, since information
native species distributions and aquatic derived for stream reaches and lakes is

biodiversity. Aquatic zoogeography of aggregated by hydrologic units (Seaber et al.
subbasins defines the zoogeographic setting 1987).
ofwhole watersheds. Geoclimatic patterns

and intra-species genetics define zoogeo- The geoclimatic and zoogeographic settings of
graphic patterns within watersheds, aquatic systems are vital to assessing their

interacting forms, functions, and processes.

3. The morphology of the watershed and its These settings and their nested aquatic systems
stream network is governed by geoclimatic function and respond to disturbances together.
factors and is used to quantify geoclimatic Linking them within a Geographic Information
watershed patterns. Watershed morphology System will improve integrated (ecological)
affects hydrologic processes such as water analysis and management of watersheds and
and sediment yield, flow durations, and their aquatic and riparian systems.
magnitude and frequency of floods.

The U.S. Geological Survey (USGS) has mapped
4. The disturbance history of a watershed four levels of hydrologic units in the United

allows it to be placed into disturbance States (Seaber et al. 1987). These units are
classes for analyzing effects. This history based on physical size criteria. Each level of
includes natural events such as fires, floods, hydrologic units in this paper follows lines

and pestilences as well as human impacts already mapped by the USGS. However, the
such as roads, timber harvest, and grazing, pattern of hierarchical levels is different since it

is based on geoclimatic and zoogeographic
Watershed features control water, sediment, criteria. Hydrologic units at all scales must be

and nutrient cycling in aquatic systems viewed in the context of their geoclilnatic and
(Hornbeck and Swank 1992). Watershed zoogeographic settings. Appendix A gives

patterns are used to assess hydrogeomorphic guidelines for mapping hydrologic units, and
processes and aquatic ecosystem structure and contains a list of geomorphic parameters related
function for distinct landscapes. Uses of such to watershed form and function.

watershed pattems include:
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Blue Ridge Subbasins

Piedmont Subbasins

Coastal Plain Subbasins
FIGURE 4. Subbasins of the South Atlantic Subregion. The Cape Fear through
Altamaha basins are shown along with their Blue Ridge, Piedmont, and Coastal
Plain subbasins.

17



THE RIVERINE SYSTEM and Zoebel 1974, Naiman et a/_ t992). Segment
classes are useful in assessing the extent and

The riverine system consists of rivers and frequency of overbank flooding. Flooding and
streams that form a stream network. Fluvial associated soft and nutrient accretion play a
processes of the riverine system are primary major role in shaping riparian vegetation charac-
mechanisms for landscape erosion and trans- teristics {Brinson 1993).
port of sediments to the sea or a closed basin.

The riverine system has three hierarchical levels Valley segments provide general insights on habi-
nested within a subwatershed and its stream tat capability and use by aquatic biota. Valley
network (Parrott et al. 1989): valley segments, segment classes define gross habitat patterns
stream reaches, and channel units, within the spatial context of the river continuum

(Minshall 1994) and floodplains (Junk et al.
Valley Segments 1989).

Valley segments stratify the stream network into Map Unit Delineation and Scale
major functional components that define broad

similarities in fluvial processes, sediment Land units should consistently correlate with
transport regimes, and riparian interactions. A valley segments, especially in valley bottom
limited set of stream reaches is nested within landscapes. Figure 5 shows relationships be-
any given valley segment. Segments often break tween valley segment units and landscape lea-
at stream junctions, slope breaks, and changes tures for the Game Creek watershed in Alaska.
in adjacent geocltmatic land units (USDA 1993),
which may help define valley segments. Ex- Valley segment mapping units consist of line
amples of valley segment classification appear in segments hundreds of meters to tens of kilome-
Frissell et al. (1986), Cupp (1989), Paustian et ters in length. Recommended map scale ranges
a/. (1992), Montgomery and Buffmgton (1993), from 1:63,000 to 1:24,000.
and Rosgen (1994). Stream chemistry and
biotic composition are descriptive data at- Defining Criteria
tributes attached to mapped valley segments.

Valley segments can be defined within the context
Uses of their geoclimatic setting. Such large-scale,

long-term factors influence stream genesis, form,
Valley segments are used to assess hydrology, and process. Valley segments can be classified by
fluvial processes, and aquatic habitat and using criteria that describe general geomorphic,
riparian vegetation patterns for major portions hydroclimatic, and hydrologic processes within a
of a stream network. Segment classes are stream network. These processes also explain
useful for analyzing long-term, large-scale fluvial aquatic habitat and species patterns (Nelson et al.
response to a major disturbance. Examples 1992, Platts 1979).
include major channel changes due to upstream
sediment inputs, and channel response to Geomorphic Criteria: Valley morphology, geol-
increased or decreased streamflow caused by ogy, and adjacent landforms govern flow, sedi-
water diversions or vegetation manipulation ment, and energy processes that affect channel
(Montgomery and Buffmgton 1993). response to natural or human disturbances

(Montgomery and Buffmgton 1993). Most stream
The relationship between valley segments and classifications (Cupp 1989, Montgomery and
adjacent geomorphic surfaces can also have a Buffington 1993, Paustian et al. 1992, Rosgen
strong influence on surface hydrology. Valley 1994) are based on fluvial process concepts of
segment classes are useful in defining important erosion, transport, and deposition (Schumm
hydrologic linkages between aquatic and terres- 1977). Recommended criteria include:
trial units such as storm flow source areas and

low flow recharge zones (Brinson 1993, Winkler 1. Confinement. Valley floor width divided by
and Rothwell 1983). bankfull channel width is a useful index

of sediment source, delivery, storage, and

Riparian vegetation patterns are closely linked floodplain processes associated with a
to stream channel morphology and adjacent given valley segment (Montgomery and
fluvial geomorphic surfaces (Harris 1988, Hawk Buffington 1993).
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2, Slope: Valley slope expresses key geo- Hydrologic Criteria: The permanence, source,
morphic properties of associated valley and ground-water linkage of streamflow are
segments {Hack 1957, Wheeler t979), three components of hydrologic regime. Recom-
Collotzi {1974)used slope classes to mended criteria include:

define valley bottom types useful for
making riparian and aquatic resource 1. Flow Regime: Habitat quality and the
interpretations. Valley slope is mea- biotic productivity and diversity of
sured on topographic maps as segment aquatic and riparian ecosystems increase
relief divided by segment length {Hack from ephemeral to intermittent to peren-
1957). Plots of channel profiles often nial streams. The flow regime defines
help identify segment breaks and base patterns of fluvial process and biotic
level conta-ols, potential in a stream network.

3. Geology: Litholo_r and geomorphology 2. Water Source: The source of water

identify the nature and origin of materi- defines hydrologic and water quality
als through which a stream fows. features of valley segments. For ex-
Lithology and surface materials influ- ample, channel form, habitat structure,
ence stream substrate composition water quality, and biotic makeup of
{Hack 1957), hydrologic and chemical glacier-fed streams differ sharply from
regimes (Walton 1970), and surface- those of non-glacial streams {Murphy et
ground water interactions (Bugliosi a/. 1989, Sidle and Milner 1990).
1988, Siegel 1989). Streams draining large peatlands also

have distinct hydrographs, ground-water

Hydroclirnatic Criteria: Certain segment linkages, and nutrient budgets (Verry
features related to watershed and stream and Boelter 1978). Hydrologic regimes

network morphology strongly influence flow and are also affected by tides, spring systems,

thermal regimes of valley segments. Such and lake outflows.
factors often define aquatic habitat and species
distributions and riparian vegetation communi- 3. Ground-Water Linkage: As a source of
ties within subwatersheds. Recommended water, ground water can influence a
criteria include: streams flow, chemical, and thermal

regimes. A stream is considered as

1. Climate: Hydrology and water tempera- gaining (ground-water discharge pre-
ture of valley segments are strongly vails), losing (ground-water recharge
affected by elevation and aspect. For prevails), or unlinked to ground water
example, rain-on-snow runoff from (surface sources prevail).
transient snow zones can augment peak
flows, while fog interception in coastal Valley segments are relatively coarse strata of
zones can augment low flows (Harr the stream network, so they are more variable
1983, 1986). Thermal regime is useful than stream reaches or channel units. This

for inferring potential riparian vegeta- hierarchical level is most useful for landscape-
tion, rates of ecological processes, and scale analysis. The mix of def'ming criteria and
distributions of aquatic biota, the weight given to each will vary regionally with

the hydrogeomorphic processes at work in a
2. Stream Size: Stream order (Strahler watershed and with the ecosystem management

1957) and link number (Shreve 1966) issues at hand. Mapping can be done using

identify the position and the relative topographic maps and aerial photographs.
scale of the segment in the stream
network. Stream order is commonly Stream Reaches

used for morphometric analysis of
watersheds; link number correlates with The stream reach is a subdivision of the valley

stream discharge and stream power segment that defines patterns of channel units.
(Gregory and Walling 1973). Stream reach classes have a high degree of

uniformity in channel morphology and flow. i
They describe and integrate a consistent range I
of physical and biological interactions including
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fl_avial processes, riparian processes, and Map Unit Del{neat_on and Scale
aquatic habitat sti-ucture and t_nction. Adjoin-
ing land units or lamdforrns that control fuviat Reach map units encompass stream lengths of
pl-ocesses should be used to help define stream 100 meters to thousands of meters in length.
reaches based on their geomorphic properties. Map unit delineations are made at file 1:24,000

to 1:12,000 scale.

Uses
As discussed earlier, valley segment breaks are

Stseam reach classification is useful for predict- delimited by major channel slope breaks,

ing local stream response to pertm'bation adjacent landform features, and stream
{Montgomery and Buffington 1993, Rosgen confluences. Stream reaches are refinements of
1994). For example, a low gradient alluvial these segment breaks. Stream reach units are
chamlel wilt respond to increased sediment defined by changes in channel bedform, channel
loads with channel widening and bed aggrada- width, channel entrenchment, stream gradient,

Lion, while a steep bedrock channel will be riparian vegetation pattern, or other fairly
rather insensitive to increased sediment loads, localized features. Boundaries of reach map

units should be verified in the field.

Reach classes are useful in assessing aquatic

habitat quality° Habitat quality can be linked to Defining Criteria
aquatic productivity if populations are limited by
habitat more than factors such as fish intercep- Most existing stream reach classifications rely

tion, recent floods, and species competition on a common array of geomorphic factors to
(Fausch et at. 1984). Stream reaches can be defme stream reaches (Frissell et ca. 19813,
used to predict fish distributions {Edgington et Montgomery and Buffington 1993, Paustian et
a/. 1987), patterns of habitat units (Bryant et al. a/. 1992, Rosgen 1994). Criteria recommended
1991, Kershner et al. 1992, Murphy et al. 1987), for classifying stream reach types include:
and fish density (Lanka et al. 1987, Paustian et
a/. 1993, Thedinga et al. 1993). 1. Channel Pattern is governed by geomor-

phic controls and sediment transport
Stream reach strata are useful for assessing regimes. Single channels may have
stream health. Cumulative effects to aquatic straight, sinuous, meandering, or

habitat from depletion of large woody debris, tortuous patterns, while multiple chan-
changes in streamflow and sediment loads, nels may have braided or anastamosing
chemical inputs, and stream bank erosion are patterns (Rosgen 1994). Sinuosity is
best diagnosed at this level (Ohlander 1993). the ratio of channel length to valley

length.

Stream reaches have rather predictable patterns

of riparian vegetation, whose structure and 2. Channel Entrenchment is a stream's
function are related to interactions of stream- vertical containment and degree of

adjacent landforms (Harris 1988, Hawk and incision into the valley floor (Kellerhals et
Zoble 1974, West et al. 1989). Stream response al. 1972). This criterion indicates how

to changes in aquatic trophic structure and well floods are contained by a stream
thermal regime caused by riparian disturbance channel; it provides an index of the
can be assessed with such patterns, energy available to modify the channel

and of the influence of channel

Stream reaches are well suited for cataloging sideslopes on sediment and debris

site-specific information on the stream network, delivery. Rosgen (1994) defines en-
Stream reaches should be the basic strata for trenchment ratio as flood-prone area

collection and storage of stream quality and fish width to bankfull channel width.

population data. Site-specific features such as
dispersal barriers can be mapped and attributed 3. Channel Width is a prime indicator of
to stream reach units, flow volume and channel hydraulic

conditions. Width of the bankfull

channel is measured perpendicular to
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the flow in a uniform reach. BasL_ area flow into associated channels (Verry a_,d

draining to a given stream reach may be Boetter 1978). Present vegetation n::_ay
a more accurate index of flow volume in not correlate with the potentAal :_atural

disturbed watersheds (Ralph et al. commu_ity due to disturbances Kom

1994). Width�depth ratio is a dimen- windstorms, floods, gr_ing_ and logging.
sionless channel shape factor equal to
b ankfull channel width divided by Stream reaches are more precise subdi%sions of

bankfull mean depth. It reflects hydrau- valley segments. Reaches have rather consis-
lic geometry and sediment transport tent channel forms and aquatic habitat charac-
relations (Rosgen 1994) and bed and teristics. They provide _e best resolution in the
bank erosion processes (Osborn and riverine hierarchy fbr project planning. Some

Stypula 1987). reach differentiating criteria can be interpreted
or measured from aerial photos and orthophoto

4. Channel Materials in beds and banks maps (Paustian et al. 1984), but field sampling

reflect sediment transport and hydraulic is usually required to accurately delineate

processes; they modify stream shape, discrete stream reaches.
pattern, and slope (Rosgen 1994). They
also reflect aquatic habitat quality and Channel Urlits
bank erosion potential (Ohlander 1993).
Particle size is often used to describe bed Channel units are subdivisions of a stream
and bmlk materials as determined reach that represent specific habitat and micro-

through a pebble count (Bevenger and habitat units that are quite uniform in their
King 1995, Wolman 1954). Channel morphologic and hydraulic properties. Charmet
materials are often influenced by coarser units are areas of rather homogeneous depth

scale geologic factors as described at the and flow that are bounded by sharp gradients in
valley segment level, depth and flow. They describe a consistent

range of aquatic habitat structure and function
5. Stream Gradient is a refinement of within constraints set by valley segments and

segment slope criteria used at the valley stream reaches. They constitute the most
segment level. It is a basic index of detailed level of classification for site-specific
stream energy status. Gradient is the projects (Hawkins et al. 1993).
change in water surface elevation over at
least 20 channel widths or two meander Uses

wavelengths (Rosgen 1994). Stream
gradient affects aquatic habitat features Variation in the structure and dynamics of
(Lanka et al. 1987). channel units within a stream reach affects the

production and diversity of stream biota. Differ-

6. Bed Form, or channel bed morphology, ent types of units are usually close enough to
reflects fluvial dynamics and habitat each other that mobile stream fauna can select
patterns governed by stream slope, the channel unit that provides the most suitable
sediment size and supply, and dis- habitat. Abundance of biota and rates of eco-
charge; it has high covariance with other logical processes often show marked patchiness
criteria mentioned above (Montgomery due to variations in habitat structure defined by
and BufFmgton 1993). Bed forms are morphology (depth, width, shape), flow hydrau-
bedrock, cascade, step-pool, plane-bed, lics, and bed roughness or substrate size
pool-riffle, and regime (Montgomery and (Hawkins eta/. 1993).
Buffing'ton 1993).

Channel units classified consistently, using

7. Riparian Vegetation affects channel criteria known to affect biota, can help deter-
structure and stability to varying de- mine factors that limit populations within a

grees. Vegetation pattern is a useful stream reach (Hawkins et al. 1993). In the
surrogate to interpret disturbance Pacific Northwest, three salmonid fish species
regimes and riparian-aquatic ecosystem segregate within stream reaches by using
interactions. For example, riparian different types of channel units (Bisson et al.
peatlands can determine surface runoff, 1982, 1988; Sullivan 1986). Taxonomic and
ground-water movement, and nutrient functional composition of benthic invertebrates
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va_-ies among types of channel units within In Gradient, or water-surface profile.
stream reaches (Hawkins t984, Huryn and 2. Percent super-critical flow.
Waltace 1987). 3. Bed roughness, affected by sizx_ of

substrate.

This most detailed level in the river_e hierarchy 4. Mean velocity of streamflow.

is the most appropriate one to diagnose cause 5. Step development.
and effect relationships between shifts in habi-

tat condition and changes in riparian and b. Pools can be subdivided into seo_xred or
watershed conditions. Charmel units art: dammed classes. Dammed pools tend
usually analyzed within the context of the to collect and retain more sediment and
stream reach within which they are _ested. organic debris and have more cover than

do scour pools {Hawkins et al. 1993).

Map UnitDeifneatSan and _a_e These two classes of pools can be further
subdivided based on differences in such

Channel units are typically 10 rn or less in factors as:
length. 21_ey usuany cannot be mapped at a
scale appropriate for land management plan- 1. Location {main channel or off-

ning. channel).
2. Longitudinal and cross-sectional

DefmingCrfterfa depth profiles.
3. Substrate characteristics.

Channel units are discrete areas of rather 4. Pool-forming constraint {obstruc-
uniform depth and flow. They are bounded by tions, debris, beaver dams, etc.).
sharp physical gradients and are formed by
interactions among flow, sediment load, and THE LACUSTRINE SIrSTIglVI
channel resistance to flow. Hawkins et al.

(1993) provide a consistent hierarchical frame- The lacustrine system consists of lakes found in
work for classifying channel units (fig. 6). topographic depressions and reservoirs that

occur in flooded river valleys. These open-water
Initially, riffles {fast-water habitats) are distin- bodies nest within overlying geoclimatic and
guished from pools (slow-water habitats), zoogeographic settings. An apparent obstacle to
Riffles are high points in the bed with coarser a hierarchical classification of lakes is their
sediments, and have rapid and shallow flow variation in size. However, variable size is not a
with steep water-surface slopes at base flows, problem if it is addressed early in the classifica-
Pools are low points with usually finer sub- tion; the first step is to delimit a lake by the
strates and are deep, slow-flowing, and gently smallest geoclimatic and zoogeographic settings
sloping. The biota in riffles and pools differ that encompass it. For example, at the upper
sharply in their taxonomy and their morpho- size range, eight lakes in North America corre-

logic, physiological, and behavioral traits spond to the province or basin scale and 49
(Hawkins et al. 1993). correspond to the section or subbasin scale

(Appendix B).
Subdivisions of pools and riffles are described

using local stream bed grade, flow depth, and Setting the lower size range of lakes and differ-
relationship to channel obstructions or constric- entiating them from open-water wetlands is
tions: somewhat arbitrary. Nevertheless, we define

lakes as having an open water area greater than
a. Riffles can be subdivided into turbulent 1 ha and a maximum depth greater than 1 m at

or non-turbulent classes based on low water, while open-water wetlands are less

differences in gradient, bed roughness, than 1 ha in area or less than 1 m deep at low
and degree of steps (breaks in slope). The water. Recommendations for classifying wet-
types and abundances of riffle-dwelling lands appear later in this report.
benthos are affected by the amount of
turbulence (Hawkins et al. 1993). These Once lakes are placed into their geoclimatic and

two classes of riffles can be further zoogeographic settings, there are three hierar-
subdivided based on differences in such chical levels within the lacustrine system:
factors as: whole lakes, lake zones, and lake sites. The

whole-lake properties of lakes are divided into
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primacy and secondary attributes. The primary 1_flnfngCrfter_
attributes are causative hydrogeomorphic factors
used to classify lakes, 2_he secondary attributes ,LANE GEOLOGY includes lithologic and geo-
serve to validate the lake classes and to descr fbc morphic features that are responsible for deter-

their physical, chemical, and biological propcr- mining broad physical, chemical, and biological
ties. outcomes. Lake geology can be separated into

two categories.
Lakes

1. Genesis: The geomorphic process(es) that
Lakes axe classified by lake geolo_r, hydrolo_, have formed a lake are deemed funda-
and morphometry. Lake geolo_y includes lithol- mental in classical limnology, tend to
ogy and geomorpholog_az. I;_.ke hydroloKy in- apply over large landscapes, and group
cludes attributes of surfhcc-water and ground- lakes into categories for further analysis
water connections. L_ke morphometry includes (Winter and Woo 1990). The 12 classes of
area, depth, and geometry. Most of these PRI- formation process {from Hutchinson
l_kR¥ ATTRIBUTES can be taken directly from 1957) are:
maps and aerial photos, and they provide insight
into the expected biology of the lake (Marshall Glacial = formed by glacial scour or

and Ryan 1987). Lake classes may correlate deposition.
with adjoining land units (USDA 1993). These Fluviatile = formed by river activity.
lmld units should be used to help define lake Volcanic = formed by crater collapse or

classes based on their geoclimatic properties, lava flows.
Tectonic = formed by land uplift or

Uses subsidence.

Wind = formed by eolian deposits of sand

Distributions of aquatic biota defined by a lake's or silt.
zoogeographic and geoclimatic settings are Solution = formed by solution of carbon-
refined by geology, hydrology, and morphometry, ate rocks.
These features determine the complexity of Shoreline = formed by wave action of a
aquatic habitats and the historic time available larger water body.
for biological adaptation of the native aquatic Landslides = formed by mass movement
community. They are also useful for a broad deposits.
assessment of habitat quantity and quality. For Organic = formed by buildup of peat and

example, lake depth, water linkage, and water other deposits.
stage determine the amount and duration of Meteoric = formed by meteor Impact
available habitat; and, along with geoclimatic creating craters.
setting and lake morphometry, they also affect Beaver = formed by dams built by
key facets of the habitat's physical and chemical beavers.
quality. Anthropogenic = formed by dams built

by humans.
More detailed physical, chemical, and biolog{cal
attributes can be predicted from information at 2. Physiography: Surficial lithology and
this level, but such predictions need to be veri- lake location (altitude, latitude, and
fled by data from those secondary attributes, longitude) strongly affect lake chemical
For example, the chance that a lake will ther- and thermal regimes {Born et al. 1974,
mally stratify can be predicted from mean and Winter 1977). These features can be
maximum depth, latitude, altitude, and surface taken directly from existing maps, and
area, but can be verified only in the field, are part of each lake's geoclimatic set-

ring. These features, either singly or

Map Unit Delineation and Scale together, are useful in interpreting the
biological composition and productivity

Map units are determined by the size of the of lakes (Dolman 1990, Winter and Woo
water body, which can range from one hectare to 1990).
thousands of square kilometers. The usual
mapping scale is 1:24,000 to 1:63,000, although LAKE IrgDROLOGY includes the connection of

very large lakes will require a coarser scale, a lake to surface or ground water and can
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provide infoI_nation useful in explaining inherent t_¢ke geolo_ and surface area are suffi-

limnology and biology. Lake hydrology can be cient variables for" a pre_mina_Gr classifica-
separated into three categories: tion of lakes. For example, .all lakes

smaller than 10 ha within one geoclimatic
1. Riverine Linkage: "IRe connection of a area can be prestlmed to have similar

lake to a dvedne system can be rated as lirnnology and biology. This hypothesis
(1) unconnected, (2) outlet orfly, (3) inlet can be tested by using additional second--
only, or (4) both inlet and outlet. This ary information.
information is useful to understanding

lake linmology and biology. For example, 2. Depth: This feature is the only attribute
a lake with no surface linkage to other that is rarely available from maps or aerial
water bodies is more likely to contain photos. Knowledge of maximum depth is
unique biota due to temporal isolation, as useful, but mean depth is the preferred
long as human-caused introductions or parameter because it contains more
exploitation has been minimal, information about lake 'volume that can be

linked to other attributes. Knowledge of
2. Ground-Water Linkage: Lakes can be mean depth along with the other whole-

rated as {1) gaining (ground-water dis- lake attributes can provide a powerful
charge prevails), (2) losing (ground-water insight to the expected biology of a lake
recharge prevails), (3) neutral (recharge (Marshall and Ryan 1987).
balances discharge), or {4) unlinked (no

ground-water linkage). A sustantial 3. Geometry: Three common indices of

ground-water linkage can modit) lake surface geometry are (1) orientation, or the
level fluctuation, thermal regime, and azimuth of the longest axis; (2) shoreline
chemical composition, thus improving or development factor, or lake perimeter
impairing habitat quality for lake biota, divided by the circumference of a circle

with the same area (Eadie and Keast

3. Water-Stage Regime: Lakes can be rated 1984, Schupp 1992); and (3) watershed-
as (1) perennial (surface water present to-lake area ratio, which can be used with

year-round in most years) or (2) intermit- knowledge of ground-water inputs to
tent {surface water present in certain explain lake limnology. In addition,
seasons). These regimes are refined by calculation of lake volume by depth-
two elevation classes: constant (mean contour methods also provides much
annual change of 1 m or less) and basic information needed at the lake zone

variable (mean annual change greater level.
than 1 m). Most reservoirs and some

natural lakes have highly variable sur- SF_,COND_¥ A'I_I'lllBIJTF_ refine the lake

face elevations that may restrict the type classes defined by the primary attributes. Physi-
of resident biota that can be sustained, cal features focus on lake morphology, chemical

features focus on water quality and nutrient
l_ORPtIO_ltYincludes physical status, and biological information includes

features that, along with the other driving attributes of the aquatic community or appropri-
variables, largely determine species diversity ate biological surrogate{s) characterizing a
(Eadie and Keast 1984, Marshall and Ryan species assemblage or guild.
1987, Schupp 1992). All but lake depth can be
derived from maps and aerial photos. The three Secondary lake attributes provide the detail

categories of morphometric variables are: needed to evaluate physical and chemical prop-
erties of water bodies. These properties may

1. Area: Lake area strongly affects the explain the presence or absence of regional flora
number of species in the context of other and fauna and infer aquatic habitat capability.

driving variables (Barbour and Brown Such properties include physical and chemical
1974). Most lake classifications use constituents expected given the lake's geology
surface area as a primary variable (Eadie and morphometry. Ot21er useful information
and Keast 1984, Schupp 1992) or as part includes gross lake productivity, which can be
of morphometric indices to classify lakes, estimated using computed indices such as the

morphoedaphic index (Ryder 1965).
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1. Temperature: T_nermat regimes are climate, ground water, and intralake
determined by lake geology, hydrology, hydrology° These chemical parameters

and mo_hometzy, ar_d they strongly influence aquatic habitat productivity
affect the biophysical classification of and lake resilience to acid deposition and
lakes. Aquatic organisms have adapted other introduced pollutmlts {Adams et af.
to long-term thermal regimes. Tt_c u._e of 1991, Schupp 1992, Tonn et al. 1983).
terms such as coldwater, coo!v./ater_ arid

warmwater species indicates the effect of 6. Trophic State: Many lake classification
lake temperature on the distcibution of systems are based on some measure of
aquatic organisms, productivity or metabolic status. As

such, lakes are typically referred to as
2. Strat!fication: The presence or absence of oligotrophie, mesotrophic, or eutrophic

a summer ther_oclirie is a function of {some limnologists view dystrophic lakes
lake depth and gcoclimatic setting, as a special case of oligotrophy). As used
Lakes may be classified as mixed or here, trophic state includes some mea-

stratified based on the presence or sure of nutrients, typically phosphorus
absence of a thermocline or in some or nitrogen, but it does not preclude
cases a halocline. Stratified lakes differ other indices that have proven useful.
from rnixed lakes in their vertical then nal

arid oxygen profiles. Stra_ed lakes are 7. Aquatic Biota: Designating the aquatic
further separ'ated by hypolimnion oxygen community or a surrogate of the commu-
content. Winter oxygen depletion, which nity or guild defines the exact z_oogeo-
carl occur in rnixed or stratified lakes, is graphic character of a lake or group of
irnportant because it has an obvious lakes.
irnpact on aquatic aerobes (Tonn et aL

1983)° Mixed and stratified lakes, with These secondary attributes show a high degree
or without anoxic zone, s, tend to have of collinearity with the primary attributes. For
different aquatic communities (Marshall example, the euphotic zone is usually mani-
and Ryan 1987, Riley and Prepas 1985)o fested as the maximum depth at which rooted

aquatic macrophytes can grow. This depth is a
3_ Retention 7_me: The rate of water volume function of water clarity, longitude, and shore-

flowthrough depends on lake morphom- line slope, which are a function of lake geology
etry and water budget, and indicates and morphometry.
hydrologic variability. Retention time
has been shown to be useful in assessing These attributes and their numeric limits have

the trophic status of southeastern lakes regional utility for classifying lakes. Table 4 is
and reservoirs (Reckhow 1988). an example classification scheme for a hypo-

thetical set of 100 lakes in northem Wisconsin.

4. Color and Clarity: The transmission of These lakes all are of glacial origin, are less than
light through water is impeded by dis- 25 ha in area and less than 10 m deep, and
solved and particulate matter in the have an outlet and stable water level but un-

water, which is controlled by inflow known ground-water linkage.
(seepage or drainage), morphometry,
bottom substrate, and productivity. Trophic status and thermal regime show 20
Light penetration and color are measured lakes to be eutrophic-warm water. Ten of these
by photometry (or in most cases by a lakes are stratified with anoxic hypolimnion and
Secchi disc) or by cotorimetry, respec- high conductivity. Seven of these ten lakes have
tively. Light penetration has a strong high pH; five have no fish. A fisheries manage-
influence on planktonic productivity and ment plan in these five lakes is not indicated.
patterns of aquatic macrophyte distribu- However, other unique biota in these five lakes
tion {Duarte et aL 1986). may need protection because the high conduc-

tivity and pH of these lakes suggest that they

5. Water ChemLstry: Alkalinity, pH, and are fens, which have a strong ground-water
total dissolved solids (or specific conduc- linkage. Such conclusions can be field-verified
tance) are functions of surficial geology, using the parameters at the lake zone level.
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Lake Zones 1_efin_ugC_ter_a

Lake zones are portions of a water body based At this level the lake is divided into zones of

mostly on depth classes. Lake zones define biological sig_Jfic_mce [Wetzel t983). Three
general habitat patterns within water bodies, zones are described by depth classes:

Uses 1. Littoral Z_ne is the lake area or" volume

occupied by peripheral shallows in which
Lake zones involve physical and biochemical rooted aquatic plants grow or light
boundaries that, together with the properties penetrates to some predetermined level°
described tbr whole lakes, set the form and The littoral zone relates to primary
functional limits needed to define biological productivity and thermal-oxygen stresses
characteristics of a particular lake or group of that are useful in the classification of

lakes. The properties described at this level lakes (Schupp 1992).
refine these boundaries to the extent where

specific management plans can be developed. 2. Pelagic Zone is the area or volume of a
lake occupied by open water beyond the

Map gnftDelfneation and Scale littoral zone. This zone represents the
area where most planktonic activity

The lake zone is a subset of the water body occurs when it is present.
whose size is determined mostly by the size of
the whole lake. Mapping scale is usually 3. Profundal Zone is the area or volume of a
1:12,000 to 1:24,000. lake below the pelagic zone, where light

Table 4._Grouping of I O0 hypothetical lakes of glacial origin in northern
Wisconsin that are less than 25 ha in surface area and tess than 10 m
deep

Sample size=100 TROPHIC STATUS
(number of lakes)

Oligo- Meso- Eu-
Warm 0 50 20*

THERMAL REGIME Cool 0 30 0
Cold 0 0 0

Sample size=20* CONDUCTIVITY

<40 40-100 >100
Mixed 0 3 5

STRATIFICATION Strat. anoxic hypo. 0 2 10"
Strat. oxic hypo 0 0 0

Sample size=10* FISH COMMUNITY

N pike/
LM bass Mud minnow Fishless

<4.5 0 0 0

pH 4.6-6.8 2 1 0
>6.8 1 1 5
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penetration is too tow to suppoi_ pI-irnary the hyporheic zone and supports many impor-
productivity_ Thus, carbon dio_de teapotbiogeochemical interactions in ways that
production exceeds oxygen productio,_-_: we are just beginning to understand.
in stratified lakes this feature, togei1_:._r'
with hypolimnetic volume and oxygc_ Ground water interacts with surface water

demand, will determine the prc_c_tce or through recharge and discharge zones. Re-
absence of anoxiao charge occurs where precipitation or surface

water infiltrates under sufficient hydraulic head
A special case of the profundal and littoral zone to reach saturated zones. Discharge occurs as
is the hyporheic zone where benthic organism evapotranspiration or as diffuse or discrete flow
identity and biomass may be an important into streams, lakes, or wetlands. Ground water

element to the classificat:ion o:f a lake. Aquatic is always moving from recharge to discharge
macrophytes can be useful in identif)ing the zones as governed by hydraulic gradient, hy-
extent of the littoral zone, and the dominant draulic conductivity, and porosity. Major
particle sizes of bottom substrate may be used discharge to surface water occurs from alluvial

to further stratify lake zones, deposits into streams, from glacial deposits into
lakes, and into wetlands. Aquifers may also be

Lake Sttes hydraulically connected to each other.

At this level selected point features may be Ground water can move from recharge to
delimited. Such features include springs {up- discharge zones through regional, intermediate,
wellings), delhas, inlets and outlets, or similar or local flow systems. Over the long term, the
inclusions, location of each flow system is governed by

climate, geology, and aquifer attributes of water

Uses storage, hydraulic conductivity, and hydraulic
gradient. Over the short term, their locations

Point features fflrther refine lake form and and relative configurations can be affected by
functional properties, especially as they may be weather cycles, vegetation patterns, and human
used to explain unexpected empirical results, disturbances.
For example, multiple inlets may explain fihe

presence of stream spawning fish in an abun- Studies on linkages between ground water and
dance greater than would be expected in a aquatic ecosystems are recent and limited
similar water body with only one inlet. (Gilbert et al. 1990, Winter 1992). The ground-

water hierarchy presented here stresses features
Map Unit Delineation and Scale that most affect the scaled structure of ground-

water systems and their relation to surface-
The lake site is a subset of the water body water systems. This hierarchy is based on
whose size is determined by the magnitude of mappable features that delineate factors con-
the point feature. Mapping scale is usually less trolling ground-water flow systems. In order of
than 1:12,000. descending scale, these units are ground_water

regions, hydrogeologic settings, aquifers, aquifer
Definfng Criteria zones, and aquifer sites (springs and sinks).

Springs, deltas, inlets and outlets, and other Ground-Water Regions
detailed habitat features that may influence

biophysical functions should be mapped and The occurrence and availability of ground water
labeled, are controlled mostly by geology. Ground-water

regions are geographic areas in which the
TIIE GROUND-WATER SYSTEM composition, arrangement, and structure of

rock units that affect the occurrence and avail-

Ground water is ecologically important In two ability of ground water are similar. Heath
ways: (I)it can affect the hydrologic, chemical, (1984) built on the work of Meinzer (1923) and

and thermal regimes of streams, lakes, and Thomas (1952) to map 15 ground-water regions
wetlands with which it is hydraulically con- in the United States, which reflect the nature

nected; and {2) it provides habitat for fauna in and extent of dominant aquifers and their
relations to other units of the ground-water
system (fig. 7).
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The subsurface features that define ground- solubility: conditions may range from

water regions differ from the f_atures that define essentially insoluble, to both soluble and
river basins. Ground-water regions coincide insoluble, to relatively soluble constitu-
more closely with physiographic provinces ents.
(Fenneman 1938a, 1938b). Ground-water

regions can be expansive and interact with 4. The water storage and transport features
streams and lakes in many different river (porosity and transmissivity) of the domi-

basins. For example, aquifers within the High nant aquifers: porosity is greatest in well-
Plains ground-water region underlie eight river sorted, unconsolidated sediments and
basins along the 102nd Meridian from Nebraska least in solid rock; transmissivity is
to the Texas Panhandle. greatest in cavernous limestones, lava-

tube basalts, and clean gravels and least
Uses in confining beds and most solid rocks.

Ground-water regions are useful for broad 5. The nature and location of recharge and
regional planning. These regions show marked discharge zones in the dominant aquifers:
differences in ground-water occurrence and recharge may occur via direct precipita-
availability (Heath t 984). These variations tion, losing streams, or leakage across
reflect potential yields to wells and springs, confining beds from adjacent aquifers;

inherent water quality, recharge and discharge discharge may occur to streams and
conditions, and susceptibility to pollution, lakes, to wetlands, or by seepage to

adjacent aquifers.
Map Unit Delineation and Scale

The U.S. Geological Survey (USGS) has been

Map units are polygons of tens of thousands to developing a series of hydrologic atlases since
hundreds of thousands of square kilometers, 1978 (Miller 1990, Sun and Weeks 1991). These
except :for parts of the Alluvial Valleys region atlases contain maps and data for the ground-
that are so narrow that they must be shown as water regions and should be finished by 1996.
lines at the 1:2,500,000 scale typically used at Each atlas includes data needed to understand
this level (fig. 7). the condition and sustainability of regional

ground-water resources. For example, maps
Defining Criteria show water table contours before and after major

ground-water development, indicating areas
Five features of ground-water systems that where recharge-discharge gradients were altered
affect the occurrence and availability of ground or reversed; sites of major springs; withdrawals
water are used to define ground-water regions, from each aquifer; and ground-water uses such
According to Heath (1984), these five features as agriculture, mining, commercial, and domes-
are: tic-public supply.

1. The presence and arrangement of conYin- Hydrogeologic Settings
ing beds: ground-water regions may be
characterized by a range of conditions Hydrogeologic settings are subdivisions of
from a single, unconfined aquifer to a ground-water regions (AUer et al. 1987). These
complex, interbedded sequence of aqui- units delineate the typical geologic and hydro-
fers and confining beds. logic configurations that are found in each

ground-water region. Although not yet mapped
2. The nature of the water-bearing openings for most of the United States, a suite of

of the dominant aquifers with respect to hydrogeologic settings have been described for
whether they are of primary or secondary each ground-water region (Appendix C). A
origin: primary openings are pores in hydrogeologic setting is an association of
rocks and sediments; secondary openings hydrostratigraphic units as defined by mappable
are fractures, faults, and solution-en- physiographic features. It corresponds to, and

larged openings in rocks, should be used to map, subsections and
landtype associations in the hierarchy of ecologi-

3. The mineralogy of the rock matrix in the cal land units (USDA 1993).
dominant aquifers with respect to its
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Uses developed or impacted, Potential for interaction

with surface water systems and lm_d manage-
A hydrogeologic setting is a composite of all the ment activities can be inferred.
major geologic and hydrologic factors affecting

ground-water movement into, through, and out Map Unit Delineation and Scale
of an area. It is a rnappable unit with common

hydrostratigraphic characteristics and sensitiv- Map units may range from a few to hundreds of

ity to contamination by introduced pollutants, square kilometers. Tile recommended mapping
From these factors we can infer ground-water scale is 1:24,000 to 1:63,000.
availability and pollution potential (Aller et al.

1987). Defining Criteria

Map Unit Delineation and Scale Aquifers are described by their geology, hydrol-
oKy, and water quality. Geology is used to

Map units are typically polygons ranging in size classify and map aquifers. Hydrology and water
from tens to hundreds of square kilometers, quality are descriptive attributes. An aquifeffs
Typical map scale is 1:250,000. geology includes the consolidation, confine-

ment, and composition of aquifer strata:
Defining Criteria

1. Aquifer consolidation is the degree of
Hydrogeologic settings are defined by the hydro- cementation of geologic materials (AGI
logic character of geologic units within ground- 1972). Consolidated aquifers consist of
water regions (Appendix C). Descriptive details rock, and unconsolidated aquifers
for mapping these units appear in Aller et aL consist of loose sediments.

(1987). Similar criteria are used to map subsec-

tions and landtype associations in the land 2. Aquifer confinement reflects the ground-
system hierarchy (USDA 1993). water pressure (Heath 1984, Lohman et

a/. 1972). ConFined aquifers are fully
Aquifers saturated under pressure greater than

atmospheric, bounded above and below
An aquifer is a water-bearing geologic formation, by geologic units that have much lower
group of formations, or part of a formation that hydraulic conductivity. Unconfined
contains sufficient saturated permeable material aquifers have a saturated and an unsat-

to yield water in a usable quantity to a well or urated zone, separated by a water table
spring (Heath 1984, Lohman et al. 1972). that is at atmospheric pressure.
Within each aquifer, ground water moves from

areas of recharge to areas of discharge. Flow 3. Aquifer composition is the lithology,
direction, velocity, and discharge rates are structure, and thickness of the water-

controlled by aquifer porosity, hydraulic con- bearing materials. Lithology and struc-
ductivity, and hydraulic gradient, ture determine porosity and permeabil-

ity, which, with the saturated thickness,

Uses determine the aquffer's capacity to yield
water.

Mapping of aquifers identifies the areal extent
and location of the ground-water resource. Aquifer hydrology includes hydraulic conduc-

Relative potential for ground-water development tivity, transmissivity, recharge and discharge
and pollution can be inferred, and ground-water rates, storage, and hydraulic head and gradient.
development and protection plans can be The factors shown below determine water-
developed. Such information is useful for bearing and transmission characteristics {Heath
regional and local planning. 1984):

Aquifer classification describes the overall 1. Hydraulic conductivity is the volume of
physical and chemical state of the aquifer, water transmitted by the aquifer in unit
reflects the yield and quality of its ground water, time through a unit area under a unit
and implies the ease with which it may be hydraulic gradient. Transmissivity is the
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aquifer's capacity to transmit water and surface-water systems and wetlands. Ground-

is equal to the hydraulic conductivity water discharge into streams and lakes typically
multiplied by the saturated thickness, moderates their water level fluctuations and

thermal and chemical regimes. Habitat quality
2_ Recharge and discharge rates are the for aquatic biota may be improved or impaired.

amounts of water received by and lost Ground-water discharge zones often coincide

f_om the aquifer per unit area per unit with large wetlands whose productivity and
time. Storage is the amount of water diversity depend on the abundant water con-

contained in the aquifer and is related to stanfly supplied by the aquifer.
porosity.

Aquifer discharge can increase fish production.
3. Hydraulic head is the elevation of the For example, warm ground-water inflow to the

column of water that can be supported Chilkat River in Alaska provides ice-free winter
by the hydraulic pressure at a given spawning habitat for late run chum and silver

point. Hydraulic gradient is the slope of salmon (Bugliosi 1988). In addition, aquifer-fed
this hydraulic head. channels on two rivers in the Olympic Moun-

tains of Washington have only 3 to 6 percent of
Aquifer water quarry is a function of the the summer rearing habitat for coho salmon,

dissolved chemical and biochemical constitu- but provide 29 to 36 percent of their juvenile
ents and the chemical and microbiological production (Sedell et al. 1983).
processes in operation. These factors affect the

ground water's ability to support various biotic Map UnitDelir_ation and _ale
processes and human uses. Water quality

parameters include cations, anions, pH, tem- Aquifer zones are polygons or lines that are
perature, alkalinity, salinity, metals, radionu- appropriately mapped at the 1:12,000 to
clides, and biological constituents. 1:24,000 scales.

Aquifer Zones Defin/ng Cr/teria

Aquii_r zones are subdivisions of aquifers with Aquifer recharge and discharge zones can often
differing hydrologic conditions. Aquifer zones be inferred from map and photo interpretation.
include recharge and discharge areas as well as These zones can be inferred from aquifer out-
confined and unconfined areas. Locally impor- crops, breaks in land slope such as hingelines,
tant links to surface-water systems that may be and hydrograph signatures that may indicate
obscured at coarser hierarchical levels are the occurrence of recharge or discharge. Wet-
identified at this level. Recharge may occur lands are often important aquifer discharge
through direct precipitation, losing streams and zones.
lakes, or leakage from other aquifers. Discharge

may occur to gaining streams, lakes, and Recharge and discharge zones connected with
wetlands, by evapotranspiration, or by seepage surface-water systems must usually be identi-
into adjacent aquifers, fled in the field. Flow and water level measure-

ments and water tracing are usually used to
Recharge zones are usually greater in area than identify ground-water flow into and out of
discharge zones. Regionally significant recharge streams and lakes.
and discharge zones can occur in discrete

localized areas (recharge through fault zones or Aquifer Sites (Springs s.nd Sinks)
sinkholes, discharge through springs, etc.). Any

one stream, lake, or wetland may have both As noted in the previous section, entire stream
gaining and losing portions, but in certain reaches and lakes can discharge into, or receive
hydrogeologic settings, either recharge or dis- recharge from, aquifer zones. Recharge and
charge may predominate, discharge can also occur at specific features

such as sinks and springs. Sinks and springs
Uses may be single points, clusters of points, or

linear features along streams. Underground
Aquifer zones are ecologically important in rivers in karst terrane are usually connected

identifying ground-water interactions with with surface-water systems through springs and
sinks.
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Uses 5. Geyser = periodic thermaJ spring result-
ing from expansive force of super-heated

Springs, sinks, and underground rivers identify steam within constricted subsurface

potential sources of ground-water development channels (Todd 1980).
and pollution and major linkages between

surface and ground water and their biota. 6. Perched = infiltrating water discharges
Mapping these features permits these major above the regional water table from a
linkages to be evaluated and enhances protec- permeable geologic unit that overlies a
tion of water quality and aquatic biota in both less permeable unit.
systems.

7. Seep = water discharges fbom numerous
Map Unit Delineation and Scale small openings in permeable earth

material, usually at very low discharge
Springs, sinks, and underground rivers are rates.
commonly mapped at the 1:12,000 to 1:24,000

scale. 8. Tubular = water discharges from
rounded channels such as karst solution

Defin/ng Cr/teria openings and lava tubes.

Springs may be classified by their discharge, Sinks are chiefly formed by solution of bedrock
type of discharge opening, aquifer type, and or semi-consolidated sediments. They can be

water quality. The most commonly used classi- classified by mode of ground-water recharge
fication criteria are mean discharge (Meinzer (Palmer 1984), which is strongly related to
1923) and hydrogeologic features (Baker and subsurface solution features and surface karst

Foulk 1975). The eight magnitudes of mean features. The three major recharge modes are:
discharge (liters per minute) are: (1) diffuse through permeable material produc-

ing network cave patterns; (2) authigenic
1st = 170,000 + 5th = 38 to 380 through many discrete sources such as sink
2nd = 17,000 to 170,000 6th = 3.8 to 38 holes, producing dendritic cave patterns; and (3)
3rd = 1,700 to 17,000 7th = 0.5 to 3.8 aUogenic through a few major inflow points
4th = 380 to 1,700 8th = Less than 0.5 such as sinking streams, producing braided

cave patterns. These recharge-solution patterns
Hydrogeologic features (Baker and Foulk 1975) have different surface-water/ground-water
chiefly reflect the relationship between the interactions.
spring, geology, and topography. The eight
major types are: HYDROGEOMORPHIC CRITERIA FOR

CLASSIFYING WETLANDS

1. Artesian = release of pressurized water

from a confined aquifer at the aquifer Wetlands are fundamentally hydrologic features
outcrop or through an opening in the that exist where physiography and water bal-
confining unit. ance favor the retention of water (Winter 1992).

Wetlands occur in low areas where water accu-

2. Contact = water flows from a permeable mulates, along rivers or lakes where flooding
water-bearing unit that overlies a less occurs, or on slopes and uplands because of
permeable unit that intersects the ground-water discharge, breaks in slope, geo-
ground surface, logic contacts, or slow subsurface drainage

(Winter 1988). By our definition, open-water
3. Depression = water flows from a ground- wetlands are less than I ha in area or less than

water depression that intersects the 1 m deep, which distinguishes them from the
water table, lacustrine system.

4. Fracture = ground water moves predomi- According to Winter and Woo (1990), the forma-

nantly through fractures and emerges tion of wetlands in any area is governed by
where the fractures intercept the ground landform, geology, and hydrology. Landforms
surface, favoring wetlands include depressions into
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which surfhce and subsurface water drains, drainage systems and patterns that influence
areas of low relative slope that retard runoff, the flow and storage of water (Brinson 1993).
and breaks in slope that intersect the water Five major geomorphic types are recognized, all
table. Geologic factors that favor wetlands of which have subtypes:
include impermeable organic and inorganic
soils, changes in aquifer geometry, and perma- 1. Shoreline wetlands occur along ocean

frost. Hydrology, which is governed by climate coasts where tides dominate or along
(precipitation minus evapotranspiration) and large lakes where waves and seiches

surface and subsurface flow systems, must move water in and out. Complex flow
furnish an adequate and persistent water paths and chemical exchanges result
supply, from the interaction of such forces with

local ground-water flow systems that
The physical, chemical, and biological processes affect the wetland. Bidirectional flow

of a wetland are tightly interwoven. A frame- dominates and the hydroperiod is long.
work is needed that identifies common factors These wetlands are among the most
/undamental to all wetlands, especially those productive and important ecosystems on
geomorphic, climatic, and hydrologic controls Earth.
that govern many wethmd functions. Such a
framework wilt allow wetlands in m_y area to be a. Coastal wetlands are typically located
plac'ed in a hydrogeomorphic context that in estuarine settings, are subjected to
strongly affects their flora and fauna (Brinson astronomic tides, and are often sea-

l 993, Winter 1992). level controlled. They form barriers to
sea water encroachment, increase

A classification that first establishes this sediment deposition, and are open to
hydrogeomorphic context {Brinson 1993, Winter estuarine fauna for feeding and I_
1992) and then introduces soil and vegetation recruitment.
factors (Cowardin et al. 1992) will maximize our

understanding of wetland forms and functions, b. Lakeshore wetlands are located in

We strongly recommend that the ECOMAP lacustrine settings, are subjected to
effort adopt this approach as outlined below and seiches, and are lake-level controlled.

consult other references such as Gore (1982) The lake supplies water to the wet-
and Verry (pers. comm.). _ land and establishes hydroperiod

gradients for wetland zonation. These
Fundamental Hydrogeomorphic Criteria wetlands stabilize lake shorelines and

provide transition habitat used by
The basic hydrogeomorphic criteria for classify- both aquatic and terrestrial biota.
ing wetlands (Brinson 1993, Winter 1992) occur

in four groups (physiography, climate, water 2. Riverine wetlands form linear strips on

source, hydrodynamics) that emphasize the river flood plains and terraces. They are
ecological function of wetlands. Physiographic affected by river flows and have mostly
classes are shoreline, riverine, depressional, unidirectional flow, but are also major
peat, and permafrost. Climate refers to precipi- regional ground-vcater discharge areas.
tation and temperature regimes. Water sources Regional ground-water flow systems
are precipitation, ground-water discharge, and dominate near valley walls, local ground-
lateral inflow. Hydrodynamics classes are water flow systems dominate on lower
vertical fluctuations, unidirectional flow, and terraces, and river flooding dominates on
bidirectional flow. flood plains. Hydroperiod is short and

flashy in headwater streams to long and
A. Physiography steady in large rivers.

Physiography is the location of the wetland In a. Intermittent stream wetlands occur

the general landscape (Winter 1992) and reflects along headwater streams in which
flow is seasonal and overbank flood-

ing has little effect. Ground-water
As stated in Minnesota DNR memo "Technical and surface-water sources change

criteria for identifying and delineating calcareous
fens in Minnesota" dated August 2, 1994, 22 p.
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phases, and the riparian wetland is a. Playa wetlands occur" in arid lowlands
vital as a buffer to maintain stream and are dominated by surface inflow
water quality, and evaporation. Their ground-water

flow systems, geochemical processes,
b. Steep riverine wetlands occur in local and biota often differ from those of

deposition areas along mostly ero- other wetlands,
sional stream segments. Flow veloc-
ity and hydraulic conductivity are b. Morainal wetlands are found in

high, and wetland sediments are undrained or poorly drained glacial
coarse gravels and cobbles. Large moraine depressions. Surface- and
woody debris may control channel ground-water hydrology is typically
and wetland structure, and riparian complex. Stream networks tend to be
vegetation contributes to poorly integrated. A morainal wet-

allochthonous organic supply, land can be a site of ground-water
recharge, discharge, or both.

c. Moderate riverine wetlands occur Ground-water flow reversals at edges
along mostly transport stream seg- are common.
ments where erosion and deposition
are balanced. Channel processes c. Dune field wetlands occur in
produce varied hydroperiods and interdunal lowlmlds. Infiltration is

habitats. Wetland sediments are fine high, and stream networks are poorly
gravels and coarse sands. Large integrated. Ground-water hydrology
woody debris and allochthonous is often complex, and ground-water
organic supply often strongly affect flow reversals at edges are common.
wetland structure and function.

d. Karst wetlands are formed by solution
d. Gentle riverine wetlands occur along of carbonate rocks. Relative effects of

mostly deposition stream segments, local and regional ground-water flow
Floods and deposition dominate systems are complicated by the
formation of wetlands, which store geology at depth, whose resulting flow
flood waters, discharged ground fields can dominate the wetland

waters, and nutrients. Wetland hydrology.
sediments are fine sands, silts, and

clays. Habitats are extensive and e. Slope break wetlands occur at local
diverse. Beaver activity often creates breaks in land slope. They are
wetlands in these settings, formed by a seepage face where

ground-water flow intersects the
e. Flat riverine wetlands occur along surface, or by base seepage where the

drainages where surface flow is upward movement of ground water

strong enough to be recognized, but occurs into the bottom of the wetland.
not strong enough to create more Ground-water inflow is steady, and
than shallow channels. Fluvial oxidized conditions due to frequent
processes are weak, channel rough- water movement are common.
ness is high, and vegetation modifies
the substrate by depositing organic f. Pocosins have a domed relief on a
sediments, local topographic high and have

surface outlets only. The water table

3. Depreaa/ona/wetlands occur in topo- may be significantly below the wet-

graphic depressions. Where they occur land much of the time. The surface
high in watersheds, they typically depend outlet controls the maximum depth of
on atmospheric exchanges more than the wetland.
other wetlands. In dry climates, these

wetlands either are dry much of the time g. Coastal plain bays have an elliptical
or depend on ground-water sources. In shape, northeast-southwest orienta-
humid climates, they may develop tion, no outlet, and unique biological

enough peat to develop a domed relief features.
and depend on precipitation Inputs.
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4. Peat wetlands cover large areas so that warm-cold. Another approach is to use quanti-

the peat substrate dominates water tative precipitation and temperature regimes.
movement and storage, plant mineral Thornthwaite (1948) defined nine climatic types
nutrition, and landform patterns. Ex- based on a moisture index of mean monthly
pansion of tertiary mire develops surface relationships between precipitation and poten-
patterns independent of the underlying tial evapotranspiration. The nine types are arid,
topography. A gradient tends to occur semiarid, subhumld (dry and wet), humid (four
from the truly iheadwater ombrotrophic classes), and perhumid.
bogs to downstream fens with inlets and
outlets. The Soil Conservation Service (SCS 1975)

identifies six soft temperature regimes in North
a. Ombrotrophic bogs have a peat America based on mean aimual soil tempera-

substrate and cml ultimately develop tures and differences between summer and
a domed relief. Precipitation domi- winter soil temperatures. The six soil tempera-

nares water inputs, satura_on is ture regimes are pergelic, cryic, frigid, mesic,
often continuous, and pH and nutri- thermic, and hyperthermic.
ents are low. Species composition is
unique to bog conditlons, We recommend that the climatic type of each

wetland be classified by these precipitation and
b. Fens Nso have a peat substrate and temperature regimes. Because climate is a key

are saturated most of the time. driving variable in the classification of land
Ground-water supply is significant, systems (USDA 1993), these wetland climatic
pH is more neutral, and nutrients are types nest well within mapped subsections,
higher than in bogs. landtype associations, and landtypes. _

5. Permafrost umtlands are undeHain by C. Water Sotwce
permafrost that is commonly 1 m or less
below tile surface. Spring snowmelt The dominant source of water supply affects the
yields large surface flows because the geochemical character of a wetland. For ex-
permaKost inhibits infiltration. The only ample, ground water discharged into a wetland
water available for evapotranspiration has been in contact with the mineral content of

during the short growing season is above the aquifer or soft. Depending on the duration
the permafrost, of contact and the composition of the litholog3r,

such water normally has much higher nutrient
a. Arctic wetlands are underlain by content than water derived from direct precipita-

continuous permafrost, which pre- tion. Therefore, plant communities in wetlands

vents interaction of the shallow that receive ground-water discharge tend to be
thawed layer with regional ground- more productive than those in ombrotrophic
water systems, bogs (Brinson 1993).

b. Subarctic wetlands are underlain by Principal water sources are: (1) precipitation; (2)
discontinuous permafrost, which ground-water discharge (usually into and
allows shMlow ground water to through wetland sediments); and (3) surface or
interact with deeper ground water, near-surface inflow from tides, stream flooding,

or overland flow or subsurface interflow

B. Climate (Brinson 1993). The dominant water source,

which is most prevalent among the three, is
Winter (t992) identified climate as a driving designated by Brinson (1993) as follows:
variable for the classflication of wetlands. Pre-

cipitation and temperature regimes profoundly 1. Precipitation: Precipitation dominates
affect water budgets and rates of physical, wetland water balance and exceeds

chemical, and biological processes in wetlands, potential evapotranspiration during
growing seasons. Rarity of water table

Winter (1992) broadly classified precipitation drawdown promotes organic matter

regimes as wet-dry and thermal regimes as accumulation and retards drainage.
Plants become isolated from m'meral soft, i:i:

resulting in low primary production.
37



2. Ground-Water Discharge: Water supply c. Prolonged growing-season drawdowns
occurs through seeps or ground-water broken by brief floodklg periods are
upwelling. Ground water supplies common in arid climates or where

nutrients, renews water, and flushes recharge sources are minimal. The

potential plant growth inhibitors, creat- frequent water deficits promote
ing conditions conducive to stable plant intermittent wetlands such as vernal

communities of high productivity, pools, which often support rare floral
and faunal communities.

3. Lateral Inflow: Overbank or soil water

inflow during runoff events contributes d. Alternating recharge and discharge
to flashy hydroperiod and vertical accre- are common in shoreline and riverine

tion of sediments, which supplies nutri- wetlands subject to changes in water
ents and promotes rapid biogeochemical stage. Exchange between surface
cycling. Conditions are maintained for water and ground water is high,
high primary productivity and complex which often results in well-aerated

habitat structure, and flushed substrates that support
hydrophytic vegetation.

D. Hydrodynamics

e. Shallow, stable water tables are
Hydrodynamics refers to the dominant motion common in cool, humid climates or

of water and its capacity to transport sediments, where ground-water discharge is
flush saline water from sediments, and trans- strong. The stable water table pro-
port nutrients to root systems (Brinson 1993). motes peat accumulation, producing
Hydrodynamics is inferred from flow velocity, ombrotrophic bogs where evapotrans-
rate of water table fluctuations, sediment sizes, piration is low and fens or seepage
and replenishment of soil moisture depleted by slopes where ground-water recharge
evapotranspiration. Three major types of is strong.
hydrodynamics are vertical fluctuations, unidi-

rectional flow, and bidirectional flow, which 2. Unidirectional flow can range from
correspond to depressional, riverine, and shore- extremely slow surface and subsurface
line wetlands, respectively, movement to strong currents. Surface

transport of water and sediment is

1. Vertical fluctuations of the water table common. Interacting changes in water
result from evapotranspiration and flow and slope gradient create rather
subsequent replacement by precipitation sharp differences in ecosystem functions.
and ground-water discharge. Two key

variables affecting vertical fluctuation are a. High flow velocities are associated
evapotranspiration rate and replacement with steep landforms and coarse
frequency, sediments. Strong currents ensure

active geomorphic processes, and the
a. Seasonal fluctuations nested within wetland is well aerated and flushed

multiyear cycles are common in because of high water turnover rates.
prairie potholes. Flood water is
retained by depressions, and the b. Moderate flow velocities correlate with
ponds vary in depth at any time. intermediate landforms and sediment
Water retention creates wet/moist sizes. Well-flushed and stagnant
habitats, which are vital flyway and areas are often interspersed, which
breeding sites for waterfowl, supports complex food webs and the

import and export of nutrients.
b. Wide water-table fluctuations typified

by evapotranspiration-caused draw- c. Low flow velocities correspond with
downs interspersed with frequent gentle landforms and free sediments.
rain-caused saturation are common Long residence times create a low-
in warm, humid climates. The energy system that traps sediment

fluctuating water table is conducive to and nutrients and supports strong
rapid biogeochemical cycling. Atmo- food webs.
spheric exchanges are strong.
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3. Bidirectionad flow can be generated by systems/pH more than 7.4) reflect heavy
astronomic tides along ocean coasts or ground-water contact with carbonate or sulfate

winds "along large lakes. The cumulative substrates (Brinson 1993, Cowardin et al.
effects of recuITent tides and seiches 1992).
become a dominant fbrce in the function

of these ecosystems. Water color reflects history of ground-water
contact with the substrate. Clear water indi-

a. Astronomic tides produce regular cates ground-water contact chiefly with soils
flooding of coastal wetlands once or finer than sands. Black water stained by humic
twice daily, except in landward zones and fulvic compounds indicates ground-water
where flooding is irregular during contact with organic sediments or sandy soils
extreme tides and storms. Regular (Brinson 1993).

flooding creates active biogeochemical

processes and food webs, while Nutrient status may imply rates of primary
iixegular flooding creates ecotones, production and food web support. Oligotrophic

systems indicate lack of contact with mineral

b. Lake seiches directly affect lake-level soil and may suffer changes in plant composi-
wetlands and indirectly affect more tion if rate of nutrient intake is increased.
elevated wetlands by modifying Eutrophic systems often have high primary and

ground--water levels. Shallow water secondary plant production. Mesotrophic
and vegetation promote habitat systems are not distinctive (Brinson 1993).

complexity and food production.
Soils are mineral (sand-silt-clay composition) or

Modifiers organic (high percent loss on ignition). Mineral

soils undergo thorough flushing and growing-
Water and substrate characteristics can aid in season drawdown of the water table, which

wetland classification because they are a prod- permits soft organic matter to decompose.

uct of ecosystem processes and functions. Such Organic soils have long hydroperiods and low
characteristics roughly correspond with physi- decomposition rates (Brinson 1993, Cowardin et !:!i
ography, climate, water source, and hydrody- a/. 1992).
namics, so they tend to add dimensions to
classification instead of proliferating the number USES OF TIlE/kgU/kTIC FRAMEWORK
of wetland types. Modifiers include salinity,
chemistry, water color, nutrient status, and soil Ecological classifications may be used to map
(Brinson 1993). ecological potential, conduct ecological analyses,

identify desired conditions, monitor the effects

Salinity controls the composition of flora and of management, and evaluate current and
fauna in wetlands, Fresh (less than 0.5 ppt) emerging Issues (USDA 1993). This framework _i!

and oligosaline (0.5-5.0 ppt) systems are domi- for aquatic systems may be used for these ill
nated by terrestrial water sources. Mesosalir/e applications at temporal and spatial scales
(5-18 ppt) and polysaline (18-30 ppt) systems similar to those described for terrestrial units
favor salt marsh and mangrove communities. (USDA 1993). Users will be able to: i!

Eusaline systems (30-40 ppt) are dominated by _i
mm-ine water sources, and nutrients likely limit 1. Identify aquatic ecological unit bound-

plant growth. Hypersaline systems (more than aries that encompass planning units,

40 ppt) are common in arid climates, and which may be as large as a State or as
salinity stresses limit wetland processes small as a watershed for a spring.
(Brinson 1993, Cowardin et a/. 1992).

2. Describe the ecological potential and i!

Chemistry affects plant composition. Acid natural disturbance regimes of the
systems (pH less than 5.5) reflect either low ion ecological unit being evaluated.
content with weak buffering capacity or sub-
stantial organic acids, favor peat accumulation, 3. Compare existing conditions with poten-
and restrict denitriflcation. Circumneutral tial conditions given the needs of people

systems (pH 5.5 to 7.4) reflect some ground- and the mix of potential management
water contact with mineral substrate. Alkaline prescriptions.
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4. Work with others on specific information Watershed 2knalysis
needs within the context of a uniform

and consistent data structure. Ecological land units accommodate ecosystem
management for terrestrial flora and fauna

This hierarchical framework is essential to (USDA 1993). These units that can be identified

ecological analysis, planning, and monitoring of at multiple hierarchical scales based on climate,
aquatic systems, its strength is its ability to geology, and landform. These three factors
infer hydrologic and biotic processes from define the moisture, temperature, and nutrient

patterns of mappable landscapes, hydrologic regimes that control the patterns of vegetation
units, and aquatic systems. These units have and terrestrial habitats an area can produce.
distinct forms and functions that allow the vast

variation in natural systems to be systematically Hydrologic units are also vital for ecosystem

categorized. Scientists and managers can management for soil, water, and riparian sys-
extrapolate knowledge from studied to unstud- tems (Lotspeich 1980, Odum 1971). Each

ied areas and can integrate data from diverse hydrologic unit integrates inputs of water and
sources at various levels of resolution (Conquest energy with its geology, landforms, soils, and

et al. 1993). Specific examples of user applica- vegetation to produce a range of aquatic pat-
tions are discussed below, terns and processes and to deliver all outputs of

water, sediment, and chemicals to the main

Biodtversity Conservation streams. What happens on the land affects the
water and its dependent biota and uses.

Physiography is a key element in defining

ecological land systems (USDA 1993). Hydrog- Hydrologic units are also important because
raphy is used to define hydrologic units with they define connected stream networks that

zoogeographic significance from subzones to have important biophysical and biodiversity
river basins. Subbasins are physiographic implications. Stream networks expand and
subdivisions of river basins. Because these contract in response to runoff events, transport-
subbasins combine physiographic and hydro- ing sediment and chemicals from the headwa-

graphic criteria, they defme and explain very ters and making critical habitats temporarily
distinct distributions of species and genetic available to aquatic biota (Hewlett 1982). The
stocks of native fish. Genetic stocks of fish may stream network defines a continuum in which

be further stratified within subbasins along physical, chemical, and biological processes are
watershed and subwatershed boundaries, linked from headwaters to outlet and with

adjacent riparian ecosystems (Hynes 1970,
Assessment of aquatic biodiversity evaluates Vannote et a/. 1980).
changes in these biotic patterns caused by
fishing pressures, introduction of exotic species Omernik (1987) mapped ecoregions to distin-
and stocks, hydrologic modifications such as guish areas of differing water quality potential.
dams and diversions, and habitat impacts such Aquatic communities have also been correlated

as sediment and toxic mine drainage. Even if with ecoregions (Hughes et al. 1993). Our
habitat conditions are robust, fish distributions framework recognizes the importance of
and numbers may have been altered by other ecoregion (geoclimatic) settings to fish distribu-
factors; therefore, all potential factors must be tions within subbasins, and the linkages among

evaluated, patterns of ecological land and aquatic units.
However, ecoregions alone do not explain all

Once we know the original biotic patterns and patterns of aquatic biota or account for all
deviations from them, we can develop conserva- boundaries that constrain flows of energy and
tion plans that progress toward desired popula- material. Ecoregions and hydrologic units are
tion distributions and numbers. The protection both needed to define aquatic patterns and
of endangered, threatened, and sensitive species analyze watershed processes (Hughes et al.
can be matched to the original ranges and 1993).
habitat patterns of those species. The reintro-
duction of native species can come from stocks Watershed analysis includes the diagnosis of
that are genetically identical or as close as the health of a watershed in terms of its ability
possible to the original populations, to maintain ecological processes and functions.

Analyses benefit from consistent measures of
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ecological condition. This consistency is not designs can be devebped once these attributes
possib]e without a standard f_'amework of are defined. The aquatic framework supports
eco]ogical ]and and aquatic units, cost-effective, stratified sampling schemes.

Stratified schemes assume that discrete units

In each landscape, a balanced range of dynamic can be defmed at any given scale, and are
equilibrium conditions exists for its watersheds designed to test the hypothesis that units with
and _br each land and aquatic type° These similar attributes behave similarly. Such units
ranges can be defined by sampling reference can be sampled and extrapolated to similar
(least-disturbed} watersheds and reference unstudied units.

members of the land or aquatic types in that

landscape. These ranges of reference conditions A suite of attributes is measured in sampled

can be used in watershed analysis to compare aquatic units. These values can be compared to
each watershed and each land and aquatic type the same values for reference (least-disturbed)

against their own capabilities. Our aquatic units of that type to compare existing with
framework provides a template of aquatic units potential condition. Continued sampling over
that enables such comparisons to be consis- time gives an indication of trend. This approach

tently made for aquatic systems, provides a foundation for program and project
monitoring at any desired scale.

N[anagement Prescriptions
l Final Observation

Aquatic ecological units such as valley segments
and lakes are defined by ecological factors that Some users expect that one universal classifica-
reflect different ecological capabilities and tion exists for streams. A useful stream classifi-

responses. For example, a steep, incised valley cation must encompass broad temporal and
will differ from a fiat, broad valley in its capabil- spatial scales, integrate structural and func-
ity to produce aquatic and riparian biota and in tional attributes under various disturbance

its fluvial response to changes in flood flows, regimes, convey information about cause and
sediment loads, and bank stresses. Similarly, a effect, be low in cost, and promote good and

cold, deep, and alk_ne lake will differ from a consistent understanding among resource
warm, shallow, and soft-water lake in its biotic managers (Naiman' et aL 1992).
capability and resilience to pollution. These

differences are critical to management of Our aquatic framework places the classification
streams and lakes and their adjoining lands, criteria identified by Naiman et al. (1992) and

the stream classifications described by many
Management prescriptions have historically authors such as Cupp (1989), Frissell et al.
been developed for large land areas. With the (1986), Montgomery and Buffington (1993),
delineation of geoclimatic subsections and Parrott et al. (1989), Paustian et aE (1992), and

landtype associations, such broad management Rosgen (1994) into an ecological context for

prescriptions can be designated to better fit the North America that includes lakes and ground
ecological capabilities and responses of the land. water. The key principles of ecosystem manage-

Delineation of valley segments and lakes that ment are not universally satisfied by any one
differ in their ecological capabilities and re- existing method.
sponses should promote more rigorous manage-
ment prescriptions for streams, lakes, and Classification" must be coordinated to ensure

riparian areas within the broader landscape map unit integrity and corporate data continuity
settings. These management prescriptions will at ecological scales that span administrative

strengthen project design and anlaysis at finer boundaries. It is critical that aquatic ecological
scales, classification and inventory applications be

blended with guides of the Federal Geographic
Inventory and Monitoring Data Committee, the U.S. Environmental

Protection Agency, and the U.S. Geological
Effective inventory and monitoring must focus Survey, as well as classification and data start-

on critical diagnostic attributes that can be dards for water used by States and tribal gov-
compared spatially and temporally. Sampling emments.
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APPENDIX A

WATERSHED AND ST_ NETWO_ DELINEATION

Delineation of watershed boundaries and the 3. The 1:126,720-scale Forest Recreation

total stream network allows watershed morphol- Map, updated to reflect current bound-

ogy to be described and the stream network to aries of National Forests and Grasslands°
be stratified. Streamflow and sediment pro-

4. Primary Base Series {PBS) maps {orcesses and aquatic habitat relationships can
then be interpreted. 1:24,000-scale topographic maps if more

current), with the total stream network

Delineation of Watershed Boundaries shown on the maps or overlays.

The Hydrologic Unit Code system (Seaber et al. 5. Aerial photos at 1:24,000 or fmer scale to
1987) is a standard watershed map system used help interpret indistinct drainage divides.

by state and federal agencies. The first four 6. Blank matte mylars pin-registered to the
hierarchical levels are mapped nationwide by PBS or topographic map.
the U.S. Geological Survey (USGS). This section
shows how to map 5th-level and smaller water- 7. Pen with line width of about 0.6 mm.
sheds, which are not mapped by the USGS.

8. Rub-on crosses and labels.

Watershed level differs from watershed order.

Watershed level reflects relative watershed area, Mapping Process

and larger numbers indicate smaller water-
sheds. For example, a 5th-level watershed To delineate watershed boundaries, you must
contains 6th-level subwatersheds and is part of have good map reading skills and be able to
a 4th-level subbasin. Watershed order reflects interpret drainage divide and stream patterns

stream network structure, and larger numbers from contours. Follow these guidelines when
indicate larger watersheds. For example, a 4th- mapping watersheds at any level:
order watershed contains all the area draining
to the mouth of a 4th-order stream (Strahler 1. Use contour and drainage patterns to

1957). accurately interpret and locate watershed
boundaries. Start from the outlet and

The following rules are designed to ensure follow drainage divides by bisecting
accurate and consistent delineation of water- ridges, saddles, and contour lines of
shed boundaries. These rules are written so equal elevation, until you close the

watershed boundary. In fiat terrain,that watershed boundaries can be input to a

Geographic Information System. refer to roads, trails, and firebreaks,
which often follow drainage divides.

Materials Watersheds usually extend beyond
National Forest and State boundaries.

Before mapping, become familiar with the local
terrain to promote accuracy in delineating 2. Ignore water diversions and stock ponds
watershed boundaries. You will need the when delineating watershed boundaries.

following materials: However, use a water facility (dam,
diversion, stream gauge), a stream

1. USGS 4th-level watershed maps confluence, or a geomorphic break to
(1:500,000 scale) for the State and the divide a watershed into upper and lower
list of codes for 4th-level watersheds parts. Close the mouths of tributary

(cataloging units), watersheds where their main stem enters
a lake, and show the remaining areas

2. USGS l:100,000-scale topographic maps draining into the lake as one or more
covering all 4th-level watersheds to be COMPOSITE watersheds (see next page).
subdivided (USGS l:250,000-scale

topographic maps are optional).
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3. ,Adjust watershed boundaries to conform usually willing to adjust their boundaries
to municipal and drinMng supply water- within and adjacent to NFS lands.
sheds where practical. Municipal water-

sheds serve 25 or more people or 15 or 6. Repeat step #4 to map all 6th-level
more connections (Safe Drinking Water watersheds within each 5th-level water-

Act, PL 93-523; FSM 2542.05). shed that contains NFS land. Repeat
again for smaller watersheds. Map 5th-

Use tYie following steps to map 5th-level and and 6th-level watersheds on l:100,000-

smaller watersheds: and 1:24,000-scale topographic maps.
Map smaller watersheds on 1:24,000-

1. It often helps to delineate 5th-level scale topographic maps only.
watersheds on the 1:250,000-scale

topographic maps to identify the extent 7. Assign two-digit numeric codes to all
of watershed areas outside the Forest watersheds of each level, beginning in
and obtain the proper 1: lO0,000-scale the headwaters of the larger watershed
and 1:24,000-scale topographic maps. within which they are nested and work-

ing downstream in order of position
2. Highlight all streams already shown on relative to the main stream (fig. 9).

the 1:100,000-scale topographic map Record watershed codes on paper copies
with a blue fine-tip felt marker, so you of the topographic maps. Color coding
can see the drainage network more easily the different levels of watershed bound-

over other map features. Also highlight aries may help avoid confusion.
the Forest boundary (from the
l:126,720-scale Forest map) on this 8. Coordinate watershed boundaries and
1:100,000-scale map. codes common to other Forests and

Regions before finishing your maps.
3. Transfer all existing 4th-level watershed Compare boundaries and codes among

boundaries to the 1:100,000 scale map the adjoining maps. Boundaries must

using a heavy-tip felt marker, match exactly at the map neatline.

4. Map all 5th-level TRLIE and COMPOSI'rI_ 9. Have the forest hydrologist review the
watersheds within each 4th-level water- location and rationale of all watershed

shed that contains National Forest boundaries, check these lines with

System (NFS) land. fisheries biologists and Ranger District
personnel, and revise them if needed

a. First map the true watersheds, which before approving the maps. To help
enclose single, integrated stream reviewers, make notes on the paper
networks that drain to a watershed quads about the rationale for certain

outlet (fig. 8). boundaries. Make notes where local
knowledge overrides the map data.

b. Next map the composite watersheds, Check codes for duplication, missing

which are groups of tributaries codes, matching, etc.
flowing directly into the main stream.
Combine them to include similar 10. When lines are final, transfer them to

landforms and fit the size range of the pin-registered mylar quads using proper
true watersheds. These composite inking and cartographic methods. Use a
watersheds often span both sides of pen with a line width of about 0.6 mm to
the main stream. Draw their bound- draw watershed boundaries. Keep lines
ary lines to connect with the mouths dark and consistent with no skips or
of the true watersheds (fig. 8). breaks. On final plain matte mylar

overlays, use rub-on crosses to defme

5.-Coordinate these 5th-level boundaries map comers and place labels in the
with the USDA Natural Resources lower right comer.
Conservation Service (NRCS) (changed in

1995 from USDA Soft Conservation These guides show how to map watershed
Service (SCS)). They have mapped 5th- boundaries by hand. You may wish to map
level watersheds for all States, but are electronically using computer programs that
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rely on digital elevation models, or DEM's {MaFcz Contour Cren_ation Methodo---Geomorpholo-
and Garbreeht 1.993). However, such art ap- gists }lave studied contou.>-crenulated stream

proach requires robust computer skills, and networks and drawn varied conclusions fbr
lines may not match contours in 311 types of diverse terrain and map scales. Using
terrain. 1:24,000-scale topographic maps of t.he Appala-

chian Plateaus, Morisawa (1957, t959) found

Delineation of Stream Networks great discrepancies between field-mapped
charmels and USGS blue lines, but not between

On USGS maps, the drainage network is shown crenulated and field-mapped channels.
as blue lines (perennial streams are solid, Scheidegger {1966) found USGS blue lines to be
intermittent streams are dashed). Headwater arbitrary and dependent on the observed flow.

streams in steep terrain that are masked by But Coates (1958), using 1:600-scale topo-
vegetation are not shown on USGS maps, so graphic maps of southern Illinois with 10-foot
most intermittent streams are not depicted. _Ib contour interv_s, found that fingertip tributar-
obtain a truer picture of the actual network of ies could seldom be map-infe, rred, most first
perermial and intermittent streams, the network order streams were really thFd order, and
is extended using contour crenulation, actual total channel lengths were 3 to 5 times

greater than crenulated lengths.

Scientij_c Background of Stream Network
Delineation The significance of contour crenulations de-

pends on map accuracy {Chorley and Dale

A complete aquatic ecological inventory requires 1972). No accuracy standards %r contour
an accurate delineation of the total stream crenulations existed before 1980. Differences in

network of all defined channels, wet or dry. geology {lithology and structure) aff?ect stream

Many maps show blue lines for only stream patterns and densities. Topographic maps and
segments with water on the day the aerial photo aerial photos of similm- type and scale must be
was taken. Omission of tributary charmels and used to ensure consistency between fnvestiga-
poor placement of chmmel junctions have long tors.
plagued cartographers trying to accurately map
stream features (Maxwell 1960). Mapping Premess for Contour Cyenulatfon of

Stream Channels

USGS Blue Linv Method.---Stream networks

are mapped on USGS l:24,000-scale topo- Chorley and Dale {1972) define a contour

graphic quadrangles. The USGS topographic crenulation as a "fine notch or scallop" in a
instructions advise mappers generally to pencil contour line used to extend charmels. Marston
in all verified perennial streams, regardless of (1978) advises streams to be drawn through

length, for later office editing {Beamml 1928). contours that exhibit a "definite bend." Contour
Intermittent strearns less than 2,000 feet long crenulation is actually one step in the four-step

are usually omitted unless they emanate from process of mapping the true network of defined
springs or water bodies. Streams on 1:24,000- stream channels that exist on the ground
scale maps are usually shown as starting not (Bauer 1980, Gardiner 1975). The four steps of
closer than about 1,000 feet from the divide this process are:

(USGS 1963).
1. Mapping of blue lines from USGS

Slu'eam network complexity or map appearance 1:24,000 maps.
and scale may determine whether the cartogra- 2. Contour crenulation of topographic
pher included certain intermittent streams maps.
{Chorley and Dale 1972). Some ambiguities 3. Interpretation of aerial photos.
have arisen in USGS delineation of streams 4. Field identification.

using these methods. It is standard practice to
trace all streams in the field or on the photo and You will need the following materials for contour

then fit contours to the stream pattern. The crenulation:

map is subjectively revised using the sigItifi-
cance of contour bends to indicate the existence 1. Primary Base Series {PBS) maps.
of stream channels. 2. Blank matte mylars pin-registered to the

PBS maps.
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3. Rub-on crosses zuld labels, order and 10 mm or longer on the map
4, Pen with line width of about 0.25 ram. (800 feet or longer on the ground), keep
5. Aerial photos or color infk'ared positive the channel on the map and denote it as

fihn. a disconnected channel by labeling it
with a "DC" in non-scmnnable blue

Follow the steps below to complete the total pencil, if these conditions are not met,
stream network 0N?ay 1978) beyond the existing erase the channel from the map.
USGS blue lines, using contour crenulations.

7. Perform contour crenulation in each 6th-
1. Mark a matte mylar template (1 inch by 2 level watershed that has NFS land.

inches) with a 120° angle in light blue Exactly match crenulated streams on
pencil. Mark the PBS map comers on adjoining maps at the map neatline.
the blank pin-registered matte mylars

using rub-on crosses. Label the mylars These steps work well in most cases except for
using rub-on labels in the lower right small fingertip tributaries in badlands or
corner. You will crenulate streams on densely forested terrain. Even with the most
these matte rnylars, rigorous standards, map scale affects how well

crenulated and true networks match. Topo-
2. Begin crenutating at the end of each graphic maps at 1:24,000 seem to represent

existing blue line (solid or dashed) stream networks well in medium-textured
stream channel on the map. Read every terrain, but not in dense-textured badland
contour unless the contour interval is terrain where, even in the field, rills and finger-

less than 20 feet (read every other con- tip channels are hard to distinguish (Chorley
tour if the interval is 10 feet). Use a pen and Dale 1972).
with a line width of about 0.25 mm. A

contour bend must form an angle of 1200 These steps are used to map streams by hand.
or less to be counted. However, you may wish to map electronically

using computer programs that rely on digital
3. When two or more consecutive contours elevation models, or DEM's (Martz and

form an angle of 1200 or less pointing Garbrecht 1993). But this approach requires
upstream or upslope from an existing robust computer skills, and lines may not
stream channel, extend a line that match contours in all types of terrain.
bisects the contour bends to depict the
added stream channel(s). Stream Orders and Link Numbers

4. If a valley upstream or upslope from an Stream orders (Strahler 1957) are used to apply
existing stream channel meets conditions laws of drainage composition to morphometric
of #3 but is separated from the existing analysis of watersheds and hydrologic processes
network by one or two contours with an (Gregory and Walling 1973). Link numbers
angle more than 120°, connect the (Shreve 1966) are used to describe the total
crenulated charmel to the existing stream network in relation to flow amounts
network by extending its line to bisect (Gregory and Walling 1973). These systems
the contour bends. If the valley is help users understand streamflow, stream
separated from the existing network by power, and sediment yield characteristics of a
three or more contours, proceed to #5. watershed and its streams (figs. 10 and 11).

5. If landforms or vegetation on aerial Watershed Morphology
photos (color infrared positive film with a
light table is recommended) show that Attributes of watershed morphology are physical
the crenulated channel length is con- geomorphic descriptors of the watershed and
nected to the existing network, connect stream network controlled by climatic and
the channel by drawing its line to bisect geologic factors. These attributes help us
the contour bends. If such photo indica- interpret functional links between watersheds,
tors are absent, go to #6. streamflows, sediment yields, and aquatic

habitats (Baker 1989, Marston 1978, Rogers
6. If the disconnected channel is second and Singh 1986).

order or larger (see below), or is first
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Figure 10.--Stream orders (after Strahler 195 7).
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Figure 11.wStream link numbers (after Shreve 1966).
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Oeomorphic variables used to quantify water- Basin iength.mAirHne distmlce from outlet
shed morphology differ among authors. Geo- tArough the head of the longest watercourse
morphologists have long recognized the impor- to the basin perimeter, in kilometers (Potter
tance of developing quantitative mathematical 1981, USGS 1977).
descriptions of watershed morpho]o_o Horton
(1945) first assigned stream orders to the Basin relief._D_fference between maximum

stream network. Strahler (t964) and Chorley and minimum elevation along basin length in
(t 969) recognized watersheds as basic morpho- meters (Chorley 1969, Schumm 1956). :
metric units and identified areal, retief, and

gradient attributes,, Marston (1978) identified Basin aspeet._Azimuth of line describing
morphometric variab]es tAat had been used in basin length in degrees (Horton 1932, USGS
the literature. 1977).

Watershed morphometric variables are needed Compactness eoeffleient._Watershed perim-
for two reasons. First, they are used to classify eter divided by circumference of circle with
watersheds :into groups of similar geomorphic same area {Rothacher et al. 1967).
character. This is important in distinguishing

groups of watersheds that differ from each other Lemmseate.--Square of basin length divided by
in their hydrologic response. Second, these tbur times basin area (Chorley et al. 1957).
variables can be used to predict flow param-
eters, sediment _elds, and aquatic habitat Glacier area._Percent of watershed area in

relationships in watersheds (Heller et al. 1983, glaciers.
Maxwell and Marston 1980).

Lake axea.--Percent of watershed area in lakes.

2['he following attributes allow important hydro-
logic and aquatic interpretations to be made. StreamNetworkMorphometricgariables
They are grouped into basin variables, stream
network variables, and variables relating the Number of nth order atreams._Total number
stream network to the basin. Some of the of streams of each order (Strahler 1957).

stream network variables cannot be reliably
computed for first- or second-order watersheds. Length of nth order streams._Total length of

streams of each order in kilometers.
Basin Morp home trie Variables

Total stream length.---Sum of total stream :;

Basin area.--Watershed area in square kilome- lengths of all orders in kilometers (Horton
ters (Horton 1945, Schumm 1956). 1945).

Basin perimeter._Watershed circumference in Total stream relief.--Sum of total stream
kilometers (Smith 1950, USGS 1977). reliefs of all orders in kilometers (Horton

1945).
Maximum elevation._Highest point on water-

shed divide in meters (Schumm 1956). Bifurcation ratio._Average ratio of number of
streams of each order to number of streams

!i

Minimum elevatiol1._Elevation at stream of next higher order (Horton 1945).
mouth in meters (Schumm 1956).

Stream length ratio._Average ratio of mean
Mean elevation._Area-weighted mean water- length of streams of each order to mean :,

shed elevation, derived by summing the length of streams of next higher order
products of planimetered subareas between (Horton 1945).

;i !

major contour intervals and their median
elevations, and dividing this sum by basin Stream reUef ratto._Average ratio of mean
area (USGS 1977). relief of streams of each order to mean relief

of streams of next higher order (Schumm :_

Mean slope._Area-weighted mean watershed 1956).
slope, derived by multiplying total contour
length by contour interval, and dividing by
basin area (Wisler and Brater 1959).
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Morphometric Variablea Relating Stream
Network to Basin

Drainage density.--Total stream length divided
by basin area in kilometers per square
kilometer (Horton 1945).

Stream frequency.--Total number of streams
of all orders divided by basin area in number
per square kilometer (Horton 1945).

Drainage relief.mTotal stream relief divided by
watershed perimeter.

Longitudinal proflle.mPlot of stream length
versus elevation from the mouth of the main

stem up to the head of any first-order stream
in the watershed.
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APPENDIX B

LARGE; _ IN NORTH AMERICA

Tables 5 and 6 contain information about distribution and selected morphometric attAbutes of large
takes in North 2_neAca (compiled from Herdendoff 1984). The locatie_ colurrm refers to the map in
figure 12.

Table 5.--Lakes in North America that are larger than 1O,000 krn 2 in area

Depth (m)

Lake Area {kin 2) E_ev (m) Mean Max Location Genesis

Superior 82,100 t83 149 407 C/U 1 G
Huron 59,500 177 59 229 C/U 2 G
Michigan 57,750 177 85 282 USA 3 G
Great Bear 31,326 156 76 452 Can 4 G
Great Slave 28,568 156 73 625 Can 5 G
Erie 25,657 174 19 64 C/U 6 G
Winnipeg 24,387 217 14 18 Can 7 G
Ontario 19,000 75 86 245 C/U 8 G

Table 6.wLakes in North America that are between 1,000 and 10,000 km 2 in area

Depth (m)

Lake Area (kin2) Elev (m) Mean Max Location Genesis

Nicaragua 8,150 32 13 70 Nic 9 T
Athabasca 7,935 213 26 120 Can 10 G
Reindeer 6,640 337 17 219 Can 11 G
Netilling 5,530 30 _ _ Can 12 G
Winnipegosis 5,375 254 3 12 Can 13 G
Nipigon 4,848 320 -- 165 Can 14 G
Manitoba 4,625 248 3 4 Can 15 G
Great Salt 4,360 1,260 4 15 USA 16 T
Woods 4,350 323 8 21 Can 17 G
Dubawnt 3,833 236 _ _ Can 18 G
Amadjuak 3,115 113 _ -- Can 19 G
Melville 3,069 0 _ 256 Can 20 C
Wollaston 2,690 398 17 97 Can 21- G
Iliamna 2,590 15 _ 299 USA 22 G
Mistassini 2,335 372 _ 183 Can 23 G
Nueltin 2,279 278 _ _ Can 24 G
South Indian 2,247 254 _ 18 Can 25 G
Michikamua 2,030 460 _ 80 Can 26 G
Baker 1,887 2 _ 230 Can 27 G
Okeechobee 1,810 6 _ 6 USA 28 T
Martre 1,776 265 _ _ Can 29 G
Seul 1,658 357 8 34 Can 30 G
Pontchartrain 1,620 1 _ 5 USA 31 F
Terminos 1,550 0 _ 1 Mex 32 C

Yathkyed 1,449 140 _ _ Can 33 G

(Table 6 continued on next page)
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(Table 6 continued)

Depth (m)

Lake Area {kin 2} Eiev (m} Mean Max Location Genesis

Cree 1,440 487 15 60 Can 34 G
Claire 1 436 213 1 2 Can 35 G

Ronge 1 413 364 13 38 Can 36 G
Selawik 1 400 0 _ m USA 37 C
Eau Claire 1 383 283 -- -- Can 38 G
Moose 1 367 255 .... Can 39 G
Cedar 1 353 253 N --- Can 40 G
Kasba 1 341 336 -- -- Can 41 G
Bienville 1 249 391 _ w Can 42 G
Island 1 223 227 -- -- Can 43 G
St. Clair 1 210 175 4 7 C/U 44 G
Becharof 1 190 4 m 92 USA 45 G
Red 1 170 358 6 9 USA 46 G
Lesser Slave 1 169 577 12 21 Can 47 G
Gods 1 151 178 _ m Can 48 G
Chapala 1 140 1,525 9 13 Mex 49 T
Caratasca 1,110 0 -- 5 Hon 50 C
Aberdeen 1,1 00 80 -- -- Can 51 G
Bras D'Or 1,1 00 0 -- 70 Can 52 C
Champlain 1,100 30 -- 122 C/U 53 T
Takiyuak 1,080 381 N -- Can 54 G
Mackay 1,061 431 w _ Can 55 G
Managua 1,040 37 _ 80 Nic 56 T
St. Jean 1,003 98 _ 63 Can 57 G

Location codes: USA = United States (including Alaska)
Can = Canada
C/U = Canada-USA
Nic = Nicaragua
Mex = Mexico
Hon = Honduras

Genesis codes: G = glacial scour
T = tectonic
C = coastal lagoon
F = fluviatile

Conversions: acres = 247.1 x km2
feet = 3.281 x meters
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Figure 12.mfx_rge lakes in North America (from Herdendorf 1984). Numbers are cross referenced to
tables 5 and 6.
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APPENDIX C

GROUND-WATER HYDROGEOLOGIC SETI'INGS

This appendix lists the 111 hydrogeologic High Plains
settings (Aller et ai. 1987) known to exist within Ogallala
the 13 ground-water regions in the United Alluvium
States (Heath 1984). The hydrogeologic settings Sand dunes

are mapping units that should be used to help Playa lakes
delineate terrestrial subsections and landtype Braided river deposits
associations (USDA 1993). Full descriptions of Swamp/marsh
these hydrogeologic settings are found in Aller et River alluvium (with and without overbank

a/. (1987). deposits)
Alternating sandstone-limestone-shale

Western Mountain Ranges sequences
Mountain slopes (east and west)
Alluvial mountain valleys (east and west) Non431aciated Central

Mountain flanks (east and west) Mountain slopes
Glacial mountain valleys Alluvial mountain valleys
Wide alluvial valleys (east and west) Mountain flanks

Coastal beaches Alternating sandstone-limestone-shale (thin
Swamp/marsh soil and deep regolith)
Mud flows Solution limestone

River alluvium (with and without overbank

Alluvial Basins deposits)
Mountain slopes Braided river deposits
Alluvial mountain valleys Triassic basins

Alluvial fans Swamp/marsh
Alluvial basins (internal drainage) Metamorphic-igneous domes and fault
Playa lakes blocks
Swamp/marsh Unconsolidated and semi-consolidated

Coastal lowlands aquifers
River alluvium (with and without overbank

deposits) Glaciated Central

Mud flows Glacial till (over bedded sedimentary rock,
Alternative sandstone-and-shale sequences outwash, solution limestone, sandstone,
Continental deposits and shale)

Outwash (over sequences of fractured
Columbia Lava Plateau sedimentary rock, bedded sedimentary

Mountain slopes rock, and solution limestone)
Alluvial mountain valleys Moraine

Hydraulically connected lava flows Buried valley
Lava flows not connected hydraulically River alluvium (with and without overbank

Alluvial fans deposits)
Swamp/marsh Glacial lake deposits
River alluvium Thin till over bedded sedimentary rock

Beaches, beach ridges, and sand dunes
Colorado Plateau and Wyoming Basin Swamp/marsh

Resistant ridges

Consolidated sedimentary rock Piedmont and Blue Ridge
River alluvium Mountain slopes
Alluvium and dune sand Alluvial mountain valleys
Swamp/marsh Mountain flanks

Regolith
River alluvium

Mountain crests

Swamp/marsh
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Northeast and Superior Uplands Southeast CoastaI Plain
Mountain slopes Solution limestone and shallow surficial
Alluvial moun_n valleys aquifers i
Mountain flanks Coastal deposits
Glacial till (over crystalline bedrock and Swamp t

outwash) Beaches and barsOutwash
Moraine Hawaii

River alluvium (with and without overbank Mountain slopes
deposits) Alluvial mountain valleys

Swamp/marsh Volcanic uplands
Bedrock uplands Coastal beaches
Glacial lake-marine deposits
Beaches, beach ridges, and sand dunes Alaska

Alluvium

Atlantic and Gulf C_astai Plain Glacial and glaciolacustrine deposits of the
Regional aquifers interior valleys
Unconsolidated and semi-consolidated Coastal lowland deposits

shallow surficial aquifers Bedrock of the uplands and mountains
River alluvium (with and without overbank

deposits)
Swamp

iii(il

!iii,_!

_iilil
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APPENDIX D

GLOSSARY

Allochthonous. Derived from outside a sys- resistance to flow; commonly measured in
tem, such as leaves of terrestrial plants that terms of Manning's roughness coeffÉcient
fall into a stream (Meehan 1991).

Benthos._mals and plants living on or
Alluvium.--A general term for all detrital within the substrate of a water body (fresh-

deposits resulting directly or indirectly from water, estuarine, or marine) {Meehan 1991).

the sediment transport of (modem) streams,
thus including the sediments laid down in Bog.mWaterlogged, spongy ground, consisting
riverbeds, flood plains, lakes, fans, and primarily of mosses, containing acidic
estuaries (USGS 1978). decaying vegetation such as sphagnum,

sedges, and heaths, which develops into
Aquatic ecosystem.--Waters of the United peat (SCS 1993).

States, including wetlands, that serve as
habitat for interrelated and interacting Cascade. Habitat type characterized by swift
communities and populations of plants and current, exposed rocks and boulders, high
animals (40 CFR 230.3). The stream chan- gradient, and considerable turbulence and
nel, lake or estuary bed, water, biotic com- surface agitation, and consisting of a
munities and the habitat features that occur stepped series of drops (see Rapids and
therein (USFS 2526.05). Riffle) (AFS 1985).

Aquifer.--A formation, group of formations, or Chute. (a) A narrow confmed channel through
part of a formation that contains sufficient which water flows rapidly; a rapid or quick
saturated permeable material to yield descent in a stream, usually with bedrock
significant quantities of water to wells and substrate.

springs (Lohman et al. 1972). (b) A short straight channel that by-
passes a long bend in a stream and that is

Autochthonous. Derived from within a sys- formed by the stream breaking through a
tem, such as organic matter in a stream narrow land area between two adjacent
resulting from photosynthesis by aquatic bends (AFS 1985).
plants (Meehan 1991).

Classification criteria (dlIIerentia)._A map
Backwater pool. (a) A pool formed by an eddy unit delineation, either polygon or line

along channel margins downstream from segment, that represents an area dominated
obstructions such as bars, rootwads, or by one or more taxa.
boulders, or resulting from back flooding
upstream from an obstruction; sometimes Delta.mA deposit of sediment formed where
separated from the channel by sand/gravel moving water is slowed by a body of stand-
bars. ing water (USGS 1978).

(b) A body of water, the stage of which is
controlled by some feature of the channel Depositton.wThe mechanical processes
downstream from the backwater, or in coves through which sediments accumulate in a
or covering low-lying areas and having resting place (USGS 1978).
access to the main body of water (AFS
1985). Drainage basin.--The area tributary to or

draining to a lake, stream, or measuring site
Bedload._Material moving on or near the (see Watershed) (USGS 1978).

stream bed by rolling, sliding, and some-
times making brief excursions into the flow Dra!nage density.--Length of all channels
a few diameters above the bed (USGS 1978). above those of a specified stream order per

unit of drainage area (Langbein 1960).
Bed roughness.--Measure of the irregularity of

stream bed materials as they contribute to
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Ecological site.---A specific location on the land Fluvial.w(1) Pertaining to streams. (2) Growing
or -water that is representaUve of an ecologi- or living in streams or ponds. (3) Produced
call type (USFS 1991). by river action, as a fluvial plain (USGS

1978).
Ecological type.--A category of land or water

having a unique combination of biotic and Gltde.--A slow moving, relatively shallow type of

abiotic features differing from other ecologi- run. Calm water flowing smoothly and
cat types in its ability to produce vegetation gently, with moderately low velocities {10 to
and respond to management. Categories of 20 cm/sec), and little or no surface

ecological types include alt sites that have turbulance (see Rapids, Riffle and Run) (AFS
this unique cornbination of components with 1985).
the defined ranges of properties (USFS

1991). Ground water.mWater in the ground that is in
the zone of saturation, from which wells and

Eeologieaa unit.--A mapped landscape or springs and ground-water runoff are sup-
aquatic unit comprised of one or more plied (Langbein 1960).
ecological types (USFS 1991).

Gromad water, co--tined.--Ground water under

Eeosystem._-A complete interacting system of pressure significantly greater than atmo-
organisms mad their environment (USFS spheric. Its upper limit is the bottom of a
1991). bed of distinctly lower hydraulic conductivity

than that of the material in which the con-

F__,ddy._A circular current of water, sometimes fined water occurs (Lohman et aI. 1972).
quite strong, diverging from and initially

flowing contrary to the main current. It is Ground water, perehetl._Unconfmed ground
usually formed at a point at which the flow water separated from an underlying body of
passes some obstruction or on the inside of ground water by an unsaturated zone;
river bends. Often forms backwater pools or having a perched water table that is held up
pocket water in riffles (AFS 1985). by a perching bed whose permeability is so

low that water percolating downward
Erosion._The wearing away of the land surface through it is not able to bring water in the

by detachment and movement of soil and underlying unsaturated zone above atmo-

rock fragments through the action of moving spheric pressure. Perched ground water may
water and other geological agents {USGS be permanent, where recharge is frequent
1978). enough to maintain a saturated zone above

the perching bed; or it may be temporary,
Estu_rine system._Deepwater tidal habitats disappearing from time to time as a result of

and adjacent tidal wetlands, which are drainage over the edge of or through the
usually semienclosed by land but have perching bed (Lohman et al. 1972).
open, partly obstructed, or sporadic access.
to the open ocean, and in which ocean water Ground water, unconfined._Unconfmed
is at least occasionally diluted from freshwa- ground water is water in a aquifer that has a
ter runoff from the land {Cowardin et at. water table (Lohman et a/. 1972).
1992).

Hierarchical classltleation._A classification

Eutrolphie._Rich in dissolved nutrients, photo- technique in which each, more detailed level,
synthetically productive, and often deficient falls within the delineation of the next higher
in oxygen during warm periods (Meehan level class. Predictable and repeatable
1991). properties of a given level in the classification

are defined by the next higher level (USFS
Flood plain._The lowland that borders a river, 1991).

usually dry but subject to flooding. That ,_
land outside of a stream channel described Hypo_on.--Lowermost, nonctrculating layer
by the perimeter of the maximum probable of cold water in a.thermally stratified lake,

flood (Langbein 1960). usually deficient in oxygen (Meehan 1991).
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Hyporheie zone.--The layer of stream channel Mterohabitat.--That specific combination of
substrate extending as deep as there is habitat elements in the location setected by
interstitial flow (AFS 1985). organisms for specific purposes and/or

events. Expresses the more specific and
lacustrine system.mWetlands and deep water functional aspects of habitat and cover.

habitats with all the following characteris- Separated from adjoining rnicrohabitats by
tics: {1) situated in a topographic depres- distinctive physical characterisUcs such as
sion or a dammed river channel; (2) lacking velocity, depth, and cover (AFS 1985).
trees, shrubs, persistent emergents, emer-

gent mosses or lichens with greater than 30 Oligotrophte.--Poor in dissolved rmtx-ients, of
percent aerial coverage; and (3) total area low photosynthetic productivity, and rich in
exceeds 8 ha (Cowardin et al. 1992). dissolved oxygen at all depths (see

Eutrophic) (Meehan 1991).
large woody debris.--Any large piece of

relatively stable woody material with a Palustxine system.--All nontidal wetlands
diameter greater than 10 cm and longer dominated by trees, shrubs, persistent
than l m that intrudes into or is contained emergents, emergent mosses or lichens, arid
within the steam channel. Synonyms: all wetlands that occur in tidal areas where

LOD, large organic debris, LWD, log (AFS salinity due to ocean derived salt is below
1985). 0.5 percent. Also includes wetlands lacking

such vegetation, but with all the following
Littoral zone.--Region along the shore (Meehan four characteristics: {1) area less than 8 ha;

1991). {2) active water-formed or bedrock shoreline

features lacking; {3) water in deepest part of
Maeroinvertebrates.--Invertebrates large basin less than 2 m deep at low water; {4)

enough to be seen with the naked eye (e.g., salinity due to ocean derived salt less than
most aquatic insects, snarls, and amphi- 0.5 percent {Cowardin et a/. 1992).

pods) (Meehan 1991).
Pelagic .--Of or in open waters of lakes or seas

Maerophytes.mPlants large enough to be seen (Meehan 1991).
with the naked eye (Meehan 1991).

pH.wA measure of the hydrogen-ion activity in
Mapping units (stream).mA map unit delinea- a solution, expressed as the negative logm of

tion, either polygon or line segment, that hydrogen ion concentration on a scale of 0
represents an area dominated by one or (highly acidic) to 14 (highly basic); a pH of 7
more taxa. Stream mapping unit design is neutral (Meehan 1991).
must take into account the information

needs and management objectives for a Plunge pool._A pool created by water passing
given level of stream inventory. Mapping over or through a complete or nearly corn-
units contain inclusions of taxa that have plete channel obstruction, and dropping
both similar and dissimilar (contrasting) vertically, scouring out a basin in which flow
properties. These inclusions of taxa may be radiates from the point of water entry (AFS
small areas that are not practical to show as 1985).
separate units or associated taxa that are
combined as one unit because management ]Pool.re(a) A portion of the stream with reduced

interpretations are similar, current velocity, often with water deeper
than the surrounding areas; frequently

Map ___n!tdescription (MUD)._Description of usable by fish for resting and cover.

the range of properties for each map delinea- (b) A small body of standing water, e.g.,
tion. MUDS should identify the special in a marsh or on the flood plain (see Glide,
distribution and percent composition of Rapids, Riffle) (AFS 1985).
dominant taxa, as well as mapping inclu-
sions. Fluvial process, functions, and Potential natural eommtmity.--The biotic
temporal relationships should be discussed, community that would be established ff all

Mapping scale and categorical level of the successional sequences of its ecosystem
mapping unit will largely define the variabil-
ity of properties described in the MUD.
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were completed without additional human- into surface runoff axed seepage (USGS
caused disturbance under present environ- 1978).

mental conditions. Grazing by native fauna, !
as well as natural disturbances such as Scour.raThe enlargement of a flow section by
drought, flood, wildfire, insects, and disease removal of boundary material through the
are inherent in the development of potential action of fluid in motion (USGS 1978).
natural communities, which may include
naturalized non-active species (USFS 1991). Sediment load.mA general term that refers to

material in suspension and/or in transport.

Rapids.mA relatively deep stream section with It is not synonymous with either discharge
considerable surface agitation and swift or concentration (USGS 1978). See table 7
current. Some waves may be present, on page 60 for particle size distributions.
Rocks and boulders may be exposed at all
but high flows. Drops up to 1 m (see Glide, Stock.--Group of fish that is genetically self-
Riffle, Run) (AFS 1985). sustaining and isolated geographically or

temporally during reproduction (Meehan

Riffle.mA shallow rapids where the water flows 1991).

swiftly over completely or partly submerged
obstructions to produce surface agitation, Stream.--A general term for a body of flowing

but standing waves are absent (see Glide, water. In hydrology the term is generally
Rapids, Run) (AFS 1985). applied to the water flowing in a natural

channel as distinct from a canal. More

Riparian.mPertaining to anything connected generally as in the term stream gauging, it is
with or immediately adjacent to the banks of applied to the water flowing in any channel,
a stream or other body of water (AFS 1985). natural or artificial (Langbein 1960).

Riparian vegetation.mVegetation growing on Streams in natural channels may be classi-
or near the banks of a stream or other body fled as follows:
of water in soils that exhibit some wetness

characteristics during some portion of the Relation to time.

growing season (Meehan 1991). .' Perennial: One that flows continuously.
• Intermittent or seasonal: One that flows

River continuum.---Gradual changes in the only at certain times of the year when it

biological community of a river as energy receives water from springs or from some
sources and physical conditions change surface source such as melting snow in
from headwaters to lowlands (Meehan mountainous areas.

1991). • Ephemeral: One that flows only in direct
response to precipitation, and whose

Riverine system._All wetlands and deepwater channel is at all times above the water

habitats contained within a channel, with table.
two exceptions: (1) wetlands dominated by
trees, shrubs, persistent emergents, emer- Relation to space.

gent mosses, or lichens; and (2) habitats • Continuous: One that does not have
with water containing ocean derived salts in interruptions in space.

excess of 0.5 percent (Cowardin et al. 1992). • Interrupted: One that contains alternat-
ing reaches that are either perennial,

Run.--An area of swiftly flowing water, without intermittent, or ephemeral.
surface agitation or waves, which approxi-
mates uniform flow and in which the slope Relation to ground.

of water surface is roughly parallel to the • Gaining: A stream or reach of a stream

overall gradient of the stream reach (see that receives water from the zone of
Glide, Rapids, Riffle) (AFS 1985). saturation.

• Losing: A stream or reach of a stream
Runoff.--Flow that is discharged from the area that contributes water to the zone of

by stream channels--sometimes subdivided saturation.
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® Insulated: A stream or reach of a stream Water table.--That surface in a ground-water
that neither contributes water to the zone body at which the water pressure is atmo-
of saturation nor receives water from it; spheric (Lohman et al. 1972).
separated from the zones of saturation by
an impermeable bed. Wetlands.wThose areas inundated or satu-

® Perched: A losing stream or an insulated rated by surface or ground water at a

stream that is separated from the underly- frequency and duration sufficient to sup-
ing ground water by a zone of aeration, port, and under normal circumstances they

do support, a prevalence of vegetation
Stream order.--A method of numbering steams typically adapted for life in saturated soft

as part of a drainage basin network. The conditions; generally include swamps,
smallest unbranched mapped tributary is marshes, bogs, and similar areas (40 CFR
called first order, the stream receiving the 230.3). Lands transitional between terres-

tributary is called second order, and so on. trial and aquatic systems where the water

It is usually necessary to specify the scale of table is usually at or near the surface or the
the map used. A lst-order stream on a land is covered by shallow water; must have
1:62,500 map may be a 3rd-order stream on one or more of the following characteristics:
a 1:212,000 map (Langbein 1960). (1) at least periodically, the land supports

predominantly hydrophytes; (2) the sub-
Suspended sediment.--Sediment that is carried strate is predominantly undrained hydric

in suspension by the turbulent components soil; (3) the substrate is nonsoil and is

of the fluid or by Brownian movement (USGS saturated with water or covered by shallow
1978). water at some time during the growing

season of each year (Cowardin eta/. 1992).
Thermocline.--Layer of water between the

warmer surface zone and the colder deep

zone of a thermally stratified body of water. Table 7.DScale of particle sizes for sediment
In the thermocline, temperature decreases (from USGS 1978). (See Sediment Load.)
rapidly with depth (Meehan 1991).

Class name Size (mm) Phi value

Trophic level.--Stage in a food chain or web Boulder >256 <--8
leading from primary producers (lowest Cobble 256 - 64 -8 to -6
trophic level) through herbivores to primary Gravel 64 - 2 -6 to -1

and secondary carnivores (consumers- Very coarse sand 2.0 - 1.0 -1 to 0
highest level) (Meehan 1991). Coarse sand 1.0- 0.50 0 to +1

Medium sand 0.50 - 0.25 +1 to +2
Watershed.uAll lands enclosed by a continuous Fine sand 0.25 - 0.125 +2 to +3

hydrologic-surface drainage divide and lying Very fine sand 0.125 - 0.062 +3 to +4
upslope from a specified point on a stream Silt 0.062 - 0.004 +4 to +8

(see Drainage basin) (USGS 1978). Clay 0.004 - 0.0002420 +8 to +12
Colloid < 0.00024 > +12

60

/i!i

I



APPENDIX E

LITERATURE CITED

Adams, MoBo; Nichols, D.S.; Federer, C.A.; forest ecosystem health assessment. Gen.

Jensen, K.F_; Parrott, H. 1991. Screening Tech. Rep. PNW-318. Portland, OR: U.S.
procedure to evaluate effects of air pollu- Department of Agriculture, Forest Service,
tion on Easte_ Region wildernesses cited Pacific Northwest Research Station; 2: 101-
as Class I air qt_ultty axeas. Gen. Tech. 112.
Rep. NE-151. Radnor, PA: U.S. Department
of Agriculture, Forest Service, Northeastern Baker, C.H., Jr.; Foulk, D.J. 1975. National
Forest Experiment Station. 33 p. w_ter data storage and retrieval sys-

tem-instructions for preparation and

AFS. [American Fisheries Society]. 1985. Gtos- subratssion of gl'o_d-water data. Open
sary of stream habitat terms° Bethesda, file Rep. 75-589. Corvallis, OR: U.S. Depart-
MD: American Fisheries Society. Habitat ment of Interior, Geological Survey. 159 p.
Index Committee, West Division. 34 p.

Baker, W.L. 1989. Macro- and micro-scale

AGI. [American Geological Institute]. 1972. influences on riparian vegetation in
Glossary of geology, In: Gary, M.; McAfee, westerns Colorado. Annals of the Association
R., Jr.; Wolf, C.L., eds. Washington, DC: of American Geographers. 79(1): 65-78.
American Geological Institute. 805 p. plus

bibliography. Barbour, C.D.; Brown, J.H. 1974. Fish species
diversity in lakes. American Naturalist. _i_i_

Alien, T.F.H.; Starr, T.B. 1982. Hierarchy: 108(962): 473-489.

perspectives for ecological complexity.
Chicago, IL: University of Chicago Press. Bartley, D.M.; Gall, G.A.E. 1990. C_netic
310 p. structure and gene flow in chinook

salmon populations of California. Trans-

Aller, L.; Bennett, T.; Lehr, J.H.; Petty, R.J.; actions of the American Fisheries Society.
Hackett, G. 1987. DRASTIC: a standard- 119: 55-71.

ized system for evaluating ground water
pollution potelatial using hyd_rogeologic Bauer, B. 1980. Drainage density_ Inte-
settings. Coop. Agreement CR-810715-01. grative meas_e of the dynamics and
Ada, OK: U.S. Environmental Protection quality of watersheds. Zeitschrift fur

Agency. 622 p. plus addendum. Geomorphologie N.F. 24(3): 261-272.

Bailey, RoG. 1983. Delineation of ecosystem Bayley, P.B.; Li, H.W. 1992. RtveHne fishes. In:

regions. Environmental Management. 7(4): Calow, P.; Petts, G.E., eds. The rivers hand-
365-373. book. London, UK: Blackwell Scientific

Publications: 251-281.

Bailey, R.G. 1984. Testing _ ecosystem
regionalizationo Journal of Environmental Beaman, W.M. 1928. Topographic mapping.
Quality. 19: 239-248. In: Topographic instructions of the United

States Geological Survey. Bull. 788-E.

Bailey, RoG. 1989. E_atory supplement to Corvallis, OR: U.S. Department of Interior,
the ecoregions map of the continents. Geological Survey: 161-378.
Environmental Conservation. 15(4): 307-309.

Bevenger, G.S.; King, R.M. 1995. A pebble

Bailey, R.G.; Jensen, M.E.; Cleland, D.T.; cougar procedure for assessing watershed
Bourgeron, P.S. 1994. Design and use of cumulative effects. Res. Pap. RM-319. Fort
ecolog_ical mapping units. In: Jensen, M.E.; Collins, CO: U.S. Department of Agriculture,
Bourgeron, P.S., eds. Ecosystem manage- Forest Service, Rocky Mountain Forest and
ment: principles and applications: eastside Range Experiment. Station. (In press).

61

II



Billington, N.; Hebert, P.D.N. 1988. l_ttoehon- Bryant, M.D.; Porter, P.E.; Paustian, S°J. 199t.

• rial DNA variation in Great Lakes wall- Evaluation of stream chaanel type system
eye (Stizostedion vitreum) populations, for Southeast Alaska. Gen. Tech. Rep.
Canadian Journal of Fisheries and Aquatic PNW-267. Portland, OR: U.S. Department of
Sciences. 45: 643-654. Agriculture, Forest Service, Pacific NoFdhwest

Research Station. 20 p.
Bisson, P.A.; Sullivan, K.; Nielsen, J.L. 1988.

Channel hydraulics, habitat use, and Bugliosi, E.F. 1988. Hydrologic reco_ais-
body form of juvenile coho salmon, steel- sance of the Chilkat River basin, south-

head trout, and cutthroat trout in east Alaska. Water-Res. Invest. Rep. WRI
streams. Transactons of the American 88-4023. Anchorage, AK: U.S. Department of
Fisheries Society. 117: 262-273. Interior, Geological Survey. 38 p.

Bisson, P.A.; Nielsen, J.L.; Palmason, R.A.; Chorley, R.J. 1969. The drainage basin as the
Grove, L.E. 1982. A system of naming fundamental geomorphtc umtt, In: Chorley,
habitat types in small streams, with R.J., ed. Introduction to physical hydrology.
examples of habitat utilization by salrno- London: Methuen and Co., Ltd.: 37-59.
nids during low streamflow. In:

Arrnantrout, N.B., ed. Aquisition and utility of Chorley, R.J.; Dale, P.F. 1972. Cartographic
aquatic inventory information. Bethesda, MD: problems in stream channel delimeatton.
American Fisheries Society, Western Division: Cartography. 7:150-162.
62-73.

Chorley, R.J.; Malm, D.E.G.; Pogorzelski, H.A.
Born, S.M.; Smith, S.A.; Stephenson, D.A. 1974. 1957. A new standard for estimating

The hydrogeologic regime of glacial- basin shape. American Journal of Science.
terrain lakes, with management and 255: 138-141.
planning applications. Upper Great Lakes

Regional Commission. 73 p. Coates, D.R. 1958. Quantitative geomorphol-
ogy of small drainage basins of southern

Bourgeron, P.S.; densen, M.E. 1994. An over- Indiana. Office of Naval Res. Proj. NR 389-
view of ecological principles for ecosys- 042, Tech. Rep. I0. New York, NY: Columbia
tern management. In: densen, M.E.; University, Department of Geology. 66 p.
Bourgeron, P.S., eds. Ecosystem manage-
ment: principles and applications: eastside Collotzi, A.W. 1974. A systematic approach to
forest ecosystem health assessment. Gen. the stratification of the valley bottom
Tech. Rep. PNW-318. Portland, OR: U.S. and relationship to land use pla__ning. In:
Department of Agriculture, Forest Service, Instream flow needs proceedings. Bethesda,
Pacific Northwest Research Station; 2: 49-60. MD: American Fishery Society; 1: 484-497.

Bourgeron, P.S.; Hurnphries, H.C.; DeVelice, Conquest, L.L.; Ralph, S.C.; Naiman, R.J. 1993.
R.L. 1994. Ecological theory in relation to Implementation of large-scale stream
landscape evaluation and ecosystem monitoring efforts: sampling design and

characterization. In: Jensen, M.E.; data analysis issues. In: Loeb, S.L.; Spacie,
Bourgeron, P.S., eds. Ecosystem manage- A., eds. Biological monitoring and aquatic
ment: principles and applications: eastside systems. Boca Raton, FL: CRC Press: 69-90.
forest ecosystem health assessment. Gen.
Tech. Rep. PNW-318. Portland, OR: U.S. Cowardin, L.M.; Carter, V.; Golet, F.C.; LaRoe,
Department of Agriculture, Forest Service, E.T. 1992. (reprint from 1979). Classtflca-
Pacific Northwest Research Station; 2: 61-76. tlon of wetlands and deepwater habitats

of the United States. FWS/OBS-79/31.
Brinson, M.M. 1993. A hydrogeomorphtc Corvallis, OR: U.S. Department of Interior,

classification of wetlands. Tech. Rep. Fish and Wildlife Service. 103 p.
WRP-DE-4. Vicksburg, MS: U.S. Army Corps
of Engineers, Wetlands Research Program, Cupp, C.E. 1989. Stream corridor classifica-

Waterways Experiment Station. 79 p. plus tion for forested lands of Washington.
glossary. Olympia, WA: Washington Forest Protection

Association. 46 p.
62

I



Darlington, P_J. 1957. Zoogeography: the Gallant, A.L.; Whittier, T.R.; Larsen, D.P.;

geographical dist_Sution of a_mals. New Omemik, J.M.; Hughes, R.M. 1991.
York, NY: John _Vitey & Sons° 673 p. Regio_zation as a tool for managing

envtro_ental resources. EPA/600/3-89/
Dolman, W,B. 1990. Classification of Texas 060. Corvallis, OR: U.S. Environmental

reservehrs Lrl relation to Karunology and fish Protection Agency. 152 p.
eemmu_ty associations. Transactions of the

American Fisheries Society. 119:511-520. Gardiner, V. 1975. Drainage Basin morphol-
ogy. Tech. Bull. 14. British Geomorphological

Duarte, C.M.; Kaliff, J.; Peters, R.G. 1986. Pat- Research Group. 48 p.
ter_s in biomass cover of aquatic macro-

phy_es in lakes. Canadian Journal of Fisher- Gilbert, R.R. 1976. Composition arid deviation
ies and Aquatic Sciences. 43:1900-1908. of the North American fresh water fish

fauna. Bio. Su. 39(2): 102-111.
Eadie, J.McA.; Keast, A. 1984. Resource hetero-

geneity and fish species diversity in lakes. Gilbert, J.; Dole-Olivier, M-J.; Mannonier, P.;

Caxaadian Journacl of Zx_ology. 62:1689-1695. Vervier, P. 1990. Surface water--ground-
water ecotones. In: Naiman, R.J.; Decamps,

Edgtngton, J.; Atexandersdottir, M.; Burns, C.; H., eds. The ecology and management of
Cariello, J. t987. Ch_el type elassifiea- aquatic-terrestrial ecotones. Park Ridge, NJ:
tion as a method to document anadxomous Parthenon: 199-225.
salmon streaxns. Inf. Leafl. 260. Juneau, AK:

Alaska Department of Fish and Game, Division Gore, A.J.P., ed. 1982. Mires: swamps, bog
of Commercial Fisheries. 70 p. and moor. Part A. Analytical studles

(Ecosystems of the world. Vol. 4A); Part B.
Fausch, K.D.; Karr, J.R.; Yant, P.R. 1984. Re- Descriptive studies _osystems of the

gional application of an index of biotic world. Vol. 4]3). Elsevier Press. 440 p.;
integrity based on stream fish comxn_i- 479 p.
ties. Transactions of the American Fisheries

Society. 113: 39-55. Gregory, K.J.; Walling, D.E. 1973. Drainage
basin form and process; a geomorphologi-

FEMAT. [Forest Ecosystem Management and eal approach. New York, NY: John Wiley &
Assessment Team]. 1993, Forest ecosystem Sons. 458 p.
management: an ecological, economic, and

social assessment, Portland, OR: U.S. De- Hack, J.T. 1957. Studies of longitudinal
partment of Agriculture, Forest Service, Forest stream profiles in V_giuta and Maryland°
Ecosystem Management and Assessment Prof. Pap. 294. Corvallis, OR: U.S. Depart-

Team. ment of Interior, Geological Survey; B: 45-97.

Fenneman, N.M. 1938a. Physiography of egst- Hann, W.J.; Jensen, M.E.; Prather, M. 1994.

era United States. New York, NY: McGraw- Land ma_mgement assessment _h_
Hilt. 714 p. hierarchical principles of landscape

ecology. In: Jensen, M.E.; Bourgeron, P.S.,
Fenneman, N.M. 1938b. Physiography of west- eds. Ecogystem management: principles and

era United States. New York, NY: McGraw- applications: eastside forest ecosystem health
Hfl!. 534 p. assessment. Gen. Tech. Rep. PNW-318.

Portland, OR: U.S. Department of Agricul-
Forman, R.T.T.; Godron, M. 1986. Landscape ture, Forest Service, Pacific Northwest Re-

ecology. New York, NY: John Wiley & Sons. search Station; 2: 293-306.
619p.

HarT, R.D. 1983. Potential for aug_enthlg
Frissell, C.A.; Liss, W.J.; Warren, C.E.; Hurley, water yield through forest practices in

M.D. 1986. A hleraxehical framework for western Was_on and westera Oregon.
stream habitat classification: viewing Water Resources Bulletin. 19: 383-393.
streaxas in a watershed context. Environ-

mental Management. 10(2): 199-214.

63



Hart, R.D. 1986. Effects of clear-cutting on Hocutt, C.H.; Wiley, E.O., eds. 1986o The
rain-on-snow events in western Oregon: a zoogeography of North American fresh
new look at old studies. Water Resources water fishes. New York, NY: John Wiley &

Research. 22: 1095-1100. Sons. 866 p.

Harris, R.R. 1988. Associations between Hornbeck, J.W.; Swank, W.T. 1992. Watershed

stream valley geomorphology and ripar- ecosystem analysis as a basis for m_fl-
ian vegetation as a basis for landscape tiple-use management of eastern forests.
analysis in eastern Sierra Nevada, Call- Ecological Applications. 2(3): 238-247.
fornia. Environmental Management. 12:
219-228. Horton, R.E. 1932. Drainage bask character-

Istics. Transactions of the American Geo-

Hawk, G.M.; Zoebel, D.B. 1974. Forest succes- physical Union. 13: 350-361.
sion on alluvial landforms of the

McKenzie River valley, Oregon. Northwest Horton, R.E. 1945. Erosional development of
Science. 48: 245-265. streams mad their drainage bashls;

hydrophystcal approach to quantitative
Hawkins, C.P. 1984. Substrate associations morphology. Geological Society of America

and logitudinal distributions in species of Bulletin. 56: 275-370.

Ephemerelltdae (Ephemeroptera: insects)
from western Oregon. Freshwater Inverte- Hubbs, C.L.; Miller, R.R.; Hubbs, L.C. 1974.

brate Biology. 3:1181-188. Hydrographic history mad relict fishes of
the North Central Great Basin. Memoirs of

Hawkins, C.P.; Kershner, J.L.; Bisson, P.A.; the California Academy of Sciences. 7:259 p.

Bryant, M.D.; Decker, L.M.; Gregory, S.V.;
McCullough, D.A.; Overton, C.K.; Reeves, Hughes, R.M.; Omernik, J.M. 1981. Use and
G.H.; Steedman, R.J.; Young, M.K. 1993. A misuse of the terms watershed and

hierarchical approach to classifying stream order. In: Krumholtz, L.A., ed. The
stream habitat features. Fisheries. 18(6): WalTnwater symposium. Bethesda, MD:
3-11. American Fisheries Society, Southern Divi-

sion: 320-326.

Heath, R.C. 1984. Ground-water regions of
the United States. Water-Supply Pap. 2242. Hughes, R.M.; Heiskary, S.A.; Matthews, W.J.;

Corvallis, OR: U.S. Department of Interior, Yoder, C.O. 1993. Uses of ecoregions in
Geological Survey. 78 p. biological monitoring. In: Loeb, S.L.;

Spacie, A., eds. Biological monitoring of

Heller, D.A.; Maxwell, J.R.; Parsons, M. 1983. aquatic systems. Boca Raton, FL: CRC Press:

Modeling the effects of forest manage- 125-15 I.
ment on salmonid habitat. Corvallis, OR:

U.S. Department of Agriculture, Forest Hughes, R.M.; Whittier, T.R.; Rohm, C.M.;
Service, Siuslaw National Forest. 63 p. Larsen, D.P. 1990. A regional framework

for establishing recovery criteria. Environ-

Herdendorf, C.E. 1984. Inventory of the mor- mental Management. 14: 673-683.

phometric and limnologic characteristics
of the large lakes of the world. Tech. Bull. Huryn, A.D.; Wallace, J.B. 1987. Local geomor-
OHSU-TB-17. Columbus, OH: Ohio Sea phology as a determinant of macrofaunal

Grant. 78 p. production in a mountain stream. Ecol-
ogy. 68: 1932-1942.

Hewlett, J.D. 1982. Principles of forest hy-

drology. Athens, GA: University of Georgia Hutchinson, G.E. 1957. A treatise on limnol-
Press. 183 p. ogy: vol. I Geography, physics, and

chemistry. New York, NY: John Wiley &
Sons. 1015 p.

64

II IIIII



Hynes_ HoB.No 1970o Tl_e ecology of running Ktich]er, A.W. 1964. Potential nat_al vegeta-
waters. Toronto, Canada: Umversity of tion of the eonter_LtnOus United States.

Toronto }k_ess. 555 p. Spec. Publ. 36. New York, NY: _xnerican

Geographical Society. 116 p.
Jensen, M.E.; Everett, R. t994. _n overview of

ecosystem management principles. In: Langbein, W.B.; Iseri, K.T., eds. 1960. General

Jensen, M.E.; Bourgeron, P.S., eds. Ecosys- introduction and hydrologic deIlnitions.
tern management: principles and applica- Water-Supply Pap. 1541-A. Corvallis, OR:
tions: eastside forest ecosystem health U.S. Department of Interior, Geological
assessment. Gen. Tech. Rep. PNW-318. Survey. 29 p.
Portlmld, OR: U.S. Department of Agricul-
ture, Forest Service, Pacific Northwest Re- Lanka, R.P.; Hubert, W.A.; Wesche, T.A. 1987.

search Station; 2: 9-18. Relations of geomorphology to strea_l
habitat and trout stanclkLg stock in small

Jensen, M.E.; McNicoll, C.H.; Prather, M. 1991. Rocky Mo_taln s_ea.ms. Transactions of
Application of ecological classification to the American Fisheries Society. 116: 21-28.
enviro_ental effects analysis. Journal of
Environmental Quality. 20: 23-30. Lee, D.S.; Gilbert, C.R.; Hocutt, C.H.; jenkins,

R.E.; McCallister, D.E.; Stauffer, J.R. 1980.
Johnson, M.G.; Leach, J.H.; Minns, C.K.; Olver, Atlas of North American _esh_ater

Coll. 1977. Li_ologieal characteristics of fishes. Raleigh, NC: North Carolina State
Ontario lakes in relation to associations Museum of Natural History. 867 p.
of walleye, no.bern pike, lake trout and
smallmouth bass, Journal of the Fisheries Levin, S.A. 1978. Pattern formation in eeo-

Resem'ch Board of Canada. 34: 1592-1601. logical communities. In: Steele, J.H., ed.
Spatial patterns in plankton communities.

Junk, W.J.; Bayley, P.B.; Sparks, R.E. 1989. New York, NY: Plenum Press: 433-466.
The flood p_Ise concept in river-flood-

plain systems. In: Dodge, D.P., ed. Proceed- Lohman, S.W.; et al., eds. 1972. Detl.uit:Ions of
ings of the International large river sympo- selected gromld-_ater terms--revislons
slum. Canadian Special Publication of Fish- and conceptual refinements Water-Supply
eries and Aquatic Sciences. 106:110-127. Pap. 1988. Corvallis, OR: U.S. Department of

Interior, Geological Survey. 21 p.
Kellerhals, R.; Neill, C.R.; Bray, D.I. 1972.

Hydraulic and geomorphic characteris- Lotspeich, F.B. 1980. Watersheds as the basic
tics of rivers in Alberta. Rep. 72-I. Alberta, ecosystem: this conceptlud frs__ework
Canada: Research Council of Alberta, River provides a basis for a natural classilica-
Engineering and Surface Hydrology. 52 p. tion system. Water Resources Bulletin.

16(4): 581-586.
Kershner, J.L.; Snider, W.M.; Turner, D.M.;

Moyle, P.B. 1992. Distribution and se- Lyons, J. 1989. Correspondence between the
quencing of mesohabitats: are there distribution of fish assemblages in Wis-
differences at the reach scale? Rivers. consln streams and Omernik's ecore-

3 (3): 179-190. gions. Arherican Midland Naturalist. 122:
163-182.

Kircher, J.E.; Choquette, A.F.; Richter, B.D.
1985. Estimation of natural streamflow Marshall, T.R.; Ryan, P.A. 1987. Abundance
characteristics in western Colorado. and community attributes of fishes
Water-Res. Invest. Rep. WRI 85-4086. relative to environmental gradients.
Corvallis, OR: U.S. Department of Interior, Canadian Journal of Fisheries and Aquatic

Geological Survey. 28 p. plus map. Sciences. 44: 196-215.

K6ppen, W. 1931. Gl_adriss der kl!_rn_akunde.
Berlin: Walter de Gruyter. 388 p.

65



Marsto:,r'_, R.A. 1978. Mo:_hometri¢ in_ces of In: jensen, M.E,; Bourgeron, PaSo, edso
s_eamflow and sed/_.ent yield from Ecosystem management: principles and
mo_taln wate_heds in western Oregon. appllcaUons: eastside forest ecosystem health

Corvallis, OR: U.S. Department of Agrlcut- assessment. Gen° Tech. Rep° PN W-318.
ture, Forest Ser_,ice, Slustaw National Forest. Por_dand, OR: U.S, Department of _icul-

ture, Forest Service, Pacific Nortthwest R.e--74 p_
search Station; 2: 149-173.

Martz, L.W.' Garbrecht, J. 1993. Automated
e_raetien of _Mn_e network and Montgomery, D.R.; BufFmgton, JaM. t993.
watershed data from digital elevation Charmel classification, predietjon of
models, Water Resources Bulletin. 29: 901- channel zesponse, and agses,a_ent of
908, channel condt_on. Rep. FW-.SH 10-93--002.

Seattle, WA: University of Washington,

Mz_xwell, J.C. t 960. Quantitative geomorphof Depa_ent of Geological Sciences and

o gN of the _ D_as Erperhv_ental Quaternary Research Center. 83 p. plus
Forest, C_fornta. Proj. NR 389-042: Tech. figures.
Rep, 19. Office of Naval Research, Geography
Branch. Morisawa, M.E. 1957. Accuracy of determina-

tion of s_eam le_glhs lre_ tepeg_raphie

M_b_:well, J.R.: Marston. R.A. 1980. Geomorphie maps. Transactions of the American

indices of hyd_olegie eh_aeterlsttcs, tn: Geophyslological Union. 38: 86-88.
Watershed management symposium: 1980
July 21-23: Boise, IDa New k or , NY: Arneri- Morisawa, M.E. 1959. Relation of q_titative
can _>c_ety of Civil Engineers: 1-12. geomorphology to stream flew in repre-

sentative watersheds ef the Appalaehia_

Mayderl, R.L., ed. 1992. Systematlcs, bAstorl_ Plateaus Province. Proj. NR 389-042: Tech.
ca1 ecolo_ _d North AmeNean _eshwa- Rep. 20. New York, NY: Columbia Universi V,
ter fishes. Stanford, CA: Stanford UniversiV Depm%ment of Geology, Office of NavN

Press. 9(39 p. Research. 94 p.

Meehan, _R., ed, 1991 hfftuences of forest Morrtson, J. 1994. Xntegratlag ecosystem

and rangel_d m_ement on s_onld mm,_agement and the fores_ planning
fishes _d the_ habitats, Spot. Publ. 19. p_oeess. I:n: densen, M.E,; Bourgeron0 P.S.,
Bethesda, MD: 2maecican Fisheries Society. eds. Ecosystem management: pFlnciples and
751 p. applications: east=side forest ecosystem health

assessment. Gen. Tech. Rep. PNW-318o

_(:Anze_r,O.E. 1923. Outline of grand-water Portland, OR: U.S. Depar_nent of Agricul-
hy_ology, ater°Supplv Pap. 494. ture, Forest Se_ce, Pacific Northwest Re-
Corvallis, OR: U.S. Department of Interior, search Station; 2: 273-282.
Geological Su.rvey.

Moyle, P.B.; Cech, J.J., Jr. 1988. l_lshes: an

Miller, J.A. 1990. Ground water atlas of the introduction to ichthyology. Englewood
United States, se_ent 6 _ab_a, Cliffs, NJ: l_entice Hall. 559 p.
_orida, Georgia, and South Carolina}.
Hydrot. Invest. Atlas 730-G. Corvallis, OR: Moyle, P.B.: EUison, J.P. 1991. ,Aconservation-

U.S. Department of Intecior, Geological oriented elMssttlcatlon system for the
Su_,ey. 28 p. inland _ters of California. California Fish

and Game. 77(4): 161-180.

Miller, R.R. 1959. O:_ and _ttes of the
_eshwater flah fauna of weste_ North Mushy, M.L.; Lorenz, J.M.; Heffetz, J.;

A_eHea. In: Hubbs, ed, Zxmgeography, Thedinga, J.F.; et ak 1987. _e relatlon-
Washh_gton, DC: AAAS: 187-222. ship between s_eaam elass_cation, fls:h

and habitat in so_Lhea:st Alaska. Wild.

Minshall, G.W. 1994. Stxea_-rtparlan eeosys- Fish. Hab. Manage_ Note R 10-MB-10. Ju-
tear's: _ation_e _d _eth_s for basin- neau, AK: U.S. Department of Agriculture,
level assessments of management effects. Forest Service, Region 10. 62 p.

66



Murphy, MoLo; Heifetz, J.; Thedinga, J.F.; O'Neill, R.V.; DeAngelis, D.L.; Waide, J.B.; Allen,
Johnson, SOW.: Koski, KN. 1989. Habitat T.F.H. 1986. A hierarchical concept of

utilization by juven_e Pacific salmon in ecosystems. Monographs in Population

the glaciaJ Taken PAver, southeast Biology. 23: 1-272.
Alaska° Canadian Journal of Fisheries and

Aquatic Sciences. 46: 1677-1685. Osbom, J.F.; Stypula, J.M. 1987. New models
of hydrological and stremm channel

Naiman, R.J.; Lonzarich, D.G.; Beechie, T.J.; relationships. In: Erosion and sedimenta-

Ralph, S.C. 1992. General prLnciples of tion in the Pacific Rim. IAHS Publ. 165.
classification anti the assessment of Corvallis, OR: Oregon State University.

conservation potential, In: Boon, P.J.;
Calow, P.; Petts, G.E., eds. River conservation Palmer, A.N. 1984. C_omorphie fmterpreta-

and mm]agement. New York, NY: John Wiley tions of kant features. In: LaFleur, R.G.,,
& Sons: 93-123. ed. Ground water as a geomorphic agent.

Boston, MA: Allen and Unwin, Inc. 390 p.

Naiman, R.J.; Melillo, J.M.; Lock, M.A.; Ford,

T.E.; Rice, S.R. 1987. Lo_gitudinal pat- Parrott, H.; Marion, D.A.; Perkinson, R.D. 1989.
terns in ecosystem process and commu- A four4evel hierarchy for organizing

rdty struct_ve in a subarctic river con- wildiand stream resource information. In:
tinuu_. Ecology. 68:1139-1156. Woesner, W.W.; Potts, D.F., eds. Proceedings

of the symposium on headwater hydrology.

Nelson, R.L.; Platts, W.S.; Lm'sen, D.P.; Jensen, Bethesda, MD: American Water Resources
S.E. 1992. Trout distzibution and habitat Association: 41-54.

in relation to geology mad geomorphology
in the North Fork Humboldt River drain- Paustian, S.J.; eta/. 1992. A channel type

age, northeastern Nevada. Transactions of users guide for the Tongass National
the American Fisheries Society. 121: 405- Forest. R 10 Tech. Pap. 26. Juneau, AK: U.S.
426. Department of Agriculture, Forest Service,

Alaska Region. 179 p.

Odum, E.P. 1971. Fundamentals of ecology.

Philadelphia, PA: W.B. Saunders Co. 574 p. Paustian, S.J.; Marion, D.A.; Kelliher, D.F.
1984. Stream channel classification using

O'Hara, K.L.; Jensen, M.E.; Olsen, L.J." Joy, large scale aerial photography for south-

J.W. 1994. Applying landscape ecology east Alaska watershed management. In:
theory to integrated resource planning: Renewable resources management: applica-
two case studies. In: Jensen, M.E.; tions of remote sensing. Falls Church, VA:

Bourgeron, P.S., eds. Ecosystem manage- American Society of Photogrammetrists: 670-
ment: principles and applications: eastside 677.
forest ecosystem health assessment. Gen.
Tech. Rep. PNW-318. Portland, OR: U.S. Perkins, D.L.; Krueger, C.C.; May, B. 1993.
Department of Agriculture, Forest Service, Heritage brook trout in northeastern USA:
Pacific Northwest Research Station; 2: 231- genetic variability within and among
242. populations. Transactions of the American

Fisheries'Society. 122: 515-532.

Ohlander, C.E. 1993. Clean Water Act - moni-

toring and evaluation. Part I, legal Perry, J.A.; Schaeffer, D.J. 1987. The longitudi-
framework. Water Resources Analyses Lcafl. hal distribution of riverine benthos: a
Lakewood, CO: U.S. Department of Agricul- river dis-continuu_m? Hydrobiologia. 148:
ture, Forest Service, Rocky Mountain Region. 257-268.

26 p. Platts, W.S. 1979. Including the fishery

Omernik, J.M. 1987. Ecoreglons of the conter- system in land planning. Gen. Tech. Rep.
ruinous United States. Annals of the Asso- INT-60. Ogden, UT: U.S. Department of

ciation of American Geographers. 77:118- Agriculture, Forest Service, Intermountain
125. Research Station. 37 p.

67

I II I I ii



Poff, N.L.; Allan, J.D. 1995. Functional organi- Ryder, R.A. 1965. A method for eat_kmatixig the
zation of stream fish assemblages in potential fish production of _aort_-temper-
relation to hydrological variability, ate lakes. Transactions of the American

Ecolo_. 76: G06-627. Fisheries Society. 94: 214-218.

Poff. N.L.; Ward, J.V. 1990. Physical habitat Scheidegger, A.E. 1966. Effect of map scale on
template of lotto systems: recovery in the stream orders. Bulletin of the International
context of l_3storteal pattern of spatiotem- Association of Scientific Hydrology. 11 (3): 56-

poral heterogeneity. Environmental Man- 61.
agement. 14: 629-645.

Schumm, S.A. 1956. The evolutior_ of drain-

Potter, W.D. t961. Peak rates of runoff from age systems and[ slopes in badla_da at

small watersheds. Hydraul. Design Ser. 2. Perth Amboy, New Jersey° Geological Society
U.S. Department of Commerce, Bureau of of America Bulletin. 67: 597-64(3.
Public Roads. 35 p.

Schumm, S.A. 1977. The fkr_lal gygtemo New

Ralph, S.C.; Poole, G.C.; Conquest, L.L.; York, NY: John Wiley & Sons, 338 p.
Naiman, R.J. t 994. Stream channel mor-

phology and woody debris in logged and Schumm, S.A.; Lichty, R.W. 1965..Time, space
unlogged basims of western Washington. and easualtty In geomorphology, American
Canadian Journal of Fisheries and Aquatic Journal of Science. 263:110-119.
Sciences. 51: 37-51.

Schupp, D.H. 1992. An ecological classtflca-

Reckhow_ K.H. 1988. Empirical models for tion of Minnesota lakes with associated
trophie state in southeastern U.S, lakes fish communities. Invest. Rep. 417. St. Paul,
and reservoirs. Water Resources Bulletin. MN: Minnesota Department of Natural Re-
24: 723-734. sources. 27 p.

Riley, E.T.: Prepas, E.E. 1985. Comparison of SCS. [Soft Conservation Service]. 1975. Soil
the phosphorus-chlorophyll relationships taxonomy: a basle system of soil elassifi-
in _ed and stratified lakes. Canadian eation for making and interpreting soil
journal of Fisheries and Aquatic Sciences. surveys. Agric. Handb. 436. Washington, DC:
42: 831-835. U.S. Department of Agriculture, Soft Conser-

vation Service. 754 p.

Rogers, W.F.; Stngh, V.P. 1986. Some geomor-
phte relationships and hydrographic SCS. [Soil Conservation Service], 1993. Glossary
analysis. Water Resources Bulletin. 22(5): of landform terms. Part 629. Nat. Soil Surv.

777-784. Handb. Washington, DC: U.S. Department of
Agriculture, Soft Conservation Service. 59 p.

Rosgen, D.L. 1994. A elassiflcation of natural
rivers. Amsterdam, The Netherlands: Seaber, P.R.; Kapinos, F.P.; Knapp, G.L. 1987.
Elsevier Publications. 50 p. Hydrologic unit maps. Water-Supply Pap.

2294. Corvallis, OR: U.S. Department of
Rothacher, J." Dyrness, C.T.; Fredricksen, R.L. Interior, Geological Survey. 62 p.

1967. Hydrologic mad related characteris-

tics of three small watersheds in the Sedell, J.R.; Yuska, J.E.; Speaker, R.W. 1983.
Oregon Cascades, Portland, OR: U.S. Study of westslde fisheries in Olympic
Department of Agriculture, Forest Service, National Park, Was_on, Final Rep. CX-
Pacific Northwest Forest and Range Experi- 9000-0-E-081. Corvallis, OR: U.S. Depart-
meat Station. 54 p. meat of Interior, National Park Service. 74 p.

Rowe, J.S. 1980. The co--on denominator in Shlisky, A.J. 1994. M_dIttseale ecosystem
land classification tn Canada: an eeologi- analysis _uad desig_ in the Pacific North-
cal approach to mapping. Forest west Region: the U_tUla Nation_l Forest
Chronicle. 56: 19-20. restoration project. In: densen, M.E.;

Bourgeron, P.S., eds. Ecosystem manage-
ment: principles and applications: eastside

68



forest ecosystem health assessment. Gem Department of Agriculture, Forest Service,
Tech. Repo PN_W-318. PoFdand, OR: U.S. Pacific Northwest Research Station; 2: 85-
Department of Agriculture, Forest Service, 100.
Pacific Northwest Forest Research Station; 2:

259--267_ Thedinga, J.F.; Johnson, S.W.; KosM, K.V.;
Lorenz, J.M.; Murphy, M.L. 1993. Potential

Shreve, R.L. 1966. Statistical law of stream effects of flooding from N_ssel Fjord on
n_berso Journal of Geology. 74: 17-37. salmonids and habitat in the Sit_ River,

Alaska: summer distxibution and abe-

Sidle, RoC.; Mflner, A.M. 1990. Physical facts dance ofjuve_dle sal_onlds. AFSC Proc.
i_ueneing stream development in Gla- Rep. 93-01. Juneau, AK: National Marine

eier Bay National Park, Naska, In: Milner, Fisheries Service, Auke Bay Laboratory: 43-
A.Mo; Wood, J.Do, eds. Proceedings of the 2d 66.
Glacier Bay science symposium; 1988 Sep-

tember; Gustavus, AK. Anchorage, AK: U.S. Thomas, H.E. 1952. Gro_d water regions of
Deparmlent of Interior, National Park Service, the U_tted State_--their storage faeiU-
Alaska Regional O_ce: 19-25. ties. U.S. House of Representatives, Interna-

tional and Insular Affairs Committee. 76 p.
Siegel, D.I. t989o The reehaxge-diseharge

f_etior._ of wetlax_ds neax Juneau, Thornthwaite, C.W. 1948. An approach to-
Alaska: Pa_ 1_ Hydrogeelogieal investiga- ward a rational classifies/ion of climate°

tionso Groundwater° 26: 427-434. Geography Review. 38: 55-94.

Smith, K.G. 1950_ Ntandaxds for grading Todd, D.K. 1980. Gro_dwater hydrology. 2d
texture of erosional topography, American ed. New York, NY: John Wiley & Sons. 535 p.
Journal of Science. 248: 655-668.

Todd, T.N.; Hatcher, C.O. 1993. Genetic vari-

Strahler, A.N. 1957. Quantitative analysis of ability and glacial origins of yellow perch
watershed geomorphology, Transactions of (Perea flavescens) In North America,

the American Geophysical Union. 33: 913- Canadian Journal of Fisheries and Aquatic
920. Sciences. 50: 1828-1834.

Strahler, A.N. 1964. Qt_mtitative geomorphol- Tonn, W.M.; Magnuson, J.J.; Forbes, A.M.
ogy of drainage basins axial channel 1983. Community analysis of fishery
networks. In: Chow, V.T., ed. Handbook of management: an application wtth north-
applied hydrology. New York, NY: McGraw.- era Wisconsin lakes. Transactions of the

Hill; See. 4-II: 39-76. American Fisheries Society. 112: 368-377.

Sullivan, K. 1986. Hydxaulies and fish habi- Trewartha, G.T. 1968. An introduction to
tat in relation to eha_el morphology, ellr_uate. 4th ed. New York, NY: McGraw-Hill.

Baltimore, MD: Johns Hopkins University. 408 p.
407 p. Ph.D. dissertation.

Turner, M.G. 1989. Landscape ecology: the
Sun, R.J.; Weeks, J.B. 1991. Bibliography of effects af patters and process. Annual

regional aquifer-system axialysis program Red-Jew of Ecological Systems. 20: 171-197.
of the U.S. Geological Survey, 1978-91.

Water-Res. Invest. Rep. 91-4122. Corvallis, Urban, D.L.; O'Neill, R.V.; Shugart, H.N., Jr.
OR: U.S. Department of Interior, Geological 1987. Landscape ecology: a hierarchical
Survey. perspective can help scientists under-

stand spatical patterns. BioSeience. 37:
Swanson, F.J.; Jones, J.A.; Wallin, D.A.; Cissel, 119-127.

J. 1994. Natural variability: hnpllcaLlons

for ecosystem ma_u_gement. In: Jensen, USDA. [U.S. Department of/_giculture, Forest
M.E.; Bourgeron, P.S., eds. Ecosystem Service]. 1993. National hteraxchtcal

management: principles and applications: framework of ecological u_lts, Washing-
eastside forest ecosystem health assessment, ton, DC: U.S. Department of Agriculture,
Gen. Teeh. Rep. PNW-318. Portland, OR: U.S. Forest Service, ECOMAP. 28 p.

69



USFS. [U.S. Forest Service]. 1991. Ecological soil, air and water, th_blo R10-MB-77_ du-

classification and inventory. Handb. neau, AK: U.S. Department of_'iculture,
2090.05. Washington, DC: U.S. Department Forest Service, Alaska Region: 73-85.
of Agriculture, Forest Service.

Wetzel, R.G. 1983. L_ologyo Philadelphia,
USGS. [U.S. Geological Survey]. 1963. Map PA: W.B. Saunders, Co. 283 p.

editing and checking: provisional topo-

graphic instructions of the United States Wheeler, D.A. 1979. The overall shape of

Geological Survey. longitudinal proKles of skreamSo In: Pitty,
A.F., ed. Geographical approaches to fluvial

USGS. [U.S. Geological Survey]. 1977. National processes. Geographical Abskcactso 300 p.
handbook of recon_mended methods for

water-data acquLtsition: chapter 7, physi- Williams, J.D.; Warren, M.L., Jr_; Cummins,

cal basin characteristics for hydrologic K.S.; Harris, J.L.; Neves, R.J. t993. Conser-
analyses. Reston, VA: U.S. Department of ration stat_ of freshwater muaaels of the
Interior, Geological Survey, Office of Water United States and Canada. Fisheries. 18:
Data Coordination. 38 p. 6-22.

USGS. [U.S. Geological Survey]. 1978. National Winkler, R.D.; Rothwell, R.L. 1983. Biogeo-
handbook of recommended methods for climatic classification systems for hydro-
water-data acquisition: chapter 3, sedi- logical interpretations. Canadian Journal
merit, definitions. Reston, VA: U.S. Depart- of Forest Research. 13: 1043-1050.
ment of Interior, Geological Survey, Office of
Water Data Coordination. Winter, T.C. 1977. Classification of the

hydrogeologic settings of lakes in the
Vannote, R.L.; Minshall, G.W.; Cummins, K.W.; north-central United States. Water Re-

Sedell, J.R.; Cushing, C.E. 1980. The river sources Research. 13(4)" 753-767.
continuum concept. Canadian Journal of

Fisheries and Aquatic Sciences. 37: 130-137. Winter, T.C. 1988. A conceptt_Ll framework
for assessing cumulative impacts on the

Verry, E.S.; Boelter, D.H. 1978. Peatland hydrology of nontidal wetlands, Environ-
hydrology. In: Proceedings of the Wetland mental Management. 12(5): 605-620.
functions and values: the state of our under-

standing. American Water Resources Asso- Winter, T.C. 1992. A physiographic and
ciation: 389-402. climatic framework for hytlrologic stud-

Ies of wetlands. In: Roberts, R.D.; Bothwell,

Walton, W.C. 1970. Groundwater resource M.L., eds. Aquatic ecosystems in semi-arid
evaluation. New York, NY: McGraw-Hill: regions: implications for resource manage-
439-484. ment. NHRI Symp. Ser. 7. Saskatoon,

Canada: Environment Canada: 127-148.

Way, D.S. 1978. Terrain analysis--a guide to

site selection using aerial photographic Winter, T.C.; Woo, M.K. 1990. Hydrology of
interpretation. 2d ed. New York, NY: lakes and wetlands. In: Wolman, M.G.;

McGraw-Hill. 438 p. Riggs, H.C., eds. Surface water hydrology.
Boulder, CO: The Geological Society of

Wertz, W.A.; Arnold, J.A. 1972. Land systems America; vol. 0-1: ]59-187.
inventory, Ogden, UT: U.S. Department of

Agriculture, Forest Service, Intermountain Wisler, C.O.; Brater, E.F. 1959. Hydrology. New
Region. 12 p. York, NY: John Wiley & Sons. 408 p.

West, R.A.; Paustian, S.J.; Martin, J.R. 1989. A Wolman, M.G. 1954. A method of sampling
proposed streamside riparian mapping coarse river-bed _ateri_. Transactions of
system for the Tongass National Forest. the American Geophysical Union. 35: 951-

In: Alexander, E.B., ed. Proceedings of Water- 956.
shed '89 a conference on the stewardship of

70

I II



APPENDIX F

SCIENTISTS %VHO REVIB%V_D PRIOR DR_

Paul Ro Angermeier; USDt Fish rand Wildlite John Lyons; Wisconsin Department of Natural
Service; Btacksburg, VA Resources; Monona, WI

Ted Angradk USDA Forest Service, NoFcheast- Daniel A, Marion; USDA Forest Service, South-
ern Station; Parsons, W__ ern Station; Oxford, MS

Patrick So Bourgeron; The Nature Conser- Terry Marshall; Ontario Ministry of Natural
vancy; Boulder, CO Resources; Thunder Bay, Ontario, Canada

Mason Do Bryant; USDA Forest Sepeice, Pacific W.L. Minekley; Arizona State University;
Norfflwest Station; Juneau, AK Tempe, AZ

James E. Deacon; University of Nevada; Las G. Wayne 1Vlinshall; Idaho State University;
Vegas, NV Pocatello, ID

Co Andrew Dolloff; USDA Forest Service; David R. Montgomery; University of Washing-
Blacksburg, VA ton; Seattle, WA

David Etnier; University of Tennessee, Knox- Peter B. Moyle; University of California; Davis,
ville, TN CA

Christopher A, Frissell; University of Montana; James M, Omerntk; U,S. Environmental
Poison, MT Protection Agency; Corvallis, OR

Iris Goodman; U.S. Environmental Protection Kerry Overton; USDA Forest Service, Inter-

Agency; Las Vegas, NAT mountain Station; Boise, ID

Gordon Grant: USDA Forest Service, Pacific Hans-Olaf Pfannkueh; University of Minne-
Northwest Station; CorvalLis, OR sota; Minneapolis, MN

James W. HornBook; USDA Forest Service, E.Po Pister; Desert Fishes Council; Bishop, CA
Northeastern Station; Durham, NH

William S. Platts; Don Chapman Consultants;
Clark Hubbs; University of Texas; Austin, TX Boise, ID

Robert M. Hughes; ManTech Environmental Don Prlehard; USDI Bureau of Lmld Manage-
Technology, Inc.; Corvallis, OR ment; Lakewood, CO

Michael Hu_rley; M & M Environmental Enter- David Rosgen; Consultant Hydrologist; Pagosa
prises; Boise, ID Springs, CO

James E. Johnson; USDI Fish and Wildlife Robert N, Schmal; USDA Forest Service, Rocky
Service; Fayetteville, AR Mountain Region; Laramie, WY

Richard A. Lime; Wisconsin Department of Dennis H. Schupp; Minnesota Department of
Natural Resources; Monona, WI Natural Resources; Brainerd, MN

Thomas E. Lisle; USDA Forest Service, Pacific Paul W. Seelbaeh; Michigan Department of
Southwest Station; Arcata, CA Natural Resources; Ann Arbor, MI

Fred B. Lotspeleh; Consultant Geologist; Douglas N. Swanston; USDA Forest Service,
Jacksonville, OR Pacific Northwest Station; Juneau, AK

71



Elon S. VenT; USDA Forest Service, North
Central Station; Grand Rapids, MN

Steven J. Walsh: USDI National Biological

Survey; Gainesville, FL

Melvin L. Warren; USDA Forest Service, South-
ern Station; Oxford, MS

Jim Williams: USDI National Biological Survey;
Gaines",_ille, FL

Thomas C. Winter; USDI Geological Survey;
[akewood, CO

Mike Wireman; U.S, Environmental Protection

Agsency: Denver, CO



The United States Department of Agriculture (USDA) Forest Service is adiverse organization
committed to equal opportunity in employment and program delivery. USDA prohibits
discrimination on the basis of race, color, national origin, age, religion, sex, disability, political
affiliation and familial status. Persons believing they have been discriminated againstshould
contact the Secreta_, US Department of Agriculture, Washington, DC 20250,or call 202-
720-7327 (voice), or 202-720-t 127 (TDD),

_ Printed on recyctablepaper. _" U.S. GOVERNMENT PRINTING OFFICE 1995-659-030



, criteria.






