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PREFACE

Over the last few decades, the forest industry has come under increasing scrutiny, and this is particularly true
in the Pacific Northwest. Since World War II the economy has been moving away from primary industries to service
and manaufacturing, and there has been a rapid shift to an urban-based population. This, together with a greater
awareness of environmental issues, has led to increasing public concern over the adverse effects of forest land
management on water quality and stream condition. Much of the public attention has been directed towards the
dramatic decline in the number of salmonid fishes in many of the major river basins, and the resultant economic,
cultural, and legal implications. Considerable concern also has been expressed over the impact of land management
activities on the other designated uses of water, such as domestic water supply and recreation, and the other values
of water bodies that may not be recognized, such as the health of aquatic and riparian ecosystems. The current trend
is clearly towards increasingly stringent regulation of forest practices, and there are no signs that public concern will
abate in the future.

Passage of the National Environmental Policy Act (NEP A) in 1969 provided a means for the regulatory agencies
and the public to openly evaluate the potential environmental impacts of major management actions and participate
in the federal planning process. However, there often is not a comparable, clearly defined process by which the
public and regulatory agencies can evaluate the effects of management activities on the environment. This is
particularly true in the forestry arena, as nonpoint source pollution is controlled primarily by the formulation and
adoption of Best Management Practices (BMPs). Effective BMP evaluation can be done only by directly monitoring
the effects of management activities on the designated uses of the water bodies of concern. Nearly 20 years of
experience has shown that the protection of streams through BMPs is an iterative process, and state water quality

for overseeing the adoption, implementation, and evaluation of the management practices needed to adequately
protect water quality. Clearly this mandate can be carried out onl y if there is an effective means to monitor the effects
of forestry activities on aquatic ecosystems and the designated uses of water.

An ideal parameter for monitoring the impacts of a land management activity such as forestry should
.be highly sensitive (responsive) to the management action(s),
.have low spatial and temporal variability,
.be accurate, precise, and easy to measure, and
.be directly related to the designated uses of the water body.

This ideal parameter should then be monitored in the context of a project which will ( 1) provide useful feedback
to the managers, (2) directly link management activities to the status of the designated uses both on-site and
downstream, (3) allow statistical inferences to be made to larger populations, and (4) allow quantitative estimates
of risk and uncertainty .Since such ideal parameters do not exist and monitoring projects rarely are able to fulftll
all these objeCtive" Region 10 of the U.S. EPA, which includes Washington, Oregon, Idaho, and Alaska, proposed
a year-1'ong project to develop guidelines for monitoring the effects of forestry-related activities on streams. The
present document stems from that initial proposal, and it addresses both the design of monitoring projects and the
selection of parameters for monitoring nonpoint sources of pollution in forested areas.

areas. Earlier publications addressed road construction (EPA, 1975), timber harvest (EPA, 1976), the application
of forest chemicals (EP A, 1977), an evaluation of nonpoint silvicultural sources (EP A, 1980), and effectiveness of
nonpoint controls (EPA, 1988). Our hope is that this document will stimulate further analysis and progress in the
design and execution of water quality monitoring projects.

The field of water quality monitoring in forested areas is still young, and the preparation of these Guidelines
made apparent the relative paucity of published information on the results of monitoring projects and many of the
parameters evaluated in this document. Even "unsuccessful" monitoring projects can help direct future monitoring
efforts if the results are properly evaluated and disseminated.

These Guidelines represent our best effort to define the key elements that lead to a successfu1Jnonitoring
project. By direct interviews, literature reviews, and the generous assistance of numerous expef1S, we have
attempted to summarize the state of the art and anticipate future developments. We fully recognize that monitoring
nonpoint source pollution in forested areas is, like management, an iterative process. We hope that these Guidelines

viii



XI

.ddR + .d 181 .V A\ .~p1~S .01'l-88-6/016 VdH .01 Uo!21'~~ ..A!a 1~1RA\ .1..:)U~~V

U°!1~10ld IR1U~WU°l!AUH .S. fl .SI°.QUO:) ~;)JnOS 10!oduoU IRm11ro!Al!S pw IRm1Jn:)!l8R JO SS~U~A!1~JJH .8861 .V dH

.d9£8
.VD .su~q1V .'l10-08-8/009-VdH ..qR'1.W~ .UOl!AUH .1..:)U~~V U°!1~Old IR1U~WU°l!AUH .S.fl .(~ooqpwq
JRlnp~:>0ld V) S~:)lnOS IRm1Jn:)!AI!S 1U!od-UOU JO u°!1lmIRA~ S~:)lnoS~l 1~1RA\ 01 q:)R01ddR UV .0861 .VdH

.d v'l'l .V A\ .~p1R~S .9£0-LL -6/016 VdH .UO!S!A!a 1~1RA\ .01 Uo!21'~~

.1..:)U~~V U°!1~Old IR1U~WU°l!AUH .S.fl .1..1!IRnb 1~1RA\ JO UO!1~101d pw sIR:)!W~q:) JRm1Iro!AI!S .LL61 .VdH
.d £L'l .V A\ .~p1R~S .0'lo-9L -6/016 VdH .UO!S!A!a 1~1RA\ .01 UO!~~~ .1..:)U~~V U°!1~Old

IR1U~WU°l!AUH .S. fl .1..1!IRnb 1~1RA\ JO UO!1~101d pw U°!1mS~lOJ~ '1u~W1~ ~np!s~l .1S~Al'p.q 1WlOd .9L61 .V dH

.d'll£ .VA\.~p1~S .LOO-~L-6/016VdH.UO!S!A!al~~
.01 UO!~~~ .1..:)U~~V U°!1~10ld IR1U~WU°l!AUH .sn .1..1!Jlmb l~RA\ JO UO!1~01d pw pR01 ~U!~O'l .~L61 .VdH

.SUOJJ~ 8u!.IO1!UOW roo jO Al!~nb ~Ip uodn
pu~~p AI~8mI n!A\ ~ ~S~JOj 0! S~J1S roo jO ronlnj ~Ip SR .S1U~W~AOJdW! p'Jnu!1uo:J JOj S!SRq ~Ip ~P!AOJd n!A\



ACKNOWLEDGMENTS

outoftheRegioo lOofficeofthe U.S. Environmental Protection Agency (EPA) in Seattle. Tom Wilson, Chief, OfficeofWater

Planning, and EIbert Moore, Noopoint Source Coordinator, both played key role-s in developing the concepwal ~ for the

project and garnering support. Their shepherding role continued as the project w~ funded and brought to completioo, and we

deeply appreciate their eff<I1S and esJxx:ially their JX1tience.

Members

of the Project Steering Committee included Dr. Robert Naiman, DirectorofCSS; Dr. KenRaereke, CSS; Dr. ~nnis HalT, a

resean:h ~entist for the U.S. Forest Service based at the University of Washington; Dr. Loveday Conquest, Center for

Quantitative St1Klies at the University ofWashington; Mr .Steve Ralph, Coordinator for the Timber/Fisheries/Wildlife (I'FW)

Ambient Monitoring Progmm basedatCSS; and the three authors of the Guidelines. The assistance ofDrs. HalT and Conquest

in reviewing earlier ~ of relected sectioos of the G uidelines, often at shortnotice, is particularly appreciated. The concepwal

links retween this project and the 1FW Ambient Mooitoring Progrdnlled to a continuous exchange of ideas and experience

with Steve Ralph, and his contributioos to the project are too numerous to list

A Technical Advisory Committee was convened to review the Guidelines at two different stages. Each member gave

generously of their time to atteIKl these meetings and provide written comments on early ~, and their inputs were critical

to the prepamtion of this !kJCument Members included Dr. Robert Beschta. Oregon State University; Dr. Rolx'rt Bilby,

Dr. C. Jeff Cederl1Olm, Washington DepalUnent ofNaI1ml1 Resomt:es; Mr .Jere Christner , Tongass National Forest; Mr. Jim

Doyle, Mt. Baker -Snoqualmie National ~ Mr .Rick Hafele, Oregoo DepalUnent of Environmental Quality; Dr. George

Ice, Natiooa1 Council of the Pulp and Paper Industry for Air and Stream Improvement; Dr. K Koski, U.S. Fish and Wildlife

Dr. Walter Megahan, U.S. Forest Service Intermountain Rerearch Statioo; Mr. John Potyondy, Boise Natiooa1 Forest; Dr.

Gordon Reeve-s, U.S. Forest Service Pocific NorthwestRerearch Statioo; Mr. Jim Ryan, Washington Department ofNaI1ml1

Resom-ces; Mr .Jack Skille, Idaho Department of Health and Welfare; Mr .Rick S towell, Nez Pen:e Natiooal Forest; Mr .Jon

Vanderl1eyden. W aIlowa- Whitman Natiooa1 Forest; Mr .Dick WaI1ace, W ~hington Department of Ecology; and Dr .LaITy

W ~, YakimaIndian NaQon. Severnl members of the Technical Advisory Committee reviewed a fmal draft of theentire

A number of ~le outside of the Technical Advisory Committee helped review and revise sections in which they had

Dietrich, University of California at Berkeley; Dr. GofCk)n Grant, U.S. Forest Service Pacific Northwest Experiment Station;

McDona1d, )x)th at the Forest Service ~ific Northwest Regional Office. Mr .Gino Luchetti, King County , Washington, and

Mr .Bruce McCammoo, Mt HoodNatiooa1 Forest, each contributed ideas and a case study. Additiooalindividuals within EP A,

other government agencies, and sevel;d1 universities were called upon for their comments, and we hope that these individuals

will ree that their suggestioos have helped to slrengthen the Guidelines.

of FISheries, Mr. Marcus Duke. April combined our various and diverre ideas into a coherent cover design, while Marcus I

tmnsformedrough text and mere sketches offiguresand tables into fmal form. WithoutMr .Duke's meticulous helpand patience,

this <k>Cument might never have become a finished publicatioo. ,

Despite the contributions of all these individuals to the Guidelines, final responsiblity for its content and remaining

shortcomings rests with 08. We emphasize that in preparing this document we viewed it not as an ultimate truth, but as a ret

of guidelines which must be evaluated and applied withdOCretioo. It is our hope that the Guidelines will prove ureful to a wide

audieoce.

of water quality mooitoring projects, we will have achieved a major IX>rtioo of our objectives.

JUNE 1991 LEE H. MAcDoNALD

ALAN W. SMART

ROBERT C. WISSMAR
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9.
monitored, the type of management activities, and the cost of monitoring. Monitoring costs are broken into
the frequency of sampling, the range of flow conditions needing sampling, data collection time, equipment
cOSts, and analytic costs. All 30 parameters evaluated in the Guidelines are qualitatively ranked with regard
to each controlling factor in a series of tables. Access to the proposed monitoring sites, the availability of
existing data, and the physical environment (e.g., climate, land form, geology, and soils) are other important
factors that cannot be qualitatively ranked, but which influence the relative value of the different monitoring

parameters.
10. Chapter 5 of Part I integrates these qualitative rankings to provide an overall evaluation of the usefulness of

each parameter for the 10 different management activities considered in the Guidelines. The rationale for the
relative rankings presented in Table 5 is briefly discussed for each management activity.

11. The results indicate that the choice of monitoring parameters is rarely clear .For monitoring forest management
activities, most of the traditional physical and chemical parameters have only limited usefulness because of
their relative insensitivity, their high cost of monitoring, or both. The parameters related to channel characteristics
are promising because of their relative sensitivity and low measurement costs. Aquatic organisms-
particularly invertebrates-also have some specific features that may prove useful for monitoring, but more
work is needed before they can be widely utilized in the Pacific Northwest and Alaska.

12. A limitation of the procedure for selecting the most useful parameters is that each parameter is considered
independently. A final table evaluates the magnitude of the interrelationships between each possible pair of
parameters, and this helps to identify those parameters that may be overlapping or redundant with regard to
monitoring particular management activities.

13. The second part of the Guidelines is a technical review of each of the parameters evaluated in Part I, and this
is designed to provide an overview of each parameter and to serve as a reference section. For each parameter
there are seven sub-sections: (I) definition, (2) relation to designated uses (i.e., how changes in the parameter
affect the designated uses of water), (3) effect of management activities on the parameter, (4) measurement
concepts, (5) standards, (6) current uses, and (7) assessment. The assessment section is designed as an overall,
qualitative summary of the parameter as it relates to water quality monitoring-particularly for forestry
activities-in streams in the Pacific Northwest and Alaska.

14. The technical review of each parameter provides a summary of the relevant literature, but it is not a
comprehensive review or an operational manual. However, the numerous literature citations allow rapid
identification of sources for more detailed information, including field measurement techniques and analytic

procedures.
15. The parameter selection procedure presented in Part I has been incorporated into a PC-based expert system

calledP ASSSF A (P Ammeter Selection System for Streams in Forested Areas). The executable version of the
expert system allaws users to quickly identify appropriate monitoring parameters through an interactive series
of questions and answers. The confidence level assigned to each recommended parameter provides a relative

uses, and monitoring constraints. A "what if' function allows the user to quickly alter his or her response to
a particu~ question and then generate a revised list of recommended monitoring parameters.

xiv
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Part

this can be an important designated use of water from
forested areas. Concern over downstream lake water quality
may affect the design of a stream monitoring project by
requiring additional parameters to be monitored, or by
further constraining the allowable change in certain pa-
rameters. The Guidelines explicitly identify such situations,
and suggest which parameters are most appropriate for

protecting lake water quality.
Finally, the Guidelines consider only those measure-

ments which can be made either in or immediately adjacent
to the stream channel. Observations on up slope areas often
are essential to understanding the cause of changes observed
in the stream channel, and they also may exhibit a higher
sensitivity to management actions than inchannel measure-
ments. Nevertheless, up slope measurements represent a
completely different set of monitoring techniques that are
not addressed in the present document.

ORGANIZATION AND USE OF THE

GUIDELINES

1.2

The Guidelines are divided into two parts. Part I presents
the background and principles of developing a water quality
monitoring plan for nonpoint source pollution in forested
areas. It includes a discussion of the factors that should be
considered in developing a monitoring plan, and a set of
tables summarizing the sensitivity, cost, and usefulness of
the various monitoring parameters vis-a-vis the designated
uses of water and the management activity to be monitored.
Part II presents individual technical reviews of the monitor-
ing parameters that have been or might be used to monitor
water quality in forested areas.

A user's guide to this document is provided in Box 1.
This indicates that those who wish only to learn more about
a certain parameter should go directly to the relevant section
in Part II.

Those who have a clearly defined monitoring objective,
but are uncertain about the parameters to be monitored, can
use the five tables in Chapters 4 and 5 of Part I as a
qualitative guide to the most appropriate parameter(s).
Table 2 (page 39) rates each parameter with regard to its
effects on different designated uses (i.e., how does a change
in parameter X limit different designated uses). Table 3
(page 41) rates the sensitivity of the parameters to different
management activities (i.e., how likely is parameter X to
change as a result of various management activities). Table
4 (page 43) provides a general indication of the "typical"
frequency and sampling cost associated with each param-
eter. Table 5 (page 50) integrates the data from Tables 2-4
to provide a qualitative evaluation of the usefulness of each
parameter for monitoring different management activities.
Tables 6A and 6B (page 62) summarize the interactions
among the parameters; these tables can be used to identify

Many of the parameters, such as habitat types and aquatic
macroinvertebrates, actually incorporate a large number of
specific measurements, but were grouped as a single pa-
rameter for practical reasons.

The restriction of this document to nonpoint source
pollution in forested areas means that the management activi-
ties of primary concern are forest harvest, road construction
and maintenance, forest fertilization, pest and weed control,
and recreation. Other aspects of forest management, such as
mechanical site preparation and intermediate stand treat-
ments, are not explicitly considered, as their impact on
water quality is conceptually similar to the impact of forest
harvest and road building, and typically lesser in magnitude.

Grazing, concentrated recreation, mining, and rural
settlements are other management activities that commonly
occur in forested areas and which can adversely affect water
quality. Although these other management activities are
outside the scope of this document. it is often inefficient or
impossible to monitor only the impact of forestry activities,
and notsim ultaneously consider the effects of mining, grazing,
recreational developments, or fire. Hence the selection of
parameters to monitor each of these other management
activities is briefly discussed in Chapters 4 and 5. To the
extent possible, the parameter reviews in Part II also ac-
knowledge the importance of these other management ac-
tivities. Relatively little attention is devoted to the effects of
rural communities and recreational developments on water
quality, as extensive literature already exists on this topic.
Mining impacts also are not discussed in ~etail because they
are so variable with regard to the minerals being extracted,
the method of operation, and the processing techniques. In
general the review of specific parameters in Part II should
prove helpful in developing monitoring projects that ex-
plicitly consider and evaluate one or more of these other
management activities.

The Guidelines are designed to be most applicable to
perennial streams and small rivers. In larger river systems
water quality usually is controlled by agricultural, indus-
trial, and municipal wastes, and it becomes very difficult to
distinguish the impact of forest management activities.
Furthermore, some of the parameters discussed in the
Guidelines (e.g., habitat types) cannot be easily applied to

large rivers.
'I:t1e Guidelines also do not address the design of water

quality monitoring projects for lakes, as lakes are so distinct
in terms of their physical and biological characteristics.
Most lake monitoring projects rely on the collection and
analysis of water samples, while a much broader range of
monitoring parameters can be used in streams and rivers.
Although some of the parameters discussed in the Guidelines
are relevant to water quality monitoring in lakes, the
Guidelines do not explicitly address their potential use in

lac us trine environments.
However, the Guidelines explicitly consider the need to

protect water quality in downstream lakes and reservoirs, as

[4]
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Part I

measurements (temperature, pH, conductivity, dissolved
oxygen, nutrients, herbicides, and pesticides); discharge
parameters (size of peak flows, low flows, and water yield);
sediment parameters (suspended sediment, turbidity, and
bedload); channel characteristics (channel cross-section,
width and width-depth ratio, pool parameters, thalweg
profile, habitat type, bed material size, embeddedness, large
woody debris, and bank stability); riparian condition (ripar-
ian canopy opening, riparian vegetation); and biological
components (bacteria, algae, invertebrates, and fish).

For convenience the discussion of each parameter is
divided into seven sub-sections:

I. definition,
2. relation to designated uses,
3. response to management activities,
4. measurement concepts,
5. standards,
6. current uses, and
7. assessment
The assessment section is a qualitative evaluation and

summary, and it can be read separately if desired. The
extensive references at the end ofPart II direct the reader to
more detailed sources of information on each parameter.

In summary, the Guidelines are designed to help guide
the development of a monitoring plan, with particular em-
phasis on the selection of the parameters to be monitored. It
must be recognized, however, that the Guidelines are sub-
ject to several limitations. First, the tables are a qualitative
evaluation based on a combination of experience and pub-
lished data. We have tried to integrate the views of many
experts, but there will always be some divergence of opin-
ions. Second, it is not possible to develop a set of guidelines
which will apply in all environments for all conditions. Any
divergence between the Guidelines and one's individual
views should be used to stimulate further discussion and a
critical reassessment mtimately, however, local knowl-
edge and experience should take precedence over any gen-
eralized guidelines. Third, the discussion and matrices are
based on current knowledge. In many cases data on the
sensitivity and variability of a parameter are not available,
or are known only for a particular environment As more
data are accumulated, our opinion as to relative usefulness
of a parameter may change. Finally, measurement techniques
are evolving, and this will affect the ease of measurement,
the inherent variability, and the sensitivity to detect change.~

can based on a single measurement or observation, they also
can incorporate a series of observations to obtain a better
estimate of a particular parameter. For example, the number
of species of fish in a particular reach might be counted as
part of an inventory of fish species, and several counts might
be made in order to obtain a more accurate estimate. Similarly,
maximum daily water temperature might be measured sev-
eral times over the course of a summer to assess whether
summer temperatures might be an important limitation to
the quality of fish habitat under the existing conditions.
However, if water temperatures are measured over several
years to determine the effect of upstream management ac-
tivities or climatic variations, this is clearly monitoring. The
overlap in the definitions of assessment, inventory , and
monitoring means that in some cases the primary distin-
guishing feature of monitoring will be the intent to assess
change rather than the number or type of measurements.

Often an assessment or inventory serves as the fIrst step
towards establishing a monitoring project Knowledge of
the spatial and temporal variability is essential to develop-
ing an efficient monitoring plan (Chapter 3). To the extent

\that inventory and assessment techniques overlap with
monitoring procedures, these Guidelines can help with the
conceptual problems of deciding what, where, and how to
inventory or assess water quality .

A number of federal and state agencies have defined the
different types of monitoring carried out by their particular
organization (e.g., Potyondy, 1980; Solomon, 1989). Un-
fortunately these defmitions are not consistent, and this has
often resulted in semantic confusion. In most cases a clear
statement of the purpose of the monitoring will be the best
method of defming the type of monitoring, and it then is
simply a matter of attaching a mutually agreeable label to
that particular type of monitoring. For the purposes of this
document, the following types of monitoring are defined:

I. Trend monitoring. In view of the defmition of moni-
toring, this term is redundant Use of the adjective
"trend" implies that measurements will be made at
regular, well-spaced time intervals in order to deter-
mine the long-term trend in a particular parameter.
Typically the observations are not taken specifically
to evaluate management practices (as in type 4),
management activities (as in type 5), water quality
models (as in type 6), or water quality standards (as in
type 7), although trend data may be utilized for one or
an of these other purposes.

2. Baseline monitoring. Baseline monitoring is used to
characterize existing water quality conditions, and to
establish a data base for planning or future compari-
sons. The intent of baseline monitoring is to capture
much of the temporal variability of the constituent(s)
of interest, but there is no explicit end point at which
continued baseline monitoring becomes trend moni-
toring. Those who prefer the terms "inventory moni-
toring" and "assessment monitoring" often define

1.3 TyPES OF MONITORING

The term "monitor" is defined as to watch or check.
Although it is not an explicit part of the defmition, the term
monitoring suggests a series ofobservationsovertime. This
repetition of measurements over time for the purpose of
detecting change distinguishes monitoring from inventory
and assessment While both inventories and assessments
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Part I

Table 1. General characteristics of monitoring types.

~

Type of type of water Frequency of Duration of Intensity of
monitoring quality parameters measurements monitoring data analysis

Trend Usually water column Low Long Low to moderate

Baseline Variable Low Short to medium Low to moderate

Implementation None Variable Duration 0! project Low

Effectiveness Near activity Medium to high Usually short to medium Medium

Project Variable Medium to high >Project duration Medium

Validation Few High Usually medium to long High

Compliance Few Variable Dependent on project Moderate to high.

monitoring effort from effectiveness monitoring to imple-
mentation monitoring.

1.4. LEGAL BACKGROUND

The different types of monitoring have evolved partly in
reslX>nse to the changing objectives and legal requirements
for water quality monitoring. Passage of the Federal Water
Quality Act of 1965 led to the widespread adoption of
insb"eam water quality standards. This stimulated state and
local agencies to initiate more intensive monitoring progrnms,
but these were oriented more towards meeting the legal
requirements than facilitating management decisions
(Sanders and Ward, 1979).

In 1972 the Federal Water Pollution Conb"ol Act estab-
lished a regulatory system for point sources of water pollu-
tion. This added a permit system and self-monitoring of
effiuent discharge to existing insb"eam monitoring efforts.
A national goal that all waters should be fishable and
swimmable was established.

Section 208 of the 19721aw recognized that nonpoint
sources could adversely affect water quality and should be
conb"olled. States were required to prepare plans for con-
trolling nonpoint sources, although implementation was
voluntary (Hohenstein, 1987). The primary mechanism for
regulating nonpoint sources is by adopting and implementing
BMPs (Best Management Practices). In general terms
BMPs are defined as those practices, or combination of
practices, that are practical and effective in preventing or
reducing pollution from nonpoint sources to levels compat-
ible with water quality goals (Lynch and Corbett, 1990).
The current EPA definition of BMPs is as follows:

itly considered, and the general discussion on developing a
monitoring plan is directly relevant. On the other hand,
implementation monitoring generally does not involve water
quality measurements, and so the Guidelines are less ap-
plicable. Effectiveness monitoring of individual BMPs also
may use different parameters than the ones discussed in
these Guidelines.

Since validation monitoring is used to evaluate model
accuracy, the parameters to be measured are defmed by the
modeloutput Usually these will correspond to some of the
monitoring parameters reviewed in this document, but this
may not necessarily be the case. Similarly, the parameters
and procedures for compliance monitoring usually are spe-
cified by the regulating age~y. Some standards are written
in qualitative language, and in such cases several different
procedures might be used to assess a broadly defined stan-
dard such as "biological integrity." Nevertheless, most of
the constituents incorporated in compliance monitoring
projects in forested areas are included in these Guidelines.

Most water quality monitoring projects will involve
more than one of the types of monitoring defined above.
The integration of several monitoring types into one project
usually is due to multiple objectives. As suggested previ-
ously, distinct objectives attained through different types of
monitoring do not necessarily require distinct and indepen-
dent data collection efforts. If the monitoring objectives are
clearly specified, one usually finds considerable overlap in
terms of the data needs, and recognition of this can result in
considerable cost savings.

Box 2-the fIrst of five case studies presented in the
Guidelines-is an overview of ongoing water quality moni-
toring efforts in the Bull Run watershed near Portland,
Oregon. This particular project has been subjected to con-
siderable scrutiny by several parties with diverse interests,
and it recently underwent a thorough technical review
(Aumen et al., 1989). Although it can be argued that the
monitoring efforts on the Bull Run watershed are relatively
unique in terms of their cost and intensity, the ongoing
revisions in the monitoring project have much broader
implications. Of particular interest is the reallocation of

Med1ods, measures or practices selected by an
agency to meet its nonpoint control needs. BMPs
include but are not limited to structural and non-
structural controls and operation and maintenance
procedures. BMPs can be applied before, during
and after pollution-producing activities to reduce or
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Figure 2. Ecological integrity is attainable when chemical, physical, and biological integrity occur simultaneously (EPA, 1990).

allocation"). In equation form,

Loading capacity -safety factor -contribution from
natural sources = TMDL

lMDL = wasteload allocation + load allocatif)n

To date the load allocation process has been developed for
only a few water bodies in the Pacific Northwest, although
it undoubtedly will be more widely applied in the future.

In summary , a variety of mechanisms have been devel-
oped to control nonpoint source pollution, and there will be
continuing adjustments and additions to these regulatory
tools in the future. To a certain extent it is this variety of
objectives and approaches which has led to the proliferation
of monitoring types and the confusion over monitoring
terminology (Section 1.3). For example, compliance
monitoring usually refers to the monitoring associated with
meeting numerical water quality criteria and the limits
specified in point source discharge permits. Implementa-
tion and effectiveness monitoring often are associated with
the process of implementing and evaluating BMPs, but
effectiveness monitoring also could apply to the evaluation
of specific pollution control programs. Trend monitoring is
necessary forthe successful application of the antidegradation

policy.

In late 1985 EP A recognized dIe changing needs in
water quality monitoring and initiated a study of its surface
water quality monitoring efforts. Several specific needs
were identified {EPA, 1987), and dIese still are defining
some of dIe current directions in water quality monitoring.

The fIrst need was to develop and use biological moni-
toring techniques as well as dIe traditional physical and
chemical water quality parameters. As shown conceptually
in Figure 2, dIe biological integrity is one component of dIe
ecological integrity , and biological monitoring is needed to
evaluate dIe biological integrity .Hence dIe emphasis on
developing biological criteria stems from dIe need for im-
proved techniques to evaluate dIe condition of water bodies,
as well as dIe need to more directly relate water quality criteria
to designated uses {EP A, 1990). EP A is now working widI
dIe states to develop narrative biological criteria {EPA,
1990), and numerical biological criteria are likely to be

developed subsequently.
The Rapid Bioassessment Protocols for aquatic mac-

roinvertebrates and fISh {Part II, Sections 6.2 and 6.3, re-
spectively) are expected to serve as dIe prototype techniques
for assessing and defming dIe biological integrity of streams.
However, dIe establishment of biological criteria for streams
in dIe Pacific Northwest and Alaska is likely to be an extended
A second recommendation of dIe EP A monitoring study
was dIat water quality monitoring programs should aim to
demonstrate dIe results of water pollution control efforts
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Part I

monitoring t~s defined in Section 1.3 fit into these three
components of the current regulatory sb"ucture.

As indicated in Figure 3, the fIrst step in developing a
plan to control nonpoint source pollution is to determine
whether water quality is ( I) limiting the designated uses for
that water body, and (2) meeting water quality standards.
Such an evaluation necessitates an initial set of water quality
measurements (baseline monitoring). If the designated uses
are not impaired and the standards are being met, the procedures
shown on the left-hand side of Figure 3 are applied. Basi-
cally this involves the routine application of BMPs and
regular water quality measurements, with monitoring being
an essential component of both of these activities.

The effective application of BMPs requires regular
implementation monitoring (i.e. , determining that the BMPs
were applied as planned). This information must be fed
back to managers in order for them to assess whether the
BMP planning and implementation process is working.
This implementation monitoring feedback loop (Fig. 3) is a
crucial link in helping to ensure that BMPs are properly
integrated into ongoing management activities, and gener-
ally is regarded as one of the most cost-effective means for
controlling nonpoint source pollution.

Similarly, continued water quality monitoring is re-
quired to ensure that (I) the existing and designated uses of
water continue to be unimpaired, (2) the applicable water
quality standards continue to be met, and (3) there is no
degradation of water quality .In theory these three goals all
fall under the umbrella of meeting water quality standards,
but in practice these goals often must be considered sepa-
mtely. According to the definitions in Section 1.3, a com-
bination of trend and compliance monitoring is needed to
achieve these goals. The trend and compliance monitoring
feedback loop on the left-hand side of Figure 3 emphasizes
that these data must be evaluated on a continuing basis, and
a degradation in water quality probably will force a change
in the procedures being used to limit nonpoint source pollution.

If the initial assessment of water quality indicates that
the designated uses are impaired, or that the standards are
not being met, the process on the right-hand side of Figure
3 is followed. Again the first management action is to
prescribe and refme BMPs, as this is the primary means to
protect water quality from nonpoint source pollution (Sec-
tion 1.4). The implementation of BMPs must be regu-
larly monitored to ensure that the observed water quality
problems are not just a result of substandard field operations.

Note that this implementation monitoring is not neces-
sarily limited to internal reviews. Many states have con-
ducted extensive project reviews to assess the actual appli-
cation of forest practice rules and BMPs. In most of these
reviews, an interdisciplinary review team has conducted on-
site evaluations of selected projects. Typically no measure-
ments of water quality are made, although the field review
team may qualitatively evaluate management impacts on
stream channels. On the basis of these field reviews, the

interdisciplinary team makes recommendations regarding
specific management practices and suggests procedures for
ensuring that these are fully implemented. Such qualitative
field reviews often are considered to be the most cost-ef-
fective means for protecting water quality, as current BMPs
are believed to adequately protect water bodies from rapid
and obvious degradation, and these reviews directly address
the problem of implementation (e.g., Idaho Dept of Health
and Welfare, 1989; NCASI, 1988).

The second type of monitoring shown on the right-hand
side of Figure 3, continuing trend and compliance monitoring,
is similar to the trend and compliance monitoring discussed
for unimpaired water bodies. Such monitoring provides the
data needed to determine if (1) water quality standards are
continuing to be violated, (2) the designated uses are impaired,
and (3) water quality is improving. Again these data must
be regularly analyzed and evaluated to determine what ad-
ditional control measures should be undertaken. The water
quality data also can help indicate the effectiveness of
BMPs in protecting water quality, and for this reason some
agencies regard the trend and compliance monitoring shown
in Figure 3 as another type of effectiveness monitoring.

Continuing water quality problems often trigger a more
intensive review of BMP effectiveness. As mentioned in
Section 1.3, several approaches can be taken to BMP ef-
fectiveness monitoring. The simplest is a qualitative field
inspection, which can be done individually ( e.g., observing
road drainage problems during storm events) or as part of a
formal review team. The review team process is similar to
that already discussed for implementation monitoring, but
for BMP effectiveness monitoring the review team also
must attempt to qualitatively assess whether proper imple-
mentation of BMPs adequately protected the water bodies
of concern.

As noted, water quality monitoring is a secondary ,
broad-scale method of evaluating BMP effectiveness. By
definition this approach relies on inchannel measurements,
although additional up slope observations are needed to deter-
mine the cause(s) of any observed change in water quality.
The emphasis on inchannel measurements means that these
Guidelines can be used to help formulate plans for monitoring
the overall effectiveness of BMPs.

In some cases itmay be difficult to determine the precise
cause of a particular water quality problem. Since both
water quality monitoring and the interdisciplinary review
team approach tend to assess the overall effectiveness of
BMPs, a third mode of BMP effectiveness monitoring-
evaluating individual BMPs-has been used to obtain the
necessary rigor. This mode usually involves detailed field
measurements on replicated sites. For many BMPs, mea-
surements must be made outside of the stream channel, as
these will have the necessary sensitivity to the practice
being evaluated, and be less subject to confounding factors
than instream measurements. Although evaluating indi-
vidual BMPs may be a more costly approach than monitor-
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Part I

tribution of the parameters in time and space, no monitoring
program will be optimal. Also, our knowledge of monitor-
ing parameters and techniques will continue to change.
Thus one should expect to refine the monitoring program
over time as the data is collected and analyzed. On the other
hand, a change in parameters or techniques could well
preclude any statistical comparisons with earlier data-
another reason why a pilot project should be conducted
before a long-term monitoring project is initiated.

The case study of the South Fork of the Salmon River
illustrates how a long-term monitoring project has adapted
as needs changed and additional information became available.
The common theme over the nearly 25 years of monitoring
has been to focus on those parameters that provide specific,
quantitative information on the limiting factors (spawning
and rearing habitat) for the designated use of greatest concern
(salmonid fisheries) at least cost (Box 3).

STRUCTURE OF A WATER QUALITY

MONITORING PROJECT

2.2

Many of the key steps for defining and implementing a
water quality monitoring project have been identified through
the discussion in Section 2.1. Although the defmition of the
specific steps in developing a monitoring project tends to
vary according to the author of the guidelines and the par-
ticular monitoring situation (e.g., Boynton, 1972), the key
steps' are as follows:

.propose-together with the managers-the general

objectives;
.define the approximate budget and personnel

constraints;
.review existing data;
.determine monitoring parameters, sampling locations,

sampling procedures, and analytic techniques;
.evaluate hypothetical or real data;
.reassess monitoring objectives and compatibility with

existing resources;
.initiate monitoring activities on a pilot basis;
.analyze and evaluate data;
.reassess monitoring objectives and compatibility with

existing resources;
.modify monitoring project as necessary;
.continue monitoring;
.prepare regular reports and recommendations.
Figure4 is a schematic representation of these key steps,

and it also indicates some of the critical feedback loops in
developing and implementing a water quality monitoring
project. In most cases, however, the key steps are not nearl y
as distinct and sequential as indicated in Figure 4. Decisions
made at each step often have repercussions for the entire
monitoring project, and sometimes this may force a reas-
sessment of previous steps. For example, preliminary

identification of dIe possible sampling locations may neces-
sitate a review of dIe budget constraints or dIe monitoring
objectives. Hence the feedback loops shown represent only
dIe most critical padIways, and each step may not always be
completed in dIe order indicated. What is essential is that
each key step be explicitly addressed, and the sequence
indicated in Figure 4 is one approach to optimize the process
of developing a monitoring project.

The fIrst step is to identify dIe general objectives, and
dIis is best done by dIe managers in consultation widI dIe
ttX:hnical staff. Once dIe general objectives have been deter-
mined, dIe approximate personnel and budgetary constraints
must be specified in order to ensure dIat the subsequent
monitoring plan is realistic. The availability of past data
also must be assessed. If past data are available, it may be
possible to evaluate changes over time provided dIe same
measurement techniques and sampling locations are em-
ployed. If past data are unavailable, change probably will
have to be assessed by site comparisons, and dIis often leads
to greater flexibility in the selection of bodI dIe monitoring
parameters and dIe sampling locations.

The next step is to formulate the specific objectives.
This requires dIe participation ofbodI dIe managers and dIe
technical staff in order to ensure dIat dIe specific objectives
are technically and fmancially feasible. The importance of
this interaction is often overlooked, and a failure in com-
munication can lead to a variety of problems. For example,
if dIe manager is unaware of the potential benefits of dIe
monitoring project, obtaining the necessary resources to
carry out dIe project may be difficult. Alternatively, if dIe
technical specialist does not listen to dIe manager, dIe specialist
may design a monitoring project that will not provide dIe
necessary guidance for management decisions. Input from
bodI dIe managers and the specialists is needed to balance
dIe need for more data and dIe cost of acquiring that data.
BodI sides also must be explicitly aware of the risks and
uncertainties associated widI monitoring in a highly variable
environment (Section 3.2.3).

Often the technical specialist will need to take the lead
role in formulating dIe specific objectives because dIe specialist
will be more familiar widI previous monitoring efforts and
the likely impacts of management activities on water quality
and aquatic resources. Formulation of the specific objectives
also requires some knowledge of the fluvial systems to be
monitored (Section 4.8) and dIe likely impact of management
activities (Section 5.1).

Careful identification of dIe specific objectives probably
is dIe most crucial step in dIe entire process, as a set of
precise objectives will largely define the remainder of dIe
monitoring project, including the approximate cost, moni-

toring parameters, sampling locations, sampling frequency,
and data analysis techniques (Section 4.1).

Once the specific objectives have been formulated, the
next step is to select the parameters to be measured (Chapter
5) and set out dIe protocols for collecting data and analyzing

0
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Figure 4. Development of a monitoring project.
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3. STATISTICAL CONSIDERATIONS

IN WATER QUALITY MONITORING

3.1 RELEVANCE OF STATISTICS TO

WATER QUALITY MONITORING

Statistics are an inherent component of nearly all water
quality monitoring programs. In most cases a precise for-
mulation of the monitoring objectives (Section 4.1) results
in a question that is best answered on a statistical basis. For
example, a common objective of water quality monitoring
plans is to determine if a particular management activity is
causing an adverse change in water quality. To answer this
question in a quantitative manner, it is necessary to acquire
data and make a comparison either to other site(s), or to data
from the same site prior to the management activity .If the
monitoring plan is properly designed and replicated, data
analysis will yield specific conclusions with an identified
level of risk.

Other common monitoring objectives include the
characterization of a parameter (baseline monitoring), de-
termination of trends (trend monitoring), evaluation of
models and standards (validation monitoring), and as'sess-
ment with regard to a set standard (compliance monitoring).
Each of these requires collecting and analyzing data. statis-
tics provides the scientific basis and procedures for studying
numerical data and making inferences about a population
based on a sample of that population (Mendenhall, 1971;
Sokal and Rohlf, 1981).

change over time?
.Where and when should samples be taken?
.Which parameters should be measured?
.How will the precision and accuracy of the data be

assured?
As the monitoring plan develops and data are collected,
there is a continuing need to analyze the data, evaluate
whether the data are meeting the objectives, and determine
whether the timing and location of sampling is optimal. All
these aspects of a monitoring program either require or
involve statistics.

Many people react negatively to the use of statistics.
Typically this is due to a lack of understanding about the role
of statistics in water quality monitoring, or past experiences
in which the application of statistics led to unexpected con-
flict or uncertainty. Statistics can make a strong positive
contribution to water quality monitoring programs by:

.providing an overall design for collecting and anal yz-

ing data;
.facilitating the precise specification of objectives,

including an explicit recognition of the uncertainty
and potential errors;

.providing a quantitative means to optimize the loca-
tion and times of sampling, and thereby reduce costs;

.providing a rigorous set of procedures for analyzing
the data collected in a water quality monitoring pro-
gram; and

.providing a quantitative basis for making inferences
about the characteristics and response of the popula-
tions being sampled.

To take full advantage of these potential benefits, those
responsible for preparing monitoring plans should consult
with a statistician both early and often. Too often a statis-
tician is consulted after the data have been collected, and the
statistician's tools are unable to salvage inconsistent
or unreplicated data.

By its very nature, water quality monitoring is a sam-
pIing procedure. It simply is not possible to make continu-
ous measurements of all parameters at all locations. This
means that before any data are collected one must address
questions such as:

.How many samples are likely to be needed to character-
ize a parameter wid1 a specified degree of uncertainty?

.How many samples are likely to be needed to deter-
mine if there is a difference between locations, or a

@]
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Part I

claims of cause and effect must be based on other informa-
tion and not statistical testing (Hurlbert,1984). Ideallydata
should be collected to document the processes responsible
for the observed change.

Multiple pairs of treated and control sites, although
costly, usually result in a high sensitivity to change. Both
the control and treated sites are subject to the same extrane-
ous factors, so the exclusion of these factors greatly increases
the likelihood of detecting a treatment effecL

The paired-site approach is commonly used in project
monitoring. Typically water quality is measured upstream
and downstream of a particular activity , and the observed
differences between sites are presumed to be due to the
particular project or octivity .However, the known differences
in water quality and stream characteristics between upstream
and downstream locations (e.g., Nairnan et al., 1991) means
that a pre-project calibration period is essential for unreplicated
sites. As in the paired-site approach, the absence of multiple
treated (downstream) and control (upstream) sites means that
the inference of cause-and-effectmust be based on qualitative
evaluation rather than statistical testing.

As suggested above, neither the single-site nor the
paired-site approach fit into the traditional randomized
designs described in statistics texts. In most water quality
monitoring plans, the experimental units are streams, lakes,
or sampling sites, and these cannot be randomly allocated
among treatments such as clearcutting or road building.
Typically the experimental units and treatment(s) are al-
ready specified, and the objective of the monitoring pro-
gram is to determine if change has occurred. Sampling sites
are often fixed by the presence of a bridge or other structure
from which samples can be safely taken at high flows, or by
access to the drainage network.

The randomized block design may be the most relevant
to water quality monitoring. Each block includes all of the
treatments as well as a control. Treatments are randomly
assigned to the experimental units within a block. Analysis
of variance procedures are used to evaluate the differences
between treatments in one or more blocks, regardless of the
variation among the different blocks. Thus the primary
advantage of this design is to exclude extraneous factors
(such as site differences, which occur between blocks) and
focus on the differences between treatments within blocks.
This makes the design statistically more robust (i.e., the
results are reliable over a wider range of conditions).

Paired watersheds and upstream-downstream compari-
sons represent two of the simplest forms of a block design.
The combination of a treated watershed and a control water-
shed form one, unreplicated block. Additional paired wa-
tersheds undergoing identical treatments result in additional
blocks. To the extent that treatments are randomly assigned
to each experimental watershed within a block, this yields a
randomized block design, and statistical inferences can be
made regarding (1) the cause of any observed differences,
and (2) the likely result of a similar treatment on other

cant change over time by comparing the means and vari-
ances over the initial period (baseline data) to the means and
variances following the onset of the management activity .
Often, however, this straightforward approach is not valid
because the data are serially correlated (i.e., the value of any
given data point is related to the previous value), or the data
vary according to season, discharge, or other variables.

The approach to detecting trends will depend on the
number of data points available and the type of trends or
correlations present in the data. Graphing the data is the fIrst
and probably most important step in identifying the com-
plicating factors and determining the appropriate statistical
approach (Gilbert, 1987). A basic choice is either to attempt
to remove the trend or correlation and then use parametric
statistics, or use nonparametric statistics on the original data.
Gilbert (1987) provides a useful guide to trend analysis
techniques, and he references Hamed etal. (1981) for analyz-
ing discharge-related parameters and Montgomery and
Reckhow (1984) for analyzing serially correlated data.

A completely different approach is to model the time
series sequence using the techniques developed by Box and
Jenkins (1976). This requires a minimum of 50-100 data
points collected at approximately equal time intervals, does
not allow for missing data, and is more complex than the
techniques mentioned previously (Gilbert, 1987; Mont-
gomery and Johnson, 1976).

The fIrSt and most common design to evaluate changes
over time is to monitor a single site. This approach is useful
to detect seasonal or other trends, but a basic problem is that
statistical inferences cannot be made either about the cause
of any observed change at the monitoring site or about the
cause of similar changes observed at other sites. Data from
other sites are necessary for making inferences about other
locations (Hurlbert, 1984).

The paired-site approach is the second design which
often is used to evaluate change. In this design two sites are
monitored, and a statistical relationship between the sites is
established for the parameter(s) of interest. After this initial
calibration period, one site is subjected to a treatment (e.g.,
timber harvest), and the other is left as a control. A significant
change in the statistical relationship between the sites is
used to indicate a treatment effect. This is the basic concept
behind paired-watershed experiments (e.g., Bosch and

Hewlett,1982).
The advantage of the paired-site approach is that the

untreated or control site provides a basis for separating the
treatment effect from other extraneous factors ( e.g., climatic
events). Nevertheless, this design still shares the same
major flaw as the single-site approach, namely the lack of
replication. In the absence of replicated treated and control
sites, there is no information on the spatial variability of the
parameter being measured. An estimate of the variability is
necessary to make any statistically based inference about
the cause of an observed difference between the treated and
control sites. Since in most cases sites are not replicated,
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Part I

experimental units to 45. The use of these more complex
designs will depend on factors such as the availability of
experimental units, the estimated importance of the interac-
tions, the monitoring budget, and the statistical trade-offs

(Section 3.4.2).

3.2.2 BENEFITS OF A PROPER STATISTICAL

DESIGN

A proper statistical design can greatly improve the
efficiency of data collection. For example, if the staff
thought that the difference in the number of landslides in the
clearcut and forested units was relatively large, measure-
ments might onl y be made on a random sample of 10% of the
units. If this sample indicated a statistically significant
difference, measuring the remaining units might be un-
necessary , and a substantial savings in the cost of the study
would be realized.

The potential benefits of an adequate statistical design
are even more apparent if there are several sources of varia-
tion. In the above example, the frequency of landslides
might be strongly influenced by slope steepness or the type
of bedrock. If the sample size is sufficiently large, statistical
procedures can be used to separate these factors. Such
information is extremely useful for developing practical
management procedures, such as identifying high-risk areas
or predicting sediment input to streams from landslides.

In many cases the critical factors are known prior to
initiating the monitoring project This a priori information
can be used to construct strata to improve the sampling
efficiency and the sensitivity of the statistical tests (Section
3.3). The basic principle is that the strata should remove as
much of the within-stratum variability as possible, thereby
allowing the treatment effect to stand out from the "noise"
of the data. Continuing with the previous example, the forested
and clearcut units might be stratified by geologic type. A
random sample of the forested and the clearcut units would
be taken from each geologic type (stratum), and an analysis
of variance procedure would be used to detect differences in
landslide frequency among strata ( e.g., sandstone or shale)
and treatment (e.g., clearcut or forested). If prior informa-
tion is lacking, a pilot study can be extremely helpful in
determining an appropriate statistical design, identifying
strata, and estimating sample size.

3.2.3 DESIGN PROBLEMS AND CONSTRAINTS

Some of the major problems and constrain~ associated
with developing water quality monitoring plans include:

.lack of adequate information prior to initiating a

monitoring project,
.difficulty in distinguishing between the effec~ of

management activities and naturnl even~,
.difficulty in distinguishing among the relative effec~

of multiple management activities,
.the possible time lag between an action and i~ effect

of water quality, and
.the random nature of climatic even~.
The lack of adequate information about the parameters

to be monitored is an important limitation to the develop-
ment of a monitoring plan. In many cases key sampling
decisions must be made with little or no data on the diurnal
and seasonal fluctuations of different parameters, the de-

The importance of the statistical design can be illusb"ated
by an example. Suppose a land manager needed to deter-
mine if clearcutting increases the number of landslides. The
staff reviewed a recent set of aerial photos and determined
that there were 25 landslides on 5,000 acres of clearcuts, and
50 landslides on 20,000 acres of mature forest. Although the
number of landslides per unit area proportionally was twice
as high on clearcuts as mature forest, it is not possible to
make any generalizations or statistical conclusions because
data on the variability of the number of landslides on clearcut
and forested areas was unavailable. Statistical analyses
require multiple measurements in time or space, but the
results cited above are from a single survey of one conb"ol
and one b"eated experimental unit.

One might argue that statistical rigor may not be im-
portant in cases where the difference is relatively large, but
what is the certainty associated with the statement that
clearcutting increases landslides if there were 70, 80, or 90
landslides in the uncut forest? The overall b"end in land
management is towards increasing regulation to eliminate
the obvious adverse impacts. Hence increasingly sensitive
techniques will be required to evaluate future management
effects, and this will require proper statistical designs.

Collection of essentially the same data in the context.of
an overall statistical design can greatly increase the value of
the data. In the above example, instead of b"eating the entire
area as one experimental unit with two b"eatments (clearcut
and forested), the staff should have identified the population
of clearcut units and potentially harvestable forested units.
Then data on the area and number of landslides in each
clearcut and each forested unit should have been collected.
This procedure would yield a data set consisting of the
number of landslides per unit area for each potentially
harvestable forested unit and each clearcut unit. Since these
data represent a sample of a much larger population of
clearcut and potentially harvestable forested areas, statisti-
cal techniques can be used to determine the following:

.the mean and variance of the number of landslides in
each land use type;

.the approximate shape of the underlying distribution of
the data (e.g., normal, binomial, Poisson, lognormal);

.the significance probability associated with the ob-
served difference in the number of landslides between
the two land use types; and

.the likelihood of obtaining a false conclusion.
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Part I

management activities (e.g., Lisle, 1982; Griggs, 1988).
Statistics can be used to evaluate the likelihood of experi-
encing a certain event within a specified time period, and
this infonnation can be helpful in the initial fonnulation of
a monitoring plan. Similarly, the results of a water quality
monitoring project must be evaluated in the context of the
climatic events experienced during the monitoring period.

For some water quality monitoring objectives, a statis-
tical design may not be necessary .A source-search method-
ology often can be used to qualitatively identify the cause of
a water quality problem, or the most likely locations for
sampling. The basic procedure is to make systematic obser-
vations, usually in the upstream direction, in order to iden-
tify the source of potential or existing water quality prob-
lems. Often observations or water samples are taken at each
major tributary .This procedure is most effective if there is
a localized pollution source that is having a substantial
impact on water quality, and when measurements can be
made in the field.

Similar procedures can be followed to rapidly and
qualitatively evaluate management practices and impacts.
Walking or driving a road network during runoff events, for
example, can provide a useful, qualitative review ofBMPs,
and indicate where road-related water quality problems are
developing. This type of reconnaissance can be extremely
cost-effective as it facilitates the early identification of
problems without embarking on a costly monitoring scheme.
Such activities also offer the potential to resolve adverse
impacts at an early stage, and thereby reduce the costs of
repai!s or future mitigation measures.

In short, there is a need to complement any instream
monitoring program with additional observations or mea-
surements. These should aim at (1) providing a direct link
between up slope or riparian management activities and
instream water quality; and (2) enhancing one's under-
standing of watershed processes. Such infonnation is not
only helpful in alleviating any problems with the statistical
design, but also is essential for helping to guide future
research and management.

3.3 PRINCIPLES OF SAMPLING

Many of the most important principles of sampling are
similar to the principles of statistical design, and these are
discussed in most statistical texts. The three basic types of
sampling are random, systematic, and sb"atified, and each
can be applied in space or over time.

The procedure for simple random sampling is to clearly
identify the universe of potential sampling times or locations,
and then select individual times or locations for sampling
according to a random numbers table or any random pro-
cedure. If information on the variability of the parameter is
known, then the number of samples needed to achieve a
certain confidence interval can be calculated. For example,

simple random sampling might be used to select the particu-
lar days for measuring pH in a large river.

Using simple random sampling to select monitoring
sites may prove difficult in practice because it requires
identifying all possible sampling sites (i.e., the sampling
frame). This may not be a problem if the precise location of
the sample is not important. The sites for monitoring many
water column parameters, for example, could be randomly
selected from the population of river miles. Simple random
sampling could be very time-consuming if one wishes to
sample only certain habitat types (Hankin and Reeves,

1988).
Systematic sampling consists of randomly selecting the

fIrst sample, and then selecting all subsequent samples by
applying a constant interval. Systematic sampling can
result in a biased sample if there is a systematic variation in
the population being measured. For example, if the timing
of the fIrst sample in a given year was determined randomly ,
and subsequent samples were taken at exactly 6-month
intervals, this might not represent a true long-term average
because all the samples would be taken in two different
seasons. Hankin and Reeves (1988) discuss the merits of
different sampling schemes to estimate fish abundance and
habitat areas in small streams. They advocate systematic
sampling of individual habitat units (e.g., measuring the
area of every tenth glide, or counting the fish in every fifth
plunge pool) because it is the most practical and is unlikely
to significantly bias the results. Systematic sampling along
a river or stream can be an efficient means to detect distinct
but unknown sources of pollution (Gilbert, 1987).

Stratified random sampling involves some grouping of
the population of interest. and then randomly sampling each
group or stratum (ponce, 1980a). This procedure is often
used in water quality sampling because certain parameters
are known to vary by the time of day, season, discharge, or
some other factor. The different strata can be sampled at
different frequencies according to the estimated size of the
population (proportional sampling) or the variability within
the different strata (optimal sampling). Optimal sampling
generally is preferable for flow-dependent parameters,
whereas proportional sampling may be equally efficient for

time-dependent (e.g., seasonally varying) parameters.
The advantages of stratified random sampling are similar

to the advantages of a randomized block design, in that it can
( 1) improve the efficiency of sampling, (2) provide separate
data on each stratum, and (3) enhance the sensitivity of
statistical tests by separating the variability among strata
from the variability within strata. The information needed
to construct the strata and estimate the sampling frequency
must either be known prior to sampling or obtained through
a pilot study.

Seasonal strata are often used for sampling invertebrates
and fish (part II, Sections 6.3 and 6.4), while discharge is
often used to establish strata for sampling sediment and the
other physical and chemical constituents of water. Stratifi-
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Part I

the normality of a frequency disbibution is to deter-
mine whether 2/3 of the data falls within one standard
deviation of the mean, 95% of the data falls within two
standard deviations of the mean, and 99.9% of the data
is within three standard deviations of the mean. If this
is the case, the data are likely to be considered normal
for statistical testing purposes.

2. The second key assumption for parametric statistics is
that the data are a random sample of the population of
interest. Random sampling was discussed briefly in
Section 3.3, and it is discussed in the statistics texts
cited previously.

3. The third assumption of spatial and temporal indepen-
dence is best met by establishing a proper design for
collecting data. Daily streamflow data, for example,
are not independent in time, as the streamflow for any
given day is partly dependent on the amount of flow in
the previous day (i.e., they are serially correlated).
One could, however, randomly sample from a popu-
lation consisting of all the daily streamflow values.
Similarly, there is often a strong correlation between
data collected in adjacent basins, and this relationship
forms the theoretical basis for the paired-watershed
approach (Section 3.2). Usually this problem is best
addressed by properly defining the experimental
units and the population to be sampled. For example,
the rainfall and stream flow data for adjacent small
basins will be highly correlated, but the rainfall for a
particular day from a series of gages in comparable
locations should be normally distributed. Thus an
acceptable population for sampling might be the pre-
cipitation data for a particular day from a series of
gages. However, statistical analysis of daily precipi-
tation at a site would have to account for the
autocorrelation between daily values, and this can be
done through time series analysis (e.g., Box and

Jenkins, 1976).
4. The fmal assumption-the random distribution of

errors in the data-also can be satisfied by ensuring
that the design and sampling procedures do not con-
tain systematic errors. This is done by randomly
assigning treatments to the experimental units, by
random sampling, and by careful attention to mea-
surement procedures (Sokal and Rohlf, 1981). Sys-
tematic errors can be removed if the cause can be
identified, and the removal of systematic errors is a
key procedure in Hankin and Reeves' (1988) method-
ology for measuring habitat types. The danger is that
systematic errors are not recognized, and these could
easily result from a change in personnel, equipment,
or measuring techniques. The possibility of system-
atic errors is a particularly important consideration
when analyzing trend data from a single site. Quality
assurance and quality control techniques ( e.g., EP A,
1983) are an important means for reducing the pos-

measured. For normally distributed data, nonparametric
statistics are less efficient dIan parametric statistics (i.e.,
dIey are more likely to yield false conclusions) (Mendenhall,
1971). The lower efficiency ofnonparametric statistics is a
primary reason why transformations and odIer medIods are
used to obtain data dIat approximate a normal distribution.
The advantage of nonparametric statistics for water quality
monitoring is dIat dIey require fewer assumptions about dIe
underlying distribution of dIe data. The focus of dIe follow-
ing section is on parametric statistics, but most of dIe
principles also apply to nonparametric statistics.

The key assumptions for dIe use of parametric statistics
are as follows:

1. dIe data are normally distributed,
2. dIe data are a random sample of dIe population,
3. dIe observations are spatially and temporally inde-

pendent, and
4. dIe errors in dIe data are randomly distributed.
Each of dIese assumptions can be tested, but only major

violations can be positively identified. AldIough dIese as-
sumptions may not be strictly true in many cases, dIe
relevant question is whedIer a violation of dIese assump-
tions substantially affects dIe probability statements being
drawn from dIe data (ponce, 1980b). Different statistical
tests vary in dIeir sensitivity to each of dIese assumptions.
In uncertain situations nonparametric statistics can be used
to bolster or supplement any conclusions developed from
dIe use of parametric statistics. The following paragraphs
briefly discuss dIese four assumptions for parametric statis-
tics in dIe context of water quality monitoring.

1. The fIrst step in determining if dIe distribution of a
data set is normal is to plot it. Data can be plotted over
time, against a controlling variable such as discharge,
or as a frequency distribution. A plot of dIe raw data
is important to visualize dIe distribution, as dIis allows
a quick and qualitative check for patterns, extreme
values, and obvious errors. Often a frequency distri-
bution of water quality data show a distinct clumping
to dIe left widI a long tail of extreme values to dIe right.
This type of distribution is known as a lognormal
distribution, and it usually can be converted to dIe
normal, bell-shaped distribution by converting dIe
data to base 10 or naturallogaridIms. If zero values are
present, dIe data are transformed by adding I to each
value and dIen taking dIe logaridIm (ponce, 1980b).
After transformation dIe data should always be plotted
again, as dIis provides a familiarity widI dIe data and
an intuitive check on dIe transformation and any
subsequent calculations.

Numerous odIer transformations can be used, and
two of dIe most common are dIe square root and cube
root, -respectively. BodI transformation and normal-
ization procedures are discussed in most statistics
texts along widI dIe tests necessary to check on dIe
normality of dIe data. One "quick and dirty" test for
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Part I

these errors can be very time-consuming, but it is a neces-
sary part of the quality assurance and quality control aspects
of any monitoring project.

The other effective means to reduce the variability of the
data is to modify the sampling scheme. If some of the factors
causing the variability can be identified, then the data can be
more efficiently stratified. A series of statistical techniques
can be applied to evaluate the efficiency of existing strata,
and to optimize sampling among the different strata.

In some cases a reduction in variability can be gained
only by narrowing the scope of the investigation or objec-
tives. Often the natural variability in the streams being
monitored makes it difficult to answer broad management
questions. Narrowing the question allows a more focused
investigation, a reduction in unaccounted variability, and
improved statistical resolution. For example, bed material
particle size might be evaluated only in a very specific
location, such as the deepest portion of certain types of
pools, or the downstream edge of point bars. A change in
fish populations might be more narrowly defined as a
change in the number of I+ steelhead. Basins subject to
landslides or debris flows might be considered separately.
One also might reevaluate the parameters being measured.
In contrast to simply increasing the sample size, all these
approaches require more information about the streams and
the parameters being monitored, and hence more involve-
ment of the technical staff. This has advantages for inter-
preting the monitoring results, and for designing future

monitoring plans.
Level of sil!nificance. The level of significance refers to

the' probability that an apparently significant difference is
not real but simply due to chance. This is the a value listed
in statistical tables and shown graphically in Figure 5.
Convention has the a value set at 0.05 for most statistical
tests, and this means that there is only a 1 in 20 chance that
an observed difference is due to chance (Type I error). A
stronger level of significance (i.e., lower a) indicates a
higher level of confidence that the difference is real, and a
lower probability that it was due to chance. The most
common ways of obtaining a stronger level of significance
are to: (I) increase the sample size, and (2) reduce the
variability by altering the measurement techniques or sam-

piing design.
Figure 5A graphically shows that a comparison of

samples from two norm~y distributed populations with
quite different means has both a strong level of significance
as indicated by the shaded area in Population A where a=
0.05, and a high power (i.e., a high probability of detecting
a difference when in fact there is a difference) as indicated
by the large unshaded area in Population B. Figure 5B
indicates that as the two populations become more similar ,
there is a decreasing ability (i.e., declining power) to detect
a significant difference when the level of significance is
kept at 0.05. Figure 5C is similar to Figure 5B, except that
the variability of populations A and B have been reduced

(i.e., the estimated means of the two populations have less
uncertainty). This increases the power for the same level of

significance.
The selection of an a. level is purely arbitrary and should

reflect the values and risks associated with each of the other
four factors discussed here. In most cases a. is set at 0.05, but
for many water quality applications a higher a. level (or
weaker level of significance) may be more appropriate. One
justifIcation for a higher a. is that an objective of most moni-
taring programs is to identify changes in water quality due
to management However, by the time an adverse change
has been detected, adverse effects on the designated uses
may already have occurred, and restoration or recovery may
be a long or costly process. Hence it may be preferable to
try and identify change earlier by decreasing the level of
significance, even though this will simultaneously increase
the likelihood of identifying change when it has not actually
occurred. In other words, the cost of not identifying adverse
changes is greater than the cost of erroneously detecting
change, and this is the basis for the trade-off between the
level of significance (a.) and power (I -13).

Figure 5D illustrates that a weaker level of significance
will increase the power. If there is considerable overlap
between the two populations, a substantial increase in
power can result from a relatively small increase (weaken-
ing) in the level of significance.

An example of a situation where a weaker level of
significance might be appropriate is monitoring for bacterial
contamination in a stream used for domestic water supplies
(ponce, 1980b). In this case the cost of failing to detect
contamination is quite high, and it usually is better to have
more false warnings than to miss a contamination episode.
Other reasons for adopting a weaker level of significance
include the high variability of water quality parameters, and
the costs associated with increasing the sample size in order
to achieve a stronger level of significance.

One should also keep in mind the distinction between
the statistical level of significance and the level of signifi-
cancerelevanttothedesignated uses of water. A25% decline
in outmigrating salmonids may not be statistically signifi-
cant because of the large interannual variability, but a loss
of 25% of the outmigrating salmonids due to poor water
quality or habitat deterioration is a serious impairment of the
designated use for fisheries. Conversely, a level of signi-
ficance of 0.05 for a given water quality parameter does not
necessarily mean that a designated use is impaired. The
point is that the statistical results must be interpreted by the
specialist and the manager, and this requires an understand-
ing of the physical and biological functioning of the water
body being monitored.

~. The power of a statistical test is the probability
of detecting a difference when in fact there is a difference
(Mendenhall,1971). This probability is usually designated
as 1 -13. When comparing two sample means, the quantity
13 is commonly known as Type II error. Type II error can be
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Part I

Reduction in the variability of populations
A and 8 results in more power at the
same level of significance, even though
the population means are unchanged
from Fig. 58.

c.

D. A slightly weaker level of significance
substantially increases the power for
the same population means and
variances as in Fig. 58.

Figure 5-cont.

limit of allowable change will be slightly less (i.e., a one-
tailed test).

For most trend, project, and effectiveness monitoring,
an explicit MDE target should be established. Setting an
MDE in validation monitoring may be helpful in defining
the uncertainty in the model being validated. The MDE may
be an important issue in compliance monitoring if the
numerical standard is expressed in terms of percent change
above background Monitoring for such a standard is often
difficult because of the need to fIrst determine background,
and then to evaluate the numerical change in a sometimes
highly variable parameter. For example, some states permit

acceptable, this is nota statistically acceptable answer because
no monitoring program can detect an infmitesimal change.
An explicit discussion of the MDE is helpful in forcing the
manager and the technical staff to agree on specific, quan-
titative objectives for the monitoring plan and, by implica-
tion, for management impacts.

For some parameters, such as pH, a change in either
direction is significant, and this expands the allowable zone
of change if the level of significance is kept constant (i.e., a
two-tailed test instead of a one-tailed test). If the concern
over possible change is only in one direction, such as an
increase in suspended sediment concentration, then the
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4.

This chapter discusses the key factors that influence the
development of a monitoring plan and the selection of
monitoring parameters. Probably the most crucial of these
factors is the formulation of specific monitoring objectives,
and this is the topic of Section 4.1. Section 4.2 defines the
designated uses ofwater, and Table 2 qualitatively assesses
the sensitivity of the different designated uses to changes in
each of the monitoring parameters reviewed in these
Guide lines. This is followed by an assessment of the effects
of various management activities on each of the monitoring
parameters (Section 4.3 and Table 3). Sections 4.3 and 4.4
evaluate the parameters with regard to the frequency of
measurement and the cost of monitoring. The cost of
monitoring is broken into separate categories, including the
frequency of measurement, data or sample collection time,
equipment coSts, and analytic costs {Table 4). Box 5 (page
37) summarizes the ways in which the cost of a particular
monitoring project might be reduced.

In many forested areas access can be a serious constraint
to the frequency and location of sampling, and this is discussed
in Section 4.6. The importance of existing data is reviewed
in Section 4.7, and there is a brief discussion of how monitor-
ing projects might evolve as a result of accumulating data.
The fmal section of Chapter 4 briefly analyzes why it is so
important to understand the physical features and processes
of a watershed when designing a monitoring project.

implications for the type, intensity, and scale of measure-
ments (e.g., Table 1, page 8). Thus a very precise formula-
tion of the monitoring objective(s) should lead to an effi-
cient and effective water quality monitoring project. Vague
or unrealistic objectives are likely to result in monitoring
that collects unnecessary data and ultimately is unable to
answer the pertinent management questions.

Careful formulation of the objectives is essential also
because it precludes unrealistic expectations. Sometimes
technical specialists will exaggerate the importance or ca-
pabilities of a water quality monitoring project in order to
justify funding. However, water quality data often are am-
biguous, and even the best statistical test carries a certain
level of risk (Chapter 3). In the absence of a quick or definitive
answer, the land manager or decision-maker can become
disillusioned with the amount of resources required to sustain
a water quality monitoring project, and this may result in the
monitoring project being reduced in scope or even abol-
ished. This not only inhibits the accumulation oflong-term
data but also reduces the credibility of the technical specialist.
The resulting series of incomplete or discontinuous moni-
toring projects are self -defeating, as the data may not permit
(1) the separation of management effects from natural
variability; and (2) an understanding of the effects of rare
events, such as a 5- or 10-year storm, on water quality and
channel morphology.

The importance of properly formulating the monitoring
objective can be illustrated by an example. A typical concern
of forest managers, regulators, and fishery scientists is
whether forest management activities are adversely affect-
ing the fish in watershed X. This general question provides
no indication as to whether the concern is directed towards
trophy-sized trout or the biological integrity of the fish
populations. A more specific identification of the designated
uses and perceived adverse effect(s) is needed to determine
whether the monitoring should focus on the number offish,
species diversity, total biomass, productivity , or condition.

4.1 PURPOSE OF MONITORING

The most important step in fonnulating a water quality
monitoring project is the initial specification of the objec-
tives. As discussed previously, the monitoring objectives
often are the primary means for distinguishing among the
seven different types of monitoring defined in Section 1.3.
Identifying the objective(s) and type of monitoring then has

~
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Part I

considered satisfactory .However, if the hypothetical data

are insufficient or ambiguous, then it will be necessary to

review themonitoringobjective(s). The simple act of creating

a data set and then directly relating the data to the objective(s)

can be a very powerful tool for refining a monitoring plan.

In summary , clearly specifying the monitoring objective(s)
is the single most important step in a developing a monitor -

ing project All too often the focus is on collecting data

without due regard to the purpose for which the data is being

collected. Often the monitoring parnmeters are selected be-

cause they are known and familiar, rather than because they

are the most efficient or appropriate. Once a monitoring

protocol is established, institutional inertia sometimes re-

suits in its continuation regardless of whether the monitor-

ing objectives are being met.

4.2 DESIGNATED USES OF WATER

intensity of sampling. If, as in this example, both large
woody debris and residual pool depth are likely to be affected
by management activities and are limiting coho salmon
populations, then these are the most appropriate monitoring
parameters, and annual measurements are likely to suffice.
On the other hand, if turbidity had been identified as a
limiting factor, more frequent measurements over a range of
flow conditions would be needed. Often a reduction in the
anticipated frequency of measurements due to a shift in
parameters will permit more sites to be sampled or allow
other parameters to be monitored at each site.

This process of specifying the objectives usually will
require more time and effort than simply initiating mea-
surements of a standard water quality parameter such as
turbidity or suspended sediment Nevertheless, the poten-
tial savings in monitoring effort, and improvement in project
results, usually makes this front-end investment extremely
worthwhile.

Another example of a typical but unworkable objective
is "determine the effect of recreational activities on water
quality ." Again this provides relatively little guidance re-
garding the parameters to be measured or the frequency and
location of sampling. A more precise definition of the activities
potentially affecting water quality is needed to develop an
efficient monitoring project After further discussion and
investigation (e.g., the application of Tables 2-5 in these
Guidelines), the objective might be refined to "determine
the effect of overnight camping on the bacteriological
quality of streams draining the xYZ Wilderness Area."
This would yield a monitoring project that would focus on
one or two of the bacterial parameters (part II, Section 7.1),
and measurements would be limited to a few sites during
peak recreational use.

In some cases a clarification of the objectives might lead
to the conclusion that a water quality monitoring project is
not necessary .Implementation monitoring typically is an
administrative review and does not involve water quality
measurements. Effectiveness monitoring also may not
require any inchannel measurements if it is evaluating a
Best Management Practice (BMP), which is normally ap-
plied away from the stream channel. For example, if the
monitoring objective is to determine if water bar spacing on
skid trails is adequate to protect aquatic resources, the best
approach would be to measure the sediment and runoff from
a number of skid trails with a different spacing of water bars.
Measurements of suspended sediment concentrations in the
stream channel would have a much lower sensitivity because
they integrate numerous other factors (e.g., bank stability,
sediment storage in the channel, etc.) and are less sensitive
to the management practice being evaluated.

A useful procedure to assess the adequacy of a proposed
monitoring objective is to create a hypothetical data set
consistent with the design of the monitoring project. If these
hypothetical data can be analyzed in away that meets the
monitoring objective, then the monitoring plan can be

The rationale for public regulation of water quality is to
protect the existing and designated uses of water (Section
1.4). Although the specific designated uses vary from state
to state, they generally include agricultural use, industrial
use, public water supplies, recreational use, and the propaga-
tion of fISh and wildlife (EP A, 1988). Each state is responsible
for determining which designated use(s) should be applied
to the water bodies within that state. The designation of uses
is important because it determines the water quality criteria
that will be applied to that water body (EP A, 1988). Desig -

nation of coldwater fisheries as an existing or attainable use,
for example, results in much more stringent water quality
criteria than if industrial water supply were the only des-
ignated use. Establishing fish and wildlife propagation as a
designated use is particularly useful in that it helps protect
water bodies on the basis of their intrinsic value rather than
relying solely on human uses, and it often leads to a large
number of relatively stringent criteria. The general goal of
the Clean Water Act of 1972-!0 support and propagate
aquatic life-means that a11 states have a narrative water
quality standard to protect the "biologic integrity" of the
aquatic ecosystem. This, together with the anti-degradation
policy, provides a relatively comprehensive framework for
protecting water quality in forested areas (see Section 1.4).

Identifying the designated uses is another key step in
developing a water quality monitoring project. Streams
used for domestic water supplies, for example, probably
should be monitored for bacteriological contamination, but
this may be unnecessary if the only designated use is for the
propagation offish and wildlife. Conversely, pool param-
eters and bed material particle size may be very important if
cold-water fisheries are a designated use, but are not nearly
as relevant if the only designated use is for hydropower or
public water supplies.

Table 2 presents a qualitative evaluation of the relation-
ship between the monitoring parameters discussed in these
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Part I

suggested values also will vary according to a number of
other factors, the most important of which probably is the
environmental setting. Streams in a bedrock environment
or a steep, V -shaped valley, for example, willbe much less
likely to experience changes in channel width because of
grazing or road building than streams in an alluvial setting.
The sensitivity of the parameters to a particular management
activity also may vary according to stream size. These
factors are discussed in more detail in Section 4.8.

The purpose ofTable 3 is to help select those parameters
worthy of further consideration in developing a water qual-
ity monitoring plan. An efficient monitoring plan should
focus on those parameters that are most sensitive to past and
planned management activities. Again, however, sensitivity
to a particular management activity is not sufficient reason
for inclusion in a monitoring project One must also consider
factors such as the costs of measuring the different param-
eters, and whether the natural spatial and temporal variabil-
ity is likely to mask the effects of management. Road .
building activities, for example, are likely to affect peak
flows, suspended sediment concentrations, and stream
channel morphology, but these parameters vary greatly in
terms of their ease of measurement and the time period
needed to detect significant change. The following sections
will identify and discuss these considerations in more detail.

Guidelines and the most common designated uses of water .
These relative values cannot be assumed to apply under all
conditions, but they provide an initial indication of which
parameters are likely to be most directly related to that
particular designated use most of the time.

The relationships suggested in Table 2 also do not mean
that these parameters are the most appropriate for monitoring.
A close relationship between a parameter and a designated
use indicates that a particular parameter should be consid-
ered for inclusion in a monitoring project, but other factors
must also be evaluated. Some of these other factors include
the relative sensitivity of a parameter to both management
activities and environmental factors; the type of management
activities being carried out; the ease of measurement; the
spatial and temporal variability of the parameter; the envi-
ronmental setting; and the scale of the monitoring project
Although not all of these factors can be fully defined for
each parameter, each of these is discussed in the following
sections and in conjunction with the review of each param-
eter (part II).

4.3 TyPE OF MANAGEMENT ACTIViTY

4.4 FREQUENCY OF MONITORING

An important consb"aint in developing a monitoring
plan is the anticipated cost of obtaining the necessary data.
In this section the cost of acquiring data is anal yzed in terms
of the typical frequency of sampling and the range of flow
conditions that need to be sampled. Section 4.5 considers
the time required to obtain a sample, the equipment required
to obtain a sample, and the cost of analyzing the sample or
field data. All of these factors must be evaluated before one
can estimate the cost of acquiring data on a particular

monitoring parameter.
As discussed in Chapter 3, the sampling frequency is a

function of the statistical objectives of the monitoring project
Any change in the desired accuracy or reliability of the
results directly affects the sample size and the choice of
parameters. All the parnmeters discussed in these Guidelines
also are subject to spatial and temporal variability , and this
again affects their relative precision and ability to detect

change.
A monitoring project that is attempting to detect a

relatively small change with a high degree of certainty will
be more costly than a monitoring program with a lower
standard for identifying a statistically-significant change.
More measurements will increase the precision and hence
the ability to detect change (Section 3.4.2), but the marginal
cost and benefit of each additional measurement will vary
according to the parameter.

The type of management activity is another important
consideration in developing a water quality monitoring
plan. Each of the monitoring parameters discussed in these
guidelines has a different sensitivity to human activities.
Stream channel morphology, for example, is unlikely to be
affected by forest fertilization, but may be relatively sensi-
tive to grazing, road building, or road maintenance. Sum-
mer low flows might be increased by forest harvest, but are
relatively insensitive to most other management activities

except perhaps grazing.
Table 3 presents an empirical evaluation of the sensitiv-

ity of the morn toring parameters discussed in these G uide lines
to a variety of management activities in forested areas in the
Pacific Northwest and Alaska. The focus is on forest rrian-
agement activities, which are separated into forest harvest,
road building and maintenance, forest fertilization, and the
application of herbicides and pesticides. Other manage-
ment activities in Table 3 include grazing, dispersed rec-

reation, developed recreation/small communities, placer
mining/sand and gravel extraction, and hardrock mining.
Although these latter activities are outside the scope of this
document, they have been included in Table 3 because they
so often occur within the same watershed as forestry-related
activities and their effect on streams must be consiiered
when developing a water quality monitoring plan.

The values presented in Table 3 represent a qualitative,
generalized assessment of the relative sensitivities of the
parameters reviewed in Part II to individual management
activities. Clearly there can be a great deal of variability
with regard to the absolute impact of a given management
activity , but the relative rankings should be consistent. The
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Part

frequency of sampling will vary with location and objective,
but at a minimum the invertebrate populations should be
sampled in the spring and fall (EP A, 1989b ), and the resident
fISh population in winter and summer (part II, Chapter 7).

The water column parameters exhibit considerable
variation with regard to the desirable frequency of monitor -

ing. Herbicides and pesticides are present only as a result of
man's activities, and this simplifies the process of establish-
ing a baseline or background level. The primary monitoring
objective for herbicides and pesticides is to assess the
inadvertent delivery of these chemicals into the aquatic
ecosystem. Typically the highest concentrations occur
immediately after application, and monitoring efforts are
directed towards this relatively short time period. By
predicting the average travel time from the application area
to the monitoring site, an efficient sampling scheme can be
developed. In most states only 4-8 samples are required to
monitor an aerial application of herbicides or pesticides; the
adequacy of this sample size is discussed in Part II, Section
2.6. The more persistent and mobile chemicals may have a
secondary peak associated with the fIrst runoff event, and
this may require a second sampling period (similar to the
sampling design for forest fertilization).

The frequency of sampling for nitrogen and phosphorus
will depend upon the purpose of the monitoring and the type
of management activities. A more intensive monitoring
program may be required for forest fertilization than for
herbicides and pesticides because there are several different
pathways by which nitrogen and phosphorous might reach
the stream channel. As was the case for herbicides and
pesticides, there is an initial peak due to the direct application
of fertilizer into the aquatic environment, and possibly a
second peak in conjunction with the fIrst runoff event
following application. Detecting this second peak requires
access to the sampling site on short notice, or frequent
sampling using an automated sampler. The cost of monitor-
ing for this second peak can be greatly reduced by ran-
domly analyzing only a small proportion of all the samples
collected between the initial peak and the first runoff event

The sampling frequencies for dissolved oxygen, pH,
and temperature are more complex because they often
fluctuate both daily and seasonally. To obtain meaningful
data, a monitoring project must either sample over this
entire range or determine the most critical period and then
consistently sample at this time. This means that an initial
period of intensive sampling may be needed to determine
the most sensitive period(s) for a particular parameter at a
sampling site, after which the monitoring can be limited to
that particular time.

4.5 COST OF MONITORING

Other key factors in assessing the cost of a monitorin~
project include the amount of staff time, funds, expertise

In the fIrst column of Table 4 , the monitoring parameters
are grouped according to the typical frequency and timing of
measurements. Parameters that need to be measured only
annually, seasonally, or more frequently over a relatively
short time period (e.g., daily for 2 weeks in mid-summer)
are rated as having a low sampling frequency. These
include most of the geomorphic and riparian parameters, as
well as the forest chemicals such as herbicides and pesticides.
Those parameters rated as having a high frequency of
monitoring, such ~ the sediment parameters, must either
be measured over all flow conditions or be intensively
monitored over a series of high flow events.

The frequency of sampling for most of the water column
parameters cannot be easily defined because of the large
range of monitoring objectives. Low flow, baseline, or
trend data might be obtained with relatively few measure-
ments, while monitoring total nutrient loads ( e.g., to protect
downstream oligotrophic lakes) requires much more fre-

quent sampling.
The second column in Table 4 indicates the flows over

which sampling should be carried out in order to properly
characterize the parameter of interest For many parameters,
such as those relating to channel characteristics and riparian
conditions, the measurements can be made whenever it is
practical and safe. Other parameters must be measured at
high flows, and this can be an important constraint when
access to the sampling site is difficult (Section 4.6) , or when
there is no bridge or other structure from which samples can
be safely taken.

The channel and riparian parameters generally have the
lowest measurement frequency and are the least restrictive
with regard to the timing of measurements. This is due to the
fact that they are;-with the exception of habitat types-not
flow-dependent Although large discharge events can have
a major effect, the parameters listed under channel charac-
teristics usually are monitored on an annual basis.

In contrast, the three sediment parameters-turbidity,
suspended sediment, and bedload-are highly dependent
on discharge. Since virtually all of the sediment transport
occurs during high flow events, and there can be considerable
variation in sediment transport within a given storm event,
frequent sampling is needed during high discharge events
(part II, Chapter 4 ). A similar logic applies to the monitoring
of changes in water yield and the size of peak flows (part II,

Chapter 3).
Conductivity and the bacteriological parameters also

are correlated with discharge, but they generally vary less
than the sediment parameters. The relatively consistent
inverse relationship between conductivity and discharge
means that fewer samples are needed to determine con-
ductivity as compared to bacterial concentrations. Bacterial
contamination is more variable both within and among
storm events.

The other biologic parameters-algae, invertebrates,
and fish-exhibit seasonal variation. The optimal time and
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Part I

equipment is often required. As discussed in d1e previous
section, a major advantage of d1ese parameters is tl!at d1ey
usually are measured on an annual basis.

The sampling frequency associated wid1 d1e riparian
parameters also is relatively low in most cases. Time and
equipment needs can be characterized as low to moderate in
most cases, ald1ough d1ey can vary considerably depending
upon d1e actual techniques being used.

Considerable variation can also occur in d1e time, equip-
ment, and expertise needed to monitor algae, invertebrates,
and fish. Generally d1ecost of obtaining a sample is moderate-
to-high, and considerable expertise may be required to ana-
Iyze samples of periphyton or invertebrates. The bacterio-
logical parameters more closel y resemble some of d1e water
column parameters in d1at relatively little time is needed to
collect d1e sample, but d1e analysis is moderately expensive.
The sampling frequency may be relatively high depending
upon d1e intensity of recreational use and d1e likelihood of
contamination.

The differences in sampling and analytic costs shown in
Table 4 are important in determining d1e spatial and temporal
intensity of sampling and in selecting d1e appropriate pa-
rameter for monitoring. Many public land management
agencies have seasonal staff who can be utilized for moni-
toring purposes, and a minimum of funds for outside analy-
ses or equipment. This predisposes d1e monitoring program
towards d1ose parameters ( e.g. , channel characteristics) d1at
can be measured annually and which do not incur high
analytic costs. Private companies are often characterized as
having fewer staff available for monitoring and more flex-
ibility in contracting for outside analyses. These consider-
ations must be recognized as a possible constraint to d1e
development of an optimal water quality monitoring project

ACCESS TO MONITORING SITES4.6

The ease of access to a monitoring site, particularly
during storm events, can be a conuolling factor in selecting
the parameters to be monitored. As shown in the second
column of Table 4, several parameters must be measured
during high flow events. If access to the sampling site is not
possible during high flow events, or there are no structures
from which measurements can be made, this precludes the
use of those parameters. Many of the other parameters are
relatively independent of discharge and can be measured at
the most convenient time, such as during summer low flows.
To the extent that a monitoring program is based on this
latter category of parameters, access is not as important a
criterion. However, ease of access can greatly affect the cost
of a monitoring project, as transportation time is often the
most expensive component.

Automatic water sampling devices may be able to
alleviate the problem of access and sampling during high
flow events, but they cannot eliminate it. Most automatic

and equipment needed to make and interpret an individual
measurement The monitoring parameters evaluated in
these Guidelines exhibit a wide variation in terms of their
ease of measurement and in the equipment required. For
many parameters a simultaneous discharge measurement is
needed to properly interpret the data. Certain parameters
also require more expertise to collect and analyze the field
samples or data, and to interpret the results. Hence the value
of a parameter for a particular monitoring project depends
on the availability of staff time, expertise, equipment, and
expendable funds for outside analyses.

The last three columns in Table 4 provide a qualitative
ranking of the parameters with regard to the time needed to
collect a sample, the equipment needed to collect a sample,
and the costs of analyzing the sample or the raw data. For
some parameters a range of techniques or measurements
could be used, and the table is based on the techniques most
commonly used for monitoring streams in forested areas.
Associated costs, such as the need to house and maintain
equipment, or improve access to the monitoring site, ~an be
significant but are not included in Table 4 because these
costs vary greatly.

For most of the physical and chemical constituents of
water, the process of collecting the sample is relatively
straightforward. However, for certain parameters, such as
phosphorus, considerable care needs to be taken to avoid
sample contamination. Equipment and analysis costs for
the water column parameters vary from virtually nil in the
case of temperature to more than $100 per sample for a
commercial analysis of pesticide or herbicide concentrations.
The relative ease and low cost of measuring temperature,
pH, and conductivity partly explains why these parameters
are included in most monitoring programs.

Monitoring changes in water yield and the size of peak
flows can be expensive because of the need t~stablish and
maintain one or more stream gaging stations. A very long
monitoring period will be needed to detect changes in the
size of the peak flows with a long recurrence interval, In
contrast, it may be possible to monitor low flows in a well-
controlled reach without establishing a continuously re-
cording gaging station.

The process of taking and analyzing suspended sediment
and turbidity samples is not particularly difficult or expensive.
Accurate bedload samples are more difficult to obtain. The
main problems associated with measuring all three sediment
parameters are (I) the need to sample intensively during
high flows, (2) the need to simultaneously measure discharge,
and (3) the difficulty of safely sampling small streams
during high flow events. This last problem means that
sampling locations are limited largely to bridges or other
structures for all but the smallest (e.g., first-order) streams.
Bedload sampling carries the additional problem of how to
sample coarse (>5-10 cm) sediment

Most of the channel morphology characteristics are
more time-consuming to measure and analyze. Surveying

a
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ecoregions are represented in Washington, Oregon, and
Idaho. Eight of these are both extensive in area and have
forests as theirpotential natural vegetation (Fig. 7). Ecoregions
have not yet been defined or mapped for Alaska.

Some of the specific applications envisaged for the
ecoregion concept include: (1) comparing similarities and
differences within and among ecoregions; (2) helping to
establish water quality standards in line with regional pat-
terns of tolerance and resilience to human impacts; (3)
helping to locate monitoring, demonstration, or reference
sites; (4) facilitating extrapolation from site-specific stud-
ies; and (5) predicting the effects of changes in land use and
pollution control efforts (OmernikandGallant, 1986). These
applications are largely untested although several studies

Numerous aquatic classification systems have been pro-
posed, with each based on a specific set of physical charac-
teristics and each having a somewhat different purpose
(e.g., Bailey, 1976; Brussock et al., 1985; Hawkes, 1975;
SCS, 1981; USGS, 1982). At present the ecoregion classi-
fication of Omemik (1987) is being applied by EP A to the
continental U.S.

Ecoregions are defined as areas of relative homogeneity
in ecological systems or in relationships between organisms
and their environments (Crowley, 1 %7; Omemik and Gal-
lant, 1986). Omemik (1987) identified 76 different
ecoregions in the continental U.S. based on land surface
form, potential natural vegetation, land use, and soils. The
map by Omemik and Gallant (1986) indicates that 14

4 \
\ State boundary

Ecoregion boundary

1

Figure 7. Ecoregions of Idaho, Oregon, and Washington. Numbers correspond to original numbers as designated byOmernik and Gallant,

1986. Asterisks indicate ecoregions with forests as their potential natural vegetation.
* 1. Coast Range 12. Snake River Basin/High Desert
* 2. Puget Lowland 13. Northern Basin and Range
* 3. Willamette Valley * 15. Northern Rockies
* 4. Cascades 16. Montana Valley and Foothill Prair.ifJs
* 5. Sierra Nevada * 17. Middle Rockies
* 9. Eastern Cascades Slopes and Foothills 18. Wyoming Basin

10. Columbia Basin. 19. Wasatch and Uinta Mountains
* 11. Blue Mountains

~
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channel morphology or habitat types as a result of manage-
ment activities. Turbidity may not be as useful a parameter
in areas dominated by coarse-grained sediment Con-
versely. bedload measurements may be difficult or rela-
tively unimportant in streams with beds comprised of silt or
other fme particles. Bedrock outcrops may control stream
gradient in a particular reach. and this will reduce the
sensitivity of the stream to deposition or erosion.

Background levels of nutrients and dissolved ions also
are highly dependent on bedrock type and soil depth. The
texture. depth. and permeability of the soil will influence the
proportion of fertilizers. pesticides. and herbicides leached
into the stream channel immediately after application and
during the fIrst runoff event Coarse-grained soils tend to
have higher permeabilities and less ability to capture and
hold dissolved ions.

Soil texture is a major factor in assessing its susceptibil-
ity to compaction and surface erosion. Relative soil and
bedrock permeabilities. among other factors. strongly influ-
ence hill slope drninage. High soil water contents and excess
pore pressures are critical contributing factors to mass fail-
ures. Areas with frequent mass failures are difficult to moni-
tor because these events tend to overwhelm the changes due
to forest management activities.

4.8.5 SUMMARY

likely to dominate, and in determining the rate at which
water and sediment will be delivered to the stream channel.
Stream gradient is one of the most important factors for de-
termining the rate at which water, sediment, and large
woody debris are moved downstream. Both the movement
of material into the stream channel and the movement of
material downstream directly affect monitoring parameters
such as bank stability, channel morphology , turbidity, bed
material particle size, and dissolved oxygen.

Areas with steep terrain generally will have more dy-
namic, high-energy streams. Steeper basins tend to produce
more sediment (Swanson et al., 1987), with mass wasting
being of primary importance. In these basins there typically
is less of a lag between the production of sediment and its
delivery into the stream system. These characteristics sug-
gest that the steeper the basin, the greater the response to
management activities (Swanson et al., 1987). This larger
response to management activities does not necessarily
make it easier to detect change through water quality moni-
toring. In steep basins the fine sediment will not be stored
in the stream channel, and this could limit the ability of some
of the channel parameters, such as embeddedness or bed
material particle size, to indicate change. High gradient
streams also are more likely to have cut down into bedrock,
and this restricts the amount of change that could be ex-
pected in parameters such as thalweg profile, habitat types,
and channel cross-sections.

Steep land forms generally are more susceptible to
extreme events such as landslides and debris flows. Recent
studies in the western Cascades suggest that sediment input
and channel morphology often are dominated by relatively
rare events (L. Benda, Univ. Washington, pers. comm.). If
the basic pattern is one of severe disruption followed by a
long period of recovery , it may be difficult for monitoring
projects to detect the superimposed impact of management
activities (e.g., Lisle, 1982). In areas of steep terrain it may
be preferable to monitor up slope characteristics, such as the
frequency of landslides in cut areas or along roads, rather
than relying on in stream measurements.

The physical factors discussed in the previous sections
are only some of the more important considerations that
must be taken into account when developing a water quality
monitoring plan. The point is that one must be aware of the
dominant physical and biological processes operating in the
up slope areas and in the stream channel, and use this infor-
mation to identify those parameters that are more likely to
be affected by management and less likely to be subjected
to extreme fluctuations by extraneous events. This knowl-
edge is also necessary to relate changes observed in the
stream channel to management activities.

Probability also plays a strong role in water quality
monitoring. A monitoring plan implicitly assumes average
conditions, and extreme events such as a loo-year flood, a
large debris flow, or a volcanic eruption can disrupt even the
most carefully designed monitoring project. The technical
specialist designing the monitoring project must qualita-
tively assess the probabilities of different natural distur-
bances and structure the design of the project accordingly.
As discussed in Chapters 2 and 3, any monitoring project
must have (1) a procedure for regular data analysis and
interpretation, and (2) flexibility to adapt as new informa-
tion is acquired. If just these two components are actively
incorporated into the monitoring project, then there is an
excellent chance that the project will be successful.

4.8.4 GEOLOGY AND SOILS

Geology is another important factor in determining
landfonns, stream characteristics, and soil types. The per-
meability, depth, and porosity of the soil and bedrock are
critical to characterizing the runoff processes in a water-
shed. Soil and rock types affect the type of erosional processes
and the rate of sediment delivery. Geologic features can
control stream gradient and channel morphology.

An understanding of these geologic considerations is
necessary for the proper design of monitoring projects.
Bedrock channels are unlikely to show much change in
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Part I

procedure was not used in preparing Table 5 because each
factor integrates several sub-factors, and not all the sub-
factors are amenable to a numerical ranking. In the follow-
ing sections the results and rationale are summarized for
each of the major management activities listed in Table 5.

5.1.1 FOREST HARVEST

The cutting and yarding of trees affects stream flow and
runoff patterns, disturbs the soil and exposes it to erosion; it
also can decrease slope stability and alter the inputs of
organic material and light into the stream system. This
range of potential effects suggests that numerous parameters
could be used to monitor the water quality impacts of forest
harvest However, each potential parameter has a unique set
of advantages and disadvantages.

As discussed in Chapter 2 of Part n, forest harvest is
known to alter water chemistry , but these changes generally
are not large enough to limit the designated uses of water. A
further disadvantage of monitoring water chemistry is that
observations need to be made over a range of flow condi-
tions. Intergravel dissolved oxygen (DO) is likely to be one
of the most useful of the chemical and physical components
of water if fine sediment is a concern.

A large number of paired-watershed experiments have
shown that forest harvest usually increases total water yield,
increases the size of the smaller peak flows, and increases
summer low flows. Detecting these hydrologic changes
requires several years of data and-with the exception of
summer low flows-<:onsiderable effort. Assuming that
large areas of the catchment are not compacted (e.g., no
more than 15% ), the potentially most significant change is
in the size of peak flows in areas subject to rain-on-snow
events. However, change in the size of the larger peak flows
( e.g., events greater than the mean annual flood) are precisely
those changes that are most difficult to detect because of the
need to measure and compare infrequent peak flows.

Absolute changes in the rate of sediment transport are
difficult to measure because of the need to intensively
sample high flow events and the difficulty of obtaining
accurate results. This makes trend or validation monitoring
a difficult objective. Suspended sediment and turbidity
monitoring may be more successful if done on a compara-
tive rather than absolute basis. A typical example is a
comparison of turbidity levels upstream and downstream of
a particular activity (e.g., project monitoring). To be sta-
tistically valid, such comparisons must be replicated and
include either a pre-disturbance calibration period or a
comparison to other paired sites that are not treated (Section
3.2). Intergravel DO may be a very useful surrogate for fme
sediment as it is often easier to measure.

Most channel characteristics are easier to monitor be-
cause measurements typically are made only on an annual
basis. They also can be directly related to one of the most
important and restrictive designated uses, namely habitat

quality for coldwater fisheries. These channel parameters
have two primary limitations: (I) They can be highly
variable within a given reach, and (2) their relative response
to forest harvest and natural events in different environ-
ments is still difficult to predict and distinguish. The case
study from the Little North Fork of the Clearwater River in
Idaho indicates that cobble embeddedness was selected as
the best parameter for monitoring the effects of forest
harvest and fire on fish habitat (Box 6).

Stream temperature and the riparian vegetation can be
very useful monitoring parameters if forest harvest extends
into the riparian zone. Both of these are relatively sensitive
and easy to measure. Evaluation of the riparian canopy opening
using a RAPm-type technique (Grant, 1988) can be very
useful to quickly assess current condition over a large area,
but it is not advocated as a monitoring technique because of
its lower sensitivity and the lag period between management
activities and observed change (part II, Section 6.1).

Of the biologic parameters, the macroinvertebrate com-
munity probably offers the greatest promise for monitoring.
Periphyton also might be effective for monitoring purposes,
but samples are more difficult to collect and analyze. Cer-
tain fish species can be very sensitive to forest harvest
activities, but difficulties in measurement techniques and
the presence of confounding factors may make it difficult to
directly link management activities to the particular fish
parameter(s) being monitored.

In summary, temperature and riparian vegetation are
likel y to be among the most useful monitoring parameters if
the forest harvest activities are near enough to the stream
channel to affect stream shading and the input of organic
materials. The usefulness of turbidity or suspended sediment
will depend on the objectives of the monitoring. Intergravel
00 and some of the channel characteristics should be
considered as indirect indicators of changes in up slope
erosion, sediment transport, and runoff. Invertebrate moni-
toring can serve as the means to link the physical changes
(temperature, turbidity, and channel morphology) to the
biological integrity and designated uses of the stream. Less
frequent measurements of large woody debris are useful to
evaluate trends in this component of fish habitat and to help
assess the adequacy of the silvicultural prescriptions to
maintain the input of large woody debris to streams.

In general the effects of forest harvest are proportional
to the percent of the area disturbed and the percent of the
vegetation removed. Other factors that can ameliorate or
exacerbate the effects on water quality include the yarding
system employed (e.g., skyline, tractor, or helicopter), the
location of the harvest units with regard to ephemeral and
permanent stream channels, the pattern of harvest within the
catchment, the sensitivity to mass failures, and the particular
climatic conditions following harvest

Clearcutting normally has a more severe impact than
selection cutting per unit area, as all the trees are being
removed. However, selection cutting has to disturb a larger
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Part I

These considerations suggest that a project to monitor
the water quality effects of road construction and road
maintenance might best rely on some of the channel charac-
teristics and direct observations on or adjacent to the road
network during storms. With regard to the individual
channel characteristics, sediment deposition might be
monitored by measuring residual pool depth, pool volumes,
or longitudinal profiles. A change in the balance between
sediment inputs and sediment transport could be inferred by
monitoring changes in the bed material particle size. Mea-
surement of deposition and scour, and changes in the bed
material particle size, should provide a reasonable assess-
ment of whether and how adverse effects might be occur-
ring. Turbidity or suspended sediment observations on the
water draining from the road network during storm periods
could provide direct evidence for any observed changes in
the larger stream channels. Monitoring aquatic invertebrates
might provide useful supplemental data and help establish
the link between sediment and aquatic organisms.

5.1.3 FOREST FERTILIZATION

Selecting parameters to monitor the application of forest
chemicals is much simpler because of the very specific
impact of the chemicals on water quality .Most forest
fertilization programs in the Pacific Northwest apply only
organic nitrogen or urea (Gessel et al., 1979). Monitoring
the e,ffects of forest fertilization on water quality is best
achieved by taking water samples after the application of
fertilizers and then during the flfSt runoff event following
fertilization. These samples should be analyzed for the
major forms of nitrogen. Discharge data is required if
concern exists over the total flux of nitrogen as well as the
maximum concentration. Total flux is essential when there
is a desire to minimize eutrophication. Simultaneous tem-
perature measurements may be helpful as an indicator of the
rate of biological activity during the period of increased
nutrient availability due to forest fertilization. Suspended
sediment data may be useful because adsorbed nutrients can
be a substantial component of the total nutrient budget

The indirect and biological effects of fertilization can be
best monitored by measuring the algal community (e.g.,
biomass, cholorophyll-a, or growth). In slower-flowing
streams it may be possible to detect substantial changes in
the algal community by measuring daily fluctuations in pH.

The potentially high analytic COS~ can be reduced in
several ways. One approach is to fIrst analyze a composite
sample, and men analyze individual samples only if me first
test indicates significant contamination. A second approach
is to mix a dye tracer wiili me chemical and use mis to
indicate which samples should be analyzed Finally, trace
enrichment cartridges can be used to estimate me total flux
over me period of sampling (NCASI, 1984). For me more
persistent and mobile chemicals, additional sampling dur-
ing me fIrst runoff event may be necessary .

Again temperature measuremen~ may be helpful as an
indicator of chemical reaction rates and biological activity
during me period of monitoring. Discharge measuremen~
are needed if total losses to me aquatic system are being
estimated. Suspended sediment data are necessary if me
adsorbed component is of concern.

For herbicides, an alternative approach is to monitor
changes in me canopy cover or some oilier aspect of me
riparian vegetation. Generally such measuremen~ will be
a less sensitive indicator because me riparian vegetation will
respond only to acute doses of herbicides. On me oilier
hand, monitoring me riparian vegetation avoids me problem
of capturing a transient peak concentration in me stream,
and changes in me riparian vegetation can be directly linked
to several designated uses.

Similarly me effect of pesticide applications on water
quality can be monitored on a coarse scale by sampling me
aquatic invertebrate populations. A disadvantage of using
me riparian vegetation to monitor herbicides, and aquatic
invertebrates to monitor pesticides, is me ubiquitous prob-
lem mat an observed change may be due to oilier factors.

5.1 .5 GRAZING

5.1 .4 ApPLICATION OF HERBICIDES AND

PESTICIDES

The most efficient and direct approach for monitoring
the water quality effects of herbicide and pesticide appli-
cations is by taking and analyzing water samples. Although
the analytic costs may be relatively high, in most cases only
a few samples need to be taken immediately after applica-
tion.

Of all the management activities considered in Table 5,
grazing has the widest range of water quality effects. Grazing
can affect water quality by changing the pattern and timing
of runoff, and increase sediment loads by removing the
vegetative cover and trampling the streambanks. Animal
wastes can directly impair water quality through bacterial
contamination and increasing nutrient levels. This range of
effects means that almost all of the parameters discussed in
these Guidelines could be used for monitoring grazing
impacts on water quality.

The choice of monitoring parameters in a particular
situation will depend on the designated uses as well as the
intensity and pattern of grazing. Bacterial contamination is
important if domestic water supply or recreation is a desig-
nated use. Nutrients will be more critical if eutrophication
of downstream water bodies is a concern. Bank stability is
less likely to bea useful monitoring parameter if the riparian
areas are fenced off or if there are sufficient watering points
away from the stream channel.

In general, however, livestock tend to congregate in
riparian areas. In these cases bank stability and the riparian
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Part I

ments may also be necessary to complement the chemical
data and ensure that the mining operation is not withdrawing
excessive amounts of water.

5.1.10 WILDFIRE AND PRESCRIBED

BURNING

channel characteristics. Indirect monitoring can be done
with other parameters such as intergravel 00 or some of the
biological parameters-particularly invertebrates or
coldwater fishes. Often turbidity and suspended sediment
data will complement rather than duplicate data on the
channel characteristics. The precise channel characteristic
of greatest sensitivity and utility will depend on the size of
the sediment being released and the transport capacity of the
stream. Generally a combination of bed material particle
size and an aggradation indicator (e.g., pool depth, channel
cross-sections, or longitudinal profile) is likely to provide
the most useful information that can be directly linked to
placer mining and the designated uses. Changes in channel
morphology can trigger secondary effects on the size of the
riparian canopy opening and the riparian vegetation. Al-
though these latter two parameters may be useful for broad-
scale assessments, generally they will be less useful for
monitoring because they are secondary effects and therefore
less sensitive to change.

The release of suspended sediment is also a concern for
sand and gravel extraction, and this suggests that similar
monitoring guidelines should apply. Since removal of large
amounts of sand and gravel may destabilize the stream
channel by altering the sediment load, some monitoring of
the channel characteristics is essential. The precise param-
eters to be monitored will depend on factors such as the
stream gradient and the extent to which the channel is
constrained or incised.

5.1.9 HARDROCK MINING

Again this activity is outside the general scope of these
Guidelines, but a brief discussion is pertinent because
hardrock mining often occurs in forested areas. The effects
of hardrock mining on water quality may also confound or
complicate water quality monitoring projects focusing on
forest management activities. Although historic mining
activities often have resulted in excessive sediment inputs,
hardrock mining should not alter the sediment input or
channel morphology provided proper management practices
are used. Typically the greatest impact of current hardrock
mining activities is on s1ream chemistry .Theprecisepararneters
that will be most affected depend on the type of mine, the
chemical characteristics of the rock being mined, and the
extraction process being used. This uncertainty is
acknowledged in Table 5, but generally it is important to
monitor at least pH and conductivity. Any change in these
parameters should then trigger a more extensive evaluation
of stream water chemistry .

Since most water chemistry parameters are difficult to
continuously monitor, it is important to regularly sample
aquatic macroinvertebrates or other organisms with a life
span of at least several months. This monitoring will ensure
detection of sudden, toxic releases that might otherwise not
be detected by periodic water sampling. Flow measure-
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Part I

ample, if the same parameter was selected by two different
rules with confidence factors of 70 and 80 (0.70 and 0.80),
respectively, the combined confidence factor in decimals
would be 0.70 + 0.80- (0.80 x 0.70), or 0.94. InPASSSFA
this parameter would then be displayed at the end of the
consultation with a confidence factor of 94.

In the case of water quality monitoring, the simple
selection of a parameter by two different rules does not
necessarily mean that particular parameter is more likely to
be useful. Local conditions and professional judgment still
have to beapplied. Morerea1isticestimates of the confidence
factor can be obtained only by repeating the consultation
with only one management activity and one designated use,
and recording the confidence values obtained in each case.
The "what if' function of the expert system shell facilitates
this type of repeated consultation.

Cost considerations precluded the inclusion of
PASSSFA with each copy of the Guidelines, but copies of
the expert system can be obtained by sending a blank,
formatted diskette with at least 225K-bytes of avail-
able space to the Seattle office of the U.S. Environ-
mental Protection Agency at:

U.S. EPA, Region 10
NPS Section, ~-139
1200 Sixth Ave.
Seattle, W A 98101

PARAMETER SELECTION AND

INTERACTIONS

5.3

sediment load and the reduction in the riparian vegetation.
These changes can adversely impact most of the usual
physical and chemical water quality constituents, but with
the exception of temperature these effects are generally
small or indirect. Suspended sediment and turbidity are two
physical water column parameters that can be used to
directly monitor changes in the amount of fine sediment, but.
in most cases intensive monitoring is needed during storm
events in order to obtain useful data.

Third, the parameters listed under channel characteris-
tics should be considered in any monitoring project having
changes in sediment, flow, or riparian vegetation as a
possible concern. These parameters havc the advantage of
being easier to measure and integrating the effects of all the
individual storm events. Their primary disadvantages are
(1) the lackoflong-term data to evaluate their usefulness for
water quality monitoring, and (2) the difficulty of relating
observed changes to specific management activities.

Fourth, one or more of the biologic parameters is ranked
as at least moderately useful as a monitoring technique for
almost all of the various management activities. Theadvan-
tage of the biologic parameters is that they can be directly
related to the designated uses of water, theyoften are quite
sensitive to management impacts, the sampling frequency is
low-to-moderate, and the cost of sampling and data analysis
also can be considered moderate. It may not always be clear
what specific biological parameter should be monitored, but
EP A's current emphasis on developing techniques and
criteria for biological monitoring appears to be well founded.
The danger is that some of these techniques will be adopted
before they can be fully validated for the different ecoregions.

These four generalizations are less applicable to the
other management activities of mining, grazing and recre-
ation. The most appropriate parameters for monitoring sand
and gravel extraction, placer mining, and recreation (either
dispersed or developed) are relatively clear-cut. It is more
difficult to generalize about the choice of parameters for
monitoring hardrock mining because there is so much varia-
tion in the extraction and processing of the ore.

The potential impacts of grazing on stream systems are
so extensive that a wide, variety of water quality parameters
could be utilized. Like grazing, wildfIreS can affect a variety
of stream and channel parameters, and the selection ofparam-
eters will depend on the physical environment, the desig-
nated uses, and the intensity and location of the fire relative
to the stream channel.

An important limitation of Table 5 is dlat each param-
eter is considered independently. However, many of the
parameters are closely related. Turbidity , for example, is
often used as a surrogate for suspended sediment concentra-
tion. Channel cross-sections, width-depth ratios, thalweg
profiles, and pool parameters all are responsive to changes
in the balance between discharge and sediment concentra-
tions. These types of interrelationships mean that not all
parameters that are rated highly in Table 5 should be used.

The discussion in Section 5.1 illustrates several impor-
tant points regarding the selection of water quality monitor-
ing parameters for forest management activities. First, in
most cases the choice of monitoring parameters is not easy
or clear-cut. Road building and maintenance and forest
harvest are two common management activities where the
most direct and sensitive water quality monitoring param-
eters are also the most difficult and costly to measure. The
choice ofparameters is much clearer with regard to monitor-
ing fertilizer, herbicide, and pesticide applications, but
these activities are less frequent and generally do not pose
a chronic threat to the designated uses of water. The absence
of well-defmed monitoring parameters for forest manage-
ment activities should not be surprising since the uncer-
tainty regarding what to monitor was a principal rationale
for the preparation of these G uide lines .

A second general conclusion that emerges from Table 5
is that the traditional physical and chemical water column
parameters have limited usefulness for monitoring most
management activities in forested areas. As indicated in
Table 3, the primary water quality effects of road building
and maintenance and forest harvest stem from the increased
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Part II

more informed and better decision.
In addition to furthering dIe parameter selection process,

a second pmposeofPart II is to summarize current knowledge
on each parameter. This should help dIe reader understand
dIe rationale, possibilities, and constraints for monitoring
each of dIe 30 parameters reviewed. In order to facilitate dIe
use of dIe Guidelines as a quick reference document, dIe
review of each parameter is divided into seven subsections:
(I) definition, (2) effects on designated uses, (3) response to
management activities, (4) measurement concepts, (5)
standards, (6) current uses, and (7) assessment The last
subsection for each parameter-Assessment-is a rela-
tively brief, qualitative evaluation of dIe potential role of dIe
parameter in monitoring. Hence dIe Assessment section can
be read on its own as a summary of each parameter, and dIe
reader dIen can refer back to dIe odIer subsections as needed
for more information. Extensive references are provided in
each of dIe fIrst six subsections in order to direct dIe reader
to key studies and more in-depdI sources on any particular

topic.
The parameter reviews comprising Part II do not detail

field techniques and analytic procedures, as inclusion of dIis
material was beyond dIe scope of dIe project and would
greatly increase dIe size of dIe Guidelines. Instead, dIe
Measurement Conceuts subsection outlines some of dIe key
considerations associated widI measuring particular pa-
rameters, such as spatial and temporal variability , and dIe
types of measurements dIat might be made widIin the more
broadly defmed parnmeters such as fish or riparian vegetation.
Again dIe references cited will direct the reader to more
detailed sources of information.

1.2 SELECTION AND ORGANIZATION OF THE

PARAMETERS IN PART II

are many possible measurements which could be used in

monitoring projects (e.g., species diversity, productivity,
density,etc.). On the other hand, the lOdifferentparameters
within the chapter on channel characteristics are much more
narrowly defined.

There are two main reasons why parameters are in-
cluded and grouped in what may appear to be an arbitrary or
uneven manner. First, the Guidelines emphasize those
monitoring parameters which are less known. It did not
seem productive to duplicate the extensive literature on the
more common and obvious water quality monitoring pa-
rameters, such as the chemical and physical characteristics
of water. Second, the Guidelines focus on those parameters
that appear to have considerable potential for monitoring the
effects of forestry activities on streams, but which are not yet
widely utilized. There is a strong and natural tendency to
monitor those parameters with which one is familiar, and
part of the rationale for these Guidelines is to take afresh
look at the entire range of monitoring parameters.

For many of the less well-known parameters, the poten-
tia1 for monitoring still needs to be rigorously evaluated.
Often there is strong theoretical and practical justification,
but relatively little experience or data to validate the use of
a particular parameter for monitoring. This is the case for
many of the channel characteristics, and the development of
biological criteria is onl y now being addressed by the states.
To a certain extent the differing emphasis on the various
parameters reviewed in Part II reflects our attempt to an-
ticipate future trends in water quality monitoring in forested
areas. As more data are collected, modifications to the
ranking and evaluation of different parameters will be
necessary .Embeddedness (Section 5.6.2. ) is a good example
of a parameter that has undergone a rapid evolution over the
past 5 years, and which is beginning to be more widely
applied even though its usefulness and measurement tech-
niques are still being debated.

Given the l-year time frame for preparing these
G uidelines , often it was not possible to review all the studies
pertaining to a particular parameter. There also was a need
to keep the individual review sections brief enough to~be
easily accessible but comprehensive enough to present the
key elements. Inevitably there will be some dissent over the
coverage or evaluation of a particular parameter, but it is our
hope that such feelings will be channeled into a critical
review of one's own experience and values, and that a
perusal ofPart II will lead to an improved understanding and
formulation of water quality monitoring efforts in forested
areas.

The 30 parameters are grouped into six categories

(chapters):
I. physical and chemical constituents,
2. flow,
3. sediment,
4. channel characteristics,
5. riparian, and
6. aquatic organisms.
Each chapter includes reviews of2 to 10 parameters that

may vary widely in scope. Fish, for example, are considered
within one section (i.e., as one parameter), even though there

~
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Part II

Stream temperatures are the net result of a variety of
energy transfer processes, including radiation inputs,
evaporation, convection, conduction, and advection (Brown,
1983) .Stream temperatures reflect both the seasonal change
in net radiation and the daily changes in air temperature.
These patterns of energy inputs and outputs are modified by
stream characteristics such as the flow velocity , flow depth,
and groundwater inflow. Typically peak daily temperatures
occur in the late afternoon, and daily minima occur just
before dawn. The seasonal pattern of stream temperatures
generally is similar to the pattern of incoming solar radia-
tion, but with a lag of 1 to 2 months (Beschta et al., 1987).

10°C increase in temperature (Eastman, 1970). Theequilib-
rium between ammonium and unionized ammonia. for ex-
ample, is highly dependent upon temperature and can have
a series of repercussions with regard to nitrogen cycling and
water quality (Section 2.5.1). In contrast. the equilibrium
concentration of dissolved carbon dioxide and oxygen in
water is inversely proportional to water temperature (sec-
tions 2.2 and 2.4, respectively).

Response to Management Activities

In many areas of the Pacific Northwest and Alaska, the
forest cover provides substantial shade to streams and other
water bodies. A reduction in the forest cover along streams
can increase the incident solar radiation and hence peak
summer stream temperatures. Complete removal of the forest
canopy in the Pacific Northwest has been shown to increase
the highest daily stream temperatures in the summer by 3-
8°C, although daily summer minima are increased by only
1-2°C (Beschta et al., 1987).

These temperature increases are due almost entirely to
the additional input of incoming shortwave radiation. Hence
elevated stream temperatures may not return to pre-logging
levels until the stream banks become revegetated and the
input of shortwave radiation has been reduced to pre-
logging levels (Moring 1975; Holtby, 1988). The thermal
energy in streams is not easily lost through reradiation,
convection, advection, and conduction. This means that
increases in stream temperature generally are additive, and
an alternation of shaded and unshaded reaches is not an
effective strategy to minimize increased summer tempera-
tures due to forest harvest (Beschta et al., 1987).

Removal of the forest canopy may decrease the mini-
mum nighttime temperature in winter by allowing more
radiation heat loss. In coastal areas this possible effect is
likely to be minimal, but in colder locations clearing the
riparian zone may cause increased incidence of anchor ice
or freeze-up (Beschta et al., 1987). The largest changes in
winter minima will occur in small, shallow, slow-flowing
streams that do not have significant groundwater inflow.

Although the greatest effect of forest harvest is on sum-
mer maxima, smaller temperature changes in other seasons
can have greater biological significance. On Carnation
Creek in coastal British Columbia, for example, coho smolt
numbers, size, and migration were affected more by small
changes in late winter and spring temperatures than by the
larger changes in summer temperatures (Hartman et al.,
1987). Both this research and recent models indicate that
alterations in stream temperatures can have a series of
complex, interacting effects that we are only beginning to
unravel for single-species systems. Holtby (1988) and
Holtby et al. (1989) reported that habitat changes, like
temperature elevation, can affect more than one life history
stage and persist throughout the life cycle.

Relation to Designated Uses

Increased water temperatures are known to increase
biological activity. A rough rule of thumb is that a 10°C
increase in temperature will double the metabolic rate of
cold-blooded organisms (Keeton, 1967). Salmonid egg and
alevin development, and subsequent timing of emergence
from gravel, have been shown to be closely associated with
stream temperatures (Alderdice and Velsen, 1978). Arise
in summertime water temperature resulting from forest
harvest may increase the growth rate and productivity of
many aquatic organisms (Beschta et al., 1987).

The optimal temperature range for most salmonid spe-
cies is approximately 12-14°C. Lethal levels for adult
salmonids will vary according to factors such as the accli-
mation temperature and the duration of the temperature
increase, but they generally are in the range of 20-25°C.
Salmonid eggs and juveniles are much more sensitive to
high temperatures. Combs (1965) found the lethal limit of
sockeye salmon eggs to be 13.5°C. Spawning coho and
steelhead may be intolerant of temperatures above 10°C
(Heschta et al., 1987).

Acute effects of high temperatures on fish have b.een
well documented in laboratory studies, but little inforina-
tion is available on the long-term exposure of salmonids to
sub-lethal temperatures. Similarly, the sub-lethal effects of
altered thermal regimes due to forest harvest have seldom
been documented for salmon id species. Recent studies by
Holtby (1988) and Herman and Quinn (1990) are beginning
to address these sub-lethal effects.

Stream temperature also can affect the behavior of
aquatic organisms, but these behavioral effects generally
are poorly understood or have been documented for only a
few species. For example, at temperatures below about 5°C ,
juvenile salmonids tend to move into the gravel or other
protected areas. This behavioral thermoregulation allows
salmon and other fish to minimize body temperature fluc-
tuations despite wide variations in stream temperatures

(Coutant, 1969).
Temperature controls the rate of many chemical reac-

tions. A general rule of thumb is that the rate of a chemical
reaction proceeding at room temperature will double with a
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Part II

may be desirnble. The difficulty is not in monitoring these
changes, but in predicting the biological effects in complex

ecosystems.
Similarly, the postulated decline in nighttime winter

stream temperatures due to forest harvest have not been
verified. Although the magnitude of the change is likely to
be relatively small in most cases, it may have important
implications for stream icing in colder locations.

The additive nature of temperature increases and the
likely importance of sub-lethal effects suggest that monitor-
ing is needed when ( 1) the potential exists for large changes
in water temperatures due to management activities, (2)
water temperatures already are in the upper range of the
acceptable temperatures, and (3) there is a potential for
significant temperature increases due to the additive effects
of numerous smaller increases. Care also needs to be taken
in distinguishing temperature effects on aquatic organisms
from other changes due to opening up the forest canopy such
as increased light, increased nutrients, greater primary pro-
ductivity, and alterations in the amount of large woody
debris.

2.2 pH

Solutions with less hydrogen ion activity have a higher
pH and are called alkaline or basic.

It is important to understand that alkalinity and acidic
factors refer not to the pH, but rather to the ability of a
solution to neutralize acids and bases, respectively (Stumm
and Morgan, 1981). In many cases both alkalinity and pH
must be measured to properly evaluate changes in water
chemistry due to natural events (e.g., erosion, variations in
discharge) and human activities. In natural waters alkalinity
is produced by anions or weak acids that are fully dissoci-
ated above a pH of 4.5. Methods for measuring alkalinity
can be found in standard reference texts such as APHA

(1989).
The most important buffering system in natural waters

involves the dissolution of carbon dioxide (COV. Com-
pared to most other atmospheric gases, carbon dioxide is
relatively soluble, and in solution it combines with water to
form carbonic acid (HzCo]). The equilibrium between car-
bonic acid and its component ions (H+ and HCO3- ) depends
on the water temperature as well as the type and concentra-
tion of other ions. This carbonate system plays a critical role
in water chemistry , and it is the presence of the dissociated
carbonic acid that causes the equilibrium pH of pure water
in contact with the atmosphere to be mildly acidic (approxi-
mately 5.7 pH units) (Hem, 1970).

pH generally shows a weak inverse relationship to
discharge. At higher discharges rainfall or snowmelt is
rapidly converted into runoff, and this reduces the concen-
tration of base minerals. At low flows the incorporation of
more dissolved materials tends to increase pH ( e.g., Aumen

etal., 1989).

Definition

pH is defined as the concentration of hydrogen ions in
water in moles per liter (moles L-l). Because the range of
hydrogen ion concentrations in water can range over 14
orders of magnitude, pH is defined on a logarithmic scale
as:

pH = tog I/[Hi = -tog [W]

Relation to Designated Uses .

pH can have direct and indirect effec~ on stream water
chemistry and the biota of aquatic ecosystems. A pH range
from 5 to 9 is not directly toxic to fish, but a decline in pH
from 6.5 to 5.0 resulted in a progressive reduction in
salmonid egg production and hatching success (EP A, 1986b ).
The emergence of certain aquatic insec~ also declines
below a pH of 6.5. From this and other data, EPA has
concluded that pH should range between 6.5 and 9.0 in order
to protect aquatic life (EPA, 1986b).

Indirect effec~ of pH on stream chemistry result from
the hydrogen ion activity and the interactions between pH
and a variety of other chemical equilibria. For example, at
5°C the equilibrium concentration of un-ionized ammonia
can increase tenfold with a change in pH from 6.5 to 7.5
(Section 2.5.1). Similarly, the solubility of many metal
compounds changes greatly with pH, and this is of critical
importance in areas with high levels of heavy metals in
bottom sedimen~. Carbonic acid in cool, C~-saturated
streams can stimulate a wide range of weathering reactions,
and this will affect the aqueous concentration of a number
of dissolved ions (Reynolds and Johnson, 1972).

where [H+] refers to the concenb"ation of hydrogen ions in
moles L -1.

For practical purposes the parameter of interest is not
the absolute concenb"ation of hydrogen ions, but the chemi-
cat activity of those ions. In very dilute solutions the activity
and concenb'ation of hydrogen ions may be nearly equal, but
this is less b"Ue as other ions are inb"oduced into the sample.
The common measurement techniques for pH are based on
hydrogen ion activity, and do not directl y measure hydrogen
ion concenb"ation.

Hydrogen ion activity varies with temperature, but it is
not a simple linear relationship. At 24°C pure water has a
hydrogen ion activity of 1 x 10-7 moles L -1, SO its pH is 7.0.
Decreasing the temperature to o°C decreases the hydrogen
ion activity and increases the pH to 7.5. Increasing the
temperature of pure water to 60°C increases the hydrogen
ion activity and decreases the pH to 6.5 (APHA, 1980).
Solutions with a higher ion hydrogen activity than pure
water at 24°C have a pH <7.0 and are termed acidic.
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Part II

tivity and temperature also is slightly non-linear, as the
dissociation constants of different ions vary with tempera-
ture. For dilute solutions, a loC increase in temperature
increases conductivity by approximately 2% (Hem, 1970).

Conductance is the inverse of resistance and is mea-
sured in the reciprocal of ohms, or mhos. Conductivity is
measured in terms of conducmnce per unit length, or mhoS;
cm. These units are too large for most natural waters, so the
usual unitis~hoS;cm, where 1Q6~hosis equa1 to 1 mhos.
Conductivity may also be reported in millisiemenS;meter,
with 1 millisiemen/m equal toO.1 ~hoS;cm (APHA,1976).

Pure water not in contact with the atmosphere has a
conductivity of approximately 0.05 ~hoS;cm. Normal
distilled or deionized water has a conductivity of at least 1.0
~ho/cm, and this is largely due to the dissolution of carbon
dioxide in water (Section 2.2). Melted snow in the western
United States has a conductivity of2 to 42 ~hoS;cm (Hem,
1970). The range for potable water in the U .S. is 30 to 1500
~hoS;cm. The conductivity of streams emanating from
forested areas in the Pacific Northwest almost always falls
at the low end of that range (e.g., Aumen et al., 1989).

elevation areas are of particular concern because they typi-
cally have thinner soils and less buffering capacity.

Regular monitoring of pH also is being conducted in
conjunction with mining operations. This includes not only
current operations, but also old tailings where an increase in
acidity could adversely affect drinking water quality, fish-
eries, and the use of water for irrigation.

Assessment

The hydrogen ion activity or pH of a stream is an
important water quality parameter. pH affects a wide variety
of chemical reactions. pH levels above 9.0 and below 6.5
have an adverse effect on some life cycle stages of certain
salmonids and aquatic macroinvertebrates. pH is ofparticu-
lar concern in areas contaminated with heavy metals, as a
decline in pH can greatly increase their mobility.

pH generally is not sensitive to forest management
activities. Hard rock mining is the management activity
which is most likely to affect pH in aquatic systems. Aban-
doned mine tailings and certain other types of mining also
can affect pH, and the intensity of monitoring will depend
upon factors such as the type of rock being mined or
disturbed, the designated water uses, and the amount of
drainage from the mine or spoils.

Monitoring pH in forested areas may necessitate special
procedures and equipment because most surface waters
have very low concentrations of dissolved solids. Failure to
acknowledge these special considerations can easily lead to
unreliable data. Synoptic measurements can indicate the
spatial variability of pH. Some of the differences between
streams can be related back to physical factors such as
climate and geology.

Temporal variation can occur on different scales. Diur-
nal variation is often due to primary production, while
monthly and seasonal variation results from factors such as
fractionation during snowmelt, changes in runoff processes,
and changes in atmospheric deposition. The potential
linkage between pH and discharge means that simultaneous
flow measurements are needed for thorough data analysis.

Relation to Designated Uses

Conductivity is an indication of the number of dissolved
ions in the water. This makes it very useful for quickly
assessing the quality of water for irrigation or water supply
purposes, and for monitoring the total concentration of dis-
solved ions in wastewaters. Often a linear relationship can be
established between conductivity and the major ionic species.
Using conductivity as a surrogate for other ions can reduce
the amount of laboratory work needed to characterize a
sample and facilitate continuous monitoring (Hem, 1970).

Conductivity is at least as useful as total dissolved solids
(TDS) for assessing the effect of diverse ions on chemical
equilibria, corrosion rates, etc. In most cases illS in milli-
grams per liter can be estimated by multiplying conductivity
by an empirical factor. For natural waters this conversion
factor ranges from 0.54 to 0.96, with most values falling
between 0.55 and 0.75 (Hem, 1970).

For natural waters in the Pacific Northwest and Alaska,
conductivity has no apparent effect on the designated uses
of water. Conductivity is most likely to pose problems for
irrigation and water supply purposes in downstream reaches
subject to withdrawals of high quality water and inputs of
poor quality return flows from agriculture and industry. The
relative insensitivity of aquatic biota to conductivity is
illustrated by the absence of an EP A-recommended criteria

(EPA, 1986b).

2.3 CONDUCTIVITY

Definition

Conductivity (or specific conductance) refers to the
ability of a substance to conduct an electric current The
conductivity of a water sample is a function of the water
temperature and the concentration of dissolved ions. con-
ductivity may not be directly proportional to the concentra-
tion of dissolved ions, as ion mobility, ionic charge, and
ionic concentrations may affect conductivity in a non-linear
manner (APHA, 1976). The relationship between conduc-

Response to Management Activities

In the Carnation Creek study in southwestern British
Columbia, conductivities increased in the sub-catchment,
which was intensively logged and burned, and in the main
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Part II

water seepage are likely to have lower concentrations of
intergravel 00. For these reasons the 00 concentration
typically is lower within the streambed than in the adjacent
stream water.

2.4 DISSOLVED OXYGEN

Relation to Designated Uses

00 is critical to the biological community in the stteam
and to the breakdown of organic material. Table 7 summa-
rizes the biological effects of different 00 concenttations in
salmonid and non-salmonid waters. In salmonid stteams,
intergravel DO should be near saturation, or at least above
minimum concentrations, to ensure normal growth and
survival of eggs and alevin (Chapman and McLeod, 1987).
As indicated in Table 7, high 00 levels in stteams and
intergravel areas also are needed to sustain the more sensitive

macroinvertebrates(EPA,1986a).
Intergravel DO has been used as a surrogate for the

amount of interstitial rilleS and as an indication of the
suitability of stteambed gravels for fish spawning. Note,
however, that fish can greatly modify spawning site condi-
tions, particularly the amount of interstitial rilleS, through
the redd building process. Monitoring sites must be care-
fully selected to represent the actual 00 concenttations
that the fish eggs will experience (Chapman and McLeod,

1987).

Response to Management Activities

The Alsea watershed study in coastal Oregon indicated
that heavy inputs of fme, fresh organic material, when
combined with sedimentation, reduced reaeration, and in-
creased water temperature, could severely deplete DO in
small forest streams (Hall and Lantz, 1969; Wringler and
Hall 1975). Subsequent research has shown that the charac-
teristically high turbulence of forest streams rapidly replen-
ishes DO (Ice, 1978). Current forest management techniques
in the Pacific Northwest normally do not introduce large
amounts of fine organic material into streams (Skaugset and

Ice, 1989).
Low DO in streams is most commonly associated with

major point sources such as pulp mills or municipal waste
treatment facilities. Only a few examples of depressed DO
related to forest management are available. In one Canadian
study, for example, a stream with a slope gradient of <1 %
was loaded with logging debris of sufficient size and quan-
tity to impound the stream. The fresh slash and low reaera-
tion rate for this stream caused the DO concentration to
drop to zero (plamondon et al., 1982). Present logging prac-
tices and the increased protection for the major stream chan-

Definition

Dissolved oxygen concentration refers to dIe amount of
oxygen dissolved in water. Oxygen is a sparingly soluble
gas and its concentration in water is usually measured in
ppm or mg L -I. The capacity of water to hold oxygen in
solution (dissolved oxygen saturation) is inversely propor-
tional to dIe water temperature. Increased water tempera-
ture lowers dIe concentration of dissolved oxygen at satura-
tion (i.e., equilibrium widI the atmosphere).l

The actual concentration of dissolved oxygen (DO) in
water depends not only on dIe saturation concentration but
also on oxygen sinks and sources. The primary oxygen
sinks are respiration and dIe biochemical oxygen demand
(BOD) of substances in dIe water. Major oxygen sources
include photosynthesis and the dissolution of atmospheric
oxygen in water as oxygen levels are depleted (reaeration).
Higher water temperatures not only depress the concentra-
tion of dissolved oxygen in water at saturation, but also
increase the rate of BOD. In general, most forest streams
have cool temperatures, rapid reaeration rates, and rela-
tively low oxygen demand; thus stream water normally is
close to or at saturation. Situations in which stream water
may not be near saturation include: very slow, low-gradient
streams where the rate of reaeration is low; sites where fresh
organic debris causes a large BOD; warm eutrophic streams
where high levels of photosynthesis and respiration cause
diurnal fluctuations in dissolved oxygen; and ponded sites
such as those formed by beavers.

DO concentrations also can vary between the surface
stream water and the water flowing through alluvial mate-
rials in the stream bed. DO within these alluvial materials
is termed intergravel dissolved oxygen or intergravel DO.
Oxygen replenishment to these intergravel waters comes
primarily from the exchange of well-aerated surface waters
with oxygen-impoverished intergravel waters. The impor-
tance of this oxygen exchange between surface and inter-
gravel waters is a primary reason why the clogging of
gravels with fines is of such concern.

Intergravel DO is controlled by the same factors as
surface water, but there is no photosynthesis or reaeration.
Oxygen demand comes from the fine organic debris en-
trained in the gravels and from the respiration of organisms
living within the alluvial interstices. In spawning streams
the tens or hundreds of thousands of fish eggs also can exert
a measurable oxygen demand. Groundwater usually has a
low concentration of DO, and areas with substantial ground-

IThe amount of oxygen that can dissolve in water increases with increasing atmospheric pressure. Dissolved oxygen saturation values (C) for
different water temJx:ratures are reported for 1 aIm barometric pressure (760 mm Hg). A close approximation of actual saturation value at any
pressure can be made using the equation: ~= C x (pf760) whereCp is the saturation concentration at atmospheric pressure p (mmHg). Generallly
this pressure correction can be ignored, butlt may be important for some high elevation sites. The relationship between gas solubility and pressure

also may be important when effects of dam spill-ways on supersaturation disease in fish are considered.
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The same techniques are used to measure intergravel
00, but the collection of a representative water sample
presents sample collection problems. Typically there is a
great deal of spatial variability, and there is always a
question as to whether one should sample from within a
redd, which is most directly applicable to salmonid survival,
or from a "representative" riffle, run, or pool. Moring
(1975) found intergravel DO concentrations to vary from 4
to over 9 mg L -Ion the same day at different locations in a
small, undisturbed coastal stream.

Usually intergravel water samples are obtained by plac-
ing a standpipe into the gravel some weeks or months prior
to the sampling (Hoffman, 1986; Moring, 1975). Once the
standpipe has been installed, a siphon can be used to remove
water samples, or measurements can be made in situ using
potentiometric methods. Skaugset (1980) used a syringe
technique to rapidly extract water samples with minimal
disturbance to the streambed. Two of the key principles
associated with the collection of intergravel water samples
are (1) minimize disturbance and gas exchange for the
sample being collected, and (2) avoid disturbance to the
streambed, which causes increased or decreased mixing of
intergravel waters with surface waters.

Current Uses

Concern about 00 is justified primarily in situations
where (1) water flow is low and temperature is high; (2) the
rate of energy dissipation, which accelerates reaeration, is
low; and (3) oxygen sinks are high. Some examples of
where this can occur are (1) slow-moving, warm streams
and rivers; (2) off-channel habitat (where there is a low
exchange rate for water); (3) ponded sites where water flow
is slow; (4) large lakes where there is extensive log transport
or storage; and (5) spawning areas and alluvial channels
where the gravels are subject to high rates of sedimentation.

The conditions that cause streams to be sensitive to
management impacts also make streams sensitive to natural
inputs of organic material. For example, autumn leaf fall
from red alder has caused a 6 mg L-l oxygen deficit in a
small stream in coastal Oregon (Ice, 1991).

Reductions in intergravel 00 are directly related to the
rate of intergravel respiration and the permeability of the
gravel. Gravel permeability is sensitive to the amount of
fine sediment, and this linkage has led the state of Idaho to
propose intergravel 00 in artificial redds as a sediment
criteria in Idaho's water quality standards (Harvey, 1988).
The implementation of this criteria may prove difficult
because of the problems in defining key factors such as the
location and size of the gravel to be used in the artificial
redd. Research has shown that small changes in bed
topography and gravel permeability can greatly alter the
susceptibility of a redd to siltation (Cooper, 1965; Chapman
and McLeod, 1987).

Assessment

Dissolved oxygen (DO) is another parameter that is
easily measured and often included in monitoring efforts.
While it is critical for sustaining fish and invertebrates, DO
concentrations in streams are rarely a limiting factor. Forest
management and harvesting activities that avoid the intro-
duction of fresh slash into streams generally do not generate
a sufficient instream oxygen demand to deplete stream
oxygen concentrations. Similarly, forest practices that
minimize temperature increases will help maximize abso-
lute concentrations of DO. Conditions that contribute to a
reduced concentration of DO include low flows, warm
temperatures, shallow stream gradients, fresh organic mat-
ter inputs, and high respiration rates. The presence of one or
more of these factors should signify a possible need to
monitor DO concentrations within the water column.

Intergravel DO is more sensitive to management activi-
ties and hence potentially more useful as a monitoring
technique. At least in gravel-bedded streams, any increase
in the amount of fine particles is likely to adversely affect the
subsurface permeability of the streambed. This reduces the
rate of exchange between the intergravel and surface waters.
In the absence of any change in oxygen demand in the

Standards

Standards can either be absolute (mg L -1) or expressed
as a percent of saturation. Recent EP A reports discuss both
the biological effects of reduced DO (EPA, 1986a) and
summarize the existing state and national criteria (EPA,
1988a). The more stringent criteria are applied to those
waters containing a salmonid fish population, and these
state that the l-day minimum and a 7-day mean DO con-
centration should be 8.0 and 9.5 mgL -l,respectively. These
criteria are based on the assumption that intergravel DOis
about 3 mg L -1 less than the DO concentration in surface

water, and this makes the l-day minimum and 7-day mean
intergravel DO concentration 5.0 and 6.5 mg L -1, respec-
tively. Less stringent criteria apply if only adult salmonids
are present (EPA, 1986a).

State standards for DO concentrations in surface water
have been established in Alaska, Idaho, Oregon, and Wash-
ington, and these vary according to the location and desig-
nated use. For basins in western Oregon with salmonids
"fresh waters shall not be less than 90 percent of saturation
at the seasonal low , or less than 95 percent of saturation in
spawning areas during spawning, incubation, hatching, and
fry stages of salmonid fish." For western Oregon basins
with non-salmonids "dissolved oxygen concentration shall
not be less than 6 mg L -1." Some states, particularly Idaho,
are considering the promulgation of a water quality criteria
for intergravel DO.
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Part II

Gregory (1975) and Busch (1978) have found that nitrogen
enrichment in heavily-shaded streams in the western Cas-
cades did not enhance primary productivity. In contrast.
nitrogen can be limiting in large unshaded systems like the
McKenzie River in Oregon (Bothwell and Stockner, 1980).

The desirability of increased biotic production depends
on the local and downstream designated uses. For many
forest streams a small or modemte increase in primary pro-
duction might be considered beneficial as it is likely to
increase fish production. However, if plant respimtion
begins to deplete dissolved oxygen or results in unsightly
growth of aquatic plants, this probably would be considered
an adverse effect

Increased nitrogen loading in lakes is potentially much
more serious than an increase in stream nitrogen because of
the potential accumulation of nutrients (Schindler et al.,
1976). Over time the accumulation of relatively small
nitrogen inputs may stimulate algal growth to the point
where eutrophication begins and the beneficial uses such as
recreation and fishing are impaired (Brown, 1988). This
scenario has been documented for lakes that had a variety of
nutrient inputs, but apparently not for lakes that have been
subjected only to forest management activities. Studies at
Lake Tahoe on the California-Nevada border, for example,
indicate that logging had relatively little impact as com-
pared to changes in land use (Goldman and Byron, 1986).

Response to Management Activities

Forest management activities can alter many parl'! of the
nitrogen cycle, and this makes it difficult to generalize about
the effects of logging, fife, erosion, and forest fertilization.
Logging affects stream nitrogen by introducing organic
material and sediment, and may also increase the inputs of
inorganic nitrogen. In coastal British Columbia, for ex-
ample, logging increased the concentration of nitrate in
Carnation Creek by a factor of2, to a maximum of 0.15 mg
L -I (Scrivener, 1988). Clearcutting and burning the Needle

Branch catchment in coastal Oregon resulted in a fivefold
increase in nitrate concentrations. However, no increase in
nitrate was observed following patch cutting in the adjacent
Deer Creek catchment. Maximum values in Needle Branch,
Deer Creek, and the adjacent control stream were all about
3 mg L -I of nitrate-nitrogen (Brown et al., 1983).

In the Bull Run watershed in Oregon, partial clearcut-
ting caused a fourfold increase in nitrate-nitrogen when the
slash was broadcast burned and a sixfold increase when the
slash was allowed to decompose naturally. Maximum values
followed the same pattern, with a high of 0.08 mg L -I when
the slash was broadcast burned and 0.27 mg L -I when the

slash was left to decompose (Harr and Fredriksen, 1988). In
the Carnation Creek, Needle Branch, and Bull Run studies,
nitrate-nitrogen concentrations returned to pre-logging lev-
els after approximately 5 years. A more recent study has
documented that, despite the relatively large increases in

nitrate-nitrogen following timber harvests, the total loss of
nitrogen is less than the annual input of nitrogen through
precipitation (Martin and Harr, 1989).

Relatively little data is available on the indirect losses of
nitrogen associated with logging. Fredriksen (1971) found
that the amount of nitrogen lost in association with inor-
ganic sediment (i.e., erosion) was larger than the amount of
nitrogen lost in solution. Particulate nitrogen and dissolved
organic nitrogen accounted for the majority of nitrogen lost
from the experimental Fox Creek watershed following
logging (Harr and Frederiksen, 1988). Generally the nitro-
gen associated with sediment (i.e., particulate inorganic
nitrogen) is not readily available to the stream biota.

Fire also has a series of direct and indirect effects on the
terrestrial nitrogen cycle (Brown et al., 1973). In general,
the amount leached into the aquatic system following major
fIres appears to be roughly comparable to the increases due
to logging (Wright, 1981). In north central Washington
only traces of nitrogen were lost through leaching after a
severe wildfIre (Grier, 1975). A greater increase in aquatic
nitrogen concentrations might be expected if substantial
amounts of burned material enter the stream channel. In
other cases the largest source of nitrogen following afIre
could be due to increased erosion.

Plant-available nitrogen has been demonstrated to be
the limiting nutrient for forest productivity in the Pacific
Northwest(Gesseletal., 1979), and this has led to a number
of forest fertilization programs. Most of these are on private
timberland, and virtually all programs apply pelletized urea
from the air at concentrations of around 200 kg/ha (Moore
and Norris, 1974, cited in Norris et al., 1983). The use of
pellets minimizes drift, so the delivery of fertilizer to the
aquatic ecosystem occurs either from direct application, or
transport by surface and subsurface runoff (Cline, 1973).
Organic nitrogen in the form of urea is subject to the various
nitrogen transformations, but it can also be lost as gaseous
N2 through denitrification and volatilization.

Fredriksen et al. (1975) summarized the results of
several studies that monitored water quality following the
application of urea. Ammonia, urea, and nitrate concentra-
tions each peaked within a couple of days after application,
although the nitrate showed a slight time lag as compared to
ammonia and urea. These peaks result from the direct
application of the urea pellets into the stream channels, and
the relatively rapid transformation from urea to ammonia,
nitrite, and nitrate. With the advent of the rainy season, a
second nitrate peak was observed. The total amount of
nitrogen lost to the aquatic ecosystem was estimatedatO.5%
of the total applied (Fredriksen et al., 1975). More recent
studies have shown that a wet season application of urea can
result in a large, short-term increase in the concentration of
ammonia and total nitrogen, and smaller increases in nitrate
concentrations (Bisson, 1988). In more frequently fertilized
watersheds, the total losses ranged up to nearly 10% of the
amount applied (Bisson, 1982).
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Analysis of the effects of a particular management activ-
ity generally will entail more limited sampling at carefully
selected locations. For both project and trend monitoring,
an analysis of total phosphate often will suffice. Simulta-
neous discharge data are needed to help interpret the tempo-
ral variability in concentration and optimize sampling.

Other studies have suggested that phosphate losses
increase after wildfIre, but the increases are relatively small
in both relative and absolute terms (Wright, 1981). Wide-
spread application of phosphate fertilizers could increase
aqueous phosphate concentrations, but phosphate fertil-
izers are rarely used in the Pacific Northwest (Gessel etal.,

1979).
Human waste can contribute significant amounts of

phosphorus to aquatic ecosystems. Dispersed recreation
and septic tanks are two common nonpoint sources. Many
rural communities are unable to afford the tertiary sewage
treatment necessary to remove the primary nutrients and
protect water bodies from eutrophication. Livestock and
other animals represent another potentially important source
of phosphate contamination. The chemistry of phosphorus
is such that most of the phosphorus entering into aquatic
ecosystems will be in the form of orthophosphates and
either sorbed onto soil particles or incorporated into organic
compounds. Thus soil erosion can be a primary source of
phosphorus, whereas nitrogen usually reaches aquatic sys-
tems in dissolved forms (Mohaupt, 1986).

Standards

A national water quality criteria of 0.10 ~g L-l of
elemental phosphorus has been established for marine and
estuarine waters. No standard has been set for phosphate
concentrations in freshwater because the threat of eutrophi -

cation is so location-specific (EpA, 1986b). Some of the
specific factors that may affect the desirable phosphate level
include the extent to which phosphate is actually limiting
primary production, the technological feasibility of phos-
phate control, and the beneficial uses of the water body.

Although specific standards have not been established,
EPA (1986b) has made some general recommendations
regarding the maximum concentration of phosphorus in
streams and lakes. To prevent eutrophication, total phos-
phates as phosphorus (PO4-3_P) should not exceed 0.025 mg
L -1 for any lake or reservoir. (fotal phosphates as phosphorus

refers to the mass of phosphorus atoms per liter; phosphorus
atoms represent only 32.6% of the total mass of phosphates
per liter.) Where streams enter into reservoirs or lakes, the
concentration of total phosphates as phosphorus should not
exceedO.050mgL -1. Mackenthun (1973) suggested that total
phosphorus concentrations should not exceed 0. 10 mg L -1 for

streams that do not flow into reservoirs or lakes. Concentra-
tions OfPO4-3_p above 0.10 mg L-l may interfere with the
coagulation process in water treatment plants (EpA,1986b).

Current Uses

Phosphate concenb"ations are not a regular part of most
water quality monitoring programs in forested areas. This
omission is due to the very low background levels of phos-
phate in forest sb"eams in Alaska and the Pacific Northwest,
and the relatively minor impact of most forest management
activities on phosphorus concenb"ations. However, phos-
phorus often is the limiting nutrient in aquatic ecosystems,
and this may make it the primary constituent of interest in
some water bodies. Currently the load allocation process
(part I, Section 1.4) has been initiated for phosphorus in
both the Tualatin (Oregon) and Spokane River basins. The
need to quantify all natural and anthropogenic sources
means that phosphorus concentrations in sb"eams emanat-
ing from forested areas also must be monitored.

Measurement Concepts

The procedures for analyzing the various forms of
phosphorus are discussed in considerable detail in stBlldard

references(e.g.,APHA, 1989; Stednick, 1991). Acompari-
son of inorganic particulate and dissolved phosphorus can
help determine whether the primary source of phosphorus
is due to erosion or solute transport. Dissolved phosphorus
is the focus of most monitoring programs, and is often
separated into soluble and plant-available phosphate (i.e.,
orthophosphate), and total phosphate. Dissolved organic
phosphate can be estimated by subtracting soluble and
plant-available phosphate from total phosphate.

Since the analytical techniques are well defined and
most forest streams are considered to be well mixed, the
primary measurement problems are (1) determining the
timing, location and intensity of sampling; and (2) avoiding
contamination. Determining the type and intensity of mea-
surements largely depends on the monitoring objectives;
this is discussed in detail in Part I, Section 4. Contamination
is a serious problem because the natural concentrations of
phosphorus in forested streams are <0.02 mg L-l (EPA,
1986b; Kunkle et al., 1987).

If the primary monitoring concern is the total load of
phosphorus, both particulate and dissolved phosphorus
should be sampled. More intensive sampling will be needed
during high flows, which is when most of the particulate
phosphorus will pass by the monitoring station. Continuous
discharge data will be needed to calculate the total load
(concentration times discharge ). Itmay be possible to establish
a quantitative relationship between particulate phosphorus
and turbidity, and this could substBlltiall y reduce the costs of

monitoring particulate phosphorus.

Assessment

Phosphate monitoring in forested areas is most likely to
be necessary when eutrophication threatens downstream



.f.SJ~AOJ:JUO:) ~IqUJ~

-P!SUO:) p'JJ~pu~gu~ suq ~n l!~tp 'SWS!URgJO 10 ~gUUJ pROJq

9 1:J'J1Je S~P!:)!1soo pug ~P!:)!qJ~q p'JSn f.IUOWWO:) ~tp 10

lS0W ~:)U!S '1JUl:)J~ WOJ1 p'JAUJds JO spotp~W p~q-punoJ8

f.q f.p:J'JJ!p P'J!Iddg 'Jq UR:) S~P!:)!1S00 pUR ~P!:)!qJ~H

.S1sOO Igw~

lSU!ggg p'Jl:)~!p~m q:)!qM S~:)!W~q:) ~otp J01 f.IUO ~P!:)!lS00

WJ~l ~tp gu!Sn 10 q:)ooJddg Ig:)!1:)gJd pUR UoWWo:) ~JOW ~tp

MO1101 SiJu!1iJPJnD ~~4.L .sIg:)!W~q:) 10J:JUO:>-lS0010 ~S~:)

pOOJq OMl ~~tp U;};)Ml'Jq qS!ngu!1S!p 01 P;};)U 9 S! ~J~tp

'S1S00 ~W!UR gU!IIOJ:JUO:) J01 p~n slg:)!W~q:) ~tp URQ1 sw~l

-Sf.SO:J'J :)!1unbg pUR f.l!Jt1nb J~UM UO S1:J'J11~ lU~J~11!P ~!nb

~Agq f.gw S~P!:)!qJ~q ~:)U!S .S~W!UR 10 sdnoJ8 re[n:)!1lp.d

01 :)y!:>-.xIs ~m 'S~P!:)!1:J'JSU! SU q:)ns 'sWJ~ J~Q10 .~Aoqg

U~A!g UO!l!uy~p l:)!.I1s ~tp tP!M lU~lS!SUO:) 10U S! S!tP qgnoQ1

U~A~ 'S~P!:)!lS00 P~IIg:) ~m f.IUOWWO:) S1sOO ~W!UR gumOJ1

-UO:) J01 s~:)!W~qJ .s~P!:)!qJ~q P'JIlg:) ';}m S1URld p'J1URMUn

gU!IIOJ1UO:) J01 S~:)!W~qJ .(S1S00 ,.~.!) S~!:)-;xls ~W!UR JO

lURId p'JJ!s~pun 1°J:JUO:) 01 ~n S~:)!W~q:) ~m ~P!:)!1s~d

UOmU!laa

"{6861
,.~ 1;} SPI°uA;}W ;}lq!g!lg;}U ~W;};}P ;}l;}M S1:J;}11;} Wl;}1-gu01

:AlB1nq!.I1 ~AeldSl;}AO ~ U! S;}1elq;}1l;}AU! 10 S;}!:):)ds 0/r\1 p~

UOW~S oqo:) Aq SS';}l1S p~ ;}:)Uup!OA~ Wl;}1-1l0qS ~WlyUO:)

';}Idwffi(;} 101 '~!qwnIOJ qs!1!lg Imsuo:) U! ~l1S ~ UO

;}1BqdsoqdAig 10 S1:J;}11;} ;}tP 10 ApO1s ~I!m;}p V l~:)y!Ug!SU!
10 l~wS ;}lP. Anel;}u;}g S1:J;}11;} ;}S;}tP 19rp 1S;}ggns n~ SU°!1

-B.IJU;}:)UO:) Mol AI;}A!1BI;}l p~ ';}rosodx;} 10 U°!1Bmp 1l0qS

'UO!1~:)!ldd~ 1U;}U!Wl;}1U! ;}tP 1nq '~pnl:)x;} :;>q 10UUe:> SWS!

-~g10 :)!1tmbB UO S1:);}11;} ~tp;}lqns 10 A1!I!q!ssod ;}IJ.L

.s{e:>!W;}q:) ;}S;}tP 10 ;}){mdn :)!'2°10!q
p~ ' A1!:)!X01 ';}:)U;}1S!Sl;}d ;}A!1~I;}l ;}tP 1:J;}1JP. ue:> S!tP p~

'S';}I:)!1lp.d 1U;}W!P'JS ;}mJ 10 I!OS Aq UO!1qlOSp~ 011:J;}fqns I~ ;}lP.

S1:)npold UMOp){B".)lq ;}1B~Wl;}1U!1!;}tp p~ 'S;}P!:)!1S;}d 'S';}P!:)

-!ql;}q 'l;}A;}MOH .;}1~nOOpB S! plupUmS lq-V'l ;}tP P~ Mol

AI;}A!1B{;}l S! U°!1B{nwn:):)~o!q 101 JB!1u;}1od ;}tP 'S1{;};}M M;}1 ~

Ugrp ;}lOW OU1°;}1!I-1~q B;}ABq S~:)!W;}q:) ~1Jfi:)!AI!S 1S0W

;}:)U!S "{LL61 'vdH) 101:)B1 A1;}JP.S B tP!M SWS!UBg10 :)!1BnbB

UO S1S;}1 A1!:)!X01 gU!U!q Wo:) W011 ~A !l;}P U~ ;}A~q ~W!JrnW

;}S;}IJ.L .PO!l;}d lq-vZ AUtJ 101 U°!1B.IJU;}:)UO:) UB;}W wnW!x~w

~ ~PU;}WWO:Y.)l Suq V dH 'S';}P!:)!ql;}q UOWWO:) ;}lOW ;}tP 10

AUtJw lOd .A1!l0!ld 1S;}qg!q ;}tP suq S';}!lddns 1;}1~M :)!1S;}WOP

JO UO!1:J;}10ld ;}tP 'S';}sn ~1~ug!S';}p I\U;}A;}S 1:J;}11;} AI;}Sl;}APB

UtJ:) U°!1~U!wmUO:) ;}P!:)!1s;}d pU~ ;}P!:)!ql;}q qgnotPIV

seSn pe1eu6!sea 01 UO!1elel::1

S3CI~llS3d CNV S3CI~18~3HgG

.SJ<n:>uJ l~tpO lO 'S1u~!.J1nu iqg!1 U! ~guuq:> p'Jt~r01d

u <n Apoq l~UA\ mln:>!1Jud U JO ~Uod~l AI~:)f!1 ~tp ~:>u~q

puu '~!PO<ll~UA\ l~gml U! tpA\Otj 1uUld 10J Sl<n:>uJ gU!':J!Ul!1

~tp ~U!Wl~~ dl~q Plno:> (v IIAqd0101q:> '.g.~ ) SSUlUo!q JUglu

gU!100U-~lJ 10J ~1UgolmS puu 'S1ndu! U~gol1!U 'S1ndu! sru
-oqdsoqd Uo mup Wl~1-gU01 ' AllUJ!lU!S .Aluss~:>~u S~lUO~

sPU01 sruoqdsoqd gU!l<n!UOlU J! InJdl~q 'Jq II!A\ SlUU'Jl1S

U!tP!A\ U°!1U!lUA JU1odlU~1 ~tp puu SUo!g~10~ 1U~1~JJ!P
U! S~nIUA JO ~gUUl JUWlOU ~tp Uo U°!1UWlOJUI .JDJ~n 'Jq uu:>

SU°!1U.QU~UO:> ~UqdSOqd Uo mup JUU°!1!PpU 's~ ~1S~10J

U! SlUUtj01d gU!l01!UOlU A1!J1mb 1~1UA\ 1S0lU 10J 1u~uodlUO:>

Alus~~u u 'Jq 10U AUlU gU!l01!UOlU ~UqdSOqd qgnotPlV

il.~.Z

UO!1~S) U°!1tn!I!1l~J 1S~10J lU01J S1ndu! U~gol1!U gU!l<n!UOlU

10J p'Jt~ggns S~U!I~P!ng ~tp <n lUJ!lU!S 'Jq PJDOA\ gU!l01!UOlU

10J ~U!l~P!ng ~tp ~:>umslUn:u!:> ~~tp 1~PUfl.~!1:>U1d UOlU

-lUO:> U S~lUO~ U°!1UZ!J!1l~J ~UqdSOqd J! Alus~u 'Jq AUlU

SlUU'Jl1S 1S~10J U! ~uqdSOqd JO gU!l<n!UOlU 1u~nb'JlJ ~oW

.S1ndU! sruoqd

-soqd U! S~U'J1:>U! IU1U~lU~l:>U! 'l~IIUlUS UUtp 1:rJ1~P <n l~!SU~

S! sruoqdsoqd JO U°!1UJDlUn:>:>U S!q.L .~lU!11~AO ~U(nmn:>:>u

<n pU~1 SU°!1Ul1U~UO:> sruoqdsoqd U! ~guuq:> puu '(~gmq:>

-S!p Uo 1U~pU'Jd~p SS~I q:>nlU S! 1! ,.~.!) ~lU!11~AO ~lqU!lUA

S~I ~m SU°!1U.QU~:>UO:> ~tp ~nu:>'Jq Sl!°Al~~l puu S~)fCI U!

1:rJ1~P 011~!SU~ ~ AlJUnsn U°!1Ul1U~:>UO:> sruoqdsoqd ~A IOS

-S!P U! s~guuqJ .uO!1U:>!qdol1n~ Aq P'Jt~JJU 'Jq 01 AI~:)f!1

1S0lU Sl~1UA\ gU!A!~~l ure~l1SUA\Op U! AIUO sruoqdsoqd

1U1<n l<n!UOlU <n 1~!SU;} q:>nlU S! 1! '~11mJUA~ 'Jq 01 ~U AUlU

s~:>roos ~U(n:>!1lUd qgnotPIV .Sl!°Al~~l 10 'S~)fCI 'Sl~A!l

.(Bv861 .ISVJN ~<;L61 ..{B 1~ u~){!Jp'JJiJ)
~U!ZBJ1B pUB wmOI:)!d SB q:)ns S{B:J!W~q:) M~J B JOJ 1d~:)x~

w~lqoJd B 1.1~JtU S! W~SI.SO~ :)!1tmbB ~tp 01 {B!J1~JJ~ ~tp

wOlJ 1JodsUBJ11Btp 1s~ggns UO!1B:)!lddB ~P!:)!1S~ JO sl~A~1
Mol 1.1~A!1BJ~J ~tp pUB (I.IP!dBJ ~JOW UMOp ){B'.}Jq q:)!qM
S'.}UO ..~.!) ~P!:)!qJ~q 1U~S!SJ~ ss~I ~sn 01 I.:)u~pu~ ~Q.L

"(6861.SPIOul.~~..g.~) W~SI.SO~ :)!1BnbB~tp011U~WUOJ!AU~
JtI!.QS';)JJ~ ~tp WOlJ ss01 JOJ ){S!l1S~B~g ~tp ~od I.I{BJ~u~g

U°!1B:>!IddB J~1JB 1.J1l0qS S1U~A~ .lJ°UOJ qg!H .UO!1B:)!IddB

gU!MOI10J UO!SOJ~ pUB ..lJOUOJ .uO!1m!d!~Jd JO 1UnoWB ~tp 01

P~!1I.I~SOI:) S! ~){BJ pUB S~J1S gU!1BU!wmUO:) JOJ {B!1u~od
~tp 1Btp SUB';)W J~BM JO 1U~W~AOW ~tp Uo SWS!UBq~w

1JodSUBJ1 ~~tp JO ~:)U~pu~~p ~Q.L .UO!SOJ~ 1u~nb~qns

pUB S~I:)!1JBd I!OS 01UO UO!1dJoSqB I.q S! w~1SI.SO~ :)!1BnbB

~tp q:)~J 01 S{B:)!W~q:) ~~tp JOJ I.BMtpBd J~tpOuy .S~I:)!1JBd

I!°S 01 ~J~qpB 01 I.:)u~pu~ S1! pUB J~BM U! 1.1!I!qnIOs S1!
Uo spU~~p gU!q:)~I 01 {B:J!W~q:) B JO 1.1!I!q!1d~:JSns ~Q.L

.(LL61 .Vd3) 1J!JP pUB gU!I.BJdSJ~AO
1:)~1!P WO.IJ U°!1~O!wmUO:) JO ){S!l UBtp J~M01 S! ~s:):)0Jd

1JodSUM ~Jtp ~~tp WOlJ U°!1BU!wmUOO JO ){S!l ~tp S~:)

1S0W uI .UO!SOJ~ pUB .U°!11n!I!1BJOA .gU!q:JWI I.q W~SI.SO~

:)!1BnbB ~tp 01 UO!1~:)!lddB JO 1U!od ~tp WOlJ ~odsUm1
~ UB:> S~P!:)!1S~ pUB S~P!:)!qJ~q '1J!JP pUB I.BJdsJ~AO I.q

p~od w~IqoJd U°!1BU!wmUO:) ~tp 01 U°!1!PPB uI .sI~uUBq:)
~J1S ~tp JB'.)U JO 0! ~!IddB gU!~ WOJJ I.BJdS ~WOS 1U~A~Jd

011In:)yJ!P i.J~A S! 1! SB .~P!:)!1S~ pUB S~P!:)!qJ~q JO U°!1

-B:)!IddB {B!J~B ~tp Uo ~sn:)()J SBq W~:)UO:) S!tP JO 1S0W

SlN3nlIlSN°:J W'JIW3H:J ON\f w'JISJ.Hd .~ b'31d\fH:J



Part II

On the other hand, aerial application of herbicides and
pesticides can have serious implications for non-target
organisms. Herbicides, for example, are usually directed at
broad-leaved species, and many riparian species are suscep-
tible to, if not the target of, the commonly used herbicides.
Killing the riparian vegetation can have a wide range of
secondary effects, including destabilizing the stream chan-
nel, reducing the input of both fine organic material and
large woody debris, and increasing stream temperatures.
Similarly, the aerial spraying of pesticides can adversely
affect the riparian fauna, and this can reduce the availability
of terrestrial insects for fish populations.

Response to Management Activities

Herbicides, pesticides, and their intermediate break-
down products are only present as a result of human at-
tempts to control unwanted vegetation or animal pests.
Ground-based programs greatly reduce the likelihood of
direct contamination of streams and lakes provided proper
care is taken in the transport, mixing, application, and
disposal of the herbicides and pesticides.

For aerial applications the use of spray buffer strips
along the stream channels greatly reduces the exposure of
the riparian zones and the stream channels. For spray buffer
strips to be effective, careful consideration must be given to
factors such as the droplet size, height of application, wind
speed, and flight path. The requirement of spray buffer
strips along fish-bearing streams usually minimizes overt
damage to the riparian vegetation. In tributary channels or
along unprotected streams, however, herbicide use may kill
off the riparian vegetation and initiate a series of adverse
effects on aquatic organisms and the stream channel.

Measurement Concepts

The critical aspect in monitoring herbicide and pesticide
applications is the selection of monitoring locations and the
timing of the water samples. State forest practice regula-
tions generally have established protocols for sampling, and
these represent a compromise between the need forcompre-
hensive sampling and the costs of collection and analyses.

The usual procedure is to take one sample immediately
prior to application and a series of samples at various times
after application. Often an attempt is made to sample peak
concentrations by estimating the average velocity in the
stream and then using this to estimate when the peak con-
centration would occur at a sampling point 200-500 ft
downstream of the spray boundary .Some states specify that
samples are to be taken at specified times (e.g., 0.5,1.0 and
2.0 hr after the cessation of spraying). To minimize the costs
of analysis, some states allow a portion of each short-term
sample to becombinedinto a composite sample. Thecomposite
sample is then analyzed, and the remaining portions of the
individual samples are tested only if the composite sample

exceeds some threshold.
Many states also have a procedure to qualitatively

evaluate the relative risk of the application to impair water
quality. The intensity of sampling is then adjusted to reflect
the estimated risk. The factors used to assess this risk
include the type of chemical (toxicity, persistence, and
mobility), the potential drift (this is a function of the slope,
slope length, irregularity of the landscape, the stream length
exposed to the application, the riparian cover, droplet size,
and the weather conditions), and the beneficial uses of the
stream (Oregon State Department of Forestry, 1979, in

Appendix A, NCASI,1984a).
One approach to the problem of sample timing is to take

a 24-hr composite sample. The 24-hr composite sample is
effective as long as the subsampling interval is short enough
to adequately capture higher concentrations and the analytic
technique is sufficiently sensitive. Combining concentra-
tion data with discharge data allows the 24-hr mean concen-
tration to be calculated. The 24-hr mean concentration is the
basis for many of the state standards for pesticide and
herbicide concentrations (EPA, 1977).

Another approach is to continuously sample the stream
using a trace enrichment cartridge (NCASI, 1984b ). In this
method a constant flow of water is run through a cartridge
designed to capture the chemical of interest Analysis of the
cartridge at the end of the sampling period, when combined
with discharge data, provides a mean concentration over the
entire sampling period. The technology is still being tested,
but concern exists that some of the subject chemical may be
slowly lost from the cartridge. Preliminary data indicate
that losses from trace enrichment cartridges are a function of
stream pH, the flow rate through the cartridge, and the
relative concentrations of the chemical in the stream and the
cartridge (G. Ice, Nat Council for Air and Stream Improve-

ment, Corvallis, pers. comm.).
Another approach to assess overspray and drift is through

the use of spray cards or tracers. Spray cards are simply flat
cards which are set out prior to aerial spraying, and visual
inspection provides a qualitative indication of the amount of
chemicals that reached the surface of that particular site.
The short lag between application and observation means
that this method can be used as a near real-time monitoring
technique. Disadvantages include an increased exposure to
monitoring personnel and an indication of the total input,
rather than the maximum concentration, of chemicals into
the stream system.

Another approach is to mix a fluorescent dye with the
pesticide or herbicide and monitor dye concentrations in the
stream of interest This allows direct, real-time monitoring
provided that a definable relationship exists between the
chemical of interest and the dye (NCASI, 1984a). Smart and
Laidlaw (1977) reviewed the use and measurement offluo-
rescent dyes as hydrologic tracers, and they noted that a
variety of different factors can influence the measurements.
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CHANGES IN FLOW3.

3.1 INCREASES IN THE SIZE

OF PEAK FLOWS

INTRODUCTION

Definition

Peak flows refer to the instantaneous maximum dis-
charge associated with individual storm or snowmelt events.
The diversity of climates in EPA's Region 10 means that
peak flows can result from several different types of cli-
matic events. In the low-Iying, coastal basins in the Pacific
Northwest, for example, winterrainfal1 is the primary cause
of peak flows. In many of the higher -elevation and interior
areas, peak flows are generated by spring snowmelt. Other
possible causes of peak flow events are summer thunder-
showers and rain-on-snow events. Both of these latter causes
may be less common and less predictable, but in certain
basins they may be responsible for the largest runoff events.

Many basins may be exposed to more than one cause of
peak flows. For example, spring snowmelt may generate
the peak discharge in most years for a given basin, but less
common rain-on-snow events may be responsible for the
largest discharge events. Prediction of the effects of forest
management on the size of peak flows is complicated by the
fact that forest management will have quite different effects
on the size of peak flows depending upon whether the peak
flows are caused by spring snowmelt, high-intensity rain
storms, or rain-on-snow events. The effect of forest harvest
and other management activities also will vary according to
factors such as the type of yarding (tractor or cable), the
density of skid trails and landings, soil type, and soil
moisture content. Prediction of the effect of management on
the size of peak flows therefore requires (1) knowledge of
the climatological events that cause the peak flows in the
basin of interest, (2) specification of the peak flows of
concern ( e.g., the mean annual flood or more extreme events
such as the 50-year flood), and (3) specific knowledge on

Changes in the size of peak flows, the discharge at low
flows, or annual water yield usually are not considered as
water quality parameters. Nevertheless, forest harvest. road
building, and other management activities can result in
substantial changes in the volume and timing of runoff, and
this has long been a source of public concern. Changes in the
size of peak flows can have important implications for the
stability of the stream channel, size and quantity of the bed
material, and sediment transport rates. An increase in low
flows generally will reduce peak summer temperatures and
increase the available fish habitat. Changes in water yield
typically are too small to be measured, but in high elevation
basins with extensive hydropower development the theo-
retical increase in water yield can have substantial economic
value. In some areas the evaluation of cumulative effects is
based largely on the estimated capability of the stream
channel to accommodate an increase in discharge.

Flow parameters were included in the Guidelines because
of their potential sensitivity to forest management activities,
their relationship to designated uses, and general public
concern. Even if a flow parameter is not explicitly included
in a monitoring project, discharge measurements are needed
to interpret other data, such as turbidity and conductivity,
and to calculate the total flux of nutrients, sediment, and
other materials being transported by streams.

In summary, the patterns and values of discharge are
important characteristics of forest streams, and they inte-
grate all the different effects of specific management
activities on the hydrologic cycle. Maintaining favorable
conditions of flow was an importantjustification for estab-
lishing the National Forest system, and this concern per-
sists to the present day. Forest management activities can
affect discharge through a variety of individual processes,
and this chapter reviews the three parameters of greatest
concern.

~
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Part II

ing changes in the size of peak flows associated with storms
with longer recurrence intervals is much more difficult. A
5-year storm, for example, only has a 20% chance of occur-
ring in a given year, and only a 67% chance of occurring
within a specified 5-yearperiod. Hence a very long calibra-
tion period is needed for these rarer events, and the post-
harvest monitoring period is limited by the hydrologic
recovery of the site to pre-harvest conditions. For this
reason changes in the size of the larger peak flows generally
cannot be measured directly.

Monitoring changes in the size of peak flows is also
limited by the cost of establishing and maintaining stations
to measure peak discharges. Continuously recording gag-
ing stations are relatively costly. Discharge measurements
during high flow events require some access to the site and
a sb"ucture from which one can safely measure velocity .
Crest-stage recorders are relatively simple and inexpensive,
but they have a much lower sensitivity.

Standards

No standards for changes in the size of peak flows have
been established or proposed.

Current Uses

The difficulties in detennining a change in the size of
peak flows means that this parameter is rarely included in

most monitoring projects. Nevertheless, potential changes
in the size of peak flows can be an important constraint to
forest management (Grant. 1987), particularly in areas sub-
ject to rain-on-snow events. Hence most environmental
assessments and other planning documents evaluate pro-
jected changes in the size of peak flows by extrapolating
from the limited number of paired-catchment experiments
that have examined the issue.

It is important to note that any change in the size of peak
flows is most likely to decline in magnitude as one moves
downstream. This is due to both a dispersion of the flood
wave in time and the lack of change in other tributaries (i.e.,
a dilution effect) (Linsley et al., 1982). Proportionally
larger increases in the size of peak flows will occur down-
stream only if the timing of peak runoff in the managed basin
is altered in such a way that it becomes synchronized with
peak runoff in other tributaries (Harr, 1989).

charge by periodically surveying the stream cross-section
and measuring stream velocity at various water surface
elevations. The calculated discharge is then plotted against
stage to obtain a rating curve (Buchanan and Somers, 1969).

The conversion of stage to discharge is needed in order
to establish a quantitative relationship between peak flows
in two or more basins. Changes in the size of peak flows can
then be detected by a change in this relationship. Direct
comparisons of stage heights between basins is not appro-
priate because the relationship between stage and discharge
is unique for each location and may change over time as the
channel erodes, aggrades, or shifts laterally.

The comparison of discharge from similar, adjacent
catchments is the most sensitive means to detect changes in
the size ofpeak flows. Usually at least 3 years of calibration
data are needed to establish a relationship capable of pre-
dicting about 70-85% of the variance in discharge. A pro-
portionally longer calibration period will be needed to es-
tablish a valid statistical relationship for peak flows with
longer recurrence intervals. The pre-disturbance discharge
relationship is then used to determine if there is a statisti-
cally significant change in discharge due to management
activities in one of the catchments.

An alternative to the paired-catchment approach is to
relate the stage or discharge at one location to precipitation,
and then assess how this rainfall-runoff relationship changes
with management The difficulty with this technique is that
rainfall-runoff models are relatively crude, and the uncer-
tainty associated with rainfall-runoff model predictions
generally increases with increasing discharge. This uncer-
tainty then makes it very difficult to identify a change in the
size of peak flows due to management activities.

Direct measurement of peak flows can be obtained by
continuous measurements of water level or by crest-stage
recorders. Continuous measurement of discharge usually
requires constructing a stilling well and establishing a stage-
discharge relationship. This is relatively expensive and
requires a continuing input of staff time to check on the stage
recorder, establish a stage-discharge relationship, and trans-
form the stage data to discharge.

Crest-stage recorders are much simpler, as they only
record the maximum water level. In the absence of a stage-
discharge relationship, the values may be difficult to inter-
pret, as changes in channel morphology can alter the observed
crest from events with identical peak discharges. Typical
crest stage recorders consist of vertical tubes containing
powdered cork. Small holes in the tube allow water to enter
and leave the crest gages, and a ring of powdered cork is left
at the highest water level occurring between observations.

A major problem in monitoring changes in the size of
peak flows is the infrequent nature of high flow events.
Hence sample sizes are small, and the capability to detect a
statistically significant change is low. For this reason most
research addressing changes in peak flows have focused on
runoff events that occur several times each year. Monitor-

Assessment

Forest management activities can increase the size of
peak flows by transforming subsurface flow to surface
flow, reducing infiltration rates and soil moisture storage
capacity, reducing interception losses, increasing soil mois-
ture, and altering rates of snowmelt. The relative effects of
these changes will vary by season, site, and storm size.
Careful management and post-harvest rehabilitation mea-
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Part II

resulting from removal of the riparian canopy. Thus changes
in low flows may be beneficial and of interest to managers,
but low flows generally cannot be used as an indicator of
water quality .To date, water rights courts have not ad-
dressed the allocation of any increase in water yield due to
forest harvest. The absence of any institutional mechanism
to capture the economic benefits of increased low flows, and
the difficulty of measuring small increases on large basins,
indicates that low flow monitoring is rarely appropriate.

relationship between the discharge of adjacent catchments.
A change in the relationship between the two catchments is
used to demonstrate a change in low flows. The need to
accurately measure relatively small discharges means the
gaging stations must be carefully placed to minimize seep-
age, and the width-depth ratio should be as low as possible.
In small streams some type of weir or flume structure is
likely to be needed to obtain the necessary accuracy.

Changes in low flows generally will be more difficult to
detect in larger catchments because a smaller proportion of
the catchment will be harvested over a relatively short time
period. Hence any increase in low flows will be subject to
a dilution effect from other sub-catchments which do not
have a hydrologically altered vegetation canopy.

WATER YIELD3.3

Definition

A change in water yield represents the sum of all the
individual changes in runoff over a water year. Mostpaired-
watershed experiments have focused on changes in the total
annual water yield, so there is much more data on changes
in water yield than on changes in low flows or the size of
peak flows.

Standards

No standards for changes in low flows have been
established or proposed.

Current Uses

Monitoring stream discharge is an important compo-
nent of most water quality monitoring programs. However,
low flows are relatively unimportant in terms of their
contribution to constituent load, sediment load, and water
yield. Paired-catchment experiments have shown that 20-
30% of a catchment must be cleared to obtain a measurable
increase in water yield (Bosch and Hewlett, 1982). Since
most long-term gaging stations are on larger catchments that
do not experience such heavy harvest levels over a relatively
short time period, changes in low flows are unlikely to be
observed at existing gaging stations.

Little attention has been paid to monitoring changes in
low flows because there is very little scope for management
Removal of the riparian vegetation usually is not a viable
option because of concerns over wildlife and fisheries
habitats, sediment and nutrient inputs, bank erosion, and
stream temperatures (Section 6.2). Forest harvest is known
to decrease evapotranspiration, and some of this water will
be expressed as an increase in streamflow, but we have very
limited control over the amount and timing of this increase.
Although this increase in low flows may be significant in
terms of increased habitat area-particularly in small
streams-on larger streams the increase generally is too
small to be measured. For these reasons most monitoring
projects do not explicitly attempt to document any change
in low flows.

Relation to Designated Uses

The imlX>rtance of an increase in water yield depends on
the timing of the increase, the uses of the water, and the
extent to which the increase can be captured by storage
facilities. In rain-dominated or warm snow environments,
the largest relative increases in water yield usually occur
during the summer and fIrst autumn storms (Harr, 1983).
The largest absolute increases occur during the fall-winter
rainy season (Harr et al., 1982).

In colder, snow-dominated environments most of the
increase in water yield will occur early in the spring snowmelt
period because less snowmelt is needed to recharge soil
moisture (e.g., Troendle and King, 1985). If there is suffi-
cient precipitation during the summer and fall to generate
substantial amounts of stream flow and maintain high levels
of soil moisture, water yield increases also may be detected
in these periods (e.g., Swanson and Hillman, 1977).

The significance of an increase in low flows was dis-
cussed in Section 3.2; the likelihood and significance of
increasing peak flows was discussed in Section 3.1. Other
than the IX>ssible increase in the size of the larger peak flows
due to rain-on-snow events, the increase in fall and winter
discharge from forest activities is likely to have little bio-
logical or physical significance. However, any increase in
flow may be beneficial if it can be captured in a downstream
reservoir and used for generating electricity, irrigation, or
water supply purposes.Assessment

Forest harvest can cause a substantial increase in sum-
mer low flows. and this will provide additional habitat for
stream biota. Increased low flows also may reduce the
susceptibility of the stream to adverse temperature changes
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SEDIMENT4.

INTRODUCTION 4.1 SUSPENDED SEDIMENT

An increased sediment load is often the most important
adverse effect of forest management activities on streams.
Large increases in the amount of sediment delivered to the
stream channel can greatly impair, or even eliminate, fish
and aquatic invertebrate habitat, and alter the structure and
width of the stream banks and adjacent riparian zone.

The physical effects of increased sediment load can be
equally far-reaching. Fine sediment can impair the use of
water for municipal or agricultural purposes. The amount of
sediment can affect channel shape, sinuosity, and the rela-
tive balance between pools and riffles. Changes in the
sediment load also will affect the bed material size, and this
in turn can alter both the quantity and the quality of the
habitat for fish and benthic invertebrates.

Many nutrients and other chemical constituents are
sorbed onto fine particles, so sediment loads are often
directly related to the load of these constituents. Indirect
effects of increased sediment loads may include increased
stream temperatures and decreased intergravel dissolved

oxygen (DO).
These wide-ranging effects suggest that there are an

equally broad range of techniques that can be used to assess
the quantity and impact of the sediment load in a particular
stream. Direct measurements include suspended sediment
concentration, turbidity, and bedload. Indirect methods
include measurements of channel characteristics such as the
width-depth ratio, residual pool depth, bed material particle
size, or the width of the riparian canopy opening (Sections,
5.2, 5.3, 5.6, and 6.1, respectively). This chapter discusses
only the parameters of suspended sediment, turbidity, and
bedload.

Definition

Suspended sediment refers to that portion of the sedi-
ment load suspended in the water column. This, at least
conceptually, is distinct from bedload, which is defined as
material rolling along the bed. The relative size of particles
transported as bedload and suspended sediment will vary
with the flow characteristics (e.g., velocity, bed forms,
turbulence, gradient) and the characteristics of the material
being transported (e.g., density, shape). For the Pacific
Northwest and Alaska, particles <0.1 mm in diameter (clays,
silts, and very fme sands) are typically transported as sus-
pended sediment, while particles > 1 mm in diameter (coarse
sand and larger) typically are transported as bedload (Everest
et al., 1987). Particles between 0.1 and 1 mm are usually
transported as bedload, but can be transported as suspended
load during turbulent, high flow events (Sullivan et al.,
1987). The process of saltation, in which particles bounce
from the bed up into the water column, blurs the distinction
between these twO terms. Local hydraulic conditions also
can cause shifts in the relative proportion and size classes of
bedload and suspended sediment.

Suspended sediment also should be distinguished from
wash load. The latter term refers to particles that are washed
into the stream during runoff events, and that are finer than
the particles found in the stream bed (Ritter, 1978). By
definition the wash load is finer than the bed material load,
and the wash load is considered to remain suspended the
length of the fluvial system (Linsley et al., 1982). Normally
the wash load is defined as particles smaller than 0.062 mm
(silts and clays). The concept of wash load is rarely used by
fluvial geomorphologists or fish biologists, and it is difficult
to apply in the type of monitoring studies addressed in these
Guidelines.
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Part II

detect a statistically significant increase in suspended sedi-
ment from well-planned and properly executed forest har-
vest operations.

Effects of Management Activities

Forest management activities can affect the amount of
suspended sediment in sb"eams by altering both the erosion
rate and the rate of transport into the sb"eam channel. The
range of management activities, and the number of erosion
and transport processes, have resulted in an extensive lit-
erature on the relationship between forest management and
sediment yield. However, recent changes in forest man-
agement practices may make it impossible to directly ex-
trapolate from previous studies, even if they were conducted
in a comparable environment (Everest et al., 1987). The
following paragraphs provide a brief summary rather than a
comprehensive overview.

Most comprehensive studies of the effects of forest
management have found road-building and road mainte-
nance to be a primary source of sediment (e.g., Brown and
Krygier, 1971; Megahan and Kidd, 1972). This sediment
can be eroded from the road surface ( e.g., Reid and Dunne,
1984), from road fIlls (e.g., Megahan, 1978), or from slope
failures associated with road construction and drainage
(e.g., Duncan et al., 1987; Megahan and Bohn, 1989). In
most cases there is a sharp increase in sediment yield associ-
ated with road-building activities, and a rapid decline as
roads stabilize (e.g., Beschta, 1978). Increased sediment
yields tend to be more persistent if the erosion stems from
slope failures or surface runoff associated with continued
heavy traffic.

Forest harvest can increase sediment yields by a variety
of processes: surface erosion from landings, skid trails, and
other compacted areas; slope failures triggered by removal
of the b"ee cover; and surface erosion from burned areas or
areas disturbed by site preparation activities (Swanson etal.,
1987). Surface erosion can include both fluvial detachment
and transport as well as dry ravel and surface creep (Swanson
et al., 1987). Historic practices of disturbing the sb"eam
channel and removing large woody debris also have been
shown to increase the amount of fine sediment in the sb"eam
channel (Bilby, 1981; Megahan, 1982). Removal of, or a
reduction in, the riparian vegetation is a another mechanism
by which forest management activities can increase the
amount of fine sediments ( e.g. , Platts, 1981 ). Grazing often
exacerbates the effect of reducing the vegetative cover by
simultaneously trampling the vegetation, compacting the
soil, and trampling the sb"eambanks (Gifford, 1981).

In some cases management activities may have no sta-
tistically significant effect on suspended sediment concen-
trations. Some of the key factors conb"olling the actual
increase in suspended sediment are as follows: ( 1) the intensity
of disturbance, (2) the areal extent of disturbance, (3) the
proximity of the disturbance to the channel system, and (4)
the storm events experienced during the periods when the
site is most sensitive to erosion and mass movements
(Everestetal., 1987;Swansonetal., 1987). The high natural
variability of suspended sediment often makes it difficult to

Measurement Concepts

Suspended sediment concentrations are determined by
obtaining a water sample, drying or filtering the sample, and
then weighing the residual sediment. Concentrations are
typically expressed in milligrams per liter (mg L -I), and this
usually is equivalent to parts per million (ppm) because 1 L
of water has a mass of approximately 1 million milligrams.
As sediment concentrations increase, however, the density
of water exceeds 1 000 g L -I, and this causes an increasing
divergence between milligrams per liter and parts per mil-
lion.

The primary problem with measuring suspended sedi-
ment is how to sample in time and space. Estimates of the
total amount of suspended sediment over time often are
based on a presumed relationship between the concentration
of suspended sediment and stream discharge, but this is by
no means constant or reliable (e.g., Ferguson, 1986). For
example, suspended sediment concentrations for a specified
storm event typically are much higher after a dry period than
after an earlier, but recent, storm. Often suspended sediment
concentrations are higher during periods of increasing dis-
charge (i.e., the rising limb of the hydrograph) and lower
during periods of decreasing discharge (i.e., the falling limb
of the hydrograph). However, detailed studies indicate that
this is not always the case (e.g., Rieger and Olive, 1986;
Williams, 1989a). Walling and Webb (1982) discuss how
the physical processes of sediment production and yield
need to be taken into account to better predict sediment yield
and thereby reduce the apparent variability of suspended
sediment concentrations.

Suspended sediment concentrations can show consid-
erable spatial variability. The increase in suspended sedi-
ment concentration with depth is well known (e.g., Guy,
1970), but the size and concentration of suspended sediment
also can vary according to local turbulence and velocity .
Thomas ( 1985) provides a detailed discussion of the concepts
and methods of measuring suspended sediment in small
mountain streams.

The concentration of suspended sediment also is highly
sensitive to the method of sampling. Any sampler disrupts
the flow lines, and this can bias the sample. Orifice size,
length of the intake nozzle relative to the sampler, and the
percent of the sample bottle filled all can influence the
accuracy of the sample. The hydraulic requirements of
suspended sediment samplers generally preclude sampling
within 10 cm or so of the stream bottom (Guy and Norman,
1970), and this limits the accuracy of any attempt to obtain
an absolute estimate of suspended sediment flux.

Suspended sediment samplers can be separated into two
basic types-point-integrated and depth-integrated. Point-
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Part II

ity, gravel permeability, and bed material particle size
will be very different.

divided organic matter, colored organic compounds, plank-
ton, and microorganisms can contribute to the turbidity
value of a particular water sample. Since relative propor-
tion, size, weight, and refractive properties of these materi-
als varies considerably, a correlation of turbidity with the
weight concentration of suspended matter cannot be as-

sumed (APHA, 1980).
Prior to about 1970 turbidity was measured primarily in

Jackson turbidity units (JTU). Jackson turbidity units are
determined by slow Iy increasing the depth of water in a clear
cylinder until a candle flame placed under the bottom of the
cylinder disappears into a uniform glow (Hach, 1972).
Several problems are associated withJTUs: (1) usable range
is 25 JTUs and greater; (2) turbidity due to dark-colored
particles cannot be measured as too much light is absorbed;
and (3) very fine particles are not measured (APHA, 1980).
These problems have led to the widespread replacement of
Jackson's candle turbidimeter with photoelectric turbi-

dimeters.
Photoelectric turbidimeters measure turbidity in neph-

elometric turbidity units (NTU); they are able to accurately
measure much lower levels of turbidity, and measurements
generally are not affected by particle color (Hach, 1972).
These properties make photoelectric turbidimeters and NTU
units the preferred method formeasuring turbidity in streams.
The differences in measurement techniques mean that there
is no standard conversion between Jackson turbidity units
and nephelometric turbidity units (APHA, 1980).

Assessment

Suspended sediment is a very useful indicator of active
erosion ina particular basin. However, the multiple processes
involved in sediment storage and delivery preclude the use
of suspended sediment concentrations as a quantitative
measure of specific hill slope and channel processes. On the
other hand, suspended sediment concentrations are very
sensitive to landscape disturbance, and its conceptual sim-
plicity gives it broad appeal.

The primary problem with using suspended sediment as
a monitoring tool is its inherent variability .Representative
samples are difficult to obtain, and suspended sediment con-
centrations vary tremendously over time and space. Thus
it is often difficult to determine if there has been a sig-
nificant increase in suspended sediment, and whether an
observed increase is due to management activities or natural
causes. These problems are exacerbated as one moves
farther downstream because the impact of individual man-
agement activities is diluted and the amount of suspended
sediment from other sources becomes larger.

Suspended sediment can and should be included in a
monitoring plan provided it is recognized a priori that (1)
identifying an increase in suspended sediment due to forest
management requires several years of background data
from the basin or site where management will occur and a
similar set of data from comparable, unmanaged site(s); and
(2) calculating suspended sediment fluxes and loads results
in an inherent uncertainty of at least 25-50%.

Suspended sediment also is just one component of the
overall sediment budget Changes in bedload generally
have the greatest geomorphic impact (Section 4.3), but these
mayor may not be correlated with suspended sediment
(Williams, 1989b). Turbidity (Section 4.2) is highly cor-
related with suspended sediment, but this relationship must
be determined for each basin and usually each site. As
indicated above, the adverse impact of suspended sediment
also is a function of the size distribution of the suspended

particles.

4.2 TURBIDITY

Definition

Turbidity refers to the amount of light that is scattered

or absorbed by a fluid (APHA, 1980). Hence turbidity is an

optical property of the fluid (Hach, 1972), and an increasing

turbidity is visually described as an increase in cloudiness.

Turbidity in streams is usually due to the presence of suspended

particles of silt and clay, but other materials such as finely

Relation to Designated Uses

Turbidity is an important parameter of drinking water
for both aesthetic and practical reasons. A strong public
reaction can be expected to a turbid water supply, even if the
water technically is safe to drink. However, suspended matter
provides areas where microorganisms may not come into
contact with chlorine disinfectants, so high turbidity levels
may limit the efficacy of normal treatment procedures
(EP A, 1986b ). Small rural communities may not be able to
afford the additional treatment costs necessitated by an
increase in the turbidity of their basic water supply (Harvey,

1989).
Turbidity also has a direct detrimental effect on the

recreational and aesthetic use of water. The more turbid the
water, the less desirable it becomes for swimming and other
water contact sports (EP A, 1986b ). In many forested areas
tourism and recreation are important components of the
local economy, and increased turbidity could adversely
affect the attractiveness of a water body for fishing, boating,
swimming, or other water-related activities.

Most of the biological effects of turbidity are due to the
reduced penetration of light in turbid waters. Less light
penetration decreases primary productivity , with periphy-
ton and attached algae being most severely affected. De-
clines in primary productivity can adversely affect the

~
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lished norm for aquatic life (EpA, 1986b). As suggested
above, the basic problem with enforcing these standards is
that background levels are seldom defined and difficult to
determine. This suggests that only continuing major viola-
tions can be unambiguously identified.

Current Uses

Probably the most common use of turbidity measure-
ments is to monitor the quality of domestic water supplies.
More frequent sampling is required as the measured turbid-
ity approaches or exceeds the 1 NTU standard.

Turbidity often is used to monitor the effects of a

specific management activity (project monitoring). Typi-
cally this involves a comparison of measurements taken
upstream (control) and downstream (treated) of a particular
project, such as the construction of a bridge, with the
presumption that any increase in turbidity is due to that
activity. This procedure is particularly effective during low
flow periods when the background turbidity is both low and
consistent. Assessing the effects during storm periods is
considerably more difficult (i.e., less sensitive).

Turbidity measurements provide an indication of the
amount of suspended material in the water, but the precise
relationship between turbidity and the mass of suspended
material depends on the size and type of suspended particles.
This relationship must be established for each stream or
sampling location, and simultaneous measurements of
suspended sediment and turbidity must be made over the
full range of expected discharges. In some cases a single
relationship may apply at several sites, but this must be
based on a careful statistical analysis of the data from each
site. The relationship between suspended sediment and tur-
bidity cannot be assumed to be stable over time, as changes
in sediment sources or transport processes may alter the
relati ve balance between suspended sediment and turbidity.

The relative ease of measuring turbidity means that it is
commonly used for monitoring nonpoint sources of sediment.
Suspended sediment tends to be measured in more detailed
studies, or when there is a need to estimate sediment loads
( e.g., to calibrate or validate a sediment yield model). If an
additional uncertainty of :t25% is acceptable, turbidity can
be used to estimate suspended sediment concentrations.
Estimation of the suspended sediment load requires con-
tinuous discharge measurements.

On the other hand, three watersheds in the Oregon Coast
Range showed significant differences in the relationship
between suspended sediment and turbidity (Beschta, 1980).
There also were significant differences in the suspended
sediment-turbidity relationship for different storms at each
site. Nevertheless, the pooled turbidity data for each water-
shed still could account for nearly 80% of the variability in
suspended sediment concentrations on that watershed

(Brown, 1983).
Turbidity tends to be less sensitive to the sampling

location within a stream than suspended sediment, as turbid-
ity is primarily a function of the smaller particles (silts,
clays, and colloids). Hence the materials causing turbidity
tend to be more evenly distributed within the water column
and across the stream cross-section, and grab samples usually
are considered to be sufficiently representative. It is recom-
mended that samples be analyzed for turbidity within 24
hours (APHA, 1980), as algal growth can cause an increase
in turbidity .In forested areas it is often assumed that water
temperature and water quality (e.g., paucity of nutrients)
will inhibit or restrict algal growth, but protocols for sample
collection and storage should consider this possibility .
Sediment flocculation also can cause turbidity values to
change over time.

The variability in turbidity among sites and over time
generally makes it quite difficult to determine a natural or
background level for any specified level of discharge. The
natural variation is almost always greater than 10% about
the mean for any gi ven discharge, and the variation tends to
increase with higher discharges (Brown, 1983). Uncertainty
due to instrument differences and analytical errors also
amount to approximately 10% (APHA,1980). Thecombined
uncertainty due to natural variability and measurement
errors has important implications both for detecting increases
in turbidity due to forest harvest and other management
activities, and for enforcing relatively narrow turbidity
standards.

Standards

Turbidity standards can be either relative or absolute.
Drinking water standards usually are in absolute terms, and
currentEP A regulations require turbidity in municipal water
supplies not to exceed 1 NTU (EPA, 1986b).

Relative turbidity standards have been established in
some states. California, for example, specifies that a timber
harvest cannot increase turbidity by more than 20% above
background. Alaska and Washington allow an increase of
5 NTU for domestic water supplies when the background
turbidity is less than 50 NTU, and no more than a 10%
increase in turbidity when the background level is greater
than 50 NTU {Harvey, 1989). The general criteria for the
protection of freshwater fish and other aquatic life is that the
depth of the photosynthetic compensation point should not
be reduced by more than 10% from the seasonally estab-

Assessment

Turbidity is relatively quick and easy to measure. Sus-
pended sediment usually is the primary source of turbidity
in forest streams in the Pacific Northwest and Alaska.
Simultaneous measurements of suspended sediment and
turbidity generally result in a relationship that can predict
about 80% of the variation in suspended sediment concen-
trations from measured turbidity values. Thus turbidity can
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the number and diversity of aquatic invertebrates (Chapman
and McLeod, 1987).

As suggested above, the deposition of bedload has an
adverse effect on reservoir capacity and can clog up irriga-
tion and shipping channels. Hundreds of millions of dollars
are spent in the U.S. each year to remove sediment deposited
behind dams and in the lower reaches of rivers and estuaries.

material can be stored in the channel (Dietrich etal., 1982).
In streams draining the Idaho batholith, for example, 15
times more sediment was stored in the channel than was
delivered out of the basin on an annual basis (Megahan,
1982). When evaluating the impact ofmanagementactivities
on bedload, one must also consider whether the material is
composed of silt- and clay-sized particles, which probably
will be transported as suspended sediment, or coarser par-
ticles, which will be transported as bedload.

Extensive studies on the South Fork of the Salmon River
in Idaho have attempted to link the effects of forest man-
agement and road building to an increase in bedload and the
quality of fish habitat. In this basin the combination of
management activities, erodible soils, and severe storms has
resulted in extensive sedimentation. The large amounts of
bedload reduced pool depths and literally buried many of
the prime salmonid spawning and rearing areas with sand
(Megahan, 1980; Box 3, page 19). In other parts of the
Pacific Northwest, studies have documented increased
amounts of fine sediment in the bed material in response to
forest harvest and road-building (Section 5.6.1; Cederholm
etal., 1981; Scrivener, 1988). However, very few published
studies have attempted to monitor changes in bedload
transport rates due to forest management activities, and then
relate these changes to the designated uses of the water body
being monitored. The paucity of such studies has strong
implications with regard to the relative utility of monitoring
bedload transport rates.

Effects of Management Activities

The effect of forest management activities on the avail-
ability and b"ansport of bedload has been shown to range
from severe (e.g., Megahan et al., 1980) to no significant
difference (Moring,1975;Sheridanetal.,1984). Part of the
observed variation in effects is due to the type and intensity
of management. In southwest Oregon, for example,
clearcutting was found to approximately double the bedload
yield as compared to a control watershed, while patch and
selection cuts had no apparent effect (Adams and Stack,
1989). The range of erosion and sediment transport pro-
cesses operating in the Pacific Northwest and Alaska is
another reason why widely different results should be ex-
pected from different studies, and why simple generaliza-
tions cannot be made about the effects of management
activities on bedload (Swanson et al., 1987).

As noted in Sections 4.1 and 4.2, forest harvest can
increase erosion rates by generating overland flow on com-
pacted areas, increasing the number of slope failures (e.g.,
Ice, 1985; Megahan and Bohn, 1989), and increasing the
rate of dry ravel and soil creep (e.g., Ziemer, 1984). Al-
terations in the amount of large woody debris (L WD) in the
stream channels will alter the sediment storage capacity in
the stream channel (Section 5.7; Megahan, 1982). Removal
ofLWD, or a reduced rate of recruitment ofL WD into the
stream channel, can result in an apparent increase in sedi-
ment yield at the mouth of the basin (Megahan, 1982), eyen
though there may be no net change in the rate of sediment
delivered to the stream channel from up slope.

Road construction and road maintenance can increase
the amount of bedload by creating areas prone to surface
runoff (Reid and Dunne, 1984), altering slope stabilities in
cut and fill areas ( e.g., Megahan,1978), and altering drainage
pattems in ways that tend to increase the number of landslides
and debris flows (e.g., Megahan et al., 1978; Megahan and
Bohn, 1989). Similarly, grazing can increase the amount of
overland flow and decrease bank stability (Section 5.8;
Gifford, 1981). Sand and gravel extraction within the
stream channel will alter the channel hydraulics and prob-
ably cause a short-term increase in bedload transport until
the stream re-establishes a stable channel. Longer-term
effects of sand and gravel extraction are difficult to predict

The material eroded or detached by these different hill-
slope erosional processes must then be delivered to the
stream channel and transported by the stream before it can
be measured as bedload. Often significant amounts of

Measurement Concepts

The measurement of bedload must be regarded as diffi-
cult. Sampling devices disturb the flow in the vicinity of the
sampler, and this biases the sample (Guy and Norman,
1970; Emmett, 1980). The most common bed load sam-
pling device, the Helley-Smith sampler, consists of a flared
rectangular orifice with an attached mesh bag. The sampler
is placed on the stream bottom with the opening facing
upstream for a specified time, and the sediment caught in the
mesh bag is dried and weighed to get a transport rate in mass
per unit time per unit stream width (Helley and Smith,
1971). The most commonly used design has a 76-mm (3.0-
inch) square opening and a mesh size for the sample bag of
about 0.25 mm. This has been reported to have a catch
efficiency of about 1.0 for particles from 0.5-16 mm in
diameter (Emmett, 1980). Sampling of larger bedload
particles requires a larger sampler, and the catch efficiency
is less well known.

Bedload transport rates vary across the stream cross-
section, so representative samples should be taken at regular
intervals across the stream (Emmett, 1980). Numerous
studies, however, have shown that bedload moves in irregu-
lar sheets or waves (e.g., Beschta, 1981; Reid and Frostick,
1986). This can be due to migrnting dunes or bedforms, and
to unpredictable events, such as the breakup of a stream
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Part II

parameters also have the advantage of being considerably
easier to measure than bedload transport, and these are the
subject of the following chapter.

backs, and it may be difficult to link observed changes to
specific management activities, at least such measurements
can be directly related to many of the important designated
uses of forest streams. Most of the channel characteristic
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Part II

Cross-section data are needed to calculate discharge
using any of the velocity-area methods (Buchanan and
Somers, 1969). Cross-sections often are used as the sam-
pIing transect for other instream parameters such as bed
material particle size (Section 5.6.1), embeddedness (Sec-
tion 5.6.2), and the type and amount of large woody debris

(Section 5.7).
A series of cross-sections referenced to a single bench-

mark is useful to determine the precise slope of the stream
channel. Channel slope is a key parameter in most hydraulic
calculations and for stream classification.

Response to Management Activities

The shape and area of the channel cross-section can
change in response to a variety of management activities.
Management can alter the size or frequency of peak flows
(Section 3.1) and the sediment load (Chapter 4), and these
are likely to affect the shape and area of the channel cross-
section. A decline in bank s]ope may be due to grazing
impacts. Rapid infilling and an increase in the width-depth
ratio suggests an excess of coarse sediment. Erosion at the
toe of the bank may lead to a slumping of the oversteepened
bank, and these changes can be quantified by systematically
monitoring selected cross-sections.

In each case additional information on management
activities and natural events should be collected. For
example, the cause of infilling could be either several years
of below-average rainfall or an upstream landslide. In
northern California and parts of the Northwest, an apparent
downcuuing in certain stream channels is actually part of
the long-term recovery from the large sediment deposits
associated with the extreme 1964 flood (Lisle, 1982).

Measurement Concepts

Cross-sections are surveyed by establishing a line per-
pendicular to a sb"eam and measuring bed surface elevations
either at regular intervals or at pronounced changes in slope.
Ifthecross-section is not perpendicular to the sb"eam channel
and flow direction, errors will accumulate in the estimates
of cross-sectional area and discharge. Cross-section data
always should be plotted for error-checking and improved
visualization of channel form.

Typically a cross-section is measured by a two-person
crew with surveying equipment However, one person can
survey a cross-section by sbetching a tape across the sb"eam
and then measuring the height of the tape above the ground
surface. Some investigators have found this laner technique
to be more efficient (platts et al., 1983).

Often a series of cross-sections are necessary to charac-
terize a sb"eam reach, establish transects for sampling other
parameters, and provide quantitative data for statistical
analysis. Groups or clusters of cross-sections can be located
by random sampling, stratified random sampling, or sys-
tematic placement around random samples (part I, Chapter
3). Stratified random sampling can be effective in reducing
variability, decreasing sample si7.e, or increasing the ability
to detect change if the sb"ataare properly chosen and the user
has some prior information on the types and variability of
the sb"ata. Either of the two random sampling techniques are
acceptable provided the number of samples is large enough
tomeetthestatisticalrequirements(plattsetal., 1983). Data
from cross-sections can be grouped by habitat type {Section
5.5) to determine general b"ends.

Relation to Designated Uses

A cross-section of the channel and adjacent floodplain
is one of the key pieces of infonnation necessary to predict
the velocity and water surface elevation during high flow
events. Such predictions are needed for a variety of engi-
neering and management purposes, including structural
design, estimation of flood heights, and the stability of
channel protection measures.

For these types of engineering purposes, cross-section
data typically are collected at a single point in time. At best
such data can provide only a qualitative indication of chan-
nel condition.

Monitoring of changes in the channel cross-section can
provide important insights into channel stability, bank sta-
bility , and the relative balance between sediment (particu-
larly bedload) and discharge (Beschta and Platts, 1986).
Widening of the stream channel, filling in of the channel
thalweg (the deepest portion of the channel), increasing bed
elevation (i.e., channel aggradation), and declining cross-
sectional area all indicate an excess of sediment Net depo-
sition of sediment usually results in more extreme stream
temperatures, a decrease in the amount and quality of fish
cover, a change in the quality of the spawning habitat, a
possible reduction in habitat space for algae and macroin-
vertebrates, increased bank erosion, and an increased like-
lihood of flooding (Section 4.1).

Channel incision or bed erosion (channel degradation)
usually indicates a reduction in coarse sediment inputs or an
increase in sediment transport capacity due to higher peak
flows. This can have beneficial or adverse effects depending
upon the initial conditions and the designated use(s). Channel
incision will lead to bank steepening and bank instability,
and this will increase the sediment load. Bank instability
also will lead to a toppling of the riparian woody vegetation
immediately adjacent to the stream channel, which can trig-
ger a series of secondary effects (Section 6.2). On the other
hand, if the channel already has been subjected to increased
sediment loads from previous managementactivities, channel
incision may represent a return to "natural" conditions and
an improvement in habitat quality and channel capacity
(e.g., Megahan et al., 1980).
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Part II

additional data are required to understand the cause of any
observed changes. Harvest of the riparian vegetation also
can decrease bank and channel stability and thereby initiate
a cycle ofbank erosion and channel widening (Section 6.2).

Relation to Designated Uses

A decrease in channel depth and an increase in channel
width can have major adverse effects on the biological
community. A decrease in depth tends to reduce the number
of pools (Beschta and Platts, 1986), and this will reduce
certain types of fISh habitat. An increase in stream width
will lead to an increase in net solar radiation and higher
summer water temperatures (Beschta et al., 1987). The
combination of shallower pools and increased solar radia-
tion can greatly affect the suitability of the stream for
coldwater fisheries. An increase in stream width and an
increase in light penetration is likely to increase primary
production, although this may be partly offset by a reduced
input of organic debris into the aquatic ecosystem from the
riparian zone (Gregory et al., 1987).

An increase in channel width is achieved through bank
erosion and a corresponding increase in sediment inputs into
the stream channel. An increase in bank erosion is particu-
larly important because the sediment is delivered directly
into the stream channel (Section 5.8). The adverse effects
of an increased sediment load were reviewed in Chapter 4.

An increase in the riparian canopy opening due to an
increase in stream width can have a series of adverse
biological effects. Such an increase is likely to reduce the
amount of riparian vegetation, and this will reduce the
ability of the riparian zone to capture nutrients and sediment
(Section 6.2). The riparian zone is also a major source for
large woody debris, an important element in pool formation
and habitat diversity in most forested streams in the Pacific
Northwest and Alaska (Section 5.7).

Measurement Concepts

The determination of channel width and channel depth
is problematical because both parameters are flow-depen-
dent. Depth tends to increase with flow more rapidly than
width (Donne and Leopold, 1978; Leopold and Maddock,
1953), but this relationship may not be constant at a given
cross-section. A stream with a wide, flat floodplain, for
example, will experience a sudden increase in width when
the flow overtops the banks and spreads across the flood-
plain. Thus the monitoring of changes in width and depth
should be done at specified discharges and locations. A
geomorphically based discharge, such as active channel
width orbankfull width, is most commonly used but may be
relatively subjective. The resulting uncertainty must be
taken into account when drawing inferences from the data.

Cross-section location will affect the width-depth ratio
and, as noted in Section 5.1, the sensitivity to change. For
example, stream width and width-depth ratios are likely to
differ across riffles, sharp bends, and pools. This variation
can be minimized by measuring widths and depths at a
consistent channel form such as straight riffle reaches, using
average depth rather than maximum depth, or by using
average values obtained from several different cross-sec-
tions.

The sensitivity of stream width and width/depth ratios
to management impacts and natural events will vary with
stream type and location. A bedrock stream in a steep, V-
shaped valley will not alter its width in response to an
increase in sediment load as easily as a stream in a wide
valley with unconsolidated alluvial sediments. Channel
shape is also affected by the relative proportions and abso-
lute amounts ofbedload and suspended load (e.g., Schumm,
1960). Streams with cohesive materials tend to have nar-
row, deep channels, while streams in a sandy or other non-
cohesive substrate tend to be wide and shallow.

Standards

No standards have been set or proposed for changes in
stream width or width-depth ratios.

Response to Management Activities

Forest harvest, road building, road maintenance, and
other management activities often increase the amount of
sediment delivered to the stream channel. Usually an increase
in coarse sediment will lead to an accumulation of sediment
in the deeper parts of the stream channel. If the runoff
remains unchanged, an unconstrained stream generally re-
sponds by increasing its width (e.g., Lisle, 1982; Grant,
1988). Although the magnitude of this increase in width will
be affected by the valley shape and the bank materials, Lisle
(1982) observed increases in width even in constrained,
non-alluvial materials. Thus changes in width or the width-
depth ratio can be used as an indicator of a change in the
relative balance between the sediment load and the sediment

transport capacity.
Grant (1988) noted that an increase in channel width

also could result from an increase in the size of peak flows.
As shown in Section 3.1, increases in the size of peak flows
due to forest harvest generally are small except in areas
subject to rain-on-snow events. This additional mechanism
for channel widening does not preclude the use of channel
width as a monitoring technique, but it does suggest that

Current Uses

Although a considerable amount of cross-section data
can be obtained from gaging stations, stream inventories,
and other studies, channel width has not been extensively
used as a monitoring technique. Powell ( 1988) documented
the increase in stream width that occurred in both the careful
and the intense logging treatments on Carnation Creek in
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Part II

Similarly, the classification of pools and other habitat
types is stage-dependent, but this fact is often ignored
(Section 5.5). At higher flows a pool may become a run, or
a pocket water may become a riffle. Hence any summary
statistics on pool-riffle ratios or the frequency of pool types
also must consider the discharge at the time the data were
collected. For this reason comparisons between surveys
must be done with extreme caution.

Standards

No standards for any pool parameters have been estab-

lished or proposed.

these pools can serve as a relatively sensitive indicator of
changes in the coarse sediment load due to forest harvest.
road building and maintenance, mining, or other manage-
ment activities. On the South Fork of the Salmon River
logging and road maintenance caused an influx of sand-
sized material that filled in many of the prime salmonid
spawning and rearing areas (Megahan et al., 1980).

Changes in pool area, pool volume, or residual pool
depth also can be caused by changes in the features that
create pools. Thus a reduction in the input of large woody
debris may lead to a reduction in the number and size of
pools (Section 5.7). Similarly, a change in the size or
frequency of peak flows will alter the ability of the stream
to transport coarse sediment, and this may alter pool mea-
surements.

The total area, depth, or frequency of pools may not
always be a reliable indicator of adverse management ef-
fects. Streams immediately downstream of active glaciers,
for example, usually are braided and have little or no pool
areas. Landslides, debris flows, and other mass movements
typically result in a loss of pool area and volume, and these
pulsed inputs of sediment mayor may not be triggered by
management activities (Swanson et al., 1987).

Current Uses

Most surveys of fish habitat or stream channel condition
have utilized some measure of pool area, length, depth, or
volume. Many of these surveys also identify the primary
cause of each pool. These data are then used to generate
summary statistics on the pool-riffle ratio, pool area, or pool
volume per unit length of stream channel. The expectation
is that subsequent surveys should be able to determine
whether substantial shifts have occurred in these values.
Alternatively, one could monitor changes in individual
pools, but this approach assumes that the pool-forming
structure is constant in time. Studies of woody debris in
streams indicate that the larger pieces are relatively stable
(Sedell et al., 1988), but it would be prudent to monitor at
least several pools of as many different types as possible.

Pool parameters probably are most useful in alluvial
channels. Studies of stream channel development follow-
ing the Mount St Helens eruption indicate that in many
reaches a riffle-pool geometry developed after only a couple
of years (Meyer and Martinson, 1989). This suggests that
pools could be used for monitoring even under relatively
high sediment loads. Pool parameters are unlikely to be
useful in bedrock channels that are regularly scoured by
high flows.

Assessment

In many sb"eams, pool parameters have considerable
potential for monitoring. Decreases in pool depth or pool
volume may be relatively sensitive indicators of logging-
induced changes in the coarse sediment load or the size of
peak flows. Since pool parameters have not been exten-
sively monitored in the past, there is little documentation to
guide the selection of a particular parameter. Residual pool
depth does have the advantage of being independent of
discharge. Residual pool depth also may be the most
sensitive pool parameter, as an increase in coarse sediment
is likely to first affect pool depth. Monitoring pool param-
eters will be most useful in low or moderate gradient sb"eams
in alluvial valleys (Everest et al., 1987).

Measurement Concepts

Pool depth, pool area, and pool volume are all direct
physical measurements, and they are relatively simple to
make in small streams. Recent publications have encour-
aged the use of visually estimating the width, depth, or area
of pools within a stream reach, and then adjusting these
visual estimates for any systematic bias by measuring a
certain percentage of the pools (Hankin and Reeves, 1988).
In larger streams with deeper pools, direct measurements are
considerably more difficult Also, a series of conceptual
problems in making pool measurements must be considered
before embarking on a classification or monitoring program.

First, it may be difficult to determine exactly what
constitutes a pool. Large, still pools are easy to classify, but
the change from pools to runs or glides is one point on a
continuum. Platts et al. (1983) found a consistent observer
bias when measuring pool areas along stream cross-sections.
This consistent bias resulted in a relatively narrow 95%
confidence interval for the data (:t1O%), but poor year-to-
year accuracy and precision.

A second problem associated with pool measurements
is that pool depth, pool area, and pool volume are all flow-
dependent An increase in stage will increase the value of
these parameters. Although this may not be a problem in
streams with a consistent summer baseflow, it does mean
that stage or water depth must be recorded and taken into
account when analyzing the data. The advantage of residual
pool depth is that it is independent of discharge (Lisle,

1987).
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coincides with the area of greatest velocity and may lie
beneath an undercut bank. In larger sb"eams a boat and other
equipment may be needed to accurately locate and measure
the thalweg profile.

No standard length exists for a thalweg profIle, but a
general rule of thumb is that it should extend for approxi-
mately 20-30 channel widths or 2-3 meander segments. In
general it should include at least several distinct pools, but
the exact location and length will depend upon the objec-
tives of the monitoring and the expected changes in sb"eam
channel morphology.

The length of a thalweg profile, when divided by the
equivalent length of the valley floor, yields the thalweg
sinuosity. The thalweg sinuosity will be similar to, or may
slightly overestimate, the channel sinuosity .For short pro-
fIles it may be possible to directly measure the valley floor
length. Longer thalweg profiles should start and stop at
easily defmed locations such as bridges so that the valley
bottom length can be measured from topographic maps.
Thalweg profiles longer than 2-3 meander lengths should be
used if an accurate estimate of sinuosity is needed.

sections in that it evaluates changes along the length of a
reach, and it offers a possibly more rigorous approach to
monitoring the frequency, depth, and length of pools. On the
other hand, a thalweg profile cannot provide as much detail on
all the different habitat types which are of concern to fisheries
biologists {e.g., pocket water, runs, etc.) and which might
occur along a typical thalweg profIle. Thalweg profIles also
can yield data on sinuosity and gradient; both of these are
useful for classifying streams and a variety of other purposes.

The disadvantages of thalweg profIles are similar to the
other panuneters used to monitor channel characteristics. One
major problem is how to link an observed change in the stream
channel with a particular management activity .This problem
is particularly acute for the channel morphology panuneters, as
their values are the integrated result of a large number of
interacting processes. This is why a combination of panuneters
may be needed to properly evaluate the changes due to man-
agement activities and determine the possible cause{s).

Another disadvantage is the problem of setting a thresh-
old or standard for allowable change. In the case of thalweg
profiles, one should not just look at an overall change in the
gradient, but attempt to interpret all of the smaller changes
in bed slope and pool size. Both qualitative and quantitative
evaluations may be needed, as streams vary greatly in their
sensitivity and response to management impacts {Sullivan
et al. , 1987). The more recent stream classification schemes
{e.g., Cupp, 1989; Frissell, 1987; Rosgen, 1985) may help
to interpret thalweg profile data by stratifying the data
according to stream type. This will facilitate a comparison
among streams, and thereby help to determine the expected
range of variability for a particular type of stream.

Standards

At present no standards or regulations exist regarding a
thalweg profIle. The state of Idaho, however, is considering
the use of thalweg profiles and residual pool depths to
monitor sediment production.

HABITAT UNITS5.5

Current Uses

In the past thalweg profiles have been measured prima-
rily in the context of research on stream hydraulics and fish
habitat Relatively little long-tenn monitoring data are
available. Nevertheless, surveyed thalweg profIles are at-
tracting increasing interest because of their relative sensi-
tivity to increased sediment inputs, and their ability to
quantitatively and unambiguously assess changes in stream
channel morphology.

The same studies that support the use of pool parameters
as indicators of management effects also can be used to
support the use of thalweg profIles. As with any monitoring
technique, thalweg profiles are subject to the problem of
separating man-induced impacts from natural changes.
However, a thalweg profile may have some advantage in
that it relies on detailed measurements in a particular loca-
tion. This enables one to separate individual changes in the
stream profile-e.g., the breakdown of a particular debris
dam-from the general trend.

Definition

Most sU"eam reaches in forested areas of the Pacific
Northwest encompass a variety of channel features that
include different types of riffles and pools. Each of these
features provides different habitat values for different fish
species at various life history stages. These channel features
are referred to as channel units, habitat types, or habitat
units. The term habitat unit is used here because it empha-
sizes the ecological importance of these channel features,
and it implies an analysis on a unit-by-unit basis. Habitat
type refers to the basic classification system used to delin-
eate individual channel or habitat units.

Over the last few years, the identification and measure-
ment of habitat units have become important tools for
quantifying fish habitat and identifying limiting factors for
fish populations (e.g., Bisson et al., 1982; Hankin and
Reeves, 1988). Observations of change in individual
habitat units, the relative abundance of different units, or the

Assessment

Thalweg profIles are a specific technique for assessing

certain types of changes in stream channel morphology over

time. A dJalweg profIle is complementary to channel cross-
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Part II

but the results are expected to document a large amount of
variability in undisturbed streams. Subsequent surveys will
be needed to determine what level of change is acceptable and
how to distinguish changes due to land management activities
from changes due to natural causes. A few repeat surveys
have at least indicated that survey data are consistent (S.
Ralph, Univ. ofWashington; D. Bates, GiffordPinchotNatl.
Forest; and G. Luchetti, King County, W A, pers. comm.).

that include subsets of the major habitat types (riffles and
pools) because this more detailed classification system may
provide more insight into the suitability of the stream for
different fish species.

As noted earlier, habitat composition varies with dis-
charge, and this must be considered when undertaking
stream surveys. Observers should be given similar training
in order to ensure consistency. Repetitive surveys should be
conducted by the same people wherever possible in order to
eliminate any bias between surveyors. If specific habitat
units are being monitored, particular care must be given to
defining the boundaries between adjacent habitat units, as
demarcation errors will reduce the accuracy of the proce-
dures and hence the ability to detect change (platts et al.,

1983).
At this point there are little or no data to indicate

whether it is best to monitor individual habitat units or to
utilize summary statistics for a stream reach. Some re-
searchers posit that changes in the sequence of habitat units
may be one of the most sensitive and revealing monitoring
techniques that can be derived from habitat unit surveys.

Standards

Currently there are no regulations or standards for habitat
composition. In some National Forests pool-riffle ratios are
being monitored, and a decline in this ratio is considered an
adverse management effect Often a pool-riffle ratio of I: 1
is considered optimal, but the limited literature suggests that
this is highly variable among streams and fish species, and
should not be utilized as a standard (Platts et al., 1983).

Assessment

Habitat unit surveys provide a useful, quantitative char-
acterization of stream channels. At this point, however, our
ability to classify and measure habitat units probably exceeds
our capability to interpret the results. This should change as
comparative data become available and the results of indi-
vidual surveys are linked to land management activities. As
with other geomorphic parameters, it may prove difficult to
separate land use effects from the effects of natural events.

Habitat unit surveys may be relatively insensitive to
land use practices. A small amount of sediment, for ex-
ample, might significantly alter the bed material (Section
5.6) or residual pool depth (Section 5.3), but might not alter
the size of, or ratios among, different habitat units. We
should expect that different habitat units will exhibit differ-
ences both in their sensitivity to change, and in their recovery
rate once change does occur. More experience is needed to
determine if itis better, for example, to directly monitor pool
parameters (Section 5.3) or large woody debris (Section 5.7)
rather than habitat units. In view of this uncertainty, current
efforts to conduct large-scale habitat unit surveys must be
viewed with some concern.

In summary , habitat unit surveys are important to im-
prove our knowledge of the relationship between aquatic
life, fish production, and stream channel morphology. By
then linking habitat data to land use activities and climatic
events, we can better define optimal conditions and suscep-
tibility to change. At present, however, we do not have the
experience or data to fully assess the potential of habitat unit
surveys as a monitoring technique.

5.6 BED MATERIAL

PARTICLE-SIZE DISTRIBUTION5.6.1

Definition

The composition of the material along the sb"eam bed is
a very important feature of sb'eam channels. The most com-
mon method to characterize the bed material is to classify it
by particle size. By taking a sufficiently large sample, one
can construct a plot of particle size versus frequency in

percent.

Current Uses

An inventory of habitat units usually is conducted to
assess the suitability of the stream for fishery resources.
Unfortunately, "ideal" conditions are difficult to define aitd
are likely to vary widely according to the fish species of
interest, the flow regime, and other environmental factors.
Hence we may be able to identify stream reaches that have
clearly been impacted by land management activities and
offer poor quality habitat for salmonids, but it may not be
possible to clearly rank streams classified as "acceptable."
Thus one benefit of conducting habitat surveys will be a
better understanding of the existing variability of habitat
units among streams. To the extent that fish census data are
available, and other factors such as fishing pressure can be
accounted for, it should be possible to better defme "ideal"
habitat conditions.

Use of habitat units for monitoring environmental change
has not been extensively tested because of the paucity of long -

term data. Extensive stream surveys that estimate or measure
each habitat unit only recently have been initiated in Wash-
ington, Oregon, and Idaho by agencies such as the U.S.
Forest Service. Much of the data have not yet been analyzed,
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Part II

Table 9. Classification of bed material by particle size (adapted
from Platts et al. 1983).

Size range

Class name Millimeters Inches CP*

16-80
80-40
40-20
20-10
10-5
5- 2.5

2.5 -1.3
1.3 -0.6
0.6 -0.3

0.3 -0.16
0.16 -

0.08
0.08 -

0.04
0.04 -

0.02
0.02 -

0.01
0.01 -

0.005
0.005 -

0.0025

Very large boulders 4,096 -2,048
Large boulders 2,048- 1,024
Medium boulders 1,024 -512
Small boulders 512- 256
Large cobbles 256 -128
Small cobbles 128 -64

Very coarse gravel 64 -32
Coarse gravel 32 -16
Medium gravel 16 -8
Fine gravel 8 -4
Very fine gravel 4 -2

2.0 -1.0Very coarse sand

Coarse sand 1.0 -0.5

Medium sand 0.50 -0.25

Fine sand 0.250 -

0.125
0.125 -

0.062

0.062- 0.031
0.031 -0.016
0.016 -0.008
0.008 -0.004

Very fine sand

major technique to obtain a bulk sample is to freeze a sample
of the bed material using liquid C02 or liquid nitrogen. The
frozen sample is then thawed and sieved in order to obtain
the particle size distribution. One major advantage of frozen
cores is that they retain the vertical structure in the sample,
thereby permitting comparisons between particle-size dis-
tributions at different depths (Section 5.6.3). Platts et al.
(1983) discuss both these techniques in detail and conclude
that (1) neither the McNeil sampler nor the freeze core
technique is adequate when substrate particles larger than
about 25 cm are present, and (2) neither takes a completely

representative sample.
One difficulty with evaluating the extensive literature

on bed material particle size is the variation in the systems
used to classify particle sizes. Some investigators have used
many size classes, while others have used as few as six size
classes (platts et al., 1983; Chapman and McLeod, 1987).
Each size class can be associated with a specific term (e.g.,
sand, gravel, cobbles, boulders), but these terms are not
necessarily consistent (platts et al., 1983). The most com-
mon classification system in the U.S. is presented in Table
9. A classification commonly used in the scientific litera-
ture is the phi index, where phi = -log2 d, with d being the
particle diameter in mm. Use of the phi index normalizes the
particle-size distributions so they can be analyzed using
parametric statistics and plotted directly on arithmetic graph

paper (Wolman, 1954).
The selection of the sampling technique should be

determined by the objectives of the sampling. Characteriza-
tion of the bed material can be done most easily by using
Wolman pebble counts or by measuring the percent of the
bed surface covered by fines. McNeil core samples and
freeze cores both are useful in assessing the suitability of the
substrate as spawning gravel. Freeze cores can be used to
determine the variation in the particle-size distribution with
depth. Comparisons between the surface and subsurface
samples may indicate a change in the sediment load (Dietrich
et al., 1989; Section 5.6.3).

4-5
5-6
6-7
7-8

Coarse silt
Medium silt
Fine silt
Very fine silt

0.004 -0.0020
0.0020 -0.0010
0.0010 -0.0005

0.0005 -0.00024

Coarse clay
Medium clay
Fine clay
Very fine clay

*phi.

1980). Generally visual techniques are less sensitive and
less reliable than the more systematic and quantitative
sampling methods (Chapman and McLeod, 1987).

Both pebble counts and McNeil core samples have been
used extensively by the U .S .Forest Service to inventory and
monitor stream condition, but the resulting data remain
largely unpublished. Long-term studies on the effective-
ness ofbed material particle size as a monitoring technique
are surprisingly scarce, although a number of studies have
investigated the effect of logging on bed material particle
size with varying results (e.g., Platts and Megahan, 1975;
Megahan et al., 1980; Sheridan et al., 1984; Scrivener,
1988). Probably much of this variation in results is due to
the different geologies and stream characteristics. Bed
material particle size is probably less appropriate as a
monitoring technique in areas where clays and silts pre-
dominate, or in very steep gradient streams.

Standards

Currently there are no existing or proposed standards
for bed material particle size. The state of Idaho has been
considering the use of percent of fines on the bed surface as
a criterion, but this was rejected because the percent of fines
on the bed surface could not be directly linked to specific
designated uses of water (Harvey, 1988).

Current Uses

Bed material particle size has been used extensively in
research,sb'earn classification, Sb'earn inventories, and sb'earn
monitoring. Some moliitoring projects have successfully
used visual estimates or photographic comparisons to esti-
mate particle size or percent fines (e.g., Megahan et al.,

-12-(-11)
-11-(-10)
-10-(-9)
-9 -(-8)
-8- (-7)
-7- (-6)

-6 -(-5)
-5 -(-4)
-4 -(-3)
-3 -(-2)

-2-(-1)

-1 -(0)

0-1

1-2

2-3

3-4

8-9

9-10

10-11

11-12
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Figure 8. Schematic representation of the three main embeddedness measurements-embeddedness, free space, and free matrix
particles. Dm represents the length of the primary axis. A. Embeddedness for a single particle is equal to DJDt. B. Free space for
a single particle is equal to Dl (note: Dl = Dl -De}. C. Free matrix particles. (Adapted from Burns and Edwards, 1985.}
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Part II

dence level. Baseline levels of cobble embeddedness are to
be determined in similar watersheds that are unaffected by
nonpoint sediment sources (Harvey, 1989).

In developing a monitoring plan using embeddedness,
the objectives will dictate whether hoops or individual
particles should be the sample unit. To characterize a stream
reach with different habitat types, Skille and King (1989)
suggest three randomly spaced hoop samples along cross-
sectional transects placed two stream widths apart.

The embeddedness value for a randomly placed hoop
should be adjusted if the hoop incorporates a substantial
area of fine sediments with no exposed rocks (Torquemada
and Platts, 1988). Failure to correct for the area occupied by
fines will cause embeddedness to be underestimated. The
corrected value is known as the weighted embeddedness,
and it is defmed as:

Current Uses

Ongoing, unpublished studies by federal and state agencies
are measuring embeddedness as one means to assess the
effects of land management activities on streams. Use of the
revised measurement techniques and more intensive sampling
should allow a better evaluation of the usefUlness of embed-
dedness to monitor the effects of management activities.

Currently embeddedness is being measured in a number of
National Forests, particularly in Idaho and Montana. Embed-
dedness also is part of the Forest Practices BMP Effectiveness
Monitoring Program in Idaho. In Washington four classes of
embeddedness are being visually estimated in the Timber-
Fish- Wild1ife stream survey program. These field applications
will help evaluate the methodology for measuring embed-
dedness and determine its usefulness for assessing the effects
of past and present management activities.

WE = HA x 100 + (l-HA)E
100

where WE = percent weighted embeddedness,
HA = percent of hoop area occupied by fines,

and
E = percent embeddedness.

Skille and King (1989) suggest that the weighted value
should be used if more than 10% of the surface area within
the hoop is occupied by fine sediment.

'The size of the particles and the diameter of the hoop can
be adjusted according to the type of stream. Most recent
studies have used hoops 60 cm in diameter and measured all
particles with a primary axis of 4.5-30.0 cm. Fines are
usually defined as particles less than 6.4 mm (0.25 inches)
in diameter. These particle and hoop sizes are believed
appropriate for streams up to 20 feet wide and with a
gradient of up to 3% (Skille and King, 1989). Torquemada
and Platts (1988) modified the method for use in smaller
streams by reducing the hoop diameter to 30 cm and de-
creasing the minimum rock size to 1.0 cm.

The time required to evaluate embeddedness can be
substantially reduced by measuring the height of free matrix
particles and counting the remaining embedded particles.
Since the relationship between percent cobble embeddedness
and percent free matrix particles may vary according to
stream order, geology, climate, etc., inferences about per-
cent embeddedness cannot be made from free matrix data
until the interrelationship has been defined for that site.

If the monitoring objective is to evaluate changes in the
deposition of fine sediments, the interstitial space index
(ISI) may be the preferred embeddedness parameter. Both
the ISI and percent embeddedness can be calculated from
one set of field measurements.

Assessment

Current research and monitoring efforts should help
clarify the links between embeddedness, other characteris-
tics of the stream channel, and fisheries. Measurement of
one or more embeddedness parameters (percent cobble em-
beddedness, total free space, or percent free matrix par-
ticles ) probably will prove useful only in certain environments
and stream types. Most of the work on em beddedness has been
conducted in granitic basins in Idaho, and embeddedness
may not be as appropriate in basins where most of the
anthropogenically induced sediment load is comprised of
silts and clays. Similarly, embeddedness may not be a
useful monitoring parameter in high-energy , steep gradient
channels where deposition of fine particles is unlikely. Low
gradient downstream reaches may lack the coarse particles
needed to measure embeddedness.

The strong interest in embeddedness as a monitoring
parameter is due to the recognition that sediment often is the
most important pollutant from forest management activities
in the Pacific Northwest and Alaska. Hence there is a great
need for reliable methods to evaluate sediment inputs and
the resultant effects on the designated uses of the water.
Embeddedness has shown promise, but the immediate need
for a monitoring technique has resulted in widespread use
and adaptation before cobble embeddedness could be ad-
equately field-tested and validated. Users should be aware
that the various embeddedness techniques are likely to
undergo further changes and improvements, and this could
severely limit the comparability of data collected over time.

Standards

The State of Idaho Water Quality Bureau currently is
proposing a cobble em beddedness criterion. This specifies
that cobble embeddedness in fry overwintering habitat
should not exceed natural baseline levels at the 95% confi-
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Part II

The Carnation Creek study in coastal British Columbia
monitored changes in particle size distribution in the top (0-
15 cm) and bottom (15-30 cm) layers of bed material over
a 13-year period. Within and below the area of intense
streamside logging, the accumulation and cleansing of fines
was highly responsive to both the input of sediment and the
occurrence of runoff events. Chronic sedimentation resulted
in fines penetrating deeper into the streambed, and these
deeper layers were much slower to recover because scour to
these depths was much less frequent. Hence the annual rate
of change in the particle-size distribution declined with
increasing particle size and increasing depth. Significantly,
8 years after the intensive logging treatment the changes in
gravel composition were still accelerating, and fine par-
ticles were still accumulating in the deeper layers (Scrivener,

1988).

Measurement Concepts

Different techniques can be used to sample the surface
and subsurface bed material (Section 5.6.1). Particle-size
distributions for the bed surface can be obtained by pebble
counts, McNeil samplers, or freeze cores. Pebble counts
allow rapid determination of the particle-size distribution of
the surface layer, but this method cannot be used for the
subsurface layers. McNeil samplers do not allow separation
of material by depth, and this limits their use to situations
where separate samples can be taken from the surface and
subsurface layers. Freeze cores sample both the surface and
subsurface layers, and they preserve the spatial structure of
the sample. However, freeze cores are difficult to obtain in
the field, and-like McNeil samplers-they are limited in
terms of the maximum particle size that can be sampled
(platts et al., 1983; Section 5.6.1).

Data on the particle-size distribution in the surface and
subsurface layer can be analyzed ill several different ways.
The simplest method is to compare the median ( dsO> parti~le
size of the surface and subsurface materials. Since quite
different particle-size distributions can have a similar dso
(platts etal., 1983), comparisons generally should incorpo-
rate some measure of the variation in the particle-size
distribution, such as the d84 and the d 16 (where d is diameter ,
and the number is the percent of particles that are smaller
than the specified percentage). In cases where the particle
size distribution of the surface and subsurface layers is
known, one should consider developing a statistical mea-
sure of the differences between the two distributions.

Current Uses

Values of q* have been detennined for a series of flume
experiments (Dietrich et al., 1989) and a number of streams
in California with a widely varying sediment supply
(Kinerson and Dietrich, 1989). The data collected to date
shows that rivers and streams with a high sediment supply
generally lack a coarse surface layer and have a q* close to
1.0. Considerable local variation occurred within- stream
reaches. In sediment-rich streams, for example, areas with
an armor layer and a low q* could be found immediately
downstream of debris jams and other obstructions which
functioned as sediment traps (Kinerson and Dietrich,1989).
Chapman and McLeod (1987) also noted large differences
in particle-size distributions between salmonid egg pockets
and immediately adjacent areas. This instream variability
should be minimized by selecting relatively straight. fea-
tureless reaches with little fonn roughness.

Some studies on the infiltration of fine sediment into
gravel layers or redds suggest that further work is needed
before the difference in particle-size distribution or q* can
be adopted as a monitoring technique. Beschta and Jackson
(1979) showed that the relative size differences between
coarse and fine bed material can greatly affect the behavior
of fine particles. When sands with a median particle size of
0.5 mm were added to a clean gravel bed with a median
particle size of 15 mm, the sand was trapped in the intersti-
tial spaces within the uppennost top 10 cm. Reducing the
median diameter of the sand to 0.2 mm allowed the sand to
filter down through the gravel and the interstitial voids were
filled from the bottom of the flume upwards. At Carnation
Creek the fme (sand-sized) particles intruded into the gravel
a few centimeters below the depth of scour, and they were
not winnowed out until a subsequent event scoured to that
depth. These results sup~est that monitoring the bed mate-
rial particle size in the surface layer may be best for evalu-
ating short-tenn changes, but a comparison of the surface
and sub-surface particle size distributions provides a longer-
tenn perspective on the amount and type of sediment load.
Some of the complexities of the interactions between fine
sediment and alluvial streambeds were recently reviewed
by Jobson and Carey (1989).

Empirical support for the use of q* or a similar measure
can be derived from field observations of salmonid redds.
Chapman and McLeod (1987) cite several studies in which
it was observed that a seal of fme particles fonned over the
clean gravels created by the spawning female. In these cases
the deposition of fine sediments also may be affected by the
special hydraulics associated with the redd.

Standards

No s~dards for the relationship between surface and
subsurface particle-size distributions have been established
or proposed.

Assessment

The relationships between sediment supply, sediment
transport capacity, and the surface and subsurface particle-
size distribution are in a state of active investigation. Both



~

"(L861 .'In 1;} UOSS!H) su°!1eIndod
qsy JoJ 1umJodw! ..(j;}A ;}Q Aew SIood ;}S;}tP pue .sI;}uueq;) Am

-PUO;);}S U! JO SU!gJew I;}uueq;) ;}tP guoIn SIood sWJoJ SJ;}A!J

;}greI U! poo!s\ .tPP!!s\ I;}uueq;) gU!S~J;)U! tP!!s\ S;}S~J;);}P

u°!1eWJoJ Iood U! aA\ '1 Jo ;};)umJodw! ;}A!1UJ;}J ;}tP ;}I!qA\
.p'J1e!;)()Sse-poo!s\ ;}J;}!s\ ;}Ipueqund oqepI ;}tP U! S~J1S

IJewS Jo S;}!J;}S nu! SIood ;}tP Jo %08 1etp punoJ (~86y)
'In 1;} ;}II!AUfe~ .AIJeI!W!S .poo!s\ tP!!s\ p'J18!;)Qsse ;}J;}!s\

uo1'BU!qse A\ 1S;}!s\tpnos U! ure;}J1S IInws nu! SIood ;}tP Jo %08
J;}AO 1etp p;}1Jod;}J ( qv861) AqI!H .sure;}J1S IJewS U! SIood gU!

-WJoJ 1u;}ge Jem1;)OJ1s 1umJodw! 1S0W ;}tP u~Jo S! aA\ '1

.(9861 .;}IS!'1) s.rnq I;}Ar08 wz!I!qms pue sWJoJ
osJe aA\'1 "(6L61 .uosue!s\s pue J;}II;})J) tPP!!s\ I;}uunq;)
;}gnJ;}Ae U! ;}S~J;)U! ue pue tPP!!s\ I;}uueq;) U! A1!I!qe!J8A

J;}1U;}J8 e tpoq ;}Snn;) 01 spu~ aA\'1 "(6861 .mq;)S;}H pue

AJJ;}q.) :8L61 .JOOW;}e){U;}!'1 pue uosue!s\s) A1!I!qms ~eq pue
gu!J;}Pue;}W I;}uunq;) oou;}nIJU! un;) aA\ '1Jo u°!1mu;}!J° pun

u°!1e:JOI ;}q.L "(L861 ..Je 1;} ueA!IIns) S~J1s J;}IJewS U! WJoJ
I;}uunq;) uo 1;)edw! JOrnw e seq poo!s\ ;}gJ8'1 .sAe!s\ Jo J~wnu

nu! mo!q J!;}tP pue SW;}1sAs ~J1S w;)u;}nIJu! aA\ '1

seSn peleu6!sea Ol UO!leleH

JO S1:J'JJJ~ ~1p Jo S~!pO1s ' I~A~MOH .(986 I ,.~ 1~ uoUURH '.g.~ )

aA\ '1S111~~urn!p U! W:J ~.Z S11 I~wS S11~!1~UW p'JpnI:Ju! ~Aeq

SW~S,{S WU;lI1s Jo S:J!1~gl~U~ ~1p UO ~!PO1S .S!1q~p ~1p gU!

-mSU'.}w uosl;xl ~1pJO S~A!1:J'JrqO ~1p 01 gU!PlO:):JU P'J!JUA S11q

UO!1uug!S~P S!1p U! p~pnI:Ju! ~!1~1UW Jo ~Z!S pUU 00A1 ~U
i QA\ ']) S!1q~p ,{pooM ~gJP.I puu ' ( QA\J) s!1q~p ,{ pooM asmO:J

'(ao']) S!1q~p :J!UUgIO ~gJP.I gu!pnI:JU! s~wuu JO ,{1~!JUA U

,{q 01 P'Jll~J;}J U~ ~Aeq SWU;lI1s U! pooM JO ~:J'J!d ~glP.']

UQ!I!U!laa

SIl:i83a AOOOM 3~l:iVlL'g

.S1:>udw! 1U;)W;)~UUUW ~U!l01!UOW JOJ prepums U SU

p;)1dopU ;Jq UU:> ;)msU;)w JUI!W!S U JO *b ;)JOJ;Jq p;J~U ;Jq n!'\\

:)[JO'\\ JUU°!1!PpU 1Uq'1 UU'JW 'SI;)uuuq:> IU!AnIJU U! 1.JodSu1U1

1U;)W!p;Js JO ,(l!X;)Idwo:> ;)q'1 puu 'q:>U;}J WU;).Qs JUIn:>!1-JUd ~

U!Q1!,\\ ;)Jnsu;)w u q:>ns JO ,(1!I!qU!lUA ;)q.L .,(1!:>Udu:> 1.Jodsu1U1

lU;)W!P;}s ;)Q1 01 ;)A!1uI;)J ,(Iddns lU;)WW;}S ;)Q1JO ;)mSU;)w ;)A!1

-m!1uunb U PI;)!,( ,(uw SU°!1nq!J1S!p ;)Z!S-;)I:>!1-JUd ;):>uJJnsqns

puu ;):)uJJns ;)Q1 JO UOS!lOOWO:> U S;):>umswn:)J!:> ;}S;)q'1 J;)PU11

.;):>~JJns P;)Q ;)q'1 JO UO!lnq!J1S!p ;)Z!S-;)I:>!1-JUd ;):>uuqm1S!p
-;)Jd ;)Q1 Uo ;)IquI!UAU ;)JU mup oU puu 'S1:>udw! ;)sn puuI
;}SJ;)APU ;)WOS U~ ;)AUq ,(PU;)J[e ;)J;)q'1 , J;)A;)'\\Oq 'S;)SU:> 1S0W

uI .U°!1nq!J1S!p ;)Z!S-;)I:>!'JlOO ;):>UJJns ;)q'1 U! ;)~uuq:> U puu ;}Sn

puuI 01 ;)np ,(Iddns 1U;)WW;}S U! ;)su;}J:>U! UU U;);),\\1;Jq d!qSUO!1
-UI;)J 1:);)JW U 1S;)~~ns S;)!pntS JO ,(1;)!JUA U ' I.JUwwns uI

.UO!lWUO:> WU;).QS ;)lUnJUA;) 01 J;)pJO U! U°!1nq!J1S!p

p;)1:>!p;}Jd ;)q'1 01 P;)JUdWO:>;Jq PIno:> U°!1nq!J1S!p ;)Z!S-;)I:>!1-JUd

;):>uJJns P'JQ JUnt:>u ;)Q1 'swu;).Qs J;)q'10 01 SUOS!lOOWO:> ,(q

JO S:>!1S!l;)1:>U~:> I;)uuuq:> WOJJ p;)1:>W;)Jd ;Jq uu:> U°!1nq!J1S!p

;)Z!S-~I:>!1.JUd p'JQJnts!pun ;)q'1 J! 'SpJO'\\ J;)Q10 UI .S;)!1!A!1:>U
1U;)W~~UUUW JO ;):>U~squ ;)q'1 U! SWU;).QS JOJ UO!tnq!J1SW ;)Z!S

-;)I:>!1-JUd ;):>uJJns P;)q ~Q1 JO ;)pUW ;Jq PJO°:> SUO!1:>!p;JJd J! AJUs
-S;):>;)U ;Jq 10U ,(UW SUOS!JUdWO:> ;):>UJJnsqns puU ;):>UJJnS

.J;)l;)wumd ~U!l01!UOW I.JUw!ld ;)q'1 su ;)AJ;)S PJO°:> U°!1nq!J1

-S!P ;)Z!s-;)I:>!1-JUd ;):>uJms ~q'1 ';)IquI!UAU mup PU;).Q-;)w!1 suq
puu ;)W!1 J;)AO S;)~uuq:> Q1!,\\ ,( I;)IOS P;)W;):)UO:> S! ;)UO J! ' J;)A;)

-,\\OH .SWU;).Qs 1U;)J;)JJ!P ~U!JUdWO:> pUU SU°!1!PUO:> 1U;)JJO:>

~u!1tmI~A;) JOJ X;)pu! ;)I~U!S u SPI;)!,( S!Q.L .J;),(UI ;):>uJJnsqns

;)Q1 JO ,(l!:>udu:> 1.JodSU1U1 pU°Ip;Jq P;J1:>!p;JJd puu U°!1nq!J1S!p

;)Z!S-;)I:>!1-JUd ;)q'11su!U~U SU°!1!PUO:> ;):)UJJnS ;)q'1 S;)Z!JUWJOU
*b JO ;)Sn ;)q.L .,(Iddns 1U~W!P;JS ;)Q1 01 u°!1uI;}J U! ,(l!:>udu:>

1.JodSU1U11U~W!P;}s ;)q'1 JO 1U;)WSS;}SSU ;)1U~WW! UU ;)P!AOJd

01 sJU;)ddu S!q'1 lUQ1 S! SU°!1nq!J1S!p ;)Z!S-;)I:>!1-JUd ;):>uJJns

-qns puu ;):)uJJns ~U!JUdWO:> JO ;)~mUUApU l.JUW!Jd ~Q.L

.~nb!uq;);)1 ~U!JO1!UOW U SU ;)ms

-U;)W P~1U!:>0SSU UU JO *b JO sS;)uJOJ;}Sn ;)Q11!W!I ,(I~1Uw!1JO

,(UW S!Q1 puu ':)[Sm ;)Idw!s U 10U S! U°!1nq!J1S!p ;)Z!S-~I:>!1-JUd

;):>uJJnsqns ;)q'1 ~U!Z!J;)1:>u~:> 'J;)A;),\\°H .,(Iddns 1U;)W!P;}S

U! S;)~uuq:> J01!UOW 01 p;JSn ;)Q uu:> SU°!1nq!J1S!p ;)Z!S-;)I:>!1-JUd

;):>uJJnsqns puu ;):)uJJns ;)q'1 U;);)'\\1;)Q S;):>U;)J;)JJW 1Uq'J1S;)~
-~ns mup PI;)Y AJ1ru!W!I;)Jd puu SU°!1UJ;)P!SUO:> JU:>!1;)JOOq'1

.(L861 ..{U 1~ UOSS!g) ~lqms Al~A!1R]~J gU!~ s~ p'Jpmg~J

~re J~gu01 JO Q1gu~1 U! Q1P!M. l~u~:) ~Q1 Jluq-~UO s~:>'.}!d

.1~J~u~g uI .(L861 .preA\ puu Aql!g) Ag010qdJoW l~uuuq:)

~u!:)u~nuU! U! 1URUodW! 1S0W ~m um~J1S ~Q1 Aq p'JAOW

~U!;Jq JO A1!I!q~qoJd M.°1 ~ Q1!M. pooM. JO ~:>'.}!d .~Z!S ~!d

~gBJ~A~ U! ~SR~J:)U! U~ 1nq .aA\ '1 JO 1unoum ~Q1 U! ~U'JJ:>'.}p

~ ~nB:> S!~ .s~:)~!d J~~rel ~Q1 AIUO ~U!A~~1 .suMdpooU

~Q1 Uo p;}1!sod~p JO w;}1sAs ~Q1 wOJJ p'Jqsnu Al~A!1:>'.}I~S

S! pooM. J~I{uwS .SI~uuuq:) J~gJUI U! .sn~ .WU'J.QSUM.OP

{U!l~1~W ~AOW 01 sI~uu~q:) l~gJUI JO A1!:)~d~:) p'JsU'JJ:)U!

~Q1 Aq p~n~:) S! ~SR~J:)U! S!~ .(L861 .preA\ puu AqI!g) ~Z!S

um~J1S gU!St!~J:)U! Q1!M. S~SR';}J:)U! I~uuuq:) WU'JJ1S ~ U! aA\ '1

JO ( ~wnIOA JO .Q1~U~I. J~1~um!P ) ~Z!S ~g~J~A~ ~Q1. Al{uJ~U~D

.GA\'1JO 1UnoW~ ~Q1 S~ n~M. SR sI~uuuq:) um~J1S U! aA\'1

JO ~!S ~Q1 gU!U!WJ;}1~p U! ~10J 10r~W ~ sA~ld ~Z!s wU'JJ1S

.(L861 ..{U 1~ UOSS!g :6L61 .UOSU~M.S pu~ l~n~:)1)

sI~uu~q:) WU'JJ1S ~WoS U! aA\ '1 JO u°!1~:>01 puu 1Unow~

~Q1 UO 1:)~dW! JOr~W ~ ~A~q OS{U .s~P!ISPUUl JO SWJO1SPU!M.

JOr~W SR q:)ns .S1U~A~ :)!qdoJ1Sm~;) "(6861 .uuWJ~s~A\

pue AqUg) s~1U.Qsqns J~mJ Q1!M. SWU'JJ1S 01 p'JmdWO:) aA\ '1

~Q1 JIuq 1noq~ AIUO U!mUO:) Al{U:)!dA1 s;}1~J1sqns :JI:>0Jp'Jq JO

J~PInoq Q1!M. sum~J1S s~ .1Unoum GA\ '1 OOU~nUU! 01 UM.OqS

u~q ~A~q OSIU S:)!1s!l;}1:)~mq:) p'Jg "(6861 .uuWJ~s~A\

pue AqI!g) U01gU!qS~A\ W~1S~~ U! sum~J1S U! 1unoum

aA\'1°1 P'JWIoo Al~A!1!sod S! A1!SU~P ~J1 ~d!~ "(L861

.preA\ pue AqI!g :Z861 ..{U 1~ UOSUUM.S) sw~1sAs J~grel

UUq1 pooM. 00OW gU!U!mUO:) AI{unsn sum~J1S J~IIUWS Q1!M.

.1mm!WJ;}1~p 1UU1Jodw! UU S! ~Z!s WU'JJ1S .SJ01:)~J JO A1~!1RA

~ Uo spU~~P sI~uuuq:) um~J1S U! aA\ '1 JO 1unoum ~~

'(L861 .preA\ pue AqUg :8861 ..{U 1~ n~p~s) Q1gu~1 U! w Z pue

J;}1~wR!p U! w:) 01 Anunsn-aA\ '1 JOJ ~S wnW!u!W J~~JUI

q:)nw ~ ~ AI{U:)!dA1 .{'j,°IOqdJoW I~uuuq:) Uo S!lq~p ApooM.

S:JI1Slti31:JVtiVHO 13NNVHO 'g ti31dVHO



Part II

(Sedell and Luchessa, 1982). In most large rivers today,
wood is found primarily along the channel margins or in off -

channel areas (Bisson et al., 1987) and therefore poses little
hazard to navigation.

Movement of wood during high flow events may dam-
age structures located in or near streams. Large woody
debris may also increase flood damage by partially blocking
the channel during high flow events (e.g., Griggs, 1988).
Often the risk of damage is exacerbated by ill-advised
development in floodplain areas and changes in the hy-
drologic regime due to changes in land use. Most flood-
routing models ignore the potential for L WD to influence
water movement through a drainage system, even though
this can greatly restrict channel capacity (P .Williams, p .
Williams & Assoc., Ltd., San Francisco, CA, pers. comm.).

Large wood accumulations may form blockages to the
passage of anadromous fishes. For many years this was
perceived as a serious problem, and wood was removed
from channels to prevent the formation of blockages. How-
ever, many LWD accumulations which appear to be
blockages at low flows are passable at higher discharges. In
addition, these blockages normally occur in steeper chan-
nels where spawning and rearing habitat for anadromous
fISh is limited. Historical estimates suggest only 5-20% of
available anadromous fish habitat was inaccessible because
of debris blockages (Sedell et a1., 1984).

While L WD may contain some compounds toxic to
stream biota, under most conditions leaching of these mate-
rials occurs at a very slow rate. This keeps concentrations
well below toxic levels (Bissonetal., 1987). Similarly,LWD
is seldom a cause for low dissolved oxygen concentrations in
stream water. Wood is relatively resistant to decomposition,
and L WD has a low surface area to volume ratio. Taken
together, these two factors result in LWD having a low
biochemical oxygen demand (Bisson et al., 1987).

Response to Management Activities

Historically, the amount of L WD in streams has been
reduced as a result of several management practices. Wood
in larger river systems was removed to improve navigation
and reduce flooding hazards at the turn of the century
(Sedell and Luchessa, 1982). Extensive clearing of wood
from smaller streams was conducted through the early
1980s to reduce bank and bed scour and provide upstream
passage for anadromous fish (Bilby, 1984b; Sedell et al.,
1988). Mter channel clearing, much of the residual debris
is unstable and is flushed from the stream channel, further
reducing the amount ofLWD (Bilby, 1984b).

The practice having the most widespread influence on
L WD in Pacific Northwest streams has been the harvest of
trees from riparian areas. Although the amount of L WD in
streams may increase immediately after harvest owing to
the introduction of logging slash, much of this material is
rapidly decomposed or flushed from the system by high

Another way in which wood affec~ channel shape is by
forming waterfalls. Waterfalls fonD plunge pools and also
influence sediment transport in streams. The greater the
proportion of the drop in elevation of a stream caused by
waterfalls the less efficient the system is at moving sediment
downslope (Heede, 1972). The proportion of channel drop
accounted for by summing the heigh~ of L WD-caused
waterfalls ranged from 30 to 80% in streams in the western
Oregon Cascades (Keller and Swanson, 1979). In streams
in the Oregon Coast Range, wood caused 6% of the total fall
(Marston, 1982). In western Washington the proportion of
elevation drop caused by L WD was found to decrease with
increasing stream size. L WD accounted for > 15% of the
elevation drop in stream channels <10 m wide, but <5% of
the elevation drop in channels 10-20 m wide.

L WD also influences sediment transport in streams by
forming depositional sites. Wood was responsible for storing
half the sediment in several small streams in Idaho (Megahan
and Nowlin, 1976). The importance of wood in retaining
sediment in small streams has been demonstrated by the
release of very large amoun~ of material after removal or
disturbance of LWD (Baker, 1979; Beschta, 1979).

L WD also can provide storage sites for leaves, twigs,
and other organic material. In small streams in forested
areas, this fine organic material can provide the bulk of the
energy and materials entering into the aquatic food web. In
the absence ofLWD, much of the terrestrial organic matter
entering the stream is flushed rapidly downstream with little
opportunity for the biota to utilize this material (Bilby and

Likens, 1980).
L WD is one of the most important sources of habitat and

cover for fish populations in streams. Most of the work
documenting this function of L WD has been done on
salmonids in the Pacific Northwest (Sedell et al., 1984;
Bisson et at., 1987; Sedell et al., 1988). Generally there
appears to be a direct relationship between the amount of
L WD and salmonid production; no known data indicate an
upper end to this relationship (Bisson et at., 1987). One of
the key functions of L WD with regard to fish production is
to increase habitat complexity , and this helps ensure that
cover and suitable habitat can be found over a wide range of
flow and climatic conditions. L WD also may allow a finer
partitioning of the available habitat. Pools fonned by L WD ,
for example, are favored habitat by certain species and age
groups of salmonids (Bisson et al., 1982). More complex
wood structures, such as rootwads or small debris jams,
attract more fish than single logs (Sedell et al., 1984;
McMahon and Hartrnan, 1989). In a number of experi-
ments, wood removal has been demonstrated to reduce fish
population densities (Lestelle, 1978; Bryant, 1983; Dolloff,
1986; Elliott, 1986; Bisson et at., 1987).

Several potentially detrimental effects are associated
with L WD in streams. Historically, massive wood accumu-
lations on larger rivers impeded navigation. Most of these
accumulations were removed around the turn of the century
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Part II

in Pacific Northwest streams; therefore, monitoring activi-
ties evaluating stream conditions on forest lands should
incorporate measurements ofLWD. This need to monitor
L WD is increasingly recognized, but monitoring programs
with a L WD component are only now being established.
The types of measurements which should be taken will
depend upon the objectives of the specific monitoring
project, but should include, as a minimum, wood abundance
and piece size.

Logging and fish habitat improvement projects are the
two activities most likely to alter the amount of large woody
debris in stream channels. On-site measurements of wood
frequency and piece size can be a relatively sensitive indi-
cator of management impacts. In downstream locations
changes in the L WD size and frequency usually occur more
slowly and may not be easily detectable.

The long time required for a tree to mature and enter into
the stream channel suggests that one should monitor the
vegetation in the riparian zone and plan for future recruit-
ment (Section 5.2). Hence long-term monitoring of large
woody debris in stream channels is needed to fully assess the
adequacy of present practices, whereas a simple inventory
may suffice for evaluating conditions with regard to fish
habitat, channel morphology, and sediment storage.

The extensive changes in forest practice regulations
over the last twenty years means that long-term trends in
L WD must be evaluated in the context of the regulations in
force at the time of the management activity. Hence the data
from long-term monitoring projects may not be directly
applicable to current practices, but they can provide some
guidance to the formulation of future regulations.

of forest management on stream channels and riparian areas.
The most recent revisions of these BMPs have incorporated
provisions for retaining L WD in streams and ensuring a
continuing supply from the riparian area. Approaches cur-
rently in use or being considered includedefming strips along
the stream in which no harvest is permitted (e.g., Alaska),
establishing specific numbers of trees to be left along the
stream (e.g., Washington), or establishing a minimum basal
area which must be retained along the stream (e.g., Oregon).

Generally, the regulations applying to larger, fish-bear-
ing waters are more stringent than those used on smaller
streams. On larger streams the disturbance of inchannel
debris, or removal of standing timber from the riparian area,
is generally prohibited or restricted. Thus LWD in the
channel is protected, slash introduction during timber har-
vest is reduced, and the future source of L WD for the
channel is retained.

Although some states have developed regulations to
restrict forest management activities near smaller streams,
frequently slash is introduced to these smaller channels
during timber harvest In cases where the amount of slash
entering the channel is considered to pose a threat to down-
stream resources, cleaning of the channel may be required.
Factors considered in deciding whether or not to remove a
piece of wood from the channel include the size of the
woody debris and the extent to which it is embedded in the
streambank or channel.

BANK STABILITY5.8

Current Uses

Recent programs to inventory stream condition and fish
habitat on forest lands usually include some measurements
ofLWD. Generally the LWD measurements focus on the
number and size of L WD pieces and their association with
various channel features. As most of these programs are of
recent origin, relatively little of the resulting data have been
used to develop management prescriptions (Bilby and

Wasserman, 1989).
When possible, comparable surveys should be conducted

on similar, unmanaged streams. For example, upstream wil-
demess areas can provide reference data on the natural
loading, recruitment rate, and downstream transport ofL WD.

Such comparisons of logged and unlogged reaches can
provide insights into management impacts on L WD. How-
ever, the long residence time ofLWD in streams suggests
that the ultimate impact of forest harvest on amounts,
characteristics, and functions of L WD may not be evident
for years or decades.

Definition

Stream and river banks control limit the lateral move-
ment of water. Typically the bank areas can be identified by
a change in substrate and a break in slope between the
channel bottom and the stream banks. In many streams the
slope of the bank exceeds 45° (platts et al., 1987).

Bank stability is a rather imprecise term that refers to the
propensity of the stream bank to change in form or location
over time. In alluvial channels the stream and river banks
tend towards a dynamic equilibrium with the discharge and
sediment load. The bank material, vegetation type, and
vegetation density also affect the stability and form of the
streambanks (platts, 1984). Change in anyone of these
factors is likely to be reflected in the size and shape of the
stream channel, including the banks (Chapter 5).

Even in undisturbed streams some bank instability
usuallyoccurs. In valleys with a defined floodplain there is
often lateral migration through bank erosion and point bar
accretion (e.g., Leopold et al., 1964; Ritter, 1978). In V-
shaped valleys there is less opportunity for lateral migra-

Assessment

Large woody debris (L WD) performs a variety of func-
tions critical to the maintenance of productive fish habitat in
stream systems. Various management activities, including
timber harvest. alter the amount and characteristics ofL WD
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Part II

it should be modified according to local needs and experi-
ence, but this is rarely done.

Table 10. Parameters and range of values used for evaluating
stream channel condition (Pfankuch, 1978).

Channel location
Parameter Range of values

0-8

0-12

0-8

0-12

0-4

0-8

0-8

0-16

0-16

Upper bank

Sideslope gradient
Mass wasting potential
Debris jam potential
Vegetative cover

Lower bank
Channel capacity
Bank rock content
Obstructions and flow deflectors
Bank cutting
Sediment deposition

Channel bottom
Angularity of bed particles
Brightness of bed particles
Consolidation of bed particles
Stability and size of bed particles
Amount of scour and deposition

Aquatic vegetation

0-4

0-4

0-8

0-16

0-24

0-4

of both procedures could be rated as no better than fair.
Errors were reduced when the rating was based on specific
cross-sections rather than along a designated stream reach.

Standards

No standards for bank stability have been established or

proposed.

Assessment

Streambank stability is an easily assessed parameter
that can be used to indicate whether a particular stream has
been disrupted from a quasi-equilibrium state. This disrup-
tion could be due to natural causes, or alterations in
discharge, sediment load or vegetative cover caused by
management actions (e.g., urbanization, grazing, forest
harvest). Some of the major limitations to the use of bank
stability include (1) lack of accuracy and precision (plans et
al., 1987), (2) inability to identify specific causes of bank
instability (Platts et al., 1987), (3) varying sensitivity among
stream reaches, and (4) difficulty of separating natural
causes and management impacts.

The lack of accuracy and precision is partly a function
of the techniques being used. The visual estimation tech-
niques described by Platts et al. (1983, 1987) are likely to
have greater uncertainty than the multi-parameter approach
of Pfankuch (1978). One cannot conclude that a change in
bank stability has occurred until the observed change sig-
nificantly exceeds the error in the rating system, but this
error is rarely recognized.

The cause of bank instability may be difficult to deter-
mine, particularly when there is more than one factor.
Grazing has the most direct and obvious impact on bank
stability (platts, 1981), and this may mask other manage-
ment impacts. Discharge and sediment yield tend to be
controlled by up slope processes, and so the linkage to bank
stability may not be immediately obvious.

Bank stability may be most useful as a quick indicator
of a shift in the equilibrium of the stream system. An
observed increase in bank instability should then trigger
more intensive investigations. By combining an inventory
of management activities with specific measurements of
other parameters such as the bed material particle size, it is
usually possible to determine the primary cause(s) of the
observed disequilibrium. Often, however, bank instability
may not be the most sensitive indicator of disturbance.
Changes in the suspended sediment load, for example, may
not immediately trigger bank instability, but could still
have a detrimental effect on spawning success. Similarly,
grazing impacts are likely to be expressed through the
riparian vegetation before they lead to bank instability.
Nevertheless, the ease of evaluating bank stability sug-
gests that it can play an important role, particularly when
budgets for assessment and monitoring are severely limited.

Current Uses

Pfankuch's (1978) channel condition and stability pro-
cedure has been widely used by the U.S. Forest Service.
Other monitoring programs have also taken elements from
this rating system and incorporated them into their own
stream evaluation forms (e.g., Ralph, 1989; G. Luchetti,
pers. comm., King County, W A). Although the selection
and weighting of the parameters have never been rigorously
tested, the wide use of this procedure suggests a certain level
of acceptance. One advantage is its accessibility to people
with relatively little technical training, and it seems to
provide relatively consistent results (pfankuch, 1978). The
arbitrary selection and weighting of parameters means that

~
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out of the sU"eam reach.
Grant (1988) noted that an increase in channel width and

the riparian canopy opening also can result from an increase
in the size of peak flows. As noted in Section 3.1, peak flow
increases from forest activities usually are small or are lim-
ited to the smaller, more frequent storms. The major excep-
tion is in areas subject to rain-on-snow events; in these
environments forest harvest can substantially increase the
size of the larger peak flows (Section 3.1 ). In general, peak
flows probably are less likely to enlarge the size of the
riparian canopy opening and initiate channel morphological
changes than increases in the amount of coarse sediment
(i.e., bedload). Other possible causes of fluvial disturbance
that can increase the riparian canopy opening include debris
flows, exU"eme discharge events, entrainment and transport
of large woody debris in flood plain areas, and increased
lateral migration of sU"eam channels.

vegetation and an increase in the width of the riparian

canopy opening.
Monitoring of the riparian canopy opening offers a

relatively rapid means of assessing the influences of a
variety of management activities on both the stream side
vegetation and the stream channel. Identification of the
source areas and quantitative mapping of the changes in the
riparian canopy opening over time can help determine the
primary cause(s) of adverse change (Grant. 1988).

Relation to Designated Uses

An increase in the width of the riparian canopy opening
will allow more direct radiation to reach the stream and raise
peak summer water temperatures. Less shading also will
result in greater temperature fluctuations on both a seasonal
and a daily basis (Section 2.1 ). A reduction in canopy cover
may increase the amount of reradiated long-wave radiation,
thereby allowing more heat loss at night. Heat loss can be
crucial to the icing up and formation of anchor ice in colder
environments (Beschta et al., 1987).

In light-limited forest streams, an increase in the width of
the riparian canopy opening can increase primary production
(Gregory et al., 1987). This may induce a corresponding in-
crease in invertebrate and fish production. However, increased
primary productivity may be offset by decreased inputs of
detrital food subsidies, leaves, and other organic material
from the riparian zone. The net balance between the increased
primary production and the decreased detrital inputs will
depend on the size of the stream and the presence or absence
of other limiting factors, such as plant-available nutrients.

Changes in the size and structure of the riparian canopy
will adversely affect a wide range of animal species depen-
dent on riparian habitats (Deusen and Adams, 1989). A
reduction in the width of the riparian zone may reduce the
purported ability of the riparian zone to trap excess nutrients
and sediments coming from up slope (Green and Kaufmann,
1989; Section 6.2). An increase in the riparian canopy
opening is likely to reduce the long-term delivery of large
woody debris (L WD) into the stream channel (Grant, 1988).
In many forested streams L WD is an extremely important
element in channel morphology, sediment transport, and
quality of aquatic habitat (Bisson et al., 1987; Section 5.7).

Response to Management Activities

Changes in the size of the riparian canopy opening can
result from a variety of interacting fluvial and geomorphic
processes. Probably the most common cause is an increase
in coarse sediment. This can increase channel width
through bank erosion (Section 5.2), with a corresponding
loss of the riparian vegetation. Recolonization of the
enlarged streambed by riparian species will proceed slowly
at best until the source of the excess sediment is removed, or
the excess sediment in the channel is stored or transported

Measurement Concepts

A detailed procedure for measuring and analyzing
changes in the riparian canopy opening has been published
as the RAPID (Rapid Aerial Photographic Inventory of
Disturbance) technique (Grant, 1988). This requires a
historical sequence of aerial photographs on a scale of at
least 1:24,000. The basic approach is to (1) identify "initia-
tion sites" where the increase in riparian canopy opening
begins; (2) determine the spatial links between the initiation
sites and downstream increases in the width of the riparian
canopy opening; (3) determine the continuity of open reaches
along the stream; and (4) measure the width of the riparian
canopy opening and note the condition of the surrounding
forest at 100- to 300-m intervals on each set of photos.
These data are mapped onto drainage network maps at the
same scale as the aerial photographs. Suggested procedures
to analyze and summarize the quantitative data are presented
by Grant ( 1988). Adaptations to the RAPID technique may
be needed according to the specific vegetation, topography,
geology , and climate in the basin under study.

Initiation sites are identified and mapped in order to
elucidate the cause(s) of an increase in the riparian canopy
opening. For example, a sudden, continuous increase in the
width of the riparian canopy opening might be traced to a
landslide or debris flow, whereas a more gradual increase
in the width suggests a more dispersed source of sediment or
an increase in the size of peak flows.

In many cases visual observations of the aerial photos
will provide an indication of current condition, and riparian
canopy opening measurements on successive aerial photos
can demonstrate if adverse changes have occurred. The
advantage of the full RAPID-type approach is that historical
and current riparian and channel conditions can be quanti-
fied. This facilitates an understanding of the possible
cause(s) of an observed change, an assessment of the signifi-
cance of change, and the prediction of future trends.
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Part II

saturated soil conditions." A unified set of criteria for de-
lineating wetlands has recently been adopted by several
federal agencies with wetland responsibilities (U.S. Am1y
Corps of Engineers, 1989). In most ecoregions one can find
a wide variety of vegetation types on the streambanks and
flood plains, including coniferous and deciduous trees,
grasses, shrubs, forbs, ferns, and mosses.

root wads can divert or deflect dIe flow in small ormoderate-
sized streams, and dleirroots can provide substantial protec-
tion during high flows. Grassy banks may provide a more
complete cover, but dley may not be as resistant to undercut-
ting or abrasion.

Few studies have been done on dIe fIltering and buffer-
ingcapacities ofriparian vegetation in forested zones (Green
and Kauffman, 1989). In most undisturbed forest ecosys-
tems dIe nutrient and sediment yields are so low dlat dIe
fIltering capacity of dIe riparian zone is not a key concern.
In agricultural areas, however, nutrient exports are impor-
tant and dIe riparian zone has been shown to be a sink for
sediment as well as nitrogen, phosphorous, calcium, mag-
nesium, and potassium sulfate (Lowrance et al., 1984;
Lowrance et al., 1986; Green and Kauffman, 1989). The
influence of different vegetation types on sediment and
nutrient yields, and in some situations water yield, is com-
plicated by differences in odler factors such as dIe preva-
lence of overland flow, height of dIe water table, rooting
depdl,root densities, chemical properties of dIe soil, nitrogen-
fixing ability of dIe plants, and seasonal growdl patterns.

Various types of riparian vegetation provide different
types of habitat (Raedeke, 1988). Species such as otters,
beavers, deer, and bald eagles all have different habitat
needs and are more or less dependent on riparian vegetation.
Hence management of dIe riparian zone will depend in part
on dIe selected wildlife and fisheries objectives. The
uncertainty and subjective nature of habitat evaluations are
illustrated by dIe observation dlatstreams bordered by brush
had a higher standing crop of fish dlan streams bordered by
trees, yet dIe U.S. Forest Service usually assigns a higher
habitat value to a tree cover (platts et al., 1983).

The importance of dIe riparian vegetation to dIe adja-
cent aquatic ecosystem diminishes in dIe downstream di-
rection because of dIe increase in discharge and stream size
(Bilby,1988). In small streams dIe riparian vegetation may
be dIe dominant source of organic matter, while in larger
streams instream primary production tends to dominate
(Hynes, 1970). Removal or alteration of dIe riparian veg-
etation in a single reach can significantly alter temperature
and water quality in low discharge, narrow streams, but dIe
impact of a comparable change is likely to be undetectable
in large streams or rivers (Bilby, 1988).

Response to Management Activities

The abundance of moisture makes the riparian zone
exceptionally diverse and productive (Kauffman, 1988).
This higher productivity often results in a more intensive
exploitation of riparian resources. In many areas the largest
b"ees are in the floodplains and alluvial valleys, and the
riparian zones have been more heavily logged because the
b-ees were readily accessible and could be floated down-
stream. Grazing pressure usually is higher in the riparian
zone because there typically is more shade, surface water for

Relation to Designated Uses

Riparian vegetation, and the exploitation of this vegeta-
tion, affects most of the designated uses of water through a
variety of different processes. Many of these interactions
have been discussed in other sections, and an extensive
literature is available on the interactions between riparian
zones and aquatic ecosystems (e.g., Raedeke, 1988;
Gresswell et al., 1989). A recent bibliography on riparian
research and management listed over 3 ,500 references (Van

Deventer,1990).
Some of the most important biological and physical

effects of riparian vegetation on the designated uses of water
are as follows: (1) providing organic material that can be
used as food sources for aquatic organisms (Sections 7.3-
7.4 ); (2) supplying large woody debris that alters sediment
storage, influences channel morphology, and enhances fish
production (Section 5.7); (3) shading the stream and reduc-
ing temperature fluctuations (Section 2.1); (4) reducing
bank erosion (Section 5.8); and (5) providing habitat and
cover for both aquatic and terrestrial organisms. Social
benefits include streamside esthetics.

The relative importance of these different functions is
heavily influenced by vegetation type. Deciduous trees
provide large amounts of leaves and other organic material,
which are generally higher in nitrogen than coniferous
debris, and thus more readily broken down by invertebrates
(Bilby,1988). More rapid breakdown leads to more rapid
utilization and higher productivity.

On the other hand, coniferous trees are the most impor-
tant source of large woody debris in most parts of the Pacific
Northwest and Alaska (Section 5.7). Coniferous branches,
boles and root wads tend to be larger than their deciduous
equivalents, and this increases both their stability within the
stream channel and the diversity of aquatic habitats, par-
ticularly at high flows (Sedell et al., 1984; Bisson et al.,
1987). Coniferous wood does not decay as rapidly as alder
and most other deciduous species, and this also contributes
to channel and habitat stability (Sedell et al., 1988).

Both coniferous and deciduous species are effective in
shading the stream and thereby reducing peak summer
temperatures. Streams with little or no vegetative canopy
may have lower winter minima and be more susceptible to
the formation of anchor ice (platts, 1984).

All types of vegetation can be effective in reducing bank
erosion, although they differ in the type of protection ( e.g.,
Hackley, 1989; Platts and Nelson, 1989). Large trees and
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Part II

Grazing strategies in riparian areas are discussed by Platts
(1989), while recent books (e.g., Cook and Stubbendieck,
1986; Husch et a1., 1982; Tueller, 1988) should be consulted
for more details on vegetation monitoring techniques.

sented in Table 11. The complexity of the leave tree re-
quirements in Table 11 illustrates the difficulty of trying to
account for the diversity of natural systems in environmen-
tal regulations.

None of the state forest practice rules include any
standards relating to grazing in the riparian zone, as that is
outside their legal mandate. Land management agencies
with substantial grazing lands have established utilization
standards and Best Management Practices intended to pro-
tect the designated uses of water. The adequacy and evalu-
ation of these is outside the scope of this document, but a
recent publication by Minshall et al. (1989) and the pro-
ceedings of two recent conferences provide a good overview
of riparian area functions and management (Raedeke, 1988;
Gresswell et al., 1989).

Standards

In the 1970s the forest practice rules for riparian areas in
Oregon and Washington were designed to maintain ad-
equate shade and minimize the introduction of sediment and
forest chemicals (Bilby and Wasserman, 1989). Currently
the rules for riparian areas are in a state of flux as a result of
increased concern over the future recruitment of large
woody debris into stream channels (Section 5.7). Present
forest practice rules for Idaho require that 75% of the
existing shade be left along Class I (fish-bearing) streams.
In Washington the forest practice rules were substantially
modified in 1988 under the Timber-Fish- Wildlife agreement,
and the number of leave trees that currently are required
along streams in eastern and western Washington is pre-

Current Uses

The primary objectives of monitoring dIe riparian veg-
etation in forested areas are to maintain adequate shade,

Table 11. Type and num ber of trees required to be left along stream s in western and eastern Washington after timber harvest (8ilby and

Wasserman, 1989.)

Number of treesl
RMZ 305 m each side

Water type and maximum Ratio of conifer Minimum size of Gravell Boulder/
average widthb width to deciduous leave trees cobblea bedrock-

1 and 2 waters 23 m and over 30 m Representative of stand Representative of stand 50 trees 25 trees

1 and 2 waters under 23 m 23 m Representative of stand Representative of stand 100 trees 50 trees

3 water 2 m and over 15 m 2 to 1 30 cm or next largest 75 trees 25 trees
availablec

15 cm or next largest
available

25 trees 25 trees3 water less than 2 m 8m 1 to 1

aGravel and cobble streambeds are composed predominately of
material <25 cm in diameter.
bWashington water typing system is based on domestic water use,
fish use, and size of streams. A detailed description of the criteria
may be found in Washington Forest Practices Rules and Regula-

tions.
cOr next largest available requires that the next largest trees to
those specified in the rule be left standing when those available
are smaller than the sizes specified. Ponds or lakes which are type
1, 2, or 3 waters shall have the same leave tree requirements as

boulder/bedrock streams.
For wildlife habitat within the riparian management zone, leave an
average of 12 undisturbed and uncut wildlife trees per hectare at the
ratio of 1 deciduous tree to 1 conifer tree equal in size to the largest
existing trees of those species within the zone. Where the 1 to 1 ratio
is not possible, then substitute either species present. Forty percent
or more of the leave trees shall be live and undamaged on completion
of harvest. Wildlife trees shall be left in clumps, whenever possible.

Eastern Washington
(A) Leave all trees 30.5 cm or less in diameter breast height (dbh).
(8) Leave all snags within the riparian management zone that do

not violate the state safety regulations.
(C) Leave 40 live conifer trees/hectare between 30.5 cm dbh and

50.8 cm dbh distributed by size as representative of the stand.
(0) Leave 7 conifer tree/hectare 50.8 cm dbh or larger.
(E) Leave the 5 largest deciduous trees/hectare 40.6 cm dbh or

larger. Where these deciduous trees do not exist, and where
5 snags/hectare 50.8 cm indbh or larger do notexist, substitute
12 conifer trees/hectare 50.8 cm in dbh or larger. If conifer
trees of 50.8 cm dbh or larger do not exist within the riparian
zone, then substitute the 5 largest conifer trees/hectare.

(F) Leave 7 deciduous trees between 30.5 cm and 40.6 cm dbh
where they exist.

(G) On streams with a boulder/bedrock bed, the minimum leave
tree requirement shall be 185 trees/hectare 10.2 cm dbh or

larger.
(H) On streams with a gravel/cobble (less than 25.4 cm diameter)

bed, the minimum leave tree requirement shall be 335 trees/
hectare 10.2 cm dbh or larger.

(I) On lakes and ponds the minimum leave tree requirement shall
be 185 trees/hectare 10.2 cm dbh or larger.
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7. AQUATIC ORGANISMS

INTRODUCTION management activities.
In general, aquatic organisms have considerable poten-

tial for monitoring changes in water quality. Aquatic
invertebrates are particularly promising because of their
diversity, sensitivity to habitat change, relative ease of
identification, and they are subject to fewer extraneous
controlling factors. The complexity and diversity of aquatic
ecosystems means that the sections on algae, invertebrates,
and fish should be considered as a general overview rather
than an in-depth review.

7.1 BACTERIA

Aquatic organisms can be very useful for monitoring
because they effectively integrate a large number of habitat
characteristics. In other words, if the habitat requirements
of a particular organism are known, the presence of that
organism can be used to define the conditions in that particular
water body. Furthermore, those conditions can be assumed
to have been met for the life span of the organism being
monitored. Thus aquatic organisms have the great advan-
tage of allowing inferences to be made regarding past con-
ditions, which may allow sampling to bedone less frequently
than is usually necessary for the parameters considered in
Chapter 2 (physical and chemical constituents) and Chapter
4 (sediment).

In this chapter aquatic organisms have been grouped
into four parameters-bacteria, algae, invertebrates, and
fish. Bacterial monitoring is the most straightforward and
typically involves estimating the numbers of up to four
types ofbacteria. Algae, invertebrates, and fish are far more
complex, as one can make any number of measurements
relating to the numbers of organisms, species composition,
and productivity .These different measurements are not
considered separately for several reasons.

First, we did not wish to duplicate the considerable
amount of information already available on the use of these
organisms for monitoring. Second, there is no consensus
about which measurements should be made, and in many
cases the choice will depend on the purpose of the monitor-
ing. Third, the use of aquatic organisms for monitoring is
undergoing rapid change as different states attempt to estab-
lish biological criteria for water quality. Fourth, the tre-
mendous variability in aquatic ecosystems has made it
difficult to establish rigorous and sensitive monitoring pro-
cedures. Finally, the use of fish for monitoring purposes is
often hindered by the problem of separating extraneous
factors, such as fishing pressure, from the effects of

Definition

A wide variety of diseases are spread by aquatic micro-
organisms. These include bacterial diseases (e.g.,
Legionnaire's disease, cholera, typhoid, and gastrointesti-
nal illness), viral diseases ( e.g., polio, hepatitis, and gastroi-
ntestinal illness), and parasitic diseases (amoebic dysen-
tery, flukes, and giardiasis). Many of these diseases are
rarely found in the U.S., and the analytic procedures for
detecting many of these organisms are time consuming and
costly. For these reasons most drinking and recreational
waters are routinely tested only for certain bacteria which
have been correlated with human health risk. If the average
concentration of these bacteria falls below the designated
standard, it is assumed that the water is safe for that use and
that there are no other pathogenic bacteria that represent a
significant hazard to human health (APHA, 1989).

The four groups of bacteria most commonly used for
water quality monitoring are total coliforms, fecal colif-
orms, fecal streptococci, and enterococci. The total colif -

orms (TC) group includes a wide range of aerobic and
facultatively anaerobic bacteria. Their ability to ferment
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Part II

bacterial counts. This approach means the standards are
based partly on the relative health risk rather than an abso-
lute standard.

Current Uses

Bacteriological testing is regularly carried out to ensure
the safety of domestic water supplies and to protect public
health in recreational areas. Most states have adopted FC
as the primary standard for bacterial contamination in rec-
reational waters and test accordingly. As indicated above,
the standards include both single sample maxima and a 30-
day average. FC are preferred over TC because they are a
more specialized group of bacteria and a more direct indica-
tor of fecal contamination and public health hazard. Use of
enterococci for monitoring recreational waters is becoming
more common because this test is more sensitive and pro-
vides a better estimate of the human health risk.

TC, FC, and FS concentrations often vary widely over
relatively short time periods. For this reason any monitoring
or assessment program should analyze a series of samples
before coming to a conclusion about the bacterial quality of
the water. In most cases, the maximum concentration of
coliform bacteria will occur in conjunction with high runoff
events, which wash more coliforms into streams and lakes.
Common sources are manure from animals and bypass
water from small community sewage treatment plants. In
still waters used for bathing, the maximum concentration of
coliform bacteria may occur during warm-weather periods
when there is intensive use.

Very specific tests can be performed to identify the
different species of coliform bacteria, and this information
can help identify the source of the contamination. Since
these tests are relatively costly and not widely available, the
source(s) of contamination usually is identified by estab-
lishing a more intensive sampling program keyed to land
use. Use of the FC/FS ratio is cautioned because of the
different mortality rates and sources of these two groups in
natural waters.

positive to nearly all negative. The replications and range of
dilutions allow a statistically based estimate of the coliform
concentration for that particular sample, and this is known
as the Most Probable Number (MPN). The binary nature of
the procedure (i.e., each tube is either positive or negative)
results in a relatively large confidence interval around the
MPN. For five replicates at three dilutions, the 95% confi-
dence interval usually spans a factor of 10. The use of only
three replicates doubles or biples the size of the 95% confidence
interval, and this is why the minimum number of replicates
has been raised to five tubes (APHA, 1989).

The second analytic procedure is the membrane filter
technique. In this method different volumes of the sample
water are passed through a special 0.45-micron filter. The filter
and retained bacteria are placed on a selective growth me-
dium and incubated for 24 hr .At the end of this period, the
actively growing, closed coliform colonies are identified
and counted. For best results the quantity of water filtered
should yield about 50 colonies for TC, and between 20 and
60 colonies for FC. No more than 200 bacterial colonies
should be present on one membrane fIlter (APHA, 1989).

There are several advantages to the membrane filter test.
First, the filtering procedure allows for larger volumes of
water and, hence, more accurate testing of less polluted
waters. Second, the results are more precise and have a
lower confidence interval because each sample yields a
quantitative result Third, the procedure yields results within
24 hr , although additional testing may be necessary for
further verification. A major disadvantage is that the test
can be hindered by high concentrations of either suspended
solids or non-coliform bacteria (APHA, 1989; Federal

Register, 1989).
In mid-1989 EPA approved a third analytic procedure

for total coliforms in finished drinking water, the MMO-
MUG test. Conceptually this is similar to the fermentation
tube technique, except that the end result in the MMO-MUG
test is a change in color rather than the production of gas.
The MMO-MUG test may prove more convenient because
the incubation period is only 24 hr , and it is not affected by
large numbers of heterotrophic bacteria. MMO-MUG tubes
with the growth medium are commercially available.

Standards

The drinking water criteria for TC is zero with some
allowance for an occasional positive test.

For freshwater bathing, the geometric mean value of at
least five samples equally spaced over a 30-day period
should not exceed 126 E. coli/100 ml, or 33 enterococci/
100 ml (EPA, 1986b). The maximum value for any single
sample is determined by the intensity of recreational use and
the site-specific standard deviation of the logarithmic val-
ues. Thus the allowable maximum for a single sample will
be higher in areas which are infrequently used for bathing,
and higher in areas which are subject to more variability in

Assessment

Bacterial contamination is the only water quality
monitoring parameter discussed in these Guidelines that
has little effect on aquatic organisms, but is very significant
to human use. Bacterial contamination in forested areas can
result from a variety of sources, including dispersed and
developed recreation, wild and domestic animal popula-
tions, and human settlements.

The use of bacterial parameters to monitor water quality
for drinking and bathing is based more on correlations than
a direct causal link. Historically, total coliforms have been
used as the primary bacterial indicator of human health risk;
however, over the last 20 years, three more specialized
groups of bacteria have been increasingly utilized for water

~
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Part II

Relation to Designated Uses

Benthic algae can be the dominant group of primary
producers (photosynthetic organisms) in stream ecosys-
tems (Hynes, 1970; Wetzel, 1983). Mats of attached algae
form rich assemblages ofplant. bacteria, and animal species,
all of which are important components of the overall food
web(Weitzel,1979;Poweretal.,1988). In small headwater
streams, the contribution of organic matter by benthic algae
may be outweighed by inputs of organic matter from ripar-
ian and forest vegetation. With increasing stream size,
however, the importance of autotrophic production increases.
Increased benthic algal production is linked to increased
production of benthic invertebrates and fISh (Gregory et al.,

1987).
In lakes and downstream portions of slow-flowing

rivers, all three functional plant groups-free-floating, at-
tached, and rooted-can affect the designated uses of water
and be ecologically important habitats (power et al., 1988).
High levels offree-floating plants, for example, will impair
the clarity of the water and may have adverse esthetic effects.
Aquatic macrophytes can adversely impact recreational
uses such as swimming and boating, and also degrade the
esthetic value.

Ecologically, an increase in primary production can
increase the production of invertebrates and fish in streams.
However, nocturnal respiration can cause oxygen depletion
in waters with high primary production and low reaeration
rates. Even relatively small reductions in dissolved oxygen
can have adverse effects on both invertebrate and fish com-
munities (Section 2.4). Development of anaerobic conditions
will alter a wide range of chemical equilibria, and may
mobilize certain chemical pollutants as well as generate
noxious odors.

High primary production also can lower the concentra-
tion of nitrogen and phosphorus because of the rapid uptake
of nitrate, ammonium, and phosphate by algae and other
aquatic plants (Section 2.5). Aquatic plants can influence
the color, taste, and odor of water (APHA, 1976).

Response to Management Activities

Numerous studies have related organic pollution to
specific aquatic plants or plant community parameters.
Relatively little definitive data are available on the effects of
forest management activities on aquatic plants. Specific
activities that might be expected to affect aquatic plants
include herbicide applications, opening up of the riparian
canopy, increased stream temperature, increased nutrient
concentrations, and sedimentation.

Aerial herbicide applications may adversely affect pri-
mary productivity, but this is highly dependent upon the
protective measures taken. The use of buffer strips, appro-
priate application technology, and good weather conditions
can greatly reduce the amount of herbicide reaching the

stream channel. Sullivanetal. (1981) found no toxic effects
on stream and pond benthic algae following the application
of a herbicide (Roundup) in coastal Oregon. In the coastal
Carnation Creek watershed in British Columbia, Holtby and
Baillie (1989) observed a decline in benthic algal standing
crop and biomass accumulation in the fIrSt month after a
glyphosphate application. In both studies the large temporal
and spatial variability in algal growth and abundance made
it difficult to determine the effect of the herbicides.

Partial or complete removal of the riparian canopy will
increase direct solar radiation, and this may increase benthic
algal growth. In headwater streams of the Cascades, pri-
mary production is proportional to sunlight at low light
intensities. At 20% of full sunlight, the benthic algal com-
munities are photosynthetically saturated, and additional
sunlight may not enhance production (Gregory et al., 1987).

The temperature increases associated with forest har-
vest and sedimentation (Section 2.1) affect primary pro-
ductionandrespiration. In general, an increase in temperature
will increase the rate of respiration more rapidly than the
rate of photosynthesis, so an increase in temperature de-
creases net primary production (Gregory et al., 1987). In
most cases the effects of a change in temperature cannot be
detected, as a laboratory study showed that primary pro-
duction increased by only 30% following a lo°C increase in
temperature (Gregory et al., 1987). High light intensities
appear to favor filamentous green algae, and this may explain
the observed increase in abundance following clearcutting
(Stockner and Shortreed, 1988).

As discussed in Section 2.5, a variety of forest manage-
ment activities can increase the availability of nitrogen and
phosphorous, and this has been demonstrated to stimulate
primary production (e.g., Gregory, 1980; Stockner and
Shortreed, 1978; Triska et al., 1983). Increased stream
productivity, due to increased nutrient output from water-
sheds following harvest, typically lasts only a few years
(Gregory et al., 1987; Vitousek et al., 1979). The rapid
uptake of nutrients by primary producers means that increases
in production may be quite localized (e.g., Holtby and

Baillie, 1989).
Increased sedimentation can reduce primary production

by reducing the area of suitable substrate and by reducing
the depth oflight penetration. The most damaging sediment
is sand-sized particles, as they are easily mobilized and do
not provide an adequate surface for colonization (Hynes,
1970). Increased bedload may increase primary production
by increasing stream width and temperature (Section 4.3).
An increase in silt- and clay-sized particles will tend to
decrease primary production by reducing the amount of
light within the water column and coating the stream bed

(Section 4.2).
This discussion indicates that forest management ac-

tivities affect the productivity and composition of the aquatic
flora in different ways by a variety of processes. The net
effect will depend on the relative balance and interactions
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Part II

The Autotrophic Index is the ratio of ash-free dry weight
to chlorophyll-a. A value less than 50-100 indicates that
virtually all the periphytic organisms are algae that are
actively photosynthesizing (autotrophs), and that there are
few organisms utilizing organic matter and pollutants (het-
erotrophs). Values higher than 100-200 indicate that a
substantial proportion of the biomass is composed of or-
ganisms that are not photosynthesizing (APHA, 1976;
Weitzel, 1979). However, ratios of 200-400 for actively
growing ftlamentous assemblages have been observed un-
der laboratory conditions (S. Gregory , Oregon State Univ .,
pers. comm.). Hence the Autotrophic Index is potentially a
useful ratio but may have limited applicability when the
primary pollutants are not rich in organic matter.

The primary metabolic processes of aquatic plants are
primary production (photosynthesis) and respiration. Nei-
ther of these is easily measured, particularly in stream
systems where the flow of water is of critical importance
(Weitzel, 1979; Wetzel,1983). In most cases an index that
approximates production can be obtained by measuring the
accumulation of organic material (e.g., biomass) on artifi-
cial substrates over a period of 1-2 weeks. Other factors
besides water quality may affect production, respiration,
and the net rate of biomass accumulation; these include
grazing, sloughing, scour, colonization, and deposition.
Hence a high turnover rate (primary production divided by
biomass) can result in a low rate of biomass accumulation
but a high rate of primary production. In the absence of this
type of detailed information, it is difficult to relate water
quality to either algal production or biomass.

change to specific management activities.
The fIrst problem is a sampling problem. It can be

addressed by specifying the trade-offs between sampling
costs. the risk of an erroneous result. and the probability of
obtaining the true answer. A small pilot study is often
needed to adequately evaluate these trade-offs (part I.
Chapter 3). Long-term data are necessary to determine if an
observed change is either part of a larger trend or within the
range of previous changes.

The second problem may be more difficult. In most
cases a variety of additional data (e.g.. nutrient concentra-
tions and incoming solar radiation) will be needed to deter-
mine the cause of observed change. An increase in biomass
or chlorophyll-a. for example. could be caused by an in-
crease in nutrient levels. warmer temperatures. or a reduc-
tion in grazing. Data on management activities within the
watershed usually are necessary to determine the likely
cause(s). In most cases the results will not be definitive. and
some extrapolation or assumptions will have to be made.

Standards

No specific standards have been established or pro-
posed for aquatic plant communities. although an objective
of the Clean Water Act is to restore and maintain the
biological integrity of water bodies. More specific biological
criteria are now being developed by the states (part I.
Section 1.4; EPA. 1988b; EPA. 1990).

Current Uses

The use of aquatic plants other than benthic algae for
monitoring water quality may be more appropriate in lakes.
In lakes, both free-floating plants and aquatic macrophytes
may be directly linked to specific designated uses. Thus an
observed increase in algal biomass or production can not
only indicate a change in water quality but also can be related
to a designated use, such as recreation. In streams, however,
benthic algae production and biomass probably are the most
useful of all the aquatic flora parameters to monitor changes
in water quality. In both streams and lakes, the two main
problems with monitoring aquatic plants are (I) detecting a
statistically significant change in the face of large spatial
and temporal variability , and (2) relating any observed

Assessment

Benthic algae and attached algae on large macrophytic
plants (epiphytic algae) can dominate primary production in
many streams and rivers and provide the main source of
organic matter. Attached algae provide both food and habitat
for a wide range of invertebrates, and these invertebrates are
an important source of food for salmonids and other fish
(power et al., 1988).

In lakes free-floating plants and macrophytes may be of
primary importance. Species composition, biomass, and
productivity of aquatic plants have been used to indicate up
to seven different levels oflake eutrophication. Such detailed
determinations usually are based on the identification of
large numbers of diatoms, and this generally precludes their
use in most monitoring projects. These procedures also may
be of limited applicability in forested areas because there
typically is very liltle eutrophication, and the applicability
of the techniques to oligotrophic systems has not yet been
established.

Attempts to relate forest management activities to the
composition and growth of benthic algae have met with
limited success. The variability associated with replicated
artificial substrates (glass slides) within a sampler is 20-
25%. Differences between samplers placed in "similar"
environments are much greater, and this severely limits
one's ability to detect statistically significant change over
time or space. Although aquatic plants can be directly
linked to several designated uses, it usually is better to
measure the causative factors ( e.g., changes in temperature,
riparian canopy opening, or bed material particle size)
rather than the resulting change in benthic algae or other

aquatic plants.
Aquatic plants are more likely to affect the designated

uses of water in lakes than in streams. In both stream and
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Part II

Response to Management Activities

The effects of forest activities on macroinvertebrate
communities vary .Increases in dIe riparian canopy opening
or dIe amount of organic material in dIe streams generally
enhance aquatic insect populations. An increase in fme
sediment usually has dIe opposite effect (Gregory et al.,
1987; Section 3.1). Removing dIe riparian canopy de-
creases dIe input of terrestrial organic material and dIe
number of detritivores. However, dlis decline often is over -

whelmed by dIe corresponding increase in primary pro-
duction and herbivorous insects (Gregory et al., 1987).
Several studies have documented an increase in primary
productivity after partial or complete removal of dIe riparian
canopy ( e.g., Hansmann and Phinney, 1973; Murphy et al.,
1981 ). However, no increase was found in Carnation Creek
in coastal British Columbia, where phosphorus was found to
be dIe limiting factor (Stockner and Shortreed, 1988).
Logging-induced increases in aquatic insects have been
observed in northern California (Erman et al. , 1977) and dIe
Oregon Cascades (Murphy et al., 1981). While logging
activities may increase total abundance, species diversity is
usually reduced (Gregory et al., 1987).

Invertebrate communities also are affected by manage-
ment practices on forest lands. Buffer strips 30 m wide
appeared to protect invertebrate communities from logging -

induced changes (Newbold et al., 1980), but buffer strips 10
m wide still resulted in a decrease in detrital inputs and
macroinvertebrate densities (Culp, 1988). The net effect of
logging on aquatic macroinvertebrates depends on dIe rela-
tive balance among all dIe controlling factors.

pr~nce or absence of particular taxa, or for estimating
population characteristics such as diversity, total numbers, or
biomass. The primary limitation of semiquantitative methods
is thatresultsareona per sample basis rather than per unit area
(platts et al., 1983).

Quantitative techniques involve complete sampling in a
specified area. The resulting density data are on an absolute
basis (e.g., number of organisms per unit area), and this
allows a comparison of populations over time or space. Data
collected using quantitative techniques can be used to es-
timate productivity as well as population characteristics.

Although qualitative techniques typically are quicker and
easier than semiquantitative or quantitative procedures, they
yield less specific information. This generally makes quali-
tative techniques less sensitive and less reliable. Since a
similar level of expertise is needed to analyze the samples
and interpret the results, most projects should usesemiquanti-
tative or quantitative sampling methods (platts et al., 1983).

This range of sampling procedures indicates that a wide
variety of sampling techniques have been developed to
accommodate varying study objectives and locations. The
composition of the substrate, water depth, and current
velocity largely determines the most appropriate technique.
The most common methods include various types of nets,
substrate sampling techniques, and the placement and sub-
sequent retrieval of artificial substrates (Greeson et al.,
1977). Each technique has a different set of errors and bias,
making comparisons of data from different sampling tech-
niques difficult (platts et al., 1983). For this reason moni-
toring studies should select and utilize one of the better-
known techniques and apply this as widely as possible to
ensure comparable data.

Artificial subsb"ate samplers are useful in large rivers or
wherever natural substrates cannot be effectively sampled
(EPA, 1989). The most common artificial substrate tech-
niques make use of multiplate (Hester and Dendy, 1962) or
basket (Mason et al., 1973) samplers. Multiplate samplers
are a set of stacked plates that are left in a sb"eam or lake for
a period of at least several weeks and then retrieved for
analysis. Basket samplers are similar in principle, but utilize
rocks as the subsb"ate for colonization. Advantages and
disadvantages of artificial subsb"atesare discussed in Greeson
etal. (1977), Rosenberg and Resh (1982), andEPA 'sRapid
Bioassessment Protocols (EP A, 1989). The most common
criticism is that they do not provide a representative sample
of the natural community. Major advantages include lower
sample variability, and elimination of subsb"ate differences
between sample sites.

Drift nets are used to sample macroinvertebrates that
have been dislodged or are migrating, and typically they are
left in place for at least several hours. However, the nets can
become clogged if they are not regularly cleared, and this
will reduce the number of organisms captured in the nets.
Drift net data are expressed as numbers and biomass of
organisms per unit discharge (APHA, 1989).

Measurement Concepts

A variety of sampling and data analysis techniques can
be used to monitor macroinvertebrate communities. Some
of the more common parameters include presence or ab-
sencedata, functional feeding group analysis, and community
parameters. Sample collection techniques can be equally
varied, ranging from the placement of uncolonized sub-
strates to kick nets, drift nets, and fixed-area substrate

samples.
SamDlinl! TechniQues. Sampling techniques for mac-

roinvertebrate can be classified as qualitative, semiquanti-
tative, or quantitative (platts et al., 1983). Qualitative tech-
niques rely on indicator species or an evaluation of selected
functional or taxonomic groups. Generally the samples for
qualitative evaluation are not collected on the basis of a
specified area or collection effort, and this severely limits
any numerical analyses.

Sampling procedures that use uniform substrates or a
specified amount of collection effort (e.g., a 3-hour drift net
sample, or 50 sweeps with a dip net) are termed semi-
quantitative techniques (platts et al., 1983). Data from these
samples can be used for qualitative purposes, such as the
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Part II

desert streams (JoeFumish, Vale BLMDistrict. pers. comm.)
In some instances, however, moderate degradation may
allow new species to colonize a site while not excluding less
tolerant species (Gregoryetal., 1987). Underthesecircum-
stances species richness will be maximized, and a signifi-
cant decline will not occur until habitat degradation begins
to eliminates the less tolerant species. Hence knowledge of
the tolerance ranges of different taxa to different pollutants
is important for the proper interpretation of species richness
data. EP A has published pollution tolerance information on
most major aquatic insect orders (e.g., Harris and Lawrence,
1978; Hubbard and Peters, 1978).

Diversity indices combine species richness and relative
abundance. A variety of indices have been developed, with
the Shannon-Wiener index probably being the most com-
mon (platts et al., 1983). The use of diversity indices for
detecting environmental stress has been criticized because

they:

feeding group. Larger subsamples (200 or 300 organisms)
can be sorted, but they have not been shown to increase the
sensitivity of the procedure (EPA, 1989). The macroin-
vertebrates collected from coarse particulate organic matter
are classified as shredders or non-shredders. From these
data eight community, population, and functional feeding
group parameters are calculated. These are combined to
yield a single evaluation of "biotic integrity ," and this is
compared to the biotic integrity of a comparable, unimpaired
site ("reference station") (EPA, 1989). The particular
combination and valuation of parameters in RBP n were
developed from a single field study in North Carolina (EP A,
1989), although several of the individual parameters have
been derived from previous studies.

RBP ill, a more detailed protocol for benthic macroin-
vertebrates, is very similar to RBP n, but requires identifi-
cation to the genus or species level. The more precise
valuation of the eight metrics allows four levels of impair-
ment (severe, moderate, slight, and no impairment) to be
distinguished. Again validation is based on a field study in
North Carolina and the use of similar procedures in other

studies (EPA, 1989).
Before the Rapid Bioassessment Protocols are imple-

mented in EP A ' s Region 10, further study is recommended

to determine if:
1. riffle/run habitats adequately characterize the "bio-

logical integrity" of a stream reach and accurately
determine impairment,

2. a subsample of 100 macroinvertebrates is sufficient to
characterize the riffle/run community,

3. classification to the family level is sufficient in RBP

n,
4. the pollution tolerance data developed for species in

other areas are applicable to Region 10, and
5. the selection and combination of the possible metrics

used to obtain the biotic integrity are relevant and
appropriate in all cases.

Once these methodological questions have been answered,
the different protocols must be validated in the different
ecoregions of the Pacific Northwest and Alaska.

Standards

The principal objectives of the Clean Water Act are "to
restore and maintain the chemical, physical and biological
integrity of the Nation's waters" (Section 101). Current
water quality programs focus on chemical integrity and, to
a lesser degree, on physical integrity (EPA, 1990). It is
becoming apparent, however, that chemical criteria do not
always protect biological integrity, even though the water
quality criteria for parameters such as pH and dissolved
oxygen are based in part on the sensitivity of aquatic mac-
roinvertebrates (part I, Section 1.4; EPA, 1986b). The
inadequacy of chemical and physical criteria to protect
biological integrity is particularly true for nonpoint source

1. do not incoIporate any trophic community structure,
2. exhibit considerable variation even in undisturbed

sites,
3. may be insensitive to disturbance, and
4. are insensitive to the ecological differences between

sites (e.g., Pielou, 1975; Zand, 1976).
Various biotic indices have been developed to capture

more of the complexities of natural populations. The Biotic
Condition Index (BCI) incoIporates stream habitat, water
quality, and environmental tolerances of aquatic insects
(Winget and Mangum, 1979). Tolerances have been esti-
mated or determined for several hundred aquatic insects.
The BCI is based on the mean tolerance of the aquatic
insects predicted for a site divided by the actual mean
tolerances of the aquatic insects found on the site. This
method has been used extensively by the Forest Service and
the Bureau of Land Management in the Western U.S.

In an effort to provide state governments with a cost-
effective integrated biological index, EP A developed five
Rapid BioassessmentProtocols (RBP) (EP A, 1989). Proto-
cols I, II, and III use benthic macroinvertebrates to assess
water quality impairment; protocols IV and V use fish. RBP
I relies upon the qualitative abundance of different
macroinvertebrate taxa and professional judgment to deter-
mine whether water quality is impaired or unimpaired. It
was designed as a quick method to screen different sites

(EPA,1989).
Rapid Bioassessment Protocol II (RBP II) is a more

intensive and systematic procedure intended to distinguish
among three categories of water quality (non-impaired,
moderately impaired, and severely impaired). Separate
collections of macroinvertebrates are obtained from riffle/
run areas and coarse particulate organic matter. To reduce
sample processing time, a loo-organism subsample is ran-
domly sorted from the composited riffle/run samples. Each
organism in this subsample is classified to the lowest taxo-
nomic unit (order, family or genus) and functionally by

~
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Part II

parameters are briefly discussed in the following sections,
as are the specific techniques which pertain to the use of fish
for water quality monitoring.

effects will vary by species and age class. In some cases
adverse effects on one species may benefit another species.

The complexities of these interacting physical and bio-
logical effects makes it very difficult to predict the effects of
forest harvest or other management activities. The adoption
of increasingly stringent BMPs and forest harvest regula-
tions, particularly in the riparian zone, means that the simple
characterizations applied in the past may no longer be
appropriate. The detailed, long-term forestry-f1Sheries
studies cited above have demonstrated the need to evaluate
impacts by species and life cycle stage, and not rely on
single, broad measures such as the total number of fish ( e.g.,
Hartman et al., 1987).

Most of the links between management activities,
physical and biological change, and effects on fish are
discussed in the context of the individual monitoring param-
eters such as temperature (Section 2.1), turbidity (Section
4.2), bed material (Section 5.6), and large woody debris
(Section 5.7). An excellent review of forestry-fisheries
interactions can be found in Salo and Cundy (1987).

Relation to Designated Uses

Fisheries are a very important designated use in fresh,
estuarine and salt waters. Sport and commercial fishing-
primarily of salmonid species-are each worth hundreds of
millions of dollars. In many rural areas sport and commer-
cial fishing are major components of the local economy.
Fish also have important economic, cultural, and subsis-
tence values for many native Americans.

Ecologically fish are important because they represent
the higher b"ophic levels in sb"eams and lakes. Although fish
are the primary predators of macroinvertebrates, their role
in the food web varies by species and age. At certain times
fish are an important food source for terrestrial fauna such
as bears, raptors, and raccoons. Because fish are high in the
aquatic food web, they can serve as excellent indicators of
the overall physical, chemical, and biological condition of
sb"eams.

Salmonids and other large species usually have consid-
erable public appeal. A decline in, or loss of, these species
will generate considerable adverse public reaction. Spawning
areas, fish ladders, and falls with actively jumping fish may
be popular public attractions.

Salmonid species generally have the most stringent
habitat requirements. Summaries of habitat requirements
for different salmonid species can be found in Everest
(1987), Everestet al. (1985), Reiserand Bjomn (1979), and
fISheries reference books. Most monitoring activities have
focused on salmonids because of their economic impor-
lance, strict habitat requirements, and the fact that their
habitat requirements generally are better known than most
other fish species.

Response to Management Activities

Concern over the response of resident and anadromous
fish populations to forest management activities has been a
major stimulus to long-term, detailed studies on the effects
of forest management on streams. Studies in coastal Oregon
(Hall et al. , 1987), southwestern British Columbia (Hartman
et al., 1987; Chamberlin, 1988), southeastern Alaska (Gib-
bonsetal.,1987),and the Olympic Peninsula in Washington
(Cederholm and Reid, 1987) investigated the response of
the fish populations to different types and intensities of
forest management practices. An important, unifying result
of these studies is that forest management can affect a wide
variety of physical and biological parameters, including
temperature,bed material, primary productivity , peak runoff,
low flows, and macroinvertebrate populations. Each of
these changes will in turn have a series of effects on fish
reproduction, rearing, and growth. The magnitude of these

Measurement Concepts

A wide variety of techniques have been used to assess
changes in the number and condition of fish. In many cases
the links between the fisheries measurements, water quality ,
and management actions are tenuous. Since a complete
review is beyond the scope of this document, only the most
common and appropriate monitoring techniques are dis-
cussed in this section. Edited volumes by Alabaster (1977)
and Hocutt and Stauffer (1980) provide good overviews of
biomonitoring, while many of the fisheries techniques are
discussed in Nielsen and Johnson (1983).

Fish population counts or estimates probably are the
most common parameter. For anadromous fish, counts are
most often made of the number of fish returning to spawn or
the number of fish carcasses following spawning. One also
can count the number of outmigratingjuveniles (e.g., smolts)
from a particular stream or river, but this requires the use and
regular maintenance of traps, nets, or weirs. Species which
rear for many months in streams, such as coho, are much
easier to count than species which outmigrate after emer-
gence and rear in estuaries, such as chum or pink salmon.
Counts of outmigrating young provide a more specific
indication of spawning and rearing habitat productivity than
counts of resident fish or returning adults.

Transient or resident populations within a stream reach
can be counted by a variety of means (platts et al., 1983).
Electrofishing is the most common field technique (EP A,
1989), and this is discussed in detail by Reynolds (1983).
Electrofishing has the advantage of being relatively accu-
rate and efficient. It is particularly useful in areas which are
turbid or have numerous obstructions such as aquatic veg-
etation, woody debris, or undercut banks. Voltage, pulse,
and frequency adjustments are necessary for the following:
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Part II

EP A's rapid bioassessment techniques also include a
protocol, RBP IV, for quickly assessing dte general condi-
tion and trend of a particular stream reach. The assessment
is based on dte completion of a questionnaire by a qualified
fish biologist familiar widt dte stream reach under study.
Aldtough data from dte questionnaire is qualitative, it is one
way to identify reaches needing further study (EP A, 1989).

Standards

At present there are no specific standards or criteria for
fISh populations or community parameters. However, fish
do represent an important designated use in many streams
and lakes, and the broad objective of point and nonpoint
source water pollution control programs is to protect all
designated uses. Hence there is a general standard to protect
and maintain natural populations offish in unimpaired streams
and to restore fish communities in streams adversely af-
fected by management. Over the next several years, these
general standards will be formalized, as EP A is requiring the
addition of narrative biological criteria to state water quality
standards. The continuing application and refinement of
narrative criteria is intended to lead to quantitative biologi-
cat criteria within a few years (EPA, 1990).

Recently several species of salmonid fishes have been
proposed for listing as threatened or endangered by the U.S .
National Marine Fisheries Service. Under the Endangered
Species Act, a recovery plan must be prepared for each listed
species. This recovery plan could require strict habitat
protection measures as well as the direct protection of the
designated species. If deemed necessary under the recovery
plan, land management activities that might adversely af-
fect habitat quality could be precluded or severely curtailed.

3. the mobility and limited residence time of anadro-
mous species in freshwater.

The simple presence or absence of a particular fish
species may not be a particularly useful monitoring tech-
nique unless we know that it utilized the stream in d1e past
The mobility and adaptability of fish can result in a few
individuals being found even under extremely adverse con-
ditions. For example, the Mt St Helens eruption caused d1e
upper part of the ToutIe River in Western Washington to
have lethal summer temperatures, unsuitable spawning
gravels, virtually no cover, highly turbid water, and high
winter flushing flows. Yet a few anadromous fish were able
to spawn and produce offspring that successfully completed
their freshwater stage. Such examples suggest that habitat
change sufficient to cause complete loss of a species has to
occur on such a scale that monitoring becomes merely a
confinnation of d1e obvious.

In many cases a field examination by a fISheries biolo-
gist will pennit identification of the key habitat variables for
the species of interest By combining this information wid1
d1eknown or expected management impacts, one can develop
a series ofhypod1eses or questions that will point to specific

monitoring technique(s).
This implies a need to identify the causes and effects

being ascribed to forest activities, and designing d1e moni-
toring program accordingly. A carefully documented de-
cline in fish populations, for example, will only provide d1e
infonnation that a particular population is declining; for a
remedial management program to be effective, more spe-
cific infonnation is required.

In most cases it will be desirable to monitor each link in
the postulated cause-and-effect chain. Concern over fme
sediment as a limitation on spawning success, for example,
indicates d1e need to do d1e following:

1. identify fine sediment sources (perhaps only on a
qualitative or reconnaissance basis),

2. monitor changes in bed material particle size or
embeddedness (Section 4.6), and

3. evaluate spawning success.
Data on each of these d1ree components are needed to
establish a cause-and-effectrelationship. Data on the streams
or lakes of concern also should be compared to data from
unimpaired sites.

The ml shows promise as a technique to evaluate stream
condition from a variety of measurements of fish populations,
trophic structure, and species composition (Karr , 1981; Miller
et al., 1988). Application to d1e Willamette River in Oregon
required modification of both the scoring system and 5 of
d1e 12 metrics. The ml more closely corresponded to changes
in water quality and substrate than d1e simpler index of well
being (Hughes and Gammon, 1987). Furd1er work is needed
to detennine d1e most appropriate metrics and scoring sys-
tems for d1e ml by ecoregion, size of stream, and type of
pollution (Hughes and Gammon, 1987). Atd1istimemostof
the work on biolo-gical assessment and d1e IBI is focusing on

Current Uses

Some advantages of using fish for monitoring water
quality are as follows:

1. their mobility and relatively long life span allows
them to indicate broad-scale and long-term habitat
conditions,

2. their higher trophic position means that they can be
used as an integrator of changes in the lower trophic
levels,

3. they are relatively easy to collect and identify in the
field, and

4. the habitat requirements of many species are rela-
tively well known (EPA, 1989).

Disadvantages include the following:
I. the difficulty of obtaining a representative sample or

an accurate estimate of the population,
2. the variety of extraneous factors that can affect fish

populations during different life history stages (e.g.,
fISbing pressure, predation, disease ) (Hellawell, 1977;
Hocutt, 1981), and
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