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State Board of Forestry and Fire Protection

Review of Threatened or Impaired Watershed Regulations under the California State
Forest Practice Rules:

Scientific Literature of Forest Management Effects on Riparian Function for
Anadromous Salmonids:

October 2008

I. Overview Scientific Literature Review: The California Forest Practice Rules (FPRs) for
protection of watersheds with anadromous salmonid species, termed the “Threatened or
Impaired Watershed” rules (T/I rules), are

under review by the State Board of Forestry . rmmiion
and Fire Protection (Board). These rules Seaments e e s
establish requirements for Timber Harvest ... OSteclhead| _ g} CHROOK - 2 Coho
Plan disclosures and operational practices A e PoRUIRUONS B2p A5, =Gl Populations
permitted under the FPRs for commercial ) =5 AL -~

timber harvesting on private lands where " - i

state or federally listed anadromous
salmonid species (Coho salmon, Chinook
salmon and Steelhead) are present or can

be restored. The T/l rules are being S T

reviewed for determining their adequacy in .

protecting the species, meeting the Forest : \
Practice Act, and to establish permanent In California there are 10 Populations of Salmon and Steelhead
rules as the current rules expire on January Listed as Federally Threatened or Endangered with Extinction
1, 2010.

The Board's Forest Practice Committee will conduct the review and has drafted a rule review
process. (see Appendix 1 Or http:.//www.fire.ca.qov/ICDFBOFDB/pdfs/TI_ReviewProcess 042108.pdf ).

The review process involves evaluating groups of similar rules against specific criteria. Central
to the review is evaluation of the rules with current science literature. The FPC intends to
complete the review by March 2009. Following the review the Board will begin any regulatory
amendment procedures. Final adoption of any regulatory amendments would be completed by
October 2009.

Information from current scientific literature on forest management effects on salmonids is an
important part of the T/l rule review process because the Board intends to make its regulatory
amendment decisions based on credible and current science. To facilitate the understanding of
current science, the Board conducted a review of recent scientific literature on forest
management effects on riparian zones that support anadromous salmonids. The Board
commissioned a highly qualified consortium of contractors, Sound Watershed Consulting, to
conduct the literature review. The literature review resulted in summaries of literature reviewed,
answers to “Key Questions”, and a synthesis of literature review findings for riparian functions.
The Board will use these results to evaluate the existing rules and the effects of commercial
timber operations on anadromous salmonids.
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The literature review can be found at: http://www.soundwatershed.com/BOF.htm

(More background information on the literature review can be found at
http://www.fire.ca.qgov/CDFBOFDB/board/board proposed rule packages.aspx under topic Threatened
or Impaired Watersheds (T/I) Literature Review

The literature review process was a pilot for developing science-based information for regulation
development. It was intended to be highly transparent involving stakeholders, scientists, and
other responsible government agencies. The process is intended to be a model for future
projects, help minimize total life cycle cost of regulatory implementation, and improve protection
of salmonids.

Il. Technical Advisory Committee: The Board has appointed a Technical Advisory Committee
(TAC) to serve as its scientific advisors during the literature and its presentation to the Board.
The TAC was appointed in September 2006, and was selected from a wide range of world-
renowned scientists from universities, public agencies and private consultants from the west
coast of the USA. Board member Gary Nakamura of UC Berkeley Extension Services was
appointed Chair of the TAC, to oversee the TAC, lead decision-making, and contribute to the
scientific discussion. The Board assigned Christopher Zimny, Board staff person and CAL FIRE
Regulations Coordinator to the TAC. Primary duties for staff were to organize meetings,
facilitate TAC members’ needs, document TAC products, prepare contracts, ensure contractual
obligations were met, and be the contractor’s sole point of official contact. Listed below are the
TAC members:

Ms. Charlotte Ambrose, Biologist, National Marine Fisheries Service, Santa Rosa. Ms. Ambrose is the
North Central California Coast Recovery Domain Coordinator and is responsible for the development of
federal recovery plans for chinook, coho salmon and steelhead. She is currently the NMFS liaison to the
Board of Forestry and has been working on forestry issues for NMFS since 1999.

Mr. Curt Babcock, Senior Environmental Scientist, California Department of Fish and Game, Redding.
Mr. Babcock is the Supervisor the Northern Region Timberland Conservation Program.

Dr. Marty Berbach*, Wildlife Biologist, California Department of Fish and Game, Sacramento. Dr.
Berbach is the DFG liaison for forestry practices, has worked on forestry issues since 1991 and is
currently specializing on forest bio-politics. (*Currently with the Department of Water Resources).

Mr. Pete Cafferata, Forest Hydrologist, California Department of Forestry and Fire Protection,
Sacramento. Mr. Cafferata, a Registered Professional Forester, is the lead staff person for the Board of
Forestry and Fire Protection's Monitoring Study Group, which has developed several programs to
evaluate the effects of timber operations on water quality in California.

Dr. Ken Cummins, Professor Fishery Biology, Humboldt State University, Arcata. Dr. Cummins is the
Co-Director, Institute for River Ecosystems, and Senior Advisory Scientist for the California Cooperative
Fishery Research Unit.

Dr. Brian Dietterick, Professor Hydrology and Watershed Management, California Poly State University,
San Luis Obispo. Dr. Dietterick is the Director of the Swanton Pacific Ranch of the College of Agriculture
and Natural Resources.

Dr. Cajun James, Principal Research Scientist for Sierra Pacific Industries, Whitmore. Dr
James is conducting long-term watershed research studies in the Sierra Nevada and Southern Cascades
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to determine the effectiveness of different riparian buffer characteristics on biological diversity, near
stream microclimate, and water quality.

Mr. Gaylon Lee, Senior Engineering Geologist, State Water Resources Control Board, Sacramento. Mr.
Lee is the SWRCB liaison for forest and rangeland practices, and has worked on forestry issues since
1986. He led initiation of the State's program to monitor implementation and effectiveness of non-Federal
forest practices.

Mr. Gary Nakamura, TAC Chair, Forestry Specialist, University of California Cooperative Extension,
Redding. Mr. Nakamura is Co-Director of the UC Center for Forestry, which serves forest landowners,
professional foresters and resource managers, teachers, students, and interested publics with an array of
forestry education programs. Mr. Nakamura is Registered Professional Forester.

Dr. Sari Sommarstrom, Watershed Scientist, Sari Sommarstrom & Associates, Etna. Dr. Sommarstrom
has consulted on a variety of watershed subjects since 1976, with one specialty being in sediment-related
effects and mitigations.

Dr. Kate Sullivan, Manager of Hydrology and Aquatic Sciences, Humboldt Lumber Company, Scotia. Dr.
Sullivan leads the watershed science and monitoring programs on Humboldt Lumber Company lands in
Northern California.

Dr. William Trush, CEO and Senior Ecologist, McBain & Trush Inc., Arcata. Dr. Trush is an adjunct
professor to the Humboldt State University Fisheries Department, directs a stream restoration plan for Los
Angeles Department of Water and Power, and is a member of the County of Humboldt Extraction Review
Team.

Dr. Michael Wopat , Senior Engineering Geologist, California Geological Survey, Redding. State-
registered Professional Geologist, State-Certified Hydrologist and Engineering Geologist (CEG). Dr.
Wopat has been the CGS member of the Redding Inter-Agency THP Review Team since 1999, focusing
mainly on issues related to geomorphology (mass movement and erosion) and hydrology.

Mr. Christopher Zimny, TAC staff, Sacramento. Mr. Zimny is the Regulations Coordinator for the
California Department of Forestry and Fire and is a staff person for the Board of Forestry and Fire
Protection .

The TAC'’s purpose and actions were established by the Board in “Charter” established on
October 26, 2006 (See Appendix 2). Fundamental to the Charter was the establishment of
values and groundrules for the TAC. These included:

= Focusing on science issues, not regulatory or policy issues;

= Obijectively serves the Board and the public’s interest, with recognition of the need
for a balanced evaluation of relevant scientific literature;.

= Work together in a collegial manner, seeking consensus on matters reported to the
Board.

The TAC'’s primary charge was to organize the literature review, ensure the literature review is
adequately completed, and advise the Board on its findings. Specific actions by the TAC include
recommendations for the development of the contract Scope of Work (SOW) and Key
Questions, preparation of the initial list of literature to be reviewed, and development of
background “Primers” for each riparian function that establishes a baseline of past science
information. The TAC works through the Board Contract Representative to provide this
technical assistance and oversee successful completion of the literature review.
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The TAC met approximately 25 times as a team in ether team meetings in Redding or
Sacramento or via conference call. All meetings were open and available for public
participation, and officially noticed to a wide group of stakeholders to encourage participation.

Vital leadership and work products were provided by the
TAC leading to the delivery of the final SWC literature
review. Of great value to the Board was the development of y
the existing background knowledge of science on forest o

management effects on riparian function called “Primers”. Riparion Exchanges Ralated to
i Forest Man ent in the

(See Appendix 3) e e

Over the past 40 years, an extensive and rich scientific oo Prepedbythe

literature has developed regarding all aspects of the e efthe

. . . . . . . California Board of Forestry and Fire

interaction of riparian forests with streams and their biota. Protection

There are many widely understood and non-controversial
points of understanding that represent the state of
knowledge of riparian forest management. There remain May 2007
aspects of the physical or biological processes that are less
well understood, as well as regional patterns pertinent to
California that are not as well documented.

In view of the scientific history, the TAC has developed a set of “Primers” for each riparian
function that provides a summary of the general status of knowledge of transfers between the
biotic and abiotic factors within streams and their adjacent forests. These Primers are intended
to set forth the generally agreed upon scientific understanding of forest management effects on
the Riparian Exchange Functions. They are themselves a resource to the Board in its
consideration of the T/l rules. With the Primers accepted as the basis for understanding, the
literature review by the Contracting Entity can focus on elements of these topics that are less
well studied, explore unresolved questions or management relationships, and present on
information that pertains specifically to California forests, streams, and biota. The TAC's task in
this regard has been made easier by several excellent and comprehensive review articles that
have been published on these subject areas in recent years.

In addition to the Primers representing the TAC’s consensus opinion of current widely accepted
knowledge of forest management effects on the Riparian Exchange Function, they are a
baseline information report to minimize review of literature that is well understood. The Primers
were also used to generate “Key Questions”. Key Questions were developed when there is not
broad consensus or widely accepted knowledge on the relevant topics. See list of Key
Questions in Appendix 4.

Finally, the TAC has been documenting points of general interest and TAC member
observations regarding the TAC scope and process in a “Meta Primer”. The Meta-Primer is a
repository for issues and comments outside the scope of the TAC riparian zone forest
management practices, providing context for the literature review and TAC process This Meta
Primer will be part of the TAC's final report to the Board, providing context for this literature
review effort.

The value and expertise brought to the Board by the TAC members can not be understated.
The TAC worked tirelessly, with the sole intention of providing quality scientific information to
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the Board. The project simply could not have been completed without them. The success of
the pilot model established by the TAC highly validates the need for future scientific review team
to support Board decisions.

lll. Literature Review Request for Proposal (RFP), contracting consultants, and contract
implementation

RFP: The TAC guided the Board in developing a RFP that would lead to a literature review
focused on forest management effects on five “Riparian Exchange Functions” that support
anadromous salmonids in California. Use of the Riparian Exchange Function concept
recongnizes that riparian areas support continuous ecosystems processes and function, and
these functions change in response to biotic and abiotic inputs. While these functions are all
connected processes in the riparian ecosystem, focusing on effects to specific functions
provides a manageable format for review and analysis of scientific literature.

The five Riparian Exchange Functions follow:

Biotic and Nutrient
Coarse Woody Debris
Heat

Sediment

Water

Focusing on forest management effects on riparian function was given priority by the Board
because of the potential direct impacts to salmonids that can occur from operations in riparian
zones: tree harvesting in buffer strips, equipment encroachment, road crossings, buffer strip
surface vegetation disturbance from site preparation or prescribed burning, riparian restoration,
and water drafting. Additionally, the existing T/I rules have substantive prescriptive requirements
for these activities and ensuring the rules adequately protect the species, are enforceable and
do not unreasonably burden landowners is a primary goal for the rule review.

Although the literature review focuses on forest management effects directly associated with or
occurring in riparian areas, the Board recognizes the need for reviewing other literature that
informs on forest management effects on salmonids. Literature that addresses upland
harvesting, cumulative effects, monitoring, geologic stability, and forest roads are all pertinent
for this rule review. However, while literature on these factors would provide valuable
information for protection of salmonid species, the extensive breathe of literature needed for
review these topics are currently beyond the financial capacity of the Board.

The literature review RFP was focused on accomplishing by the contractor several “Tasks” as
follows:

Task 1. Review of Primer and assess preliminary list of literature
Task 2 Conduct literature review

Task 3 Provide a synthesis of literature reviewed

Task 4. Present final project and participate in technical forum.
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Detailed information on the Tasks as presented in the RFP is shown below:
Administrative

Meet with Board representatives by phone or in person periodically during the contract at
an estimated rate of two times per month for purposes of Project coordination, progress
check, and quality control. The principal scientific expert(s) (Proposer, Proposer’s
employee, or any subcontractors) are required to complete at least 90% of the following
Tasks. Proposal should clearly indicate that expert will be assigned time to complete at
least 90% of the Tasks.

Task 1. Identify and obtain relevant literature to be reviewed.

The goal of this Task is to ensure that a comprehensive compendium of literature is
obtained and reviewed and all literature is relevant to the goal of the Project. The Board
intends to include a wide breadth of literature as part of the review. This includes peer
reviewed, nonpeer reviewed (certain gray literature including monitoring results, pilot
projects, resource assessments, and conference proceeding etc.), and master’'s and
doctoral research.

Additionally, the TAC found it necessary for efficiency to narrow the potential scope of
literature to be reviewed. To help this goal, the TAC has written a “Primer” of well
agreed upon scientific information regarding the riparian function which is intended to
provide a starting point for literature review. The Board does not want to review
literature that has wide consensus among professionals. The purpose of the Literature
Review is to review articles that contribute knowledge to topics for which there is not well
agreed upon scientific information. By establishing a “starting point’ the Board desires to
avoid reviewing unnecessatry literature, and focus on literature that reveals new findings,
refutes conventional knowledge, or supports hypotheses.

Task 1.1 Review the Primer for the respective riparian function. Provide suggestions for edits
that clarify, refute, or add relevant information contained in the Primer. Upon
approval by the Project Representative, revise the Primer to reflect changes.

Taskl.2  Prepare a written assessment of the preliminary lists of literature compiled by the
Board for each Riparian Exchange Function. The assessment shall address
completeness, relevance and adequacy towards meeting the goal of the Project, and
contribution towards answering the Key Questions. Identify any listed literature that
is not relevant to the Project Goal. Use the: Literature Screening Criteria (see
Appendix 6), for selecting articles and provide written documentation of criteria used
for inclusion or exclusion of articles. The assessment should use the revised Primer
as a basis for addressing the completeness of the list.

Task 1.3  Provide any additional literature up to 10% above those initially listed

Task 1.4 Meet with TAC to finalize initial list of literature to be reviewed. (Appendix 5)
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Task 2. Perform review of scientific literature

The Goal of this Task is to perform review of scientific literature identified in Task 2
(Identify and obtain relevant literature to be reviewed) for each Riparian Exchange
Function. The literature review documentation should focus on providing answers and
information for the Key Questions for each riparian function (see Appendix 4). Key
Questions are generally formatted with “overarching Key Questions” followed by “sub-
Key Questions”. The sub-Key Questions are written to generate detailed answers for
specific components of the overarching Key Question.

Task 2.1 Review the literature for each article listed in the initial list of articles (See Appendix 5)
and document the review as shown on the Literature Review Form. Focus on
providing answers and information for the Key Questions for each riparian function.

Task 2.2 Provide a compilation of all literature reviews in written and CD format.

Task 3: Provide a synthesis of literature reviewed for each Key Question.

The required literature reviews outlined in Task 2 will result in many articles individually
reviewed for each Key Question for each Riparian Exchange Function. To help the
Board better understand the full breath of the articles reviewed, the Proposer will provide
a synthesis of all articles reviewed for each Key Question under each Riparian
Exchange Function.

Task 3.1 Provide all findings and conclusions from articles reviewed for each Key Question.
Include the contractor’s statement, perspective and conclusions, supported by the
literature reviews in this project, on the status of scientific knowledge for the Key
Question. Such conclusion would include appropriate management action for
riparian buffers widths necessary to ensure proper function and other management
actions valuable to sustaining riparian functions.

Task 3.2  Extent to which literature findings lead to a uniform conclusion, and are consistent or
inconsistent with each other.

Task 3.3 Extent to which aggregate literature findings are generally reliable and specifically
applicable to the Key Question.

Task 3.4 Topics or answers to Key Questions for which additional research is needed to better
answer questions or achieve Goal of Project.

Task 3.5 Provide a compilation of all Literature Review Forms in written and CD format.

Task 4: Prepare and present final submission of all Project Tasks

Task 4.1  Upon completion of the Project, provide two printed copies and CDs of the entire
project deliverables. The completed project report shall have and be organized with
a cover, table of contents, Executive Summary and all other required deliverables.

Task 4.2 Upon completion of the Project, report in person, as assigned, on the outcome of the
Project. The oral presentation shall include a written Executive Summary of the
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entire Project; overview of the methodology used by the Proposer, summary of Task

3.

Task 4.3 Appear in person, be available to respond to questions, and participate in the Board’s
“Technical Specialist Forum”. Attendance at the Forum will be limited to an 8-hour

period.

The “Request for Proposal” was initially competitively
advertised in July of 2007, but bids were rejected by
the Board due to expense of bids and lack of
appropriate expertise assigned to Tasks. The RFP was
reformulated to reduce costs, clarified the requirement
for specific expertise, and resolicited in December
2007. The contract was successfully awarded in April,
2008, and completed in September, 2008. The
California Department of Forestry and Fire Protection
(CAL FIRE) provided the funding for the contract which
totaled $126,000. The awarded Sound Watershed
Consulting (SWC) Request for Proposal is found in
Appendix 7.

Consultants: The science literature review was
contracted to Sound Watershed Consulting of Oakland,
California, led by Mike Liguori, who has assembled a
team of highly qualified experts. The consulting team
consists of Dr. Doug Martin, a fisheries biologist who is
the active co-chair of the Washington State Forest
Practices Board Science Committee; Dr. Bob Coats, a
hydrologist with long-term research interests in
hydrology and ecological effects of land management;

Sound Watershed Consulting @

Sustaining Land-Use and Stewardship

1

Forestry & Fire Protection
Scientific Literature Review
RFP# 8CAO0OO10

Proposal for California Department of

Prepared by: |-

| Sound Watersked Consulting
I 2201 Melvin Road
: Oakland, CA 94602
(510 927-2099

dwatorshed.

and Dr. Lee Benda, a world-renowned geomorphologist with extensive knowledge of forest
landscapes in California. A full discussion of the contractors backgrounds are found in
Appendix 7: Sound Watershed Consulting Request for Proposal, November 2007.

The SWC methodology for the review of the literature was based on a collaborative approach.
The team reviewed nearly 200 recent science articles, including 150 articles identified by the
TAC and nearly 50 others identified by the contractor that added context to the Key Questions.
Members of the contracting teams divided the riparian functions articles among team members
according to the member’s primary scientific specialty. SWC members read articles, drafted
initial responses to Key Questions and, as a group, edited draft work products for the TAC and

BOF contracting representative’s initial consideration.

SWC also developed, presented and discussed with the TAC and the BOF representative
various methodologies to complete the synthesis of the literature review articles (Task 3). The
TAC, BOF rep and SWC agreed upon developing the literature synthesis that represented the
important conclusion of all article across all functions instead of across a single function. This
presentation method was deemed preferable as much of the literature overlapped several
riparian functions, as would be expected as the various riparian function are all part of an

integrated ecosystem process.

Staff Report:
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Other critical decisions for the presentation of literature review findings were related to highlight
the inferences for forest management”. SWC surmised and the TAC/BOF rep agreed that it was
important to highlight what implication the research papers have for guiding specific
management activities. Consequently, each individual literature review function contains a
section on “inference for forest management” or otherwise contains a specific key question on
this topic.

Contract implementation: The Board representative and the TAC met for initial project
discussion in April of 2008. By June 2008, SWC had begun submitting draft task related to
Primer reviews and identification of additional literature. The TAC and contractor worked to
ensure the additional literature met the “literature screening criteria” established in the RFP to
ensure all literature was credibly science based and relevant to the purpose of the review.

During July to September 2008, SWC submitted its initial draft literature reviews for each
function. After much deliberation, the TAC developed a “ground rule” that established a process
for reviewing SWC literature review products and communicating comments and potential edits
for inclusion to the documents. The ground rule involved having each TAC member develop
“Priority” comments and more detail comments that supported the priority comments or were
suggestions that would improve information to the Board. The individual comments were
assembled into a consolidated TAC response for SWC by the TAC subcommittee chairs that
were assigned to develop the five Primers. Consolidated comments were then discussed
among the entire TAC, consensus was reach as to the detail, tone, and priority of the
comments, and BOF contract representative forwarded comments to SWC as the official
comment of the TAC.

Official comments to SWC were offered as suggestions. SWC was directed to include or
consider the comments at its discretion. In other words, the incorporation of the TAC comments
was not required contractually. Thus the TAC determined that it was providing comments to
improve the validity and clarity of the SWC documents, but that the SWC documents were
ultimately the contractor’s review and interpretation of the literature and was solely their
conclusions drawn from the literature.

Presentation of Literature Review findings: The findings from the literature review will be
presented by SWC to the entire Board as part of the contract requirement. The contractor will
discuss his methodologies, some of the major findings for each riparian function, and discuss
implications for forest management across all the functions. The presentation is scheduled for
October 8, 2008.

Technical Expert Forum: The Board determined the need for a public meeting to have outside
experts and the public discuss the results of the scientific literature review. This meeting is
termed the “Technical Expert Forum” (TEF). The TEF will provide the opportunity for invited
experts to provide their perspectives on the literature review and its findings. It will also provide
an opportunity for the public to voice their prospective and ask questions of the SWC. The
primary goal of the TEF will be to have outside scientists and the public identify strengths and
weaknesses of the existing science and areas of agreement/disagreements with the literature
review findings. The TEF will be held on October 23, 2008. Attending science experts include
the following:
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Dr. Lee Benda, Research Scientist, Earth Systems Institute, Mt. Shasta, California. Dr. Benda’s focus is
watershed morphology and sedimentology and studying the dynamic interactions between terrestrial and
riverine landscapes. Dr. Benda has been a leader in the development of interdisciplinary analytical tools
and watershed analysis methods that can be used to investigate the naturally dynamic behavior of
watersheds and human's interaction within it.

Dr. Robert Beschta, Licensed Professional Hydrologist and Professor Emeritus, Oregon State University,
Corvallis, Oregon. Dr. Beschta’s has research interests in hydrologic effects of forest and rangeland uses,
water quality stream temperatures, riparian area management and channel morphology, and restoration
of riparian ecosystems

Dr. George Ice, National Council on Air and Stream Improvement Inc, Corvallis
Oregon. The National Council for Air and Stream Improvement is an independent,
non-profit research institute that focuses on environmental topics of interest to the
forest products industry. Dr Ice is a principal scientist and program manager for NCASI.
He is currently involved in forest riparian research in Minnesota, Texas, Oregon, and
Idaho.

Dr. Thomas Lisle, Research Hydrologist, US Forest Service Pacific Southwest
Research Station, Redwood Sciences Laboratory, Arcata, California Dr. Lisle is the
team leader for project and programs on cumulative effects of forest management on
hillslope processes, fisheries resources and downstream environments.

Dr. Lee MacDonald, Professor, Department of Forest, Rangeland and Watershed
Stewardship, Warner College of Natural Resources, Colorado State University, Ft.
Collins, Colorado. Dr. MacDonald’s research focuses on the effects of forest
management, fire, and roads on runoff, erosion, sediment yields, and stream channel
characteristics . He is widely published and has achieved national and international
recognition for his work throughout the U.S., Europe, Asia, and the Pacific. He has
strong ties to California achieving his B.S. at Stanford, Ph.D. at U.C. Berkeley, and
has been working on erosion and sediment delivery issues in the Sierra Nevada.

Dr. Mary Ann Madej, Research Geologist, US Geological Survey, Western Ecological
Research Center, Redwood Field Station, Arcata, California. Dr. Madej is currently
station leader conducting studies on geomorphic effects of floods, redwood
regeneration in disturbed riparian zones, slope stability analysis, stream temperature
monitoring, the effectiveness of road restoration techniques, as well as continuing work
on sediment transport and channel monitoring. Dr. Madej is also in Adjunct Professor
at Humboldt State University.

Dr. Gordie Reeves, Research Fish Biologist, Aquatic and Land Interaction Program, USDA Forest
Service, Forestry Sciences Laboratory, PNW Research Station, Corvallis, Oregon. Dr. Reeves's research
focuses on the impact of land management practices in juvenile anadromous salmonid and trout
freshwater habitats, dynamics of aquatic ecosystems and the role of disturbances, and development of
monitoring plan. He has participated in several efforts that evaluated options for managing federal lands
in the Pacific Northwest and Alaska and was co-leader of the aquatic group of FEMAT. Dr. Reeves is
also a courtesy professor at Oregon State University and Humboldt State University.
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Process for Threaten or Impaired Watershed Requlations Review?

Staff Proposal April 21, 2008
For Consideration at the May 6, 2008
Forest Practice Committee Meeting

Executive Summary: California Forest Practice Rules related to protection of watersheds with
anadromous salmonid species, termed the “Threatened or Impaired Watershed” rules (T/I
rules), are under review by the State Board of Forestry and Fire Protection. The T/l rules are
being reviewed for determining their adequacy in protecting the species, meeting the Forest
Practice Act, and to establish permanent rules as the current rules expire on January 1, 2010.

The Board's Forest Practice Committee will conduct the review and has drafted a rule review
process. The review process involves evaluating groups of similar rules against specific criteria,
including current science literature. Each of the five rule groups would have at least three public
meetings, one per month:

Meeting sequence

Month #1 Month #2 Month #3
Meeting #1 for rule group Meeting #2 for rule group Meeting #3 for rule group
Initial FPC regular Meeting Stakeholder Meeting FPC regular Meeting

Review of current scientific literature is important part of the rule validation process. To facilitate
an expedited review of science literature, submission by stakeholders of

science literature related the non-riparian sections of the T/l rules should be delivered to the
Board by May 2, 2008.

The FPC intends to complete the review by January 2009. Following the review the Board will
begin any regulatory adoption procedures. Final adoption of any regulatory amendments would
be completed by October 2009.

Background: In 2000, the California Forest Practice Rules were amended by the State Board
of Forestry and Fire Protection (Board) in 11 rule sections for protection of watersheds with
anadromous salmonid species. They were termed the “Threatened or Impaired Watershed”
rules (T/I rules) and included rules for projects in watersheds listed as impaired under the 303(d)
listing process. These rule changes were done in part as a response to National Marine Fishery
Services deliberations on listing steelhead species. They apply to commercial forest harvesting

! Threaten or Impaired Watershed Regulations is board designated term for a suite of regulations within
the California Forest Practice Rules that address requirements for protection of anadromous salmonid
species during timber harvesting operations. See Appendix 1 for the list of relevant regulations.

Appendix 1. Page 2 of 14
Staff Report:
Scientific Literature Review of Forest Management Effects on Riparian Functions for Anadromous
Salmonids

October 2008



operations on private land and State Forest in any watershed where listed anadromous
salmonids are found.

Since their adoption in 2000, these regulations have been modified and extended through Board
action four times and are currently set to expire on December 31, 2008. Board rulemaking
action extending the rules for an additional year was noticed on April 11, 2008. Minor
amendments were made to these rules in 2006 regarding plan review requirements.

Substantive provisions of the T/I regulations were adopted by the Board in 2007 for facilitating
incidental take of coho salmon through DF&G 82112 regulation in a separate regulatory action.
The rules adopted in 2007 apply only to coho salmon watersheds, which are subset of the T/I
rules geographic area, and they do not have an expiration, or “sunset” date.

The T/l rules have not been comprehensively reviewed since their inception. Such a review is
statutorily required under Public Resource Code 4553. The Board intends to review the existing
all anadromy T/I rules for purposes of determining their adequacy in protecting the species and
meeting other goals under Article 1 of the Forest Practice Act. To facilitate at this review the
Board to date has

1. appointed a Technical Advisory Committee to oversee a contracted review of current
scientific literature on forest management effects on the riparian zone of anadromous
salmonid fisheries.

2. directed staff to design an additional review process to facilitate review of the T/I rules
beyond direct effects in the riparian zone.

3. appointed other groups including the Monitoring Study Group and the Road Rules
Committee to in part provide information on forest management effects on anadromous
salmonid fisheries.

4. received testimony at Board meetings from state and federal agencies regarding the
adequacy of the forest management regulations, specifically the Threatened or Impaired
watershed regulations.

5. adopted “coho specific” regulations for take under CESA in 2007 in cooperation with
Department of Fish and Game.
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Project Goals:

e Conduct a review of the existing all anadromy T/l rules for purposes of determining
their adequacy in protecting the species and meeting other goals under Article 1. of
the Forest Practice Act.

¢ Conduct and complete review consistent with this review process.

o Following completion of review, develop regulatory amendments as needed.
o Completed rule amendments for regulatory noticing action on March 2009.
¢ Finalize adoption of modified regulations by Board in September 2009.

¢ Rules would become effective on January 2010.

o Develop regulations, when consistent with the Board’s authorities, that support other
regulatory agency needs (Regional Water Boards, DFG, NMFS)

¢ Rules adopted shall be permanent with no expiration date.

General information:

e A review process, described below, is established to ensure a uniform and complete
review of the T/l rules. The Board’'s Forest Practice Committee will conduct a
review consistent with this process.

¢ Routine public stakeholder and agency workshops would be held to review each
rule section. Stakeholder comments will be accepted at any time during the rule
review process or the official regulatory noticing period.

e Public stakeholder meetings will be held to review each T/ rule or rule group. The
meetings will be formally noticed in accordance with the open meeting act
requirements. Notice will include e-mailing or hardcopy mailing to a Board prepared
stakeholder list and posting on the Board web site.

e Forest Practice Committee members, and other Board members, will attend
stakeholder meetings and provide direction and to ensure proper decorum.

e The Forest Practice Committee wishes to obtain consensus opinions and
recommendations from stakeholders when possible. Non-consensus opinions shall
be noted in minutes.

e Forest Practice Committee will consider whether to apply any recommendations
coming from the T/l rules to the recently adopted “coho” regulations.
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e Forest Practice Committee will review progress of rule review at each regularly
scheduled meeting.

e Responsible agencies will be contacted inviting their participation and comments
prior to review of any T/l rule.

o All staff information background articles and meeting minutes shall be posted on the
board web in a highly visible link on the front page of the web site.

e T/l current organizational format will be retained when possible and preferred, with
consideration from road rule committee suggestions.

Review process: See Flow Chart in Appendix 2

1. Rule groups: T/l rules as are currently displayed in the Forest Practice Rules will be
grouped according to similar topics (see Appendix 3).

2. Time frame: FPC will adopt a time frame/schedule to review groups of rules. (See
Appendix 4 Rule Review Time Frame). Discussion and review of any T/I rule within a group
may be extended beyond the time frames established for its review, as directed by the Forest
Practice Committee. Rules will be reviewed sequentially or concurrently if necessary or logical.

3. Meetings: Each rule section or group of rule sections will have at least three review
meetings: two Forest Practice Committee meetings and one stakeholder meeting. Each
meeting will have one month between meetings.

Meeting sequence

Month #1 Month #2 Month #3
Meeting #1 for rule group Meeting #2 for rule group Meeting #3 for rule group
Initial FPC regular Meeting Stakeholder Meeting FPC regular Meeting

The number and content of meetings for each rule group at a minimum includes:

Meeting #1 (regular FPC Meeting): An initial introductory meeting at the Forest Practice
Committee regularly scheduled monthly meeting. Groups of rules will be presented at the initial
introductory Forest Practice Committee meeting. At a minimum, the meeting will include

a. the text of the Forest Practice Rules being reviewed,;

b. public comments and revision suggestions received to the Board as of date of FPC
meeting;

c. supporting technical papers and science reports presented to Board staff and/or
assembled by the Board staff;
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d. assignment of technical assistance teams, including any science review team such
as the TAC;

e. direction from FPC on relevant key questions for science review and identification of
“rule review criteria”; and

f. new public comment.

Meeting #2 (Stakeholder Meeting): A stakeholder meeting conducted before the next
regularly monthly Forest Practice Committee meeting. This meeting will be held on the Monday
prior to the regularly scheduled Tuesday Forest Practice Committee meeting. Forest Practice
Committee members will attend to the extent possible stakeholder meetings. Stakeholder
meeting will include at a minimum:

a. presentations of a report from technical review teams;

b. evaluation of “rule review criteria” stated in this charter applicable to the rule section;
and

d. public input.

Meeting # 3 (regular FPC meeting): A concluding meeting at the next regularly scheduled
Forest Practice Committee meeting following the first meetings described above. The final
meeting would include:

Q

. staff update to the Forest Practice Committee on previous meetings;
b. completion of any items held over from previous two meetings;

c. draft rule proposals;

d. public input; and

e. Forest Practice Committee decisions or recommendations.

Stakeholders meetings will be formally noticed to the BOF contact list established for the
project. Individual invitations will be offered to responsible agencies including the Central Valley
Regional Water Quality Control Board, National Marine Fisheries Service, Department of Fish
and Game, Central Coast Regional Water Quality Control Board, North Coast Region Quality
Water Control Board, and State Water Quality Control Board.

4. Technical review and science literature submissions: Science, policy, legal, regulatory
or other types review will be conducted as part of the overall T/l. Review requests will be
identified and assigned by the FPC to the Technical Advisory Committee (TAC) or other
group (i.e. Monitoring Study Group, road rules committee, interagency mitigation and
monitoring program, legal counsel) at each initial FPC meeting. See
http://www.fire.ca.qov/CDFBOFDB/pdfs/TI_ReviewProcess 042108.pdf

The TAC will be reviewing additional science literature on T/l rules that are not related to
riparian buffer function (literature on riparian buffer function is already being reviewed as part of
the contracted literature review contract.). FPC will be specific in terms of the nature of the
topics requested for non-riparian science review and will provide key questions for which
science review is requested.
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To facilitate an expedited review of technical science literature, submission by
stakeholders of science documents should be delivered to the Board by May 2, 2008.

Literature should be submitted to the following address:

Board of Forestry and Fire Protection
Attn: Christopher Zimny

Regulations Coordinator

P.O. Box 944246

Sacramento, CA 94244-2460

or hand delivered to:

Board of Forestry and Fire Protection
Room 1506-14

1416 9" Street

Sacramento, CA

or sent via facsimile to:
(916) 653-0989

or sent via e-mail a to:
board.public.comments@fire.ca.gov

Evaluation of technical information provided by any technical assistance teams will be
conducted and presented to FPC prior to any decision/recommendations. Science review
teams will focus on assessing certainty of existing science and report back on both certainty of
findings and those with less certain information. Acceptable science literature to be included for
this T/I review will be screened by TAC using screening criteria created for the contracted
literature review.

5. Rule review criteria: Each rule or rule group will be evaluated in public by staff and with
Forest Practice Committee and stakeholders input. Each rule section or group of rules will be
evaluated using the complete set of review criteria (see below and
http://www.fire.ca.qov/ICDFBOFDB/pdfs/TI_ReviewProcess 042108.pdf). Existing rules will also
be evaluated in context of records established for their initial adoption in 2000 (i.e. Initial
Statement of Reasons from board rulemaking titled “Protection for Threatened and Impaired
Watersheds, 2000, Office of Administrative Law Regulatory Action # 00-0517- 01S. The criteria
used for the evaluation will include the following:

a. establishment of problem and necessity;

b. specific purpose of rule as currently written;

c. science literature supporting regulatory prescriptions;

d. identification of strengths and weakness of rule sections from a science basis;
e. FPR organization;

f. duplication with existing rules;

e. economic and fiscal impact;
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f. legal perspective;
g. environmental impacts of the rule section; and
h. consistency with other regulatory agency needs.

6. Rule amendment and alternatives: Potential rule amendments will be developed by staff
and presented to the Forest Practice Committee following the evaluation stated above.
Alternatives will be identified. Stakeholder shall be provided opportunity to provide alternatives
at this point in time to the Forest Practice Committee.

7. FPC rule recommendations: FPC will make recommendations on any proposed rule
amendments to staff who will prepare those amendments. Amendments will be incorporated
into a complete regulatory package that will be presented to the full board at the culmination of
the T/I review process beginning in January 2009.
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Appendix 1

Regulations related to “Watersheds with Threatened or Impaired Values”
Title 14 of the California Code of Regulations

(All anadromy)
§ 895.1 Definitions
8 898 Feasibility Alternatives
§ 898.2 Special Conditions Requiring Disapproval of Plans
§ 914.8 [934.8, 954.8] Tractor Road Watercourse Crossing
§ 916 [936, 956] Intent of Watercourse and Lake Protection

§ 916.2 [936.2, 956.2] Protection of the beneficial Uses of Water and Riparian Functions

8 916.9 [936.9, 956.9]Protection and Restoration in Watersheds with Threatened or Impaired
Values

§916.11[936.11, 956.11]  Effectiveness and Implementation Monitoring

§916.12 [936.12, 956.12] Section 303(d) Listed Watersheds
§923.3[943.3, 963.3] Watercourse Crossings
§ 923.9[943.9, 963.9] Roads and Landings in Watersheds with

Threatened or Impaired Values

(Coho watersheds only)
§916.9.1[936.9.1] Minimization and Mitigation Measures for
Protection and Restoration in Watersheds with Coho Salmon

§916.9.2 [936.9.2] Additional Measures to Facilitate Incidental Take
Authorization in Watersheds with Coho Salmon

§916.11.1 [936.11.1] Monitoring for Adaptive Management in
Watersheds with Coho Salmon

§923.9.1[943.9.1] Minimization and Mitigation Measures for
Roads and Landings in Watersheds with
Coho Salmon

§923.9.2[943.9.2] Additional Measures to Facilitate Incidental Take
Authorization in Watersheds with Coho Salmon
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Appendix 2

Rule review process flow chart

Notice review for rule group #1 -- request supporting doc and comments
Late March 08 --sendto: BOF List; AgencyReps

Hold 1st meeting for rule group #1 - Prowde RU|e_TEXt for group #1_
April 1, 08 (regular FPC m eeting) -- Discuss public comments received

-- Review relevant docs received

-- Assign Tech/Science assistance teams
-- Draft "Key Questions" for teams

-- post minutes of meeting on web

-- publish notice for meeting #2

A
Hold 2nd meeting for rule group #1 -- Provide "new comments"

May 5, 2008 (stakehlder meeting) [ |-- Take public input

-- Present team/science findings

-- Conduct Rule Review evaluations
-- Direct staff to draft rule text

-- Publish minutes

v
Hold 1st meeting for rule group #2 == Intro rule group #2
May 6, 2008 (regular FPC meeting) -- Provide Rule Text for group #2
-- Discuss public comments received
-- Review relevant docs received
-- Assign Tech/Science assistance teams
-- Draft "Key Questions" for teams
-- post minutes of meeting on web
-- publish notice for meeting #2/group #2

y
Hold 2nd meeting for rule group #2
June 2, 2008 (stakeholder meeting)

-- Provide "new comments"

-- Take public input

-- Present team/science findings

-- Conduct Rule Review evauations
-- Direct staff to draft rule text

-- Publish minutes

v
Hold 3rd meeting for rule group #1
Hold 1st meeting for rule group #3

June 3, 2008 (regular FPC meeting)

-- Staff presents draft rule
amendments for groupl rules

-- FPC decisions on group 1 rules
-- Publish minutes

--Intro rule group #3

--Publish notice for meeting
#2/group #3

continue cycle through December 2008
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Appendix 3

Major topics of the 2000 T/l rules and the subsequent amendments
Group #1

Goals/Intent

Intent language specificity for beneficial use protection: (916, 916.2, 916.9(a), and
916.9(c)): goals relevant to entire watershed geographic areas (riparian zone and
upland)

Watershed Definitions

Definitions (895.1): includes specific riparian zone characteristics, and
operating surface conditions (for all areas).

Group #2

Geographic Scope

new definitions (895.1): includes T/l watershed definition.

Plan Preparation

° plan content , consultation requirements, disapproval thresholds (898.2)

Group #3

Cumulative Impacts

. cumulative effects analyses for entire watershed (898,916.9 (b))

° Assessments in Section 303(d) Listed Watersheds: Require further
assessments and recommendations for watersheds to meeting TMDL goals.
(916.12)
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Group #4

Operational Requirements

tractor crossings standards for riparian zones (914.8)

logging operations in riparian zones and other upland areas (916.9): goals
and standards contained in this section represent most substantive operational
change requirements of all t/l rule amendments.

road and landings management practice (923.3, 923.9): established
construction standards to accommodate life stage all life stages, sediment
deposited movement, road width, road drainage, cuts and fills, steep road
segments, and other low risk design structures and vulnerable watershed areas.
Regulations apply to both riparian areas and upland areas.

Group #5

Monitoring

monitoring and adaptive management (916.11,, 916.12): established
postharvest monitoring for operations in a WLPZ and in upland areas for
monitoring roading.
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Appendix 4

Rule Review Time Frames

Rule Group #1 — April, May, June 2008
Goals and intent — 916, 916.2
Watershed definitions — 895.1

Rule Group #2 — May, June, July 2008
Geographic scope — 895.1
Plan preparation — 898.2

Rule Group #3 — June, July, August 2008
Cumulative impacts — 898.1, 916.9b
Assessments in Sec. 303(d) Listed Watersheds — 916.12

Rule Group #4 — July , August, Sept, October, November 2008
Operational requirements — tractor crossings — 914.8
Logging in riparian and other upland areas — 916.9
Road and landing management — 923.3, 923.9

Rule Group #5 — October, November, December 2008
Monitoring — 916.11
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Appendix #4
Rule Review Time Frames

April 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
1 2 3 4 5
Meeting #1 (FPC): Goals/Intent and Defs.
May 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
4 5 6 7 8 9 10
Meeting #2(Stakeholder):Goals/Intent and Defs.  |Meeting #1 (FPC): Geo Scope and Plan Prep
June 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
2 3 4 5 6 7
Meeting #2 (Stakeholder):Geo Scope and Plan Meeting #3(FPC) : Goals/Intent and Defs.
Prep Meeting #1 (FPC):Cumulative Impacts
July 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
7 8 Sound Watershed 10 11 12
Meeting #2 (Stakeholder):Cumulative Impacts Meeting #3 (FPC):Geo Scope and Plan Prep Literature Review
Meeting #1 (FPC): Operational Regs. Presentation
August 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
4 5 6 Technical 7 8 9
Meeting #2 (Stakeholder): Operational Regs. Meeting #3 (FPC): Cumulative Impacts Expert Forum
September 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
8 9 10 11 12 13
Meeting #3 (Stakeholder): Operational Regs. Meeting #4 (FPC): Operational Regs.
October 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
6 7 8 9 10 11
Meeting #5 (Stakeholder): Operational Regs. Meeting #6 (FPC): Operational Regs.
Meeting #1 (FPC): Monitoring
November 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
3 4 5 6 7 8
Meeting #2 (Stakeholder): Monitoring Meeting #7 (FPC): Operational Regs.
December 2008
Sun Monday Tuesday Wed Thur | Fri | Sat
2 3 4 5 6
Meeting #3 (FPC): Monitoring
January 2009
Sun Monday Tuesday Wed Thur | Fri | Sat
5 6 Staff Presents Combined Recommendations to FPC 7 8 9 10
February 2009
Sun Monday Tuesday Wed Thur | Fri | Sat
2 3 Committee Delberations/ Direction to Staff 3 4 5 6
4
March 2009
Sun Monday Tuesday Wed Thur | Fri | Sat
2 3 Staff Presents edits 4 5 6 7
April 2009
Sun Monday Tuesday Wed Thur | Fri | Sat
6 4 FPC Action to Notice 8 9 10 11
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Appendix 2. Technical Advisory Committee Charter
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State Board of Forestry and Fire Protection (Board)

Charter of Technical Advisory Committee (TAC)
In Support of Threatened or Impaired Watershed
Scientific Literature Review of studies pertinent
to riparian buffers and functions

October 23, 2006

Background of Scientific Literature Review and TAC

Necessity: The Board has statutory responsibility for a comprehensive set of
Forest Practice Rules (PRC 88 4551, 4551.5, et al) that govern planning and
conduct of timber operations on private timberlands in the State. Interim Forest
Practice Rules for protection of listed anadromous salmonids (termed the
Threatened or Impaired, or T/l rules, under 14 CCR 88 916.9, 936.9, and 956.9)
will expire at the end of December, 2007. Concurrently, the California
Department of Fish Game has been directed by the Fish and Game Commission
in conjunction with the California Department of Forestry and Fire Protection,
landowners and scientific experts, to monitor and review existing timber
harvesting regulations for the protection of Coho salmon resulting from a recent
listing of the species. These situations necessitate consideration by the Board

for the renewal, amendment, or repeal of the T/I
rules.

Scientific Literature Review: The Board is
required to base the rules upon a study of
factors that significantly effect the condition of
timberlands (ref. PRC 8§ 4552) and is required to
consult with various groups including agencies
and educational institutions as the rules are

The TAC will oversee a scientific
literature review on forest
management effects on
anadromy and riparian zone
functions and assist the Board in
obtaining an effective summary
of relevant scientific information.

reviewed and revised (ref. PRC 8§ 4553). In light of these requirements and of
the scientific basis of the T/l rules, the Board has determined it will obtain and
consider scientific information to support the decision-making process for its
consideration of the T/l rules. To this end, the above requirements, the Board
will facilitate a review of existing scientific literature, using scientific experts to
evaluate the information. The literature review will focus on information related to
anadromous salmonids and associated forest management activities. The Board
will commission a qualified contractor to conduct the literature review and has
created a draft “Scope of Work” that outlines the tasks and deliverables for the

literature review.
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TAC: The Board recognizes the literature review will provide highly technical
information, with great variation in study types, geographic settings and findings.
The literature review must be formatted, presented and evaluated appropriately
to provide useful information for policy decisions, demonstrate transparency of
process, and provide clarity to non-technical Board members and public
stakeholders. To facilitate these needs, the Board will use a team of well
renowned subject matter experts, termed a Technical Advisory Committee, to
oversee the literature review and assist the Board in obtaining an effective
summary of relevant scientific information. The following information is the
Charter for the TAC and includes TAC Mission, TAC Values, TAC Composition,
and TAC Goals and Tasks.

TAC Mission

Provide professional expertise and guidance to the Board to ensure the scientific
literature review related to anadromous salmonids and forest management
activities provides credible, comprehensive and relevant information for the
Board’s rulemaking and policy processes.

TAC Values

1) TAC objectively serves the Board and the public’s interest, with recognition of
the need for a balanced evaluation of relevant scientific literature.

2) TAC supports presentation of the full spectrum of literature findings.

3) The TAC is highly qualified group of scientists representing a wide variety of
professional disciplines, who will work together in a collegial manner, seeking
consensus on matters reported to the Board.

TAC Composition, Duration, and Logistics

Composition: The TAC is a “Blue Ribbon” team of professional, highly qualified
scientists that will be appointed and serve at the direction of the Board. The TAC
will be comprised of members with a variety of professional disciplines with
expertise related to anadromy and forest management. Disciplines include
fisheries biology, forestry, hydrology, geology, geomorphology, and watershed
processes. It will be composed of approximately 12 members. Five member
seats are allocated to government agency personnel from the Department of
Forestry and Fire Protection, Department of Fish and Game, California
Geological Survey, National Marine Fisheries Services, and State Water

Resources Control Board. The remaining members are qualified professionals
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from industry/trade organizations, universities, non-governmental organizations,
private consulting, or the general public. A staff member of the Board will attend
meetings for coordination purposes and as a resource to the TAC.

One of the TAC members has been designated as the Chair of the TAC. The
Chair will be responsible for facilitation of TAC activities and formal
communications from the TAC to the Board. The TAC Chair will chair and
coordinate meetings, provide leadership, ensure progress of TAC toward timely
completion of its tasks, and coordinate reports to the Board regarding TAC
progress.

The TAC (or the TAC Chair) may, as it deems appropriate and subject to
financial constraints, obtain assistance from other qualified professionals for the
purpose of providing unique expertise related to specific subject matter.

There will be no financial compensation for services provided to TAC members
from the Board. TAC members will be reimbursed for their expenses in
attending meetings.

Duration: The TAC will be a temporary committee convened for the duration of
both the literature review, and subsequent deliberations of the Board in
formulating policy based on information provided by the review. The duration of
the TAC for this project is estimated to be one year, from September 2006, to
September, 2007.

Meeting Logistics: The TAC will meet periodically as needed to complete its
tasks. Meetings will be convened for the entire TAC. The meetings of the TAC
will be duly noticed meetings which will be open to the public pursuant to the
Bagley-Keene State Open Meeting Act. The public will be invited to comment by
the TAC Chair at specified times during a meeting. The meetings will be
conducted in person, with provision for telephonic attendance as may be
necessary and appropriate. The TAC Chair may be responsible for determining
meeting format, location, and duration. The TAC Chair may assign individual
tasks to subcommittees between meetings. In order to ensure progress and
allow public access to the meetings, the TAC Chair will establish a schedule of
formal TAC meetings at the first TAC meeting. Meetings will be scheduled to
accommodate attendance by all members so work of the TAC can be completed
in a manner that is timely and reflects the input of the entire TAC.
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TAC Goals and Tasks

1) Review and edit Scope of Work prior to the Board’s commissioning of a
literature review contractor. The TAC review should include the
following:

a. ldentify key literature topics and other summarized literature
reviews that should be included in the Scope of Work.

b. Refine Key Questions.

c. ldentify any other administrative components needed to contribute
to successful contact implementation.

2) Ensure contractor’s literature review is progressing in the appropriate
time frame.

3) Ensure the contactor’s literature review is delivering useable products
that meet the stated Scope of Work Project Goals.

4) Communicate progress and quality of accomplishments periodically to
the Board (preferably at each monthly Forest Practice Committee
meeting and at full board meetings as requested/needed).

5) Ensure that contractor performance of Task 4 (Summary and synthesis
of literature review) effectively addresses the Key Questions.

6) Review and consider for concurrence or modifications, the synthesis
prepared by contactor pursuant to Task 4.3.

7) As may be appropriate, provide recommendations to the Board for
necessary contractual actions to improve contract content or
performance to best meet Board Project Goals.

8) Be available to present literature review findings to the Board during
consideration of literature review findings and participate in subsequent
policy discussions.

End
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Appendix 3A: Primer : Biotic and Nutrient Riparian Exchange Function
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Primer
on
Biotic & Nutrient
Riparian Exchanges Related to Forest
Management in the Western U.S.

Prepared by the
Technical Advisory Committee
of the
California Board of Forestry and Fire Protection

May 2007

Version 1.0
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Technical Advisory Committee

Members
Ms. Charlotte Ambrose NOAA Fisheries
Dr. Marty Berbach California Dept. of Fish and Game
Mr. Pete Cafferata California Dept. of Forestry and Fire
Protection
Dr. Ken Cummins Humboldt State University, Institute of
River Ecosystems
Dr. Brian Dietterick Cal Poly State University, San Luis Obispo
Dr. Cajun James Sierra Pacific Industries
Mr. Gaylon Lee State Water Resources Control Board
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PRIMER: BIOTIC AND NUTRIENT RIPARIAN EXCHANGE
FUNCTION

The riparian vegetation area (zone) along forested streams serves critical biotic and
nutrient transfer and exchange functions that directly and indirectly control the survival
and growth of juvenile salmonids (e.g. Wilzbach et al. 2005, Jones et al. 2006).
Therefore, the timing, magnitude, and qualitative aspects of these biotic and nutrient
riparian influences are not only among the very best predictors of overall stream
ecosystem health and the condition of the component salmonid populations (e.g.
Naiman and Dechamps 1997, Gregory et al. 1991, Meyer et al. 2003, Moore and
Richardson 2003), but they also constitute significant potential for management
procedures to sustain and/or enhance these salmonid populations (e.g. Bilby and
Bisson 1992).

The riparian biotic and nutrient transfers and exchanges are directly or indirectly
important to the growth and survival of juvenile salmonids. These can be categorized
into: 1) light and nutrients (including dissolved organics), and 2) inputs of particulate
organic matter and terrestrial invertebrates (see Figure 1). The general characteristics
of the biotic and nutrient exchanges and transfers differ in a predictable way along a
west to east gradient. For example, temperature is moderated by coastal climate and
has less seasonal effect on in-stream metabolic rates of the resident organisms than in
eastern drainages where both daily and seasonal temperature excursions are
significantly greater.

Shading by Riparian Vegetation Cover Over, and Transfer of Nutrients into,
Streams
Light and nutrients regulate in-stream plant growth, primarily algae. The periphyton
assemblage on surfaces in running water constitute the food resource for a group of
aquatic invertebrates termed scrapers, after their behavior of scraping loose their
attached algal food resource. Light has been shown to be limiting for algal growth in
some shaded forest streams even under conditions of very low nutrient concentrations
(Gregory 1980, 1983). Limitation of algal growth whether by nitrogen or phosphorous is
primarily a function of the parent geology in a watershed (Allan 1995). If light and/or
nitrogen and/or phosphorous nutrients become available in significant excess over
natural conditions, the algal community can move through a succession from a single
cell and small colony community, largely of diatoms and green algae, to a filamentous
colony dominated by blue-green (cyanobacteria) and green algae (Stockner and
Shortreed 1978, Shortreed and Stockner 1983). The former provides a suitable food
resource for scraper invertebrates, the latter does not (e.g. Dudley et al. 1986).
Therefore, management actions that shift the periphyton to domination by filamentous
forms has a severe negative impact on scrapers, some of which are important prey of
juvenile salmonids. Increase of nutrients and light, especially if combined with the
deposition of fine sediments, can favor the development of rooted vascular aquatic
plants (Clarke 2002). These vascular hydrophytes, including aquatic mosses, if they are
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present, function primarily as habitat for many invertebrates (e.g. Fisher and Carpenter
1976). That is, they are sites for attachment and concealment, and serve as a food
resource for only a very few, and these invertebrates are not commonly consumed by
juvenile salmonids (Merritt and Cummins 1996). However, many of the invertebrate taxa
that utilize vascular hydrophytes as a habitat are consumed by fish (Svendsen et al.
2004). When filamentous algae and vascular hydrophytes die, they enter the detrital
cycle and are consumed by gathering collector invertebrates, many of which are
important food organism for juvenile salmonids (Svendsen et al. 2004). A simple and
effective bioassay for nitrate and/or phosphate nutrient limitation of algal growth in
streams has been developed and well tested (Fairchild and Lowe 1984). Diffusing
substrates are used which can be evaluated visually (or by chlorophyll analysis) to
determine if a given riparian condition is fostering light and/or nutrient limitation, and, if
the latter, which nutrient is most limiting.

Along with nitrogen and phosphorous, dissolved organic matter (DOM) can stimulate
the growth of microorganisms that are responsible for the direct decomposition of
particulate organic matter (POM) (Ward and Aumen 1986). These microbes also serve
as the most important component of the coarse particulate organic matter (CPOM) food
source of shredder macroinvertebrates and some of these are prey for juvenile
salmonids (Cummins et al. 1989, Svendsen et al. 2004).

Transfer of Riparian Litter and Terrestrial Invertebrates into Streams

Litter derived from riparian vegetation is the dominant base of food chains in forested
streams of orders 0 through 3. (Cummins et al.198, Cummins 2002). Up to 90% of the
energy flow in such streams is attributable to this litter (Fisher and Likens 1973,
Richardson et al. 2006). The processing times (normalized for temperature by
expressing it as degree-days) of coarse litter, primarily leaves and needles, is known for
a wide range of riparian plant species (Petersen and Cummins 1974, Webster and
Benfield 1986, Cummins et al. 1989, Richardson et al. 2004). Riparian litter can be
classified according to its processing rate, that is, the turnover time required to convert
the material to some other form once it is in the stream. Most hard woods (e.g. alders,
vine and big-leaf maples and some shrubs such as salmon berry and elder berry) have
short processing times and are referred to as fast (turnover) litter (Petersen and
Cummins 1974). By contrast, most conifers (e.g. redwood, Douglas fir) and broad-leaf
evergreens (e.g. rhododendron and laurel), oak hardwoods, and willows have long
processing times and are termed slow (turnover) litter (Petersen and Cummins 1974).
Processing is defined as the sum of leaching of DOM, decomposition by microbes,
feeding by shredder invertebrates, and mechanical fragmentation (Cummins et al.
1989). The majority of leaching of soluble organics from wetted litter is rapid with the
litter losing 20-40% of it's dry mass in 24 to 72 hours (Petersen and Cummins 1974).
This portion of litter processing is non-biological and and fairly independent of
temperatures from 5 to 20 °C (Petersen and Cummins 1974, Dahm 1981). After the
initial loss rapid loss of weight due to leaching, small amounts of DOM continue to leach
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slowly from litter and large woody debris (LWD; Cummins et al. 1983). The riparian
terrestrial soil and litter also continuously leach small to moderate amounts of DOM into
streams (Allan 1995).

In order for riparian litter to be processed by microbes and shredders it must be retained
in place in a given reach for a sufficient period for microbial conditioning and shredder
feeding to take place. Small woodland streams have been shown to be quite retentive,
providing that sufficient wood debris and other obstructions are present. Once it is
wetted, the major portion of the riparian litter introduced into a small stream is retained
within the range of 100 meters (Cummins et al. 1989). The percent cover by species of
riparian vegetation has been shown to be a good predictor of the percent composition of
the litter entrained in a reach of stream. Linked to this, the hatching and major feeding
by resident shredder invertebrates is keyed to the timing of the drop and entrainment of
the different riparian species (Grubbs and Cummins 1986; Cummins et al. 1989,
Richardson 2001)

The end result of litter processing is microbial and invertebrate biomass and fine
particulate organic matter (FPOM, <1mm>0.5 ym particle size) (Cuffney et al. 1990).
FPOM transported in suspension is the major food of filtering collector invertebrates
and, when it settles out on or into the sediments it is the food of gathering collector
invertebrates (Merritt and Cummins 1996). These two invertebrate groups contain the
most important prey items for juvenile salmonids (Wilzbach et al. 2006).

The aquatic invertebrates that depend upon periphyton, plant litter, and FPOM as their
food resources, and constitute important prey for juvenile salmonids in forested streams
are tightly coupled to the riparian area, because of the restriction of algal populations by
shading and organic matter transfers. The aquatic insects among these can be
characterized as having deterministic life cycles that are adapted to stochastic
environmental conditions such as flow and temperature regimes and the timing of
riparian litter inputs. The general pattern is one in which the most vulnerable life stages
are matched to the seasonal periods during which environmental conditions have the
highest probability of being favorable (e.g. Fisher et al. 1982). Stream flows suitable to
allow eggs and newly hatched nymphs and larvae to maintain their location and the
availability of food for feeding nymphs and larva are seasonally timed (Grubbs and
Cummins 1996, Richardson 2001). For example, invertebrate shredders lay their eggs
in late summer and early fall when stream are at base flow. This timing leads to
hatching of larvae and nymphs at the time of abscission of deciduous riparian
hardwoods that are in the fast processing category and the food supply of the autumn-
winter shredders (Grubbs and Cummins 1996, Cummins et al. 1989). Spring —summer
shredder populations rely on litter with longer processing times, such as conifer
needles, as their food resource (Cummins, et al.1989, Robinson et al. 2000).

Terrestrial invertebrates also constitute transfers from the riparian area into the stream
ecosystem. Included are canopy insects and their frass, annelids, spiders, and ants
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from the soil and terrestrial litter mat (Nakano and Murakami 2001, Allan et al. 2003).
Among the terrestrial invertebrate inputs from the riparian area are the adult (and in
some cases pupal) stages of aquatic insects. All of these transfers of terrestrial
invertebrates to the stream can serve as important food sources for juvenile salmonids,
at least seasonally. Aquatic invertebrates are more abundant in the winter and terrestrial
forms are more abundant in the summer in juvenile salmonid diets. (Shigeru and
Murakami 2001, Allan et al. 2003).

The activities of the microbes and invertebrate shredders on leaf litter, the resulting
FPOM that is generated, and the ensuing effect on invertebrate collectors in the
smallest streams is transmitted down stream (e.g. Vannote et al. 1980, Webster et al.
1999, Cummins and Wilzbach 2005, Meyer et al. 2007). Woody debris is also a source
of FPOM, although it is released more slowly (Ward and Aumen 1986). These
cumulative effects from small headwater streams to larger tributaries constitute an
important delivery system to juvenile salmonid populations down stream (e.g. Wipfli and
Gregovich 2002, Wipfli and Musselwhite 2004) and constitute a basis for their protection
(Cummins and Wilzbach 2005).
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Figure 1: Riparian biotic and nutrient transfers and exchanges process relative to
growth and survival of juvenile salmonids
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PRIMER: WOOD RIPARIAN EXCHANGE FUNCTION

(Abstracted from Hassan, Hogan, Bird, May, Gomi, and Campbell, Spatial and
temporal dynamics of wood in headwater streams of the Pacific Northwest, Jour
of the Amer Water Res Assn., Aug 2005.)

In general, wood within the channel boundary significantly alters flow hydraulics,
regulates sediment transport and storage, and influences channel morphology
and diversity of channel habitat (e.g., Swanson and Lienkaemper, 1978; Hogan,
1986; Bisson et al., 1987; Montgomery et al., 1995, 1996).

In-channel wood plays an important role in determining aquatic habitat conditions
and riparian ecology (e.g., Bisson et al., 1987; Bilby and Bisson, 1998).

Wood is introduced to the stream channel through a variety of processes
including mass wasting, tree fall (blowdown), and bank erosion.

Fluvial and nonfluvial processes transport and redistribute wood introduced in
upstream areas to downstream locations (e.g., Keller and Swanson, 1979;
Lienkaemper and Swanson, 1987; Nakamura and Swanson, 1993; Hogan et al.,
1998; Johnson et al., 2000a; Benda et al., 2002, 2003; Lancaster et al., 2003).

However, wood exerts its greatest geomorphic influence in channels with
physical dimensions similar to or smaller than the size of wood (e.g., Bilby and
Ward, 1989; Bilby and Bisson, 1998);

therefore, wood plays a disproportionately large role in small headwater streams.

Although wood dynamics and channel morphology of streams in the PNW have
been studied in some detail, most of the research has occurred in relatively large
streams and rivers (> third-order streams on 1:50,000-scale maps). Such results
may not be applicable in headwater streams where episodic sediment and wood
supply from adjacent hillslopes dominate channel dynamics and where fluvial
transport of wood is restricted due to insufficient streamflow and narrow
channels. The practical need to understand the physical and ecological roles of
small streams has recently been highlighted by interest in restoring downstream
ecosystems and the assessment of land management practices in relatively
small watersheds (Moore and Richardson, 2003).

Interest in wood dynamics in headwater channels stems from the recognition that
these channels represent a distinct class of stream, with characteristic
morphologies, processes, and dynamics (see Benda et al., 2005; Hassan et al.,
2005).
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The focus is on the steeper portion of the channel network where episodic wood
inputs and sediment from adjacent hillslopes exert significant control on channel
dynamics and morphology. In these channels wood tends to accumulate, and
sediment is stored upstream of accumulations, transforming steep bedrock
channels into alluvial reaches (Massong and Montgomery, 2000; May and
Gresswell, 2003b; Montgomery et al.,2003b).

In these streams, wood controls channel morphology by regulating the temporal,
spatial character and the quantity of sediment stored within the channel zone,
and this influences channel stability (e.g., Swanson et al., 1982; Bilby and Ward,
1989).

The paper begins by defining small streams and addressing wood scaling issues
relative to channel size. Then the paper reviews the current knowledge regarding
each component of the wood budget in small streams. Next the paper discusses
the spatial and temporal variability of wood in small streams, with special
attention to geographic variability. Then an assessment of available models for
the predicting wood dynamics in small streams is provided. The effect on wood
dynamics of timber harvesting and riparian management on wood dynamics is
considered. Finally, gaps in the knowledge are identified for future research on
the wood dynamics in small streams. Due to the limited available information on
small forested streams, certain information obtained from larger mountain rivers
will be included in this review, and its applicability to small streams is assessed.

Table 1 — Definition of relative wood size and relative channel size. Matrix thresholds are
arbitrary until further analysis justifies these classes. This scaling of wood to channel size allows
use of studies in larger channels.

TABLE 2. Definition Matrix of Relative Wood Debris Size and Relative Channel Size.

Relative LWD Size Relative Channel Size
LI/'WhL LI/Wh
Ld/Db = 0.3 0.3-1.0 = 1.0 = 0.3 0.3-1.0 = 1.0
<0.3 S5 M L Large Intermediate Small
0.3-1.0 M L L Intermediate Small Small
=10 L L VL Small Small Very Small

Notes: Ll = log length: Ld = log diameter; Wh = channel bankfull width; Db = channel bankfull depth; S = small woody debris (SWD); M =
intermediate wood debris (MWD); L = large woody debris (LWD); VL = very large organic debris; D = dominant grain size i~ Dgg).
DVLd should be meamngful such that IVLd: = 1 debris leas important because bed material provides primary structural functionality:
0.3-1.0 debris more important and structurally functional; < 0.3 debria eritically important.

Value of, need for, a wood budget to determine where wood comes from, where it is
delivered to, where it is stored, how it is transported or depleted from a given drainage
basin or stream reach.

From a forest management context there is potential to affect each component of the
budget, so it is important to know the relative importance of each component and which
are most susceptible to impact.
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Wood Recruitment

The potential of landslides in mountainous landscapes can be increased by
logging, road building, wind throw wildfire, earthquakes, and volcanic activity
(Harmon et al., 1986; Lienkaemper and Swanson, 1987; Nakamura and
Swanson, 2003).

Research in the PNW has shown that landslides can provide a substantial
guantity of wood to headwater streams (Keller and Swanson, 1979; Schwab,
1998; Hogan et al., 1998; May, 2002; May and Gresswell, 2003a; Reeves et al.,
2003).

In contrast, other studies in Alaska, California, and Washington have found that
mass movements may be of limited importance in supplying wood to larger
streams (Murphy and Koski, 1989; Johnson et al., 2000a; Martin and Benda,
2001; Benda et al., 2002; Gomi et al., 2004; May and Gresswell, 2004).

Another wood source into small streams is snow avalanches, a process that
commonly destroys forest stands in the runout pathway. Repeated avalanches
down established pathways prevent the growth of mature forests, so this process
may be associated with the recruitment of relatively small wood. Where snow
avalanches are an important landscape process, they provide the greatest wood
recruitment in areas where the channel and hillslopes are coupled (Dave
McClung, The University of British Columbia, January 6, 2005, personal
communication) (see Figure 1 below)

Appendix 3B. Page 6 of 24
Staff Report:
Scientific Literature Review of Forest Management Effects on Riparian Functions for Anadromous
Salmonids

October 2008



Headwater (Lower Order) Streams

. HiIIsIupu-iUptand‘]:

* Foot of hillslope / Riparian zone

} ¥

* Landslide
= Avalanche
* Wind throw

]
i
]
]
]
i
]
1
]
|
:
|
: * Landslide
|
]
|
1
i
1
|
]
1
|
]

* Mortality

* Snow accumulation

* Avalanche

(Hillslopes coupled to channel | netwaork)

w

l * Headwater channel

Higher Order Streams

* Debris flow
* Fluvial Transport

v

* Riparian zones

k 4

M li
* Lowland channel : 5::_:: ity
¥
- accumulation

* Wind throw = LWD

= Bank erosion loss to

* Flood decay
-,

* Riparian zones

* Floodplain

¥
* Large river * Mortality
channel | * Wind throw

* Ocean and lake |

* Bank erosion
* Flood

Figure 1. Flow Dhagram for a Wood Budget in a Watershed.
Open squares represent geomorphic areas related to
locations for the sources and storages of wood, and filled
squares represent processes that affect wood transport.

Fires, insect infestations, and disease outbreaks are other processes that

influence the recruitment of wood to streams.

If high severity fires burn extensive areas around headwater streams, the
amounts and characteristics of wood input to streams may be altered for long
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periods; wood inputs are likely to increase immediately after fires (Nakamura and
Swanson, 2003). Burned wood may also break into smaller pieces that can
choke the channel, thereby increasing channel instability and downstream fluvial
transport of wood (e.g., Berg et al., 2002). The degree of fire damage to stands
depends on fire severity, type (ground, surface, or crown), and spatial extent
(Agee, 1993). Patterns of mortality due to forest fire vary among regional fire
regimes, season, and topography.

Compared to floodplains, upland areas, including small streams and riparian
zones, are more frequently affected by forest fires because of their relatively dry
conditions and strong winds (Agee, 1993). Fire can also affect the wood budget
by altering the age structure of the forest, initiating episodic pulses of wood
recruitment, consuming existing dead wood, and influencing the mobility of
instream wood (Young, 1994; Tinker and Knight, 2000; Zelt and Wohl, 2004).

Finally, insect infestations and disease outbreaks can episodically affect stand
mortality in large areas. In the PNW, many disease and insect outbreaks appear
to be related to fire suppression or exotic pathogens (Hessburg et al., 1994;
Swetnam et al., 1995; Dwire and Kauffman, 2003). However, most insects and
diseases affect only a single tree species, so the net effect on wood recruitment
will depend upon the composition of the stand (Harmon et al., 1986).

Streambank erosion may not significantly contribute wood to steep headwater
streams because the channel is constrained by the adjacent hillslopes
(Nakamura and Swanson, 2003) and banks are often semi- or non-alluvial (e.g.,
Halwas and Church, 2002). Actual rates of bank erosion in headwater
constrained streams are poorly documented but are believed to be minimal.
However, in gentler areas with less bedrock constraints, bank erosion is likely
(expected) to be a significant source of wood into channels. In headwater
streams, wood is often suspended above the channel banks due to relatively
narrow channel widths (relative to tree heights and diameters) and hillslope
confinement. Direct input to the channel may not occur until a log is either broken
or fragmented (Nakamura and Swanson, 1993).

Wood storage

Once delivered to the stream system, wood is stored for various durations in
several different nvironments; these include areas in riparian zones and
associated floodplains and within the channel boundaries (Figure 1, Table 3).

few studies have referenced the criterion used to determine that portion of the
wood actually interacting with the stream and fluvial processes. Robison and
Beschta (1990a) examined the storage of wood in distinct zones within the
stream system and developed a classification system in which they identified and

distinguished between wood within the channel and wood on the banks.
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Storage of wood within a system can be likened to a wood reservoir that has a
characteristic residence time (Keller and Tally, 1979; Hogan, 1989). Wood
reservoirs can be used to study wood dynamics over a range of temporal and
spatial scales. In headwater streams, the temporal scale is likely to be a function
of the frequency and magnitude of the wood mobilizing events (see the following
section).

Wood output

Wood stored in the fluvial system is transferred out of a reach by downstream
transport or lost through abrasion or in-situ decomposition.

Log stability in channels is controlled by many factors, including piece
dimensions (length and diameter) relative to the channel, wood integrity,
attached root wads, and degree of anchoring in the channel bed and bank (e.g.,
Montgomery et al., 2003a,b).

Braudrick et al. (1997) suggested three mechanisms of wood transport: floating
in a congested manner (high concentration) by streamflow, floating in an
uncongested manner, and debris flows (for more details see the section on
modeling).

Field studies show that log movement is more likely to occur as channel size
increases and when logs are shorter than bankfull width, implying that fluvial
transport of wood is more significant in higher order streams (e.g., Bilby and
Bisson, 1998).

Wood temporal and spatial variability

Threshold occurs that corresponds to channels approximately 5 m wide, which is
similar to the pattern observed by Jackson and Sturm (2002).

(Excerpted from Lassettre and Harris, 2002, The Geomorphic and
Ecological Influence of Large Woody Debris in Streams and Rivers)

Timber harvest activities in streamside forests can directly affect wood input.
(Table 2, Swanson and Lienkaemper 1978, Bilby and Bisson 1998).
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Table 2. The effect of certain management practices on the characteristics and abundance of
LWD within stream systems. Timber harvest temporarily reduces input or changes the physical
characteristics of subsequent inputs. Flood control and road maintenance activities generally
result in the removal of in-channel wood.

MANAGEMENT EFFECT REFERENCES
PRACTICE
Timber harvest e Temporary reduction in LWD input Bryant 1980, Andrus 1988, Murphy
and Koski 1989
e Second growth input smaller, less rot resistant Bilby and Ward 1991, Wood-Smith
with less profound effects on physical habitat and Buffington 1996, Ralph et al. 1994
* Removal of logging residue simplifies physical Swanson et al. 1976, Swanson and
habitat by failing to distinguish between naturally Lienkaemper 1978, Beschta 1979,
occurring habitat-forming logs and leftover Bryant 1980, Keller and MacDonald
material 1983, Bilby 1984, Bisson et al. 1987,
Bilby and Ward 1989
« Extremely large amounts of logging material Hall and Lantz 1968, Narver 1970,
reduces intragravel flow, increases biological Brown 1974

oxygen demand, reduces space available for
invertebrates, and blocks fish migration

« Destabilization of hillslopes and increase in Swanson and Lienkaemper 1978
debris avalanches

o Narrow buffer strips (<20 m to 30 m) potentially McDade et al. 1990, Van Sickle and
reduce wood input Gregory 1990

« Buffer strips adjacent to clearcuts have higher Reid and Hilton 1998
occurrence of windthrow and are depleted of
large wood sources rapidly

Flood control and ¢ Remove wood to decrease channel roughness, Marzolf 1978, Young 1991, Gippel et
road maintenance increase conveyance, and maintain flood al. 1996
capacity
 Remove wood and clear jams to keep culverts Singer and Swanson 1983, Diehl 1997

and bridges free of debris and reduce structural
damage during storms

The harvesting of streamside forests may temporarily reduce or eliminate LWD
recruitment to the stream (Bryant 1980).

The recovery time for input to return to pre-harvest conditions may be quite long.
Fifty years after logging, debris from the current stand of a western Oregon
stream contributed only 14% of total LWD volume and only 7% of the wood from
the current stand contributed to pool formation (Andrus et al. 1988).

The results indicate that some second growth stands must grow at least 50 years
before trees contribute LWD in sizes and amounts similar to old growth forests.
A decay model calibrated in southeastern Alaska predicted a 70% reduction in
wood 90 years after clear-cutting, and that full recovery exceeded 250 years
(Murphy and Koski 1989).

Streams flowing through second growth forests have a lower frequency of LWD
associated pools and fewer channel spanning logs than old growth streams,
leading to a scour pool dominated system (Bilby and Ward 1991). Thus, in low to
mid-order streams the percentage of LWD formed waterfalls and the control of
wood on gradient is decreased by timber harvest.
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Old growth logs are larger and retain more bedload sediment and fine organic
debris. Fine organic debris influences the physical characteristics of large jams
and may contribute to an increased diversity of pool types in old growth streams
(Bilby and Ward 1991).

Changes in wood loading and abundance significantly alter stream morphology.
Wood-Smith and Buffington (1993) showed that pool frequency, pool depth, and
local shear stress were significantly different in logged versus unlogged streams.

Near-stream logging influences natural LWD input processes. Depending on the
method, harvest activities destabilize hillslopes and increase the likelihood of
debris avalanches (Swanson and Lienkaemper 1978).

Buffer strips are a common technique to reduce logging effects on forests and
streams. Most LWD inputs come from within 20 m to 30 m of the stream channel
and buffers more narrow than this zone of input potentially reduce the amount of
available logs (McDade et al. 1990, Van Sickle and Gregory 1990).

Buffer strips adjacent to clearcuts are exposed to higher wind velocities,
increasing the occurrence of windthrown logs to the stream channel (Reid and
Hilton 1998).

In moderate to high gradient streams, logs play an important role in bedload
storage (Figure 2), and the removal of LWD eliminates potential storage sites
(Beschta 1979, Bilby 1984, Bilby and Ward 1989).

The decrease in storage capacity and subsequent release of sediment simplifies
physical habitat by filling in the deepest pools, reducing pool area, and smoothing
channel gradient (Sullivan et al. 1987, Dominguez and Cederholm 2000).

Debris removal affects salmonid populations by decreasing the amount of
available hydraulic cover available during winter high flows, and by reducing
stream wetted width and perimeter (Dolloff 1986, Elliott 1986).

Alternatively, an excessive amount of logging material left in the stream may be
damaging to fish populations. Fine debris lying on the gravel surface impedes
interchange between intragravel flow and surface water, reducing subsurface
dissolved oxygen levels (Hall and Lantz 1969, Narver 1970, Brown 1974).

Reduced oxygen availability retards the development of salmonid embryos within
the gravel. The decomposition of wood increases biological oxygen demand,
further reducing available dissolved oxygen (Narver 1970).

Small pieces of wood and bark occupy interstitial pores, reducing the available

living space for stream invertebrates (Narver 1970).
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Very large human induced accumulations of wood prevent upstream migration of
anadromous salmonids (Brown 1974). Much historical management of LWD in
logged streams concentrated on the removal of excess debris to allow fish
passage (Bilby and Bisson 1998).

In systems influenced by human infrastructure, road maintenance and flood
control activities affect the abundance of large wood. Logs and riparian
vegetation increase channel roughness, reduce conveyance, and are commonly
removed by managers to maintain flood capacity (Marzolf 1978, Singer and
Swanson 1983, Young 1991, Gippel et al. 1996).

Possibly the first step in improving the management of LWD in California stream
systems is to recognize the different roles it plays in different parts of the
watershed. The stream classification proposed below explicitly does that.

Table 3. The gradient range and general characteristics of reach morphologies in alluvial
channels (Data taken from Bisson and Montgomery 1996 and Montgomery and Buffington 1997).

CASCADE STEP-POOL PLANE-BED POOL RIFFLE
GRADIENT ¢ (0.081t0 0.30 ¢ (0.04 t0 0.08 ¢ (0.01to0 0.04 ¢ (0.001 to 0.02
BED MATERIAL e Boulder e Cobble/boulder | e Gravel/cobble e Gravel
CONFINEMENT e Confined e Confined e Variable e Unconfined

forced step-pool

step-pool
forced pool-riffle

pool-riffle

v

DISTANCE FROM HEADWATERS

Figure 2. Generalized long profile of alluvial channels showing spatial arrangement of reach
morphologies, including forced step-pool and forced pool-riffle morphologies. Forced
morphologies extend beyond the gradient range of free-formed counterparts. Gradient ranges of
forced morphologies depicted above are interpreted from Montgomery et al. (1995) and Beechie
and Sibley (1997). The classifications are based on geomorphic processes and reflect basin
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wide trends in sediment transport and storage (Figure adapted from Montgomery and Buffington
1997).

To ensure future supplies of LWD to stream channels, buffer strips serving as
reservoirs of wood supply should be wide enough to encompass the zone of
LWD input, typically within 20 m to 30 m of the stream channel (Lienkaemper and
Swanson 1987, McDade et al. 1990, Van Sickle and Gregory 1990).

Some researchers have argued for larger buffers, based on susceptibility of
buffer strips next to clear-cuts to blow-down and rapid depletion of available
streamside wood (Reid and Hilton 1998).

The use of a selectively logged fringe buffer adjacent to the streamside buffer
may serve to reduce abnormally high rates of windthrow and preserve natural
input rates. Any selective cutting within buffer strips should leave an abundant
supply of the largest trees for recruitment (Murphy and Koski 1989, Abbe and
Montgomery 1996).

The use of a selectively logged fringe buffer adjacent to the streamside buffer
may serve to reduce abnormally high rates of windthrow and preserve natural
input rates. Any selective cutting within buffer strips should leave an abundant
supply of the largest trees for recruitment (Murphy and Koski 1989, Abbe and
Montgomery 1996).

Species, diameter, and wood decay rates influence the amount of wood
recruitment potentially necessary (Murphy and Koski 1989).

Along with the diameter and length of pieces of large wood, the riparian plant
species involved largely determine the processing (turnover) time of large wood
in streams. (e.g. Anderson et al. 1978; Anderson and Sedell 1979). The actual
rate at which large wood of a given species is processed in a stream is a function
of temperature, oxygen, moisture, microbial metabolism, invertebrate ingestion,
and mechanical abrasion. Completely submerged wood is processed a great
deal more slowly than damp wood , on which terrestrial fungal and invertebrate
agents can act. (Harmon et al. 1986). In general, wood of hard wood species is
processed more rapidly than that of coniferous species. For example, red alder is
among the most rapidly and Douglas fir is among the slowest (Anderson et al.
1978). These differences is disappearance rates of the wood types are primarily
dependent upon the relative activities of biological agents (microbes and
invertebrates) on the wood (Harmon et al. 1986).
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Table 4. The possible management implications of preserving LWD input, transport, and
presence within the stream channel.

MANAGEMENT
PRACTICE
Timber harvest

IMPLICATION

« Buffer strips should be wider than zone of LWD input

REFERENCES

McDade et al. 1991, Van Sickle and
Gregory 1990

* Fringe buffers can protect streamside buffers from
premature wood depletion

Reid and Hilton 1998

* Selective management in buffers should consider
future input required based on instream surveys

Bilby and Ward 1989, Murphy and
Koski 1989

* Selective management should leave large trees that
will be stable and influence channel morphology

Fetherston et al. 1995, Abbe and
Montgomery 1996

* Active management of buffer zones can increase
recruitment of certain species and sizes of wood

Beechie and Sibley 1997

* Removal of logging debris best dealt with by
selective removal

Bryant 1983, Bilby 1984, Gurnell et al.
1995

* Knowledge of habitat conditions, and the size and
abundance of LWD required to maintain conditions
must be considered when removing instream wood

Bryant 1983, Bilby 1984

o Characteristics of unmanaged streams should guide
re-introduction of wood

Smith et al. 1993a, b, Montgomery et
al. 1995, Abbe and Montgomery 1996,
Beechie and Sibley 1997, Montgomery
and Buffington 1997

Flood control and
road
maintenance

* Must gain quantitative understanding of effect of
wood on flood heights and how moves through a
system

Young 1991, Braudrick et al. 1997,
Braudrick and Grant 2000

« Design and modify bridges and culverts to allow for
passage of woody debris

Diehl 1997, Flanagan et al. 1998

« Develop management that recognizes ecological
value and impact of wood on human infrastructure
and public safety

Singer and Swanson 1983, Piegay
and Landon 1997

Forest managers should seek to increase the recruitment of certain species,
primarily conifers which produce the largest and longest lasting LWD. This may
involve active management of deciduous riparian zones to promote conifer
establishment and growth (Beechie and Sibley 1997). This strategy should be
considered in relation to position within the channel network. Small channels

(<10 m width) can form pools around smaller pieces of wood (<20 cm), such as
alder logs. Large to intermediate channels require greater diameter logs to form
pools (>60 cm). Data on variations in the size and amount of woody debris with
changing stream size could be used to develop plans for numbers and sizes of
trees to be achieved (Bilby and Ward 1989).
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PRIMER: HEAT RIPARIAN EXCHANGE FUNCTION: The
Status of Knowledge for Heat Transfer
Affecting Stream Temperature and
Microclimate within Riparian Forest Buffers

This primer discusses the processes of heat transfer within riparian ecosystems
and the effect of forest management on water temperature and microclimate.
These interactions have been thoroughly and thoughtfully reviewed in a recent
review article by R.D. Moore, D.L. Spittlehouse, and A. Story that appeared in the
Journal of the American Watershed Resources Association (2005). This article
was part of a compendium of review articles by leading researchers in the field.
This review paper provides a very strong discussion of the mechanics of heat
transfer and the role of riparian forests and stream factors in determining water
temperature and microclimate characteristics in managed and unmanaged forest
streams. The TAC adopts this review paper as the primary basis for the heat
and microclimate primer.

Moore, R. D, D.L. Spittlehouse, and A. Story. 2005. Riparian Microclimate
and stream temperature response to forest harvesting: a review. Journal of
the American Water Resources Association 41(4): 813-834.

The Moore et al. review paper (2005) was primarily focused on small streams,
and does not thoroughly cover several topics important to the discussion of T&l
rules in California. These include the effects of water temperature on salmon,
and watershed-level temperature patterns. The TAC committee authored a
discussion of these topics that reviews the scientific literature in some depth on
these topics. These two documents together serve as the TAC’s Primer on Heat
Transfer and Microclimate in Riparian Areas. The TAC considers the literature
reference lists attached to each of these two documents to be the supporting
literature for the Primer. Because the fine print in the copy of the Moore et al.
(2005) article included in this package may be difficult to read, we have
reproduced a copy of the literature citations and included it behind the article.

Finally, the TAC developed a set of key questions that are meant to guide and
focus the BOF literature review on the subject of riparian forests, heat transfer,
microclimate, and salmon health. The TAC also has identified recent references
that should serve as a core for that literature review.
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SUMMARY OF THE EFFECTS OF FOREST HARVESTING ON RIPARIAN MICROCLIMATE AND STREAM
TEMPERATURE--A SYNTHESIS OF KEY POINTS FROM MOORE ET AL. 2005 AND THE TAC DISCUSSION OF
THE BIOLOGICAL EFFECTS OF TEMPERATURE ON SALMONIDS

This summary follows the organization of the Moore, Spittlehouse, and Story
(2005) review of Temperature and Microclimate published in the Journal of the
American Water Resources Association in 2005. Key points are taken from this
paper and summarized here in bulletized form. A similar summary of the key
points of the TAC-developed temperature biological effects and watershed
temperature patterns is appended to this summary.

The bulletized points in this document faithfully summarize the key findings of the
Moore et al.(2005) paper, and the TAC addendum. These concepts were
developed with thorough referencing in the Moore et al. review article and the
TAC primer. For ease of reading, little or no referencing is included in this
summary. The reader is urged to read both documents provided after this
summary.

Introduction

1) There have been many studies of stream temperature and somewhat
fewer for riparian microclimate.

2) There have been some excellent reviews previously (e.g. Beschta et al
1987).

3) There is still a lively debate about how to manage riparian zones to
protect temperature and microclimate.

4) Most States require a riparian buffer to protect stream temperature and
microclimate.

5) The Moore et al review (2005) concentrates on small streams in the
Pacific Northwest.
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Riparian Microclimate

Characteristics of Forest Microclimates

1)

2)

3)

4)

5)

6)

Forest canopies affect the microclimate and ultimately stream
temperature because canopies intercept the transmission of radiation.

Tree species and stand densities affect evaporation processes, wind and
light transmission.

Riparian areas typically have elevated water tables and higher soil
moisture than adjacent upland areas.

Forest canopies tend to reduce the diurnal air temperature range
compared to open areas (also reduce the soil temperature range).

Lower air temperatures under a canopy will also create higher humidity
as well.

Relationship of riparian forest stands to topography will influence the
extent, climate within, and effect on streams.

Edge Effects and the Microclimate of Riparian Buffers

1)

2)

3)

4)

5)

6)

7)

The magnitude of harvesting related changes in riparian microclimate
will depend on the width of riparian buffers and how far edge effects
extend into the buffer.

There have been studies of microclimate effects in forests, and to a
more limited extent, riparian areas, around the world.

Much of the change in microclimate takes place within about 1 tree
height (15 to 60 m) of the edge.

Solar radiation, wind speed, and soil temperature adjust to interior forest
conditions more rapidly than do air temperature and relative humidity.

Edge orientation can be important, particularly when south facing.

Studies of microclimate in riparian areas are more limited. (Cites
Ledwith from California: 1.6 deg C decrease in air temperature per 10 m
of buffer up to 30 meters and 0.2 deg C per 10 m for widths from 30 m to
150 m.

Only one pre-harvest/post-harvest study (Washington). Gradients from
stream into upland existed for all variables except solar radiation and
windspeed. May have been enough to influence riparian fauna.
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Thermal Processes and Headwater Stream Temperature

1) An understanding of thermal processes is required as a basis for
understanding stream temperature dynamics, in particular for
interpreting and generalizing from experimental studies of forestry
influences.

2) As a parcel of water flows through a stream reach, its temperature is a
function of energy and water exchanges across the water surface and
the streambed and banks, and changes as energy inputs change.

3) The temperature of a parcel of water represents the net heat exchange
by radiation, turbulent exchange with the air (evaporation and
convection), and conduction across the water surface and stream bed. If
additional water is advected into the reach from groundwater or
hyporheic exchange, the temperature of the parcel will also be
determined by the volumetric mixing of the temperature of the incoming
water (Figure 1).

Energy is transferred to the stream and the surrounding environment by
solar radiation. Energy is exchanged between the stream and the sky
and atmosphere, the vegetation and/or surrounding topography, and the
streambed. The potential for transferring heat among water, air, and
vegetation is driven by the temperature gradients between them and the
properties of each that determine how well each material transmits
energy or conducts heat.

Radiation inputs to a stream surface include incoming solar radiation
(direct and diffuse) and longwave radiation emitted by the atmosphere,
forest canopy and topography.

Energy is exchanged between the water and air via convection (the
transfer of heat from a surface to a moving fluid) and by evaporation.
These processes are driven by wind speed and the vapor pressure and
temperature of air.

Energy is exchanged between the water and streambed via conduction.

4) A form of a reach energy balance equation is provided (Refer to Moore

et al. 2005).
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Figure 1. Factors controlling stream temperature. Energy fluxes associated with water exchanges are shown as
black arrows. (From Moore et al. 2005).
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Radiative Exchanges

1) Radiation inputs to stream surface include incoming solar radiation
(direct and diffuse) and long-wave radiation emitted by the atmosphere,
forest canopy and topography.

2) Canopy will reduce the direct component of solar radiation and will
redistribute some of the diffuse component. The details of solar radiation
transmission through canopies are complex because of the complexities
of the vegetation surfaces and materials and the horizontal and vertical
variation in canopy density.

3) Channel morphology (wide, narrow, and topographically shaded) will
influence how much energy exchange will be blocked by vegetation or
topography. Stream orientation relative to the path of the sun can also
affect how long the stream “sees” the sky during the day.

4) When direct radiation comes from +30 degrees above the horizon, most
of it can be absorbed within the water column and by the bed, and thus
is effective at stream heating. Vegetation or topography must block
radiation within this sector of the sky view to be effective.

5) Low solar angles at dawn and dusk, and during much of the annual solar
cycle are not effective at stream heating because direct radiation comes
in at too low of an angle to be absorbed and is reflected. Vegetation
within this sector of the sky view is not important in shading the stream.
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6)

7)

Incoming longwave radiation will be a weighted sum of the emitted
radiation from the atmosphere, surrounding terrain, and the canopy, with
the weights being their respective view factors.

Peak daytime net radiation over a stream without sky view blocking from
canopy or topography can be more than five times greater than that
under a forest canopy during summer.

Sensible and Latent Heat Exchanges

1)

2)

3)

4)

5)

6)

Energy is transferred between the water and the air by evaporation and
convective heat transfer processes. Convection involves heat transfer
between a fluid and an adjacent surface (air). Evaporation involves the
transfer of heat energy with a mass of water to the air. Convective heat
and mass transfer both depend strongly on the development of an
aerodynamic boundary layer so they are strongly correlated to each
other.

Natural convection is due to the motion of the fluid due to the
temperature, and therefore density, differences at the surface and away
from the surface. Forced convection is due to the movement of the fluid
due to external forces such as wind. The rate at which energy is
transferred by convection depends on the temperature difference
between the water surface and overlying air, the wind speed, and the
thermal conductivity of the air.

Evaporation depends on these factors, as well as the evaporative mass
transfer coefficient as a function of wind speed.

Where the stream is warmer than the air, heat transfer away from the
stream is promoted by the unstable temperature stratification. Where
the air is warmer than the stream, the heat transfer from the air to the
stream is dampened by the stable air temperature stratification.

Heat loss via evaporation can be a particularly effective dissipation
mechanism at higher water temperatures for larger streams.

Heat energy exchange over very small stream may be limited by bank
sheltering, particularly for narrow incised streams, potentially damping
the effects of openness to the sky.

Bed Heat Exchanges and Thermal Regime of the Streambed

1)

Radiative energy absorbed at the streambed may be transferred to the
water column by conduction and turbulent exchange and into the bed
sediments directly by conduction and indirectly by advection in locations
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where water infiltrates into the bed. Given that turbulent exchange is
more effective at transferring heat than conduction, much of the energy
absorbed at the bed is transferred into the water column, and the
temperature at the surface of the bed will generally be close to the
temperature of the water column, except where there may be local
advection of water with a different temperature.

2) Energy is also transferred between the water and streambed by
conduction (the transfer of energy at the molecular level). The direction
and rate of transfer depends on the temperature gradients within the bed
and the thermal conductivity properties of the bed material.

3) The bed will normally serve as a heat sink and thus act as a cooling
influence on the water on summer days. At night the bed transfers heat
back to the water, serving as a warming influence. The net effect is to
reduce the diurnal temperature range.

4) Bed materials have different thermal conductivity. Bedrock is very
effective at absorbing heat, while pebbly surfaces are less effective.

5) There is a thermal gradient within a streambed from surface to depth.
The temperature of bed surface sediments will be reasonably close to
water temperature, and will experience daily fluctuation along with the
stream water.

6) Increase in water temperature from forest management effects can
translate into the bed for some distance, depending on the type of bed
materials and temperature of the surface water and on the local
hydrologic environment. The low thermal diffusivity of the stationary bed
prevents extensive transfer of heat downward so that daily temperature
variations diminish as depth increases. Daily temperature variation
diminishes significantly by 0.5 meters.

7) The decrease in bed temperature with depth is what allows water that
downwells into the streambed to cool.

8) Bed temperatures may be important biologically. The temperature
influences the incubation environment of salmonids and the conditions
for benthic invertebrates.

Groundwater Inflow

1) Groundwater is typically cooler than the stream’s daytime temperature
and warmer during winter, and thus tends to moderate diurnal and
seasonal temperature variation

2) Forest harvesting can increase soil moisture and groundwater levels
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3) Increases in groundwater volume could act to promote cooling, or at
least ameliorate warming.

4) Some have argued cutting could increase groundwater temperature due
to greater flow volume with decreased interception losses and
transpiration.

5) There is no published research [at the time of this paper] that has
examined groundwater discharge and temperature both before and after
harvest as a direct test of the hypothesis of groundwater warming.

Hyporheic Exchange

1) Hyporheic exchange is a two-way transfer of water between a stream
and its saturated sediments in the bed and riparian zone.

2) Stream water typically flows into the bed at the top of a riffle and re-
emerges at the bottom of a riffle. If the temperature of hyporheic water
discharging into a stream differs from stream temperature, then
hyporheic exchange can influence stream temperature proportional to its
volume and temperature.

3) Hyporheic exchange can create local thermal heterogeneity and it can
be important for creating microhabitat characteristics of water
temperature in relation to both local and reach scale temperature
patterns in headwater streams.

4) There are significant methodological problems associated with
quantifying rates of hyporheic exchange and its influence on stream
temperature.

Tributary Inflow

The effects of tributary inflow depend on the temperature difference between
inflow and stream temperatures and on the relative contribution to discharge
and can be characterized by a simple mixing equation.

Tn=HT1+ T,

where T is the inflow temperature and f is the proportional volume of the
water bodies that join.

Longitudinal Dispersion and Effects of Pools

1) Longitudinal dispersion results from variation in velocity through the
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2)

cross-section of a stream. Any effects on temperature distribution have
not been well studied, but could smooth and dampen effects
downstream.

Deeper pools may have incomplete mixing creating thermal stratification.

Equilibrium Temperature and Adjustment to Changes in Thermal
Environment

1)

2)

3)

4)

5)

6)

7

8)

For a given set of boundary conditions (e.g., solar radiation, air
temperature, humidity, wind speed) there will be an “equilibrium” water
temperature that will produce a net energy exchange of zero and thus no
further change in temperature as water flows downstream.

There is a maximum possible temperature a parcel of water can achieve
as it flows through a reach at a given time, assuming that boundary
conditions remain constant in time and space.

The thermal environment changes spatially with new representative
conditions in important driving environmental variables such as stream
width, flow volume, view factor. The thermal environment changes in
time with the daily and annual solar cycle. Changes in conditions will
cause changes in the maximum temperature.

Equilibrium temperature may not be achieved because the boundary
conditions may change in time and space before the water parcel can
adjust fully to each thermal environment. A natural factor potentially
limiting the downstream distance of thermal effects in small streams is
the daily fluctuation of temperature with the solar cycle. Effects
experienced in an upstream reach may be lost downstream as the
stream cools at night.

Equilibrium temperature will be lower where there is substantial inflow of
cooler groundwater and will be higher for unshaded reaches due to solar
input.

The rate at which a parcel of water adjusts to a change in the thermal
environment depends on stream depth because for deeper streams,
heat would be added to or drawn from a greater volume of water per unit
area. The deeper the stream, the less the diurnal fluctuation at the same
solar input because of the thermal inertia of the water.

The temperature in shallow streams adjusts quickly to a change in
thermal environment and solar radiation.

Flow velocity influences the length of time the parcel of water is exposed
to a specific thermal environment. The speed with which the water
parcel moves determines whether it can adjust fully to that thermal
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environment before it passes into a new one.

9) Given that the depth and velocity of a stream tend to increase with
discharge, the sensitivity of stream temperature to a given set of energy
inputs should increase as discharge decreases.

Figure 2. Schematic temperature patterns along a stream flowing from intact forest, through a clear-cut, and back
under intact forest for (a) shallow, low velocity and (b) deep, high velocity conditions. (Twef = equilibrium
temperature in forest; Twec = equilibrium temperature in clearing) (From Moore et al. 2005).
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Thermal Trends and Heterogeneity Within Stream Networks

1) Small streams tend to be colder and exhibit less diurnal variability when
shaded than larger downstream reaches... Small streams tend to be
more heavily shaded, often have a higher ratio of groundwater inflow,
and are often located at higher elevations (cooler air).

2) Local deviations from a dominant downstream warming trend may occur
as a result of ground water inflow, hyporheic exchange, advection of
water from other sources, or even changes in dominant variables such
as air temperature.

3) Thermal heterogeneity has been documented at a range of spatial
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scales: within a pool, within a stream reach, within a river system.

Stream Temperature Response to Forest Management

1) Many studies of the effects of forest management on stream
temperature have occurred.

2) Some have BACI experimental design, some do not.

3) Most studies have been conducted in the PNW in rain-dominated
climates.

Influences of Forest Harvesting Without Riparian Buffers

1) Almost all streams that have buffers removed increase in summertime
temperature.

2) Harsh treatment yields high temperature response.

3) Results appear to be more mixed in more recent years with changes in
forest practices that limit forest management in the riparian area.

4) Response in snowmelt-dominated areas is not well studied. However,
there may be similar increases in stream temperature with canopy
removal.

5) Winter temperatures have also not been well studied.

Influences of Forest Harvesting With Riparian Buffers

1) Studies in rain-dominated catchments suggest that buffers may reduce,
but not entirely protect against increases in summer stream temperature.
However, temperature increase is generally more moderate or very
small when a buffer is left.

2) Two studies in snow-dominated areas in Canada have also shown an
increase in temperature with complete canopy removal of 1 to more than
5°C for a set of streams subject to a range of forest management
treatments.

3) The protective effect of buffers can be compromised by blow-down.
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Thermal Recovery Through Time

1) Post-harvest temperatures should decrease through time as riparian
vegetation recovers.

2) Shade levels recover more rapidly in wetter forest types and at lower
elevations.

3) Effects seem to last 5-10 years if riparian vegetation is allowed to
recover.

4) Riparian canopy recovered more slowly when debris flows and channel
disturbances affected streamside vegetation.

5) A study in subboreal B.C. suggested that shading by low vegetation may
not be as effective at protecting water temperature as that from trees.

Comparison With Studies Outside The Pacific Northwest

1) Studies conducted elsewhere in the world are in many ways consistent
with results from the PNW as dictated by the physics of heat transfer.

2) However, differences in important environmental variables, experimental
techniques, and forestry practices limit the comparability of results.

Effects of Forest Roads

1) Some evidence for very small streams that even a road-right-of-way cut
can be of sufficient length to cause local heating.

Downstream and Cumulative Effects

1) There can be a watershed level response to forest management,
including a direct effect in disturbed reaches and by an upstream to
downstream translation of temperature.

2) Downstream transmission of heated water would increase the spatial
extent of warmer temperatures.

3) There is a debate about whether down-stream cooling (how much, how
fast) can have a significant effect. Some studies show cooling or
heating, while others do not.

4) Streams can cool in the downstream direction by dissipation of heat out

of the water column via convection and evaporation, or via dilution by
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cool inflows.

5) Reported downstream temperature changes below forest clearings are
highly variable. Some report streams cooled, some report streams
continued to warm in the downstream direction.

6) Whether cooling occurs may depend on ambient air temperatures and
hydrologic conditions within the downstream reach

7) To understand the mechanisms that allow cooling to occur requires more
physical process-based research.

8) Three factors may mitigate against cumulative effects of stream
warming. 1) dilution could mitigate temperatures to a biologically suitable
level, 2) the effects of energy inputs are not linearly additive throughout a
stream network due to systematic changes in balance of energy transfer
mechanisms. 3) Intercepting environments (lakes, reservoirs).

9) There may be secondary impacts from forest management such as
stream widening and shallowing that may occur with excess
sedimentation that may change the heat exchange dynamics and
influence water temperature.
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Monitoring and Predicting Stream Temperature and its
Causal Factors

Monitoring Stream Temperature

1)

2)

Most recent studies have used submersible temperature loggers to
measure water temperature.

Forward-looking infrared radiometery from helicopters has been used to
map the spatial distribution of temperature for investigating stream
temperature patterns in medium to large streams. The application of this
technology to small streams is limited. The method can identify cool
water areas within larger rivers.

Measuring Shade

1)

2)

3)

4)

To account for riparian vegetation effects on temperature, there must be
a measure of the extent to which the overstream vegetation blocks
energy exchange with the water in the stream. Some type of
measurement of canopy density is important, because this is the primary
mechanism by which forest management affects water temperature.

Shade, canopy cover, canopy density, and view-to-the-sky are often
variously used to describe or infer the effect of the riparian vegetation on
water temperature. These measures express canopy as a density or
percent overhead cover. However, these measures are not synonymous
and will give different results when comparing riparian canopy cover
among studies.

The vertical and horizontal variation in canopy characteristics that
influence energy exchange are complex depending on the canopy
structure and are variable along a stream reach. All measures must
ultimately reflect an average condition that represents the thermal reach.

There are not only many different ways to describe the blocking influence
of riparian vegetation but also many methods and measurement tools to
estimate it.

A. Blocking of the stream’s total view to the sky: (yields measure of %
openness or its inverse blockage)
--Ocular estimates of the hemispherical view-to-the-sky aided by
spherical densiometer or fisheye lens photography
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B. Focused measurement of the area of the sky view through which the
sun passes (yields measure of blocking of direct solar radiation primarily)

—geometric calculations based on canopy and terrain angles

--Spherical densiometer-type instrument modified to view the solar
pathway
C. Indirect methods

--Compare radiation or lights levels using photovoltaic light meter
above under the canopy and in the open

-- Back calculate canopy cover factor in heat energy balance by

comparing temperature in open and under canopy

5) To date, there has been only moderate success with using the more
complex or indirect measures.

Predicting the Influences of Forest Harvesting on Stream
Temperature

1) Several authors have devised empirical models based on multiple
regression from environmental variables to predict a selected
temperature characteristic such as MWAT or MMWT. These types of
models are simple with low requirements for input data, but they involve
significant uncertainties, especially when applied to situations different
from those represented in the calibration data. Nevertheless, several
authors have developed locally relevant models that can usually predict
maximum temperature within 2°C with a regression coefficent (R?) of
0.60 to 0.70)

2) The physics of heat transfer have been well studied, and a number of
physically-based models incorporating energy balance concepts have
been developed for application to individual stream reaches. These
include the seminal model introduced by Brown (1969, 1985), TEMP-84
(Beschta and Wetherred, 1984), TEMPEST (Adams and Sullivan, 1989),
Heat Source (Boyd 1996) and STREAMLINE (Rutherford et al. 1997)..

3) Physically-based models all work on the same physics principles but are
constructed with with somewhat different assumptions, formulations,
variables to inform, and complexity of environmental characterization.

4) There are also models to simulate stream temperatures at the stream
network or catchment scale. These include SNTEMP (Mattax and
Quigley, 1989), Bartholow (1991 and 2000), and a model based on the
S=HSPF (Hydrological Simulation Program-FORTRAN) model
developed by the U.S. Environmental Protection Agency and the U.S.
Geological Survey (Chen et al 1998a, b).
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5)

6)

Sullivan et al (1990) tested the ability of four reach scale models (TEMP-
86, TEMPEST, Brown’s model, SSTEMP) and three catchment scale
models (QUAL2E, SNTEMP, and MODEL-Y) to predict forest-related
temperature increases in Washington. The reach models consistently
(though not universally) achieved accurate temperature predictions
(within 1-2°C) in many different types of streams and rivers. This was
despite significant variability in the data required by the models and
methods of measurement, especially with regard to riparian canopy.
Simple models with relatively few variables performed as well as those
that parameterized the environmental characteristics that drive the heat
transfer modes in great detail.

The catchment scale models required more input data than would
generally be available for operational applications foreseen by the
Washington study, and did not provide accurate predictions for mean,
minimum, and maximum temperatures as tested.

Discussion and Conclusions (From Moore et al. 2005)

Summary of Forest Harvesting Effects on Microclimate and
Stream Temperature on Small Streams

1)

2)
3)

4)

5)

6)

7)

Forest harvesting can increase solar radiation in the riparian zone as
well as wind speed and exposure to air advected from clearings, typically
causing increases in summertime air, soil, and stream temperatures and
decreases in relative humidity

Riparian buffers can help minimize these changes

Edge effects penetrating into a buffer generally decline rapidly within
about one tree height into the forest under most circumstances

Solar radiation, soil temperature, and wind speed appear to adjust to
forest conditions more rapidly than air temperature and relative humidity.

Clearcut harvesting can produce significant daytime increases in stream
temperature during summer, driven primarily by the increased solar
radiation associated with decreased canopy cover but also influenced by
channel morphology and stream hydrology.

Winter temperature changes have not been as well documented but
appear to be smaller in magnitude and sometimes opposite in direction
in rain-dominated catchments.

Although retention of riparian vegetation can help protect against
temperature changes, substantial warming has been observed in
streams with both unthinned and partial retention buffers.
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8) Comparing results has been hampered by inconsistency in temperature
metrics used among studies.

9) Increases stream temperatures associated with forest harvesting appear
to decline to pre-logging levels within five to ten years in many cases,
though thermal recovery can take longer in others. There is mixed
evidence for the efficacy of low, shrubby vegetation in promoting
recovery.

10) Temperature increases in headwater streams are unlikely to produce
substantial changes in the temperatures of larger streams into which
they flow, unless the total inflow of clearcut heated tributaries constitutes
a significant proportion of the total flow of the receiving streams.

11) Streams heated by canopy removal may or may not cool when they flow
into shaded areas. Where downstream cooling does not occur rapidly,
the spatial extent of the thermal impacts is effectively extended to lower
reaches, which may be fish bearing. In addition, warming of headwater
streams could reduce the local cooling effect where they flow into larger
streams, thus diminishing the value of those cool water areas as thermal
refugia.

Biological Consequences and Implication for Forest Practices

1) Itis difficult to estimate the biological consequences of harvesting
related changes in riparian microclimate and stream temperature of
small streams based on existing results.

2) In terms of terrestrial ecology in riparian zones, there is incomplete
knowledge regarding the numbers of species that are unique to small
streams and their riparian zones, as well as their population dynamics,
sensitivity to microclimatic changes, and ability to recolonize disturbed
habitat.

3) A better understanding is required of how changes in the physical
conditions in small streams and their interactions with chemical and
biological processes influence their downstream exports.

4) Based on the available studies, a one-tree-height buffer on each side of
a stream should be reasonably effective in reducing harvesting impacts
on both riparian microclimate and stream temperature.

5) Narrower buffers may provide at least partial protection, but their
effectiveness may be compromised by windthrow. Alternative methods
of designing buffers for protecting temperature in small streams may be
explored.
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Issues For Future Research (Moore et al. 2005)

1) Riparian microclimates have been relatively little studied, both in general
and specifically in relation to the effects of forest practices.

2) Shade is the dominant control on forestry-related stream warming in
small streams.

3) Determining shade in small streams is difficult and refined and
consistent methods are needed.

4) Hemispherical photography might be the way to go to solve subjectivity
and methods problems.

5) The effects of low and deciduous vegetation in controlling temperature in
very small streams is not well understood.

6) Further research should address the thermal implications of
surface/subsurface hydrologic interactions, considering both local and
reach scale effects of heat exchange associated with hyporheic flow
paths.

7) Bed temperature patterns in small streams and their relation to stream
temperature should be researched in relation the effects on benthic
invertebrates and other aquatic species.

8) The hypothesis that warming of shallow ground water in clearcuts can
contribute to stream warming should be addressed, ideally by a
combination of experimental and process/modeling studies.

9) The physical basis for temperature changes downstream of clearings
needs to be clarified. Are there diagnostic site factors that can predict
reaches where cooling will occur? Such information could assist in the
identification of thermal recovery reaches to limit the downstream
propagation of stream warming. It could also help identify areas within a
cut block where shade from a retention patch would have the greatest
influence.
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Summary Points of the TAC Discussion of The Effects of
Temperature on Salmonids and Watershed Temperature Patterns

The Physiological Basis for Salmonid Temperature Response

1)

2)

3)

4)

5)

6)

7)

Water temperature governs the basic physiological functions of
salmonids and is an important habitat factor.

Fish have ranges of temperature wherein all of these functions operate
normally contributing to their health and reproductive success. Outside
of the range, these functions may be partially or fully impaired,
manifesting in a variety of internal and externally visible symptoms.
Salmon have a number of physiologic and behavioral mechanisms that
enable them to resist adverse effects of temporary excursions into
temperatures that are outside of their preferred or optimal range.
However, high or low temperatures of sufficient magnitude, if exceeded
for sufficient duration, can exceed their ability to adapt physiologically or
behaviorally.

Salmon are adapted over some evolutionary time frame to the prevailing
water temperatures in their natural range of occurrence, and climatic
gradient are among the primary factors that determine the extent of a
species’ geographic distribution on the continent.

Salmon are considered a “cold water” species, and generally function
best within the range of ambient temperatures in water bodies within
their natural range of occurrence. This range is 0-30°C for salmonids,
where end temperatures are lethal and mid range temperatures are
optimal. The southern limit of the natural range of salmonids coincides
with the occurrence of summer water temperatures of 30°C.

The effects of temperature are a function of magnitude and duration of
exposure. Exposure to temperatures above 24°C of sufficient
continuous duration can cause mortality.

Salmon can tolerate each successively lower temperature for
exponentially increasing intervals of time. Temperatures above 22°C are
stressful. Lengthy exposure to higher temperatures include loss of
appetite and failure to gain weight, competitive pressure and
displacement by other species better adapted to prevailing
temperatures, or disease.

Growth occurs best when temperatures are moderate and food supplies
are adequate. High and low temperatures limit growth. Optimal
temperatures for growth are in the range of 14 to 17°C, depending on
species.
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8) Salmon have been shown to increase in size in streams where riparian
canopy was removed due to increased light and food availability, despite
the occurrence of warmer temperatures.

9) Larger size generally increases survival and reproductive success.

10) Growth rates are important for anadromous salmonids, who must reach
minimum sizes before they are able to migrate to the ocean. Missing
normal migration windows by being too small or too large may have
negative effects on success in reaching the ocean.

11) The temperature of rivers and streams ranges over the full range of
temperatures within the range utilized by salmonids during the course of
the year. The summer maximum temperatures are generally those of
most concern.

12) The most thermally tolerant salmonid species that occur in California
(steelhead, chinook and coho). Of these species, coho are the most
thermally sensitive.

Temperature Exposure in Natural Streams and Potential Effects
of Forest Practices

1) Water temperature generally tends to increase in the downstream
direction with stream size as a result of systematic changes in the
important environmental variables that control water temperature. As
streams widen, riparian canopy provides less and shade until some point
in a river system where it provides no significant blocking effect. Cooler
groundwater inflow also diminishes in proportion to the volume of flow in
larger streams.

2) The lowest order streams have the coolest water temperatures near
groundwater temperature (11-14°C). Higher order streams are near
ambient air temperatures (20-26°C). The range of water temperature
from lower to higher orders in California rivers and streams during the
warmest period in the summer spans much of the tolerable temperature
range for salmonids. Water temperature typical of higher order streams
are within stressful levels for salmonids.

3) Removal of riparian vegetation may increase stream temperatures up to
the ambient air temperature, depending on the natural extent of shading
and the proportion of canopy removed. Thus, temperatures typically
observed only in downstream reaches may occur in tributary streams.

4) Salmonid distribution within stream systems and within the region
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reflects temperature tolerance. Coho are found in the cooler waters
associated with headwater streams and within the coastal zone where
climate is strongly influenced by the Pacific Ocean. Steelhead have
somewhat higher thermal tolerance, and are more widely distributed.
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Copy of Journal Article by Moore, R. D, D.L.
Spittlehouse, and A. Story (2005)

Article

Appendix 3C. Page 27 of 76
Staff Report:
Scientific Literature Review of Forest Management Effects on Riparian Functions for Anadromous
Salmonids

October 2008



JOURMAL OF THE AMERIC AN WATER RESQURCES ASSOCIATION

AUGUST

AMERICAN'WATER RESOURCES ASSOCIATION 2005

RIPARIAN MICROCLIMATE AND STREAM TEMPERATURE
RESPONSE TO FOREST HARVESTING: A REVIEW!

R. Dan Moore, I L. Spittlohouse, and Anthony Stors?

ABSTRACT: Foresl harvesting con increass solar radistion in the
riparian zono s well as wind speed and exposure to air advectoed
from claarings, typically causing increasss in summeartime air, soil,
and stream temperatures and decreases in relative humidity
Stream temperature increases following forest harvesting am pri-
marily controlled by changes in ingolation but alse depend on
siream hydmlogy and channel morphology Stream tempaeratares
racovered 1o pre-harvest kevels within 10 years in many studies but
took Jonger in others. Lesving riparian buffers con dacreasa the
magnitude of stream temperature ineressss and changes to ripari-
an microclimate, but substantial worming has been ohserved for
stresme within both unthinned and partial retention buffers. A
rmange of studiss has damonstrated that streams may or may not
ecol after flowing from clearinge into shaded environments, and
further research is required in relation to the Eactors controlling
dovmstream cooling. Further research s alao required on riparian
micreclimats and its responses to harvesting, the mfliences of sur-
facefsubaurface watar wwchange on stroam and bed temperaturs
regimes, hickgical implications of temperature changes in headwa.-
tar stronms (both on site and devwmnstream), and matheds for quanti-
fring shadse and its mfluenes on radiation mputs 1o streams and
TpATian Wnes.

{KEY TEEMS: stream temparature; forestry; headwater, riparian;
mieroclimate, water quality, watarshed management; Pocific
Hortheest.)

Woare, A Dan, 0. L. Spiilkhcuse, and Anthony Stary, 2005, Riparkn Micracll-

mata and Siream Temp=rabore Responsa fo Forest Haresling: & Review, Jour-
ral of the Amerkan Waler Resources Assaciation (MWRA) 41(4):613-534.

INTRODUCTION

Riparian microclimate and stream temperature are
critical factors in relation to habitat conditions in and

near streams and are governed by the interactions of
energy and water exchanges within the riparian zone.
Biparian mierochimate set2 the boundary conditions
for many of the energy exchanges that influence
stream temperature, while stream temperature sets
one of the boundary econditions for riparian microcli-
mate. The two toples are therefore closely linked and
are coversd together in this paper, which foouses on
ressarch relevant to two concerna: (1) forest harvest-
ing may change riparian microclimate and have an
impact on aquatic and terrestrial habitat; and (2) for-
eat harvesting, particularly with removal of nparnan
vegetation, may result in stream heating or other
changes In water temperature that could have delete-
rious effects on aguatic organismes.

Dieapite decades of ressarch on stream temperature
regponse to forest harvesting, there are still vigorous
debates in the Pacific Northwest about the thermal
impactz of forestry and how to manage them ie.g.,
Larson and Larson, 1996; Beachta, 1997; lee ef al.,
2004; Johneon, 2004), The conventional approach to
minimizing the effects of forest harvesting on streams
and their riparian zones 1z to retain a forested buffer
strip along the stream. Most jurisdictions in the Paaf-
ic Northwest require buffer strips to be left along
larger fusually fish bearing) streams (Young, 2000,
However, lese protection 1z afforded to smaller, non-
fizh-bearing streams. For example, in Britich
Columbia, buffer strips are not required along non-
fizh bearing streams unless they are a designated
community water supply, and buffer strips are not
mandatory along the fish bearing streams whose
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bankfull width is lass thao 1.5 m. Thos, small
sireams are potentinlly subject to signifimant changes
in riparian mizrodimate aod partizulady to inereased
salar radiation, which is the major factor driving sum-
martims stream waromng.

Baschin ot al, (1BE7) presanted an sxnellont raviow
of tha physieal smid biologizal aspects of stream tem-
peratura in o forestry context, bot more recent
rasenrch has expandad the gecgraphic seops of knowl-
adge within the Pacific Morthwast (FNW ) ragion, shed
new light oo governing processes, or made ndvanees
in relation to tools for monitoring and prediction. 1o
the ioterssts of eompletensss, this paper will revisit
much of the material reviewsd by Beschta of al.
(1827} in addition to reviewing more recent studiss
but will forns on phesioal nspacts. It is nssurned thet
thia rendar has o basiz gromding in microdima tologi-
col princples snd terminology Beadars Lacking this
hasckgroumd are referred to Oks (1987 for an cavellent
introdoctory trastment.

Given that the primary somesrn is with riparian
managsment around small streams, the review foeos-
s6 15 muxch as poessible oo studies in mtchments less
than 105 ha in area or streams les: thao 2 to 3 m
wida. It aleo fooazer on studics in the Pacifie Morth-
wast region, broadly defined to includs northern Cali-
fornin, Cregon, Washington, BEritish Columbin, snd
southastern Alnsks. However, stodies from cntsdde
tha PHW region wers congiderad if they provided use-
ful insights thet wers not svailable from loeal studies.
Zimilarly, stodies that did not focus specifizally oo
small forest stréams were induded if the resulte wore
rekevant to small stream thermal regimes.

EIFARLAM MICROCLIMATE

Choracteristics of Forest Microciimodes

Microclimate helow forest comopiss hins bsen stod-
ied extensivaly for decsdes, though usually withouat
sxplidt attention to riparian zooes (FPAD, 1552; Raifs-
nydar and Lall, 1985; Jarvis «f =i, 1576, Rauonar,
187&; G ot al, 1888; MaCaughey of ai, 1987,
Chen ot af, 19090, Compared to open snvironmants,
tho manopy reduces solar radintion, predpitation. snd
wind spoed mear ground lowel and inoreasse longwova
radintion raceived st the surface. Thess changss in
turn imfluencs tha thermal and moistors snviron-
mants nodar forast moopias.

Solar radiation transmission throogh forest
canopiss depends on the beights of the crown and tha
demsity and arrangament of folinge elements (Vizira

JEHA
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and Petch, 1964; Fsifsopder and Lull, 1555, Fedarer
1571; Black & =i, 1881}, Eeductions in sclar radiation
undsr forest cover rangs from more thon B peroent
with dense muopes (Young and Mitchedl, 19804; Chan
of oi., 1855 Brosoftke of oi., 1887, DaviesCollay o
al., 20005 to lees than T8 percent in open stands
(Orlander and Langeall, 1283 Spittlehonse of ol,
2. The forest canopy changss the spoctral distri-
bution of light becnnes plant folinge differentinlly
absorhe and reflocts the varions wavelengths (Federer
and Tanoer, 1968; Vizina and Boulter, 1586, Atzet
and Waring, 1870; Yang ef af., 1823}, Thera iz a
greater reduction in the ultrmvicst and photosynchst-
ically netive mdiation moges compared to longsr solar
radintion wavelengths, Longwove mdiation to the for-
ant floor incrensss as the conopy demsity increnses
bernnza the forast canopy is ueually warmer than the

bzing hlockod smd bes & higher amissivicy (Beifs-
ovder and Lull, 1825, Although this inorenss soma-
what offscts the reduction in solar radintion balow the
forest canopy, daytime net radiation below forest
mnopiss is usually substantially lowsr than that in
ths opan.

The amount of precipitation intercepted by the
ca and lost by evaporation ands L5
n]:ﬂn:u:l the amount Ewmnp_ri?;nr au.l:l.upr:l.mr;i.-:.u]l]r
varias from 10 to 30 percent of annoal precipitation
{Caldar, 1880; MeCaughey « al, 1997, Pomeroy and
Gosdisom, 1997, Spittlehouss, 19985, Tha fracton of
prezipitation intsrcepted decreases s storm magni-
tuds and intensity increazs. Tims sincs the previouos
storm and weathsr conditions during the current

storm are also imporiant.
Wind spesd undser forest conopies is usoally 10 to

20 parcent of that in opanings (Baynor, 18971;
I:!]:l.npn. o al, 105%; D.uTLEEﬂD:-Eiq :'Em'., ﬂﬂj. Wind
speed within forest openings depends on their size,
and openings of lass them ahout 0.1 ha will have low
wind spaeds, similar to thoss in the forest (Spittla-
bionsa et af., 20045
Forsst concpdes tend to reduecs the diurnal air tem-
perature range comparsd to lage open areas, Maxi-
oum differences (open aren minuas aren under forest
canopy’ in daytime nir tempernturs at the 1.3 0 2m
ﬁht varied from 3'C (Brosoiske of ol., 1557, Davies-
oy of oi., 2000; Spittlehiovse of af., 2004) to B°C or
miore (Young and Mitchell, 1984 Chen of af., 19085
Cademnsso of ai,, 19897 At night, air temperatiras in
forest srans are typically about 1°C higher then in the
ng-nu:. {Chiegn o ai., 1905 Spittlehonss of af., 2004},
though Broscfske of ol (1987 found tsmpsratures
abvut 1°C lowar above o stream. Surfam and oeer-
surface soil temperaturss show the largest differences
bstween forest and open sites, being up to 10 to 15'C
Lower under forest mnopies during the daytims and
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1 to 2'C higher at night (Chem ot ail, 1295, Brosofks
of i, 1887, Spittehonse o al., 30040

Tha vapar pressuts of the air is mainky o funcion
of the surrounding air mass and will ba similsr in the
open and the forest. Consequently, the ralative
humidity and vapor pressurs dedicit will depend on
tha air tempsrators. Tha lowar daytims forest air
temperatore means that relative bomidity is typically
5 to 25 parcent highor in the forest {Chen of o, 1665:
Brosofske «f af,, 1887; Davics-Colley af of., 206060; Spit-
Habeommm of af., 2005

Riparisn zones typically have alovated water tahles
and higher soil moisture thao adiscent upland arcas.
Fartly dus to thess hydrolegic conditions, riparian for-
#5t cover and undsestory ticn often differ from.
thoso of uplands, which wonld influence penetration
of solar radiation and ioterception loss of precipita-
tion. Surrcunding slopes may alse block direct and
diffuse golar radistion. In small headwater streams,
the riparinn zone may be narmoew to noneristent dus
to topographic constraints imposed by steep sida
slopss (Richardson of al., 20085, In addition to the
affezte of distinstive forast sover and higher scil mois-
tare, riparisn mimodimats may ba influenced by the
straam channel, which ean provide a local soores of
watar vapor and act a5 o haat sink doring the day,
producing lezally coslker and meister conditions near
the strenm (Brosofske o ol, 1997, Danshy and Eir-
pes, 20000, Riparian vegetation may also serve as o
souree of water vapor vin transpitation (Danehy smd
Kirpasz, 20000, Danshy snd Kirpes (20003 fourd that
snhanoed relative homidity wos restricted to o nar-
row zome within 10 m of tho stream edge ot 12 forost-
s sites in eastsrn Cregon and Washington, most
likely due to the constraining effects of steep local
topography Another topographic infloence that is
particularly important in mountsin regions is the
derulopment of dminage winds that flow down valleys
and gulliss {Oka, 1227}, advecting cool air into lower
raachos.

Edge Effects and the Microciimeate of Riparian
Buffers

Thie magnitude of harvesting ralated changes in
riparian microclimate will end on the width of
riparian buffers and how far afferts extend ints
the boffer. Studics by Chen ot al. (1803ab, 1285)in an
old-growth Douglas fir forest in Washingion scate
itrea heights S0 to 85 mj are commonly cited in rola-
tico o edge effects and ited boffer widths. Thair
results are consistert with those of Ladwith (1588
Brosofsko of ai. (1987, and Hogan and Whitman
200071, &z wall as with o rangs of other studias inelod-
ing Baymor (18710 (10.5 m tall red and white pioe,
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diosad Maw York stats), Oerlandoer snd Lang
wall (1883 (22 to 25 m tall Morway sprues and Smts
pina stands of varring density, Sweden), Young and
Mitchell (1884) imived podocarp-broadlsaf forest in
Now Zoaland), Cadennsss of of. (1887 (@04 pear-old
onk, birch, beach, and mapls forest in New York
stata), Daviee-Colley of i, (2000 imatara, 30 m @l
native broadleswed rainforest in New Zealand), and
Spittlohouse of of. (20045025 to 30 m tall Engelmarm

spruce-subalping fir forest with o 40 pereent cano
covEr in E:I'I.I:E]l Ciobamkbdns). ATl |:|:|'ﬂ:|.n]z studios MP:

that much of the change in microclimate takes placa
within about ons tree height (15 to 80 m) of the edge
Solar radiation, wind sps=d, and soil tempsratura
adjost to interior forest mnditiens more rapidly than
do mir temmperaturs and ralative homidity thima
edge temmperaturss are similar to interior forest condi-
tions. Daytime relative bumidity decreasss from inte-
rior to @dge in responss to the incressed air

tamparatums.

é‘é;a orintation can be important, particulary for
a south-facing edge (in the nertharn hamisphars),
whara eolar radisticn can penstrate same distancs
into the forest for moch of the day. Digrnsm and Bren
(2003 found that light penstration diminished rapid
Iy within 10 t= 30 m of the buffer edge for o riparan
maountain ash forest in Australia, but that ght pane-
tration ot 10 m was signifieantly greater for buffers
that faced the equator than for other orientations.
Wind blowing directly into the gtratas far-
ther into I:?:Ea- Eurnnt}-thun ﬁﬂﬁ? diracticne
{Feynor, 1571 ; Davies ol lay of of., S0,

Fow stndios appear to have axamined microclimetic
conditions within riparian buffers. [n a stody in
northern California, abowe stream nir temperntures
muonsured in the esrly afternoon decreasad with
inmreasing buffer width, at dooreases of about 1.8°C
per 10 m for buffar widths up to 20 m and 02'C per
10 m for buffor widths from 20 m to 180 m (Ledwith,
1868, Abowas stroam temparatures in the 150 m wida
buffer trestments were abont B'C lower than ot the
no-buffer sites. In the same study relative humidicy
waz 10 0 12 percent higher than at 6 dear-zut site for
A0 m wida boffers and inoreassd ancther B to 10 par-
cant as bofer widths increased to 150 m. At o stody
conducted at a first-order strenm in Maine |
and Whitrnan, 30001 where a 2 m wida boffur bad
besn kft on sach sids, pir temperatore 10 m from the
stream in the buffer sxbdbited local differences from

the reforance sites of up to about 2'C. Difforonces wp
to sbout 4°C wers cbesrved within about 10 m from

the buffer cdge.

Only ome stady, covering 15 small strsams in wast-
urn YWashingion, appsars to have oxamined changes
in ri.ghuri.lm microclimate using both pre-harvest and
post-harvast data (Brosodeke of ol, 1887 Prior to

JARA,
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harvest, gradieots from the stream into wpland arcas
sxisted for all warinblas sxeept sclar radintion and
wind spesd. After haorvest conditions ot the edges of
riparian buffers tended to approaimate those in the
intericor of tha clear-zut. Solar radiation increased
smhstantinlly within the boffars relative to pre-har-
west conditions. Soil surface temperatores were high-
ar after harvast. For buffers less than about 45 m
wids (abont ome tres height), the pre-harvest gradient
from riparisn zone to uplsnd was int ted, which
could influence habitat conditione for riparian fauna.

THERMAL PROCESEES AND HEATWATEE
STEEAM TEMPERATURE

An understanding of thermal provessss is requined
a5 & basis for understanding stream tempsratura
dynamics, in particolar for ioterpreting and general-
izing from sxperimental studies of forestry intlusness,
Az & parcs] of water flows throngh o stream readh, its
temperaturs will change as o fonction of energy ond
water exchangss acrose the water surface and tha
stranmbs<d and banks ra 11 &2 deseribed by the
following equation iflad from Polohn and Finssl,

20007,
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whiera dT,/dx iz the rats of changs in the tempsratare
{'Chof the water parcel with distanioe, ©im), as it fows
downstream; £ is the net heat exchange by mdia-
tion, tartulent sachangs, and conduction across the
water surface and hed (Wimd); F is the streamflow
imis; P is tha ground water inflow rote i Sefm;
Fhyp i 'rf:h.]r_p:hr]:m:innd:m.gu rate im#am}; T, and
Thyp are the ground water and hyporhsic water tam-
peratores, respectivaly 'Ch; pois the water dansity
(kg'm®L Cp ds the specific heat of water (kg Cy v is
tha lom] mean walodty (mfey and D is the loml msan
depth {m). Equation (1) assumss steady state fow
mnd ignores longitndingl dispersion. It ol igmores
tha ]:En:it inp’nﬁ prnl:ip:itu.‘hpgn. which iz t}'ﬁhpl.i:uu.]l}'
much lase than 1 pereent of the total energy input to s
strenm (Wabb and Zhang 1987, Evans & af., 1988).
Zimilarly, frickional hesting is negloctsd hocmass it
zan ba shown to be important relative to cther emer,

sachangss only for stesp streams with relativaly ki

flowes, under low radintion conditions. This section
providas an overview of the dominsnt provsasas repra-
santed in Equation (1) followsd by a discossion of

JEWHA,
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Radiztive Exchanges

Eadiation inpuots to a stream sorfacs includs
inmming solsr radiation direct and diffosa’ and kng-
wave radintion smitted by the stmosphers, forest
canopy, and topography Cancpy cover along the sun's
path will reduce the direct o of solar radis-
tico, some of which will be smatiored and trunsmitbed
thromgh the cancpy as diffiase radistion. Transoission
of diffiasa sclar radiation will depend om both the spa-
tial pattern of diffize radisnes from the sky dome and
its interactions with the spatisl arrangemsnt of

slemaents. The detsils of solar radistion trans-
mission through canopies are complex. [t is often rep-
retantad by simplifis=d modals bassd on sxtinction
cosffidemts (o.g., Black of al, 1821; Srndhar o ol.,
0 or the spatin] distribution of ca nps (@,
Dignan and d?:nu.. 20035, Chanosl mn:pr_pri:i]up.;:.r |:E-|:|.
also influenos incident solar radiation st o stream
surfacs, Marrow, incised channels can be effectively
shaded by stroambanks (Phahowski, 1972; Webb and
Zhang, 18871, Wida channels tend to be leas shaded
bsranze they have a mnopy gap overhsad, which will
k< particulathy important for stresms orisoted oorth-
mourth.

For solar alevation anglss greater than 30 degress,
lsse than 10 of incoming solar radintion will
b raflacted from the water surfooe (Oke 1587 Meost
incoming solar mdiation thus enters the water col-
umzn, where absorption can ococor within the watar
colomm and at the bed (Evans of al., 18851, Ths oet
affect is that roughly 840 to 85 pereent of incident ealar
radiation is abscrbed in the water mlumn or at the

bsd and thus potentinlly svailabla for straam hasting,
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sxeept ot Jow solar elevation angles (Evans of of,
1508, Jobneom, 2004).

Incoming longwave radintion will ba & waeighted
sum of the emitted radintion from the atmosphers,
surrcunding terrain, and the cancpy, with tha wed
bsing their respective view fctors | Botherford o ai,
1297}, The water surface, mancpy, and tarrain have
high emissivitios (typieally = 055 (Oko, 1287, whils
the ntmospheric emissivity is normally lower, sxcept
under cvercast conditions, Chotgeing longwave radia-
tion inchsdas thet emitted by the water surface phas o
small fraction (typically 2 to & percent) of the incom-
m.gln:n,g'n-u:rn radiation that is reflected (Do, 1987

Fsak dsytime net radiation over a stream within o
clonr-cot man ke morae thon five times greator than
that undsr & forest eanopy during summer (Erown,
1529, primarily due to the incronss in nridant solar
radintion. Longwowe rodintion losses at night may ba
reducad elighthy under forest cancpy (Brown, 196490, It
hins boon suggested that longwsve radintion lossas
during autumn and winter may inzreasae following
removal tharvest) of forest canopy, leading to mora
rapid seasomal moling (eg., Macdonald «f od, 30030
bt this doss not app<ar to have bean investignted.

Senstble ond Latent Heal Exchomges

Transters of sensible and latent host coror by con-
duction or diffusion and torbulent exchange in the
warlying air, Sensibls heat cxchangs depends oo the
tamperatore differance betwssn the water sortsco mmd
cverlying air and on the wind speed. Whars ths
stream is warmer than the nir, beat transfor away
from the strasm wonld be promoted by the unsinble
tempsraturs stratifization, which sohanzes turbua-
kemica. Whare the stream is eccler, host transfor from
the air o the strasm would ba by tho sta-
bla mir tamperahare stratiGention (Oks, 19870 Evwapo-
raticn and assovinted energy loss oconr whare the
Tapor prassure ot the water surtsce (agqual to the *sat-
wration” walng for the water tompern o) axcoeds the
wvapor pressuare in the overying air in fimetion of the
nir temmperature smd relative lamidityy condsnsation
and mssovinted ensrgy gain scour whare the wapor
prussure of the nit savseds the vapor pressurs st the
water surface. Lateot heat ox nlso 4 ds on
nimosphberic stabiity wn&nm. =

Most fisld and modeling studiss hove vsed ampiri-
zal “wind functions” to compats sensible snd latent
hont fluzes over emall stroams (o.g., Brown, 1568;
Butherford ot ail, 1887 Webb and Thang 1887; Evans
of al,, 10088; Jobmeon, B00W; Moora o ai, 3005). Thara
con ba grant nnecertainty in flozes computed from
wind funcztions, particularly because mean wind
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speads ondsr manopiss may be less than the stall
spead of typical anemematars (Stary f ., 3003),

TUnder intact forest cover, lack of ventilation
nppsars to limit the absolute magnitade of semsibla
and latent hent exchanges over small strenms
{Brown, 1868; Webb and ng. 1987; Story of ol
2003y, Even ot op=n sites such as claarcots, sensibls
nnd lntent heat Amres over small straams may be lim-
itad by bank sheltering, particularly for narrow,
indsed channals (Culliver and Stefan, 1986, Erown
(1569 nnd Moora of 2f. (2005) estimated the sansibls
nnd latent heat nd:ungutabﬁmnrdﬂdm
tuda Jowor than net radintion on surmy days in recent
dear-cots ot constal sites. Jobnson (3004} computad
highar values for lntemt heat flux st o stronm in &
recovering <lasr-cot in the Oregon Casesdes, though it
was still an order of magnitude lower than incident
solar radistion.

Bed Heat Exchanges and Therneal Regime of the
Streanebed

Eindintive anergy shsorbed at the stremmbed may
ba transtarred to the water mbhimn by conduetion and
tnrhulent sxchangs and into the bed sedimente direst-
Iy by mnduoicon and indirectly by advaction Gio Joos
tiones where watar :nEltmt-n-l @ bed), Given that
turbulent exchange is more nEnn:I:l.rn ut transfarming
hezat than mndocion and that the flowing portions of
straams are fully turbulant, muoch of the energy
nbsorbed af the bed is transferred into the water ccl
umn, and the temparature st the surfsce of ths bed
will gemarally ba cloga to the temvperaiura of the watar
mbimn (Sinckrot and Stefan, 1993, aroapt parhisps in
pozls with npwelling ground water or hyporhaic
axz o flow.

Bod beat conduction deponds on the temperature
pradionts within the bed nnd its thermal conductivity
nnd will normally act as o cooling influencs on sum-
mar days and & warming influsncs at night, thus
tending to reducs diamal © tura {Brown,
158E%; Moora of of., 3008). For streams within ckar
ruts on sunny days, it has been estimated to ba
approximately 10 percant of nat radistion in a step-
pool strasm (Moora of of., 2005 and op to 25 paroent
in o bsdrock channgl (Brown, 15289 Bed heat coodue-
tion shonld depend on strenm-subsnarface interactions:
stream resches with npwelling groond water tend to
have stronger daytime bad temperature gradients
I:I:|.|:|.1:| thioso withont and thos shonld have higher heat

b&l conduction (Silliman and Booth, 1058, Story
et al, 0035,

Temparaturas within the stronmbsd are significsmt
in their own right, sincs they may irflusome condi-
tions for post-spawning egg development and fry
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semergenca, a3 woll as conditions for henthie itwerte-
brutos. Ringler and Hall (18751 ohsarved surnmar hed
temperature gradients in thres catchments in the
Oregon Const Fange. Gradisots in an unlogged estch-
mEnt wera igihle. Differences of 2°C betwesn the
bed surface and 50 em depth were ohserved in the
straambed of 8 michment subject to 25 parvant patch-
cut. with riparinn buffors, while bed temparatures in
artifidal re3d: in a folly ckar<ut michment renced
21'C with divrnal varintions of wp to 7'C at 25 cm
dapth and vertienl changes of abont &°C over 50 om.
Bod temporatures waried greatly among lomtions
within the clesr-sut, likely dus to variations in sor-
fiioe watar exchange aorces the bed ¢ Ringler and Hall,
1978, Comsistent with thiz inferemce, Moors of ol
{2005 fonnd that bed temperatures in a step pool ooit
within & clasrcot followsd strasm tempernhire mora
clozaly in ares of dewrwslling flow ints the bed than
in areas of opwealling flow. Given the documeamted
influsmes of subsurtacs hydrology om bed tﬁmEﬁTﬂ-
tures in n rangs of stream sizes and types and the
potential interactions hotwesn straam temperatura
snd strasm subsurfacs exchanges (a8, Shephard o
al., 1888; Whita o al., 1887, Silliman and Booth,
1993; Constantz, 1596&; Dl.m}rn' ai., I002: Maleolm o
al, 300E: Alexander and Cmssie, 2003; Moore o al,
2004, the dogres to which post-logging bed tempara-
turss raflact changss in surface tempsratuare likaly
dapends oo the local hydrologic eovironment.

Gromnd Water Inflow

Ground water is eypically cocler than stream watsr
in summer during daytime and warmer during winter
and thus arcts to modersts seasomal and diornal
stTonm temperature varintions (Webb and Thang,
1858; Bogan of of., 2003). Forest harvesting can
incrensza soil moizture and ground water lovels doa to
Jecransed i ion losses and transpiration (Hat-
herington, 1287, Adams o of., 15491). Increases in
ground water lovels following forest harvesting could
a0t b0 promote cooling or ot losst ameliorate warming.
Alternativaly, severnl suthors have speculsted that
warming of shallow ground water in dear-cuts could
rasuht in heat advection to o strasm, sxncerbating thao
sifacts of incransed sclar radistion or decreasing the
effectivemoss of riparian buffers (a.g., Howlstt and
Forteon, 1952, Hartman and Serivenar, 1280;
Brosofsks of of., 1857 Bourque and Pomeroy 30013,
and this process has boen incorporated into a
entzhment seala medal of brdrelogy and water qualicy
{St.-Hilaire of of,, 20005 Alt thers is coguing
rasearch on the thermal respomse of ground water to
forest harvesting Alsoander o of,, 2003}, no pub.
lishod roscarch appears to have canmined gronnd

R

Lo}

Lo}

wanter dischargs sand temperators both bafore and
after harvest ns o direct test of the ground watar

warmming hypothosis.
Hyporheic Evchonge

Hyporhbeic cachinnge is & two way transter of water
bstwean a stream and the satarnted sedimsnts in the
b<d and riparian rooe. [t often occors whare a stresm
maandars or whers there ame marked changes in
stream gradieot. For mmmple, stronm water typicall
flows i.'nﬁﬂ:m bed at the top of & riffle and rn-nm.nrg;ui
ot thie bottom of the riffla (Harvey and Bencaln, 126085
If thie temparatore of hyporhsic water discharging
into & strenm differs from stresm temperatore, then
bxporhaic sxchangs mn inflnenoe stream tamparnturs
dynamice (Equation 1). Several studiss have shown
thint hyporhsic sachsnge ereates local thaormal bietara-
genzity in larger streams (o.g., Billy, 15684 Malard o
o, B2, and recent shadies suggest that it can be
important in relstion to both loml and resch seale
tompsrature pattarns in hosdwater strosmes (Johneon,
200 Moara of o, 2003). Howover, thore sra signdfi-
mnt mathodologiml challenges aszozintad with quan.
tifying rates of hyporheic exchemge and ite influence
on stream tempsrature (Kasaham and Wendzall,
200, Srory et all, 3003; Moora of od, 20035,

Tributary infow

Effacts of tributary inflow depend on the termpersa-
ture difforence batwesn inflow and stream tempara-
tures and on the relative contribotion to dischargs,
aczording to o sirnple mixing equation.

Tn -ﬁTi"‘'-1'l:-i-t['l-I:I:|l"‘|:-i'JI'i"I|l.I 2
whara T; iz the inflow temparaturs 'Cx Ty iz ur-
ahire ot the npsiream -nu.dpuafaﬂ:n ranch "5 Tfﬁ]:::l:ﬁ
tompsratore of the stroam inflow mixtoma *Ci; mmd £
iz the ratio of inflow rate to stronmiloe at the down-
stream end of the reach. Equation (2 asnimas com.-
plete mixing and may not be walid in the immedists
vicinity and some distanes downstrenm of the tribuo.
tary mouth, where Iateral mixing of the tribotary How
with tha main stream may b= incemplats.

Longitudimal Dispersion and Effects of Posls
Longitdinal disporsion resuolts from the warintion

in velocity through the cross-section of & stream. It

would act to *smocth” tempsTotore waves as they
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propagats downstronm, potentinlly coasing a progros-
siva dozranso in tho dinmal temparature maximom as
clearing honted water flows downstroam throogh
forested reachas. It is often nssumed to be nogligible
in modeling studics of both emall and sireams
{a.g., S and Stafan, 1992 Botherford of al,
1957; Folebn and Kinssl, 2000), bot no published
studiee appear to have evaluatsd ite influencs in
small strearms.

Tha prasancs of pocls can also potantially influsncs
Jtmm]nt-:ml:-wutuprfll-. Boing l-:-cpgt]l'_r d.n-n;-nr Ionas,
pools wonld tend to change temparature more slowly
than the shallowar, flowing portions of tho stream.
Howgver, Brown (18972) obesrved that thers was
i ote mixing in many pools in rifila streams
Emp]lzh'ng:-n such & tth.nngct- 'wnmn:nd.d.ﬂpth.nf
flowing water thromgh pools wera moch smaller than
the pool dimensions. Thermal inflsmees of pools do
not nppsar o have bean canmined in smaller, stesper

step pool stresms.

Eguifibrizm Temperotune gnd Adjwstmod fo
Chanpes in Therma! Enpironmiest

For & given sot of houndary conditions (o.g., solar
radintion, air tomperature, humidity, wind spesed),
thera will be an *equilibrium™ water temparatore that
will produme & net energy sxchangs of zero and thus
no further changs in temperators as water flows
dewnstream (is, dTdx = [; Edinger & af, 1956).
For stream water bsing warmed as it flows through o
cloaroat, the equilibrinm temparatiara tha
maximum possible tompsmatura the parcal could
achiere within the reach at & given time, assuming
thist bonndesry mnditions remain constant in timo amd

. Howover, ilibrium tom: tore may not be
:.Pn'h.intn-:'l bnnuuﬁ;ﬂthn bnunl:l.u]::'mmn.d.iti.-:-i:- may
changs in time or space before the water parcel con
ndjust fully o the thermal envirmnment. The moncept
applies most simply to sirenms or time scales for
which the energy szchanges neross the ain'water
intarfaze dominats the enargy budget (Edinger & al,
1528, Stream temperatoras influsoeed by substantial
ground water inputs will ks consistently less than
squilibriam temparature computsd from atmospherie
conditions du%ﬂﬁ summear and highsr in wintar
{Bogan of al., 1. Equilibrium temperatures for
unshaded renches are higher than those under shada
during summer afternoons (Bartholow, 2000; Bogan
of i, 200A;,

Tha rata at which n Fumn] of water ndjusts to o
change in the tharmal environment depends on
stream dapth hecsuse for desper strearms, hast wonld
k< added to or drawn Erom o greater wolume of water.
Bhalleer streame should thos sdjust relatively quickly

to n change in tharmal environment. [n addition, fow
volooity influences the lengih of time tho parcel of
water is exposod to enargy sachanges neross the watar
surfaco and the bed and thus the extent to which the
parcel can adjost folly to ite thermal environmment
within a given reach (Figura 23 Given that the depth
and welocity of a stream tend to increass with dis-
charge, the ssnsitivity of stream temparaturs to a
given zat of ensrgy inputs should incrense as dis-

chinrge decrensss (Brown, 1985; Baschia of all, 1087;
Moore of o, 2005,

= lm)

ﬁﬁlﬂ?.‘i:hmﬁh': Temparaiurs Pattarms Mooy s Sorsam
cering Proe [nbwct Fareat, Through s Clese Cai, snd
Ewck Ucddsr Ininct Farest far in) Shallcsr, Loar
Wakcity acd (ki Deap, High Welcoiy Candicians
[T gy = Bepuilibrinm tzmparskars in fersnl;
Trear = equilibrium teparstars in deariags

Therma! Trende cnd Hateropenedty Within Streom
Networks

Smnall forest streams tend to be colder and sxhdbic
lzsz divrnal variakility than larger downstream
reachies, up o about faurth or fifth order (Varmots and
Swganay, 1880; Holtby and Meweombs, 1982; Masdoo-
ald et af., 2003a). Small streams will b+ mora hesvily
shnded by ripsrian vegetation smd near stream ter-
rain, will have & higher matio of ground watsr inflow
in o reach to the to] downstream fow, ond ars loost-
od ot higher alovations and thus experionce a general
ly cooler thermal environment. Howaver, local
devintions from a dominant downstream worming
trand may oceonr as o result of gronnd water inflow,
hyporheic axchsmge, or thermal contrasts batesen iso-
lated pools and the flowing portion of o stream. In
nddition, lakes, ponds, and wetlands man producs ale-
vated water temparntores ot their cutlets, resuolt
in downetream cooling below them over distances
hundreds of meters, even through ot Blocks (Mellins
of all, 302,
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Thermal hetercgeneity st a range of spatial scalzs
hne beon wall doromented in intermediata smd large
sirenms (i4., third order and larger; Rilby, 1564;
Arseott of o, 3001; Malard «f af., 20801; Ebarscls o
al., B3, whare it is an important aspect of stream
hakitat iMeilsen of of.,, 1884; Ebarscla o ai., 2003,
Tharmal heterogensity in small streams has appar-
smtly reccived lass attention, though Story of al
(A0 and Moore «f o, 2005 observed substantial

arnturs variations in small streams for reaches
within n clesrcot and downstream of forest cleatings,
both along the reach and within chemniel wrdts.

Stratifimtion of pools can ba oo ecologieally impor-
tant source of thermal hetercgemaity, although its
coourrenioe s variabls, Brown (187% fourd that onhe
oo pool in an intermedinte-sized stream with & poal-
riffle morphology exhibited significant vertica] strati-
fication, with o termperniure derrease of 8.5'C over 1.2
m depth. Nislsen of o (1584) chaerved more preva-
lont thermal stratifieation in pools in threo La
rivars in northern California smd noted thedr sigmifi-
conce as thermal refugia for stecthend. Mo published
sindies appsar to have examined stratification of

pools in smaller, steeper streame

STEEAM TEMPEEATURE BESFONSE
TD FOREST MANAGEMENT

T]Jnni'ﬁn-ntn-:-fﬁxutmuu,gmmtm siream tam-
peratura heve bsan setimatod using a ru.nnt].'-:-fl-tudr
dasigns. The most rigorous approach is the BACI
{bsfore-afterfzontrol-impact) design, whidh involves
mamnitering both before and after trestmant and
includes umtronted control sites (aug., Harris, 18773 &
wariation is to wss o regression of stream temperabara
oo waather data in placs of a mlibration with & con-
trol zatzhmsnt (e.g., Holtby and Newzommba, 1962,
Curry of ail, 2002, Some studies nssd nymoptiz sor-
veye of strasms that had beon subjocted to o mngs of
treaatmemts (ag., Fashin snd Graber, 1582; Malling of
al., 2002}, while others monitored downstream tam-
paraturs changss in dear-zuts (Brownles « al., 188&).
This review foruses primarily on shadies i
BACT deeign, which sre summearized in Tabla 1.

Imfluemces of Forest Harvewing Without Riparian
Buffers

Almest all study strosms in rain-dominsted catch-
mente axparisceed post-harvest increszes it summer
tempsraturss, with increasss in summer mazimum
termperaturss ranging up to 12'C1Takls 1). Tha strong

JEVWHA

response at Needle Branch may redlect the harsh
trantmant: clearutting to the strenmbank, slash
borming, and removal of wood from the stream. The
differemes in responss betwsen Meedls Branch and
H.I Andrews (HIA) Watershed 1, which was subject-
od to similar trestment, may reflect the differemos in
aspacts (is. sonth for Meedle Branch versus north-
wast for HIA Watershied 13, but othar factors also
could have influenmed the responsss. At HJA Water-
shed 3, whare streamsids harvesting mjhmni.-::lqi
part of tbe strenm length, n debris torremt
riparian vegetation and sconred the channel to
bedrodk, ultimately leading to similar tamperatura
incroases as ohserved in HIA Watershed 1. At HJA
Watersheds 1 and 2, the timing of suommer maximum
tampsratores shifted from Angnst for pradisturbance
conditions into late Juns and sarly July after distur-
banca, probably bemuse inputs of solar radiation
mme to dominate other fartors soch as seasonal vari-
ations in dischargs (Johnson and Jomas, 2000).

[n comtrast to the results summarized in Tabls 1,
Joackson o of. (2001 found that daily maximum tem-
perahare for foor of seven study stresms within clasr-
ruis in the Washington Const Eange either did oot
ch significantly or dooreased following harvest-
ing, ¥ e o the large volumes of slash that cov.
erad the streams and provided shinde. Howewer, the
post-harvest summer was substantially cocler than
tho pre-harvost summer, possibly confoonding the
resmlis.

Efferts on summer minimum daily tempamtures
do not appsar to ba as marked as those on maximum
tamperatores, with both small inoreases and decreas-
s om the ordar of 1 to 2°C) hewing hesn raported (o g,
Fallor; 1981; Johneon snd Jones, 20000, Surmmar dadly
tampsratore rangss after lngging hove increased up to
about 7 to &'C, compared to pre-logging ranges of
about 1 te 2'C (Fellar, 1851; Johnson and Jonss,
2000). Cammation Creck nnd one of its tributarios
oxparionced smaller increasss in diurnal temparatura
range than found in other shadics, bot the ronson is
not chvious from available information (Holtby and
Noweomba, 19825,

Fewar stndios heve oxamined stream temparntura
respomse bo forsst horvesting in snowmali-Jominated
regimos, and no published studios employed o BACT
design to estimate affects of no-buffor harvesting in
thess enviromments. Brownloes of af. (1888 measursd
downstream increnses in sommertime mean daily
tempsratora of 1 to 30 in thres emall streams fow-
ing throogh elear-cute in the central intarior of
British Cohambis (BC), with inoreases in daily mawi-
rum temparatres of 4.5 o 8'C on the warmest d.u.]:-.
Azsuming that downstresm temparatura changaes in
thwao rasdies wers modast under pre-logeing condi-
tioms, thoso npstroamfdownstream comparisons
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provido an estimate of the offoct of dearcut logging.
Winkler of of. (2008 irforred similar affect sizes by
comparing summer water temparatures for small,
higheelevation stresms in the scuthern interior of BC,
o in o dmrogt snd one inoundisturbed forest,

Winter t hares heve Tecsived less attantion.
Fallar (1281 found short lived, modest increasss in
winter temparaturss following logring and deorsases
following logging and slash burning. though thers was
no clear explanation for thos dl'rw_innt pattarns.
Post-harvest temperaiurs differences batwsen clear-
cut Meedls Branch smd Flynn Creck ithe control) werae
positive during winter, though emaller than sumrmer
differenicas (Brown and Erygier 15700, [n rain domi-
nated michments, smalkr effects wonld bo oxporied
in winter than in summer, based on the lower cnergy
inputs ard higher discharges. In emall snowmeslt f:3
cutzhments, particolarky st high elevation or northarm
ko, ioe formaticn snd snow oorver within the dhsmes]
should redors termparatures to nmr O'C rogardless of
cnnopy cover o8, Maollina «f i, 2002; Macdonald e
al., 2003b) except possibly in ground water discherge
ATQSE.

Imflemces of Horvesting With Riparias Buffers

Studies in rain dominated oatchroerts suggest thst
buffers may reduce but not entirely protect against
increnses in summsr stream tecoperaturs In the Ore-
pon Const Bangs, the mosn of the sommer monthhy
maximuom tmﬂumn inorenssd b£ |:||:|.'I:r 2'Coat
buffered Dear k. commpared to the 5.5'C incraasae
chaserved at unbuffered Nesdle Branch (Harris, 1577;
Tabla 1). Howeror, this comparison is confronded by
tha fact that the Doer Dnun}. watershad was 25 par-
cant patch-zut, with onl; of the stream oet-
work adjacent to cut I.-:-c g, comparad to the 100
percant cotting ot Needle Branch. Post-logging
incranses in MATIMUM SUMMer Stroam temporatre
of op to 3'C were chserved at the two Fox Cresk
stranms in the Oregon Cascadaes, w [t of JPAr-
tinl-retention boffers wers laft LHnJTauiF}'rnd.n}.]:m,
198R). In the Washingtom Coast Bangs, post-hareest
changes in daily maximum temparature ranged from -
0.5'C to 2.8°C for three strenms with unthinned
buffers (12 to 21 m wids), while streams with buffers
of nonmerchantable spoces warmed by 28 to 48'C
idnckson ef @i, 20015

Two studiss in snowmslt dominated subboreal
catchmants szamined stresm tsmmperaturs responss
to harvesting with partisl retention boffars, both con-
ductad ae part of the Stnart-Takla Fish-Forestry
[nteraction Project in the central interior of BC (Mal-
lima of &, 2002 Macdonal o 2, 2008k). Mazdonald
a ai, 2002h) reportsd maximum changss in mean

MEHA

woskly termperntures that mnged from less than 1'C
to mora than 5'C for & set of stronme subject to o
range of forestry treatments iTable 130 Greater warm-
ing was observed for the low retention buffars and a
%aamunt-:-n trantmsnt than for the high retention
Tha protective effect of the uffors was com-
promised by significant blowdown, which redoced
riparism canopy density from about 35 percent to 10
psresnt ot one high retention buffar and from about
is.ﬁﬁ'mnttﬁ]usm.n <] eni ot ome lowr retantion
. Mallins o ol 1 donamented temperatuTa
responsas to clasr-zut logging with rparian boffers
for two lake beaded strosmms. Both streams cocled in
tha downeiream direction both befors and aftar log-
Ezag Mzan ﬁuﬁlﬁt temparatures ot the downstrasm
s of the ot hlocks wera slightly warmer less than
1'Cy after logging, although the maximum daily em-
psrahare in Augost incrsased by mors then 5'C at cos
strasmm. The dominant downstream conling ohserved
btk hafire and aftor harvest was attributed to the
eomnbiration of warm souree temperaturss assodated
with the lakes and the strong cocling effect of ground
wnter inflow throogh the cloar-cut, as well as the
residim] shado provided by the partislly logged ripari-
an buffar.

Thermeal Recovery Through Time

Post-haryast summer stream teomperaturss should
decreass throngh timo as riparisn vegetation and
shada lovels romwer. SEnmmers (onpublished, cited in
Beechea ot all, 1987 found that shede lovels at sites
thiat had been clonr<ut and burned recoversd more
rapidly in wotter forest typas smd st lower alovatioms.
Shade recovery to old-growth lovals cocrurred within
about 10 years in the Coast wastarn bernlock
zons and about 20 vears in the Cascade Mountain
waostarn bemlock rone Shade recovery was onhy 50
peroent complets after about 30 years in the highar-
alevntion Padfic sibver fir zone in the Cascadaes. Shada
recovery depends not only on tation growth but
also Jtraum width: :|:m:|'.|'|§|r'|||I LD'T:E::.:- I-hl:l'lﬁli TeIovar
mora rapidy

[n experimental studies, temperatore recovery
nn:'nn'-n-d within & o 10 years or was ot east undsr

uy for severn] main dominated streams (Brown and
]'[1'_|.'E;|n|: 1870; Harris, 1877, Fellor, 1851; Harr and
Fredriksan, 1986). However, recovery tock lomger in
othar msss or was ot detectabla in the post-harvest
psricd in sormne cases. Jobmeon and Jones (2000 faund
thnt summer strsam tempsratures recovered after
abont 13 years for streams that had their channels
and riparinn pomes distarbed by debris fows in the
Oregon Casedes, whils Faller (1881) found mo evi-
dence of recovery seven years after harvest for a
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catchmant subject to logeing and slazh burming. In
tha subhorsal sovironment of B.C., Malling o af.
2002} fiund no evidencs of recovery within the Gret
throa yonrs, whila Macdomald «f of. (3003b) fomd no
avidena for racovery of summer temparatures within
thie first five years following harvasting with partisl-
ratention buffers. Becavee the streams soudisd by
Mnedonald o af. (200801 wera well shadad by shrubby
vagetntion hoth before and after harvest (E. Maclsanc,
Fithigrizs ond Oesane Canada, November 25, 2004,
personal commumicntion), it appears that shading by
Jow vegotn tion may oot be as effactive at maintairdng
Jow strenm tempsratores as that from tress. In addi-
tion, blowdown within the buffers may bave con-
tributed o tha o t lnck of reocvary raported by
Maoedomald o of. dhi.

Comparisan With Stodics Qutside the Pocific
MNorthwent

Studies of tho aferts of forestry on straam tempar-
nture have bsen conductad at locatioms cutside the
PHNW, including Great Britain (Stoct and Marks,
2000, sastern and southorn United Statoes (a7, 3wift
and Messer, 1571; Hewlstt and Fortsom, 1882; Fishal
of ol 18582; Lynch o ail, 1884), Quebac (Provost o
al., 19933, and Maw Zealand (Rows nnd Taylor, 19845,
Comzistent with resales from the PHW, thess stodiss
hnwe found that streams subjoct to manopy removal
bcoma warmar in the summar and exhibic greater
diurnal fluctostions. However, differsnces in anviron-
meantal conditions (climats, hydrolegy, vegstation),
foresiry treatments, and reported temperatore met-
rims limit the comparnbilicy of quamtitative rasnlis.

Effects of Forest Roads

Forest roads and their ngEn-nf—wu.] wonld hava n
similar irfluence to ot hl in terms of enhanesd
solar radistion mpuis. Brown o of. (18711 obssrved
downstrasm warming of up o 7'C in & 42 m reach of
Dieap Cut Cresk in Oregom, which was complataly
cleared of vegetation during road mnstruction. In the
zentral intsrior of B.C., strenms warmad over 2'C
neross o 50 m right-cf-way 1.4"C noross o 20 m right-
of-wny, and sbhout 0.4°C aerose o 30 m right-of-way
(Horunter of af.,, D00E. Ancther possible offect of for-
w5t roads is the interesption of nd watar ard its
conveyance to o stream vin ditches, wherae it is
sxposed to solar radintion, edfectivaly replacing the
oooling effect of ground water inflow with inflow of
warmn ditch water This promss has bson obsarved in
the central interior of B.C. (0. Maloney, B.C. Ministry

of Forasts, Morthern Interior Begion, Octobar 3, 2000,
pursonal communimtion) and may he most irvportant
in low relief terrain, where high water tables monld
muintain ditch flow during periods of warm wonthar.

Dewonstreams and Comnlodive Efects

Tha potentinl for mxmulative afferts assorinted with
warming of hesdwnter straams is o significant man-
ngament commarn. Beschia and Taplor (1865 demon-
siratad that forest harvesting batwoen 1555 snd 1864
in tho 325 km? Salmon Croeck watarshed produced
subetantial inoréases in summer water tempsraturs
at tha mouth of the watershed . Given that nmrent fior-
usi practices in the Pacific Northwest require or rec-
ommend haffers sround all bot the smallest streams
nnd require more eareful troximont of unstable ter-
rain, curmlntive effocts resulting from curremt prac-
tices may b= of lower magrituds than those found By
Beschta and Taylor (1865, At smaller scales, downe
riream transmission of dearing hoated water wonld
increnss the spatial extent of thermal impacts and
possibly reduce the habitat value of localized cool
water areas that form where hendwater streams fow
into larger, warmer strazme, which tend to bs coolar
nnd have higher dissolved coxygen concentrations than
other fypes of cool water sranss (Bilby, 19843

Some authors have argoed that downstranm cool
ing is unlikely to ooror excapt in assorintion with cool
ar grourd water or tribotary inflow (ag., Basdhits o
ai., 1967, whila others bewe eootended that streams
man Tecover their natural thermal regimes within rel
ativaly short distanoes downstream of forest openings
a8, Twismiads and Newton, 1868). Straams mn cool
in the downstream direction by dissipation of heat out
of the water column or vin dilution by ool inflows.
Dissipation to the atmosphsra (ond thus out of the
straam-riparian systam) can cosur via sansible and
latent heat sxchangs and longwove mdistion from the
water surtsce. Hont Joss vin evaporntion datent hasts
mn ba o particularly effoctive dissipation mechanism
ut highar water termperatures for latger straams ( Bene
ner and Baschtn, 3000 Mohsend of al, D002, Hower-
of; the afertivenass of eraporation may ba reduced in
small forest streams by negative feedback cmased by
norumlation of water vapor shove tho stroam dus to
poor ventilation. Chssipation of heat from the water
column into the bed mn cceor win condoetion and
hyporhaic axchangs (assuming the bed and hyporhaie
rooe are cocler than strenm water), but reciprocally,
these mechanisms wonld add that beat to tha bed and
hyporheic rone (Poole of af., 2011 Therefore, cooling
of the water column may occur st the sxpense of
warming the streambed and riparisn rone, which mn
infduencs rates of growth and dewelopment of bantkde
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invertabrates and influsnce salmonid incobation
(Vannoote and Sweenay, 15880; Crisp, 1250; Maleolm of
al, 200

Baported downstream teomperature changes balow
forast clearings are highly variakbls, with some
siranms mooling but cthers mntinung to warm (e.g.,
MeGurk, 1989; Caldwell of ail, 1881; Zwicniodk and
Nawtom, 1258; Story o all, 2008}, The maximum ecol-
ing reported in the literatore was almost 7'C over o
distance of about 130 m (Gresne, 1950). The magni-
tode of dewnstream cocling may be positively related
in some cases to the mazicmm upstream tempera-
tura. Eedth ef ol (1988 found that greater cooling
ooourred on sunny days, when maximum stream tem-
E:Tmtl.l:n:- wara graater than 20'C, thon on clondy

e, when maximum stresm tem peraturss wera onl
approximately 13'C. Storey and Cowlay (12873
ohsarved downstraam cooling of 1 to 2'C for two
streams in MNow Zealand where npstream temparm-
toras wore 20°C or greatar In s third stream, which
had a narrow margin of forest in the riparian Dome
upstrsam of the study reach, upstream temperntores
wure lowsr, approdmataly 17°C, sand no dorwnstream
cocling was ohsarved. However, o high upstream tem-
peraturs does not ensure that downstream ccoling
will ooror, s illustrated by Brown o ol (1871), who
chserved no significant cooling despite an upstroam
temmperatura of 23'C. These studics all sooployed only
post-trantment dsta, 2o that even where moling was
chsarved, thars is no basizs to ssssss whether tha
siranm temparatnre had reecvered to pre-logeing lev-
als.

Of the studies reviewsd, ooly three attempted to
quartify the processas governing downstream tampar-
sturs undsr shade (Brown 2 ail, 1871; Story
at al, 2004 Jobneon, 20040 For one claar July day,
Brown of 2, (1271 fourd that the latent snd eonduoe-
tive host Amees were the cnly coaling inegmtiva) terms
beczuse ground water irdlow was negligible, and these
wara offzet by the warming influences of net radinticn
snid sensibla bt even though the forast canopy sub-
stantially reduced imputs of solar radistion. This esti-
mated net inpot of heat is comsistent with the
chsarved ladk of significant downstream cocling. Story
af ai. (2003} found thet radintive mand turbulsot ense-
gy exchanges ot heavily shaded sites on two streams
reprasentsd a et ioput of heat during meost after-
noons and theredfore could not explain the ohserved
cocling of ap to mors than 4°C over distances of lass
than 180 m. Instead, dewnstream decreasss in daily
manmum tempsratures wers caused by ensrgy
sachangss betweon the streams and their subsorface
snvironmsnts vin ground water inflow, hyporheiz
sachangs, and hsat conduction. In comtrast. Jobmson
(34 demonstrated that downstream cooling could

JEVHA

ocenr in an artificially shaded stresm with no groand
watsr inflow or hyporhsic sxchange. Clearly, mors
researzh is requirad to clarify the mechanisms
responsible for dewnstream cooling and how they
respond to lozal conditions.
bres factors may mitigate agninst comulative

aifects of stream warmnng. First, although moling by
dilution of streamwater with colder inflow water mn-
oot reduce downstrenm temmperatures to pra-harvest
lawads, dilution |:T] ta b, wspecialby at
larger spatial lmﬂym rﬂﬁr &%Fmﬂ&m-
Iy insignificant. os long ss the total discharge of clear-
ing-hetad straams is oot o substantial fraction of the
total discharge (Equation 2i. Second, the effects of
ansrgy inputs will not ba linsarly additive thronghout
a uh'ou:??ﬂtnwl. This is o cnnr;nq_umu of the rela-
tion between smergy sxchangs (particularly snergy
losses win evaporation and longwave radistion) and
stroam temporatore: incrassed temparntare:s in ooe
reach dus to reduction of riparian shade may reducs
tha propensity for the strenm o warm in downstrasm
reachss, even in the nhssnes of dilution by ground
water or tributary infow Finally, where stroams flow
into lakss, ponds, or wetlands, the resstting of straam.
tomperatoras may minimize the possibility for cumuo-
lative effects balow the Jentic environment (Ward and
Stanford, 1053

An important aspect of cumulative effects is the
indirezt impacts of forest harvesting. For exampla,
removing riparian vegstation oot only reduccs shads
but can m'l:;Flj: in & IE':!III. baroming wider and shal-
lower dus to bank ercsion, which can prodoee a
graater temparaturs responss to the additional keat
inputs. Ageradation esussd by legging related mass
movarnents and subsequent sediment lzading can
gimilarly causs stream widening and promeota warm-
ing (Bzschta and Taylor, 1828). In addition, debris
flows that remove vagetation and scour charmal heds
to badrock can kad to marked warming in headwater
tributaries (Johozon and Jones, 2000,

MOMITORING AND PEEDICTING STEEAM
TEMPERATUEE AND [TE CAUTSAL FACTORS

Successfill management of forestry opserations for
maintenames of stream termperatiTe regimes requras
acourats, cost sffertive tools for monitoring stream
temperatore and ite musal factors and for predicting
the affects of different harvesting options.
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Mongtaring Stream Temperatune

Most recent studiss bave employed submersibla
temperatara loggers to mondtor temparntuare. Thess
are relativaly inszpensive and suffidsntly accursts
(eypically within 0.2'Ch for forestry related applica-
ticme. also ids sufficiant temporal reschition
1o allow calenlation of temperatare metrics ot & mngs
of tima scales, such s maximom doily tomperatura
and accurmilnted scasomal degres dmys. Mulkhpla log-
gars should ha uzed within and downstream of clasr
inge to avmd i hloms resnlting from small
iﬂa spatinl ::ﬁl?'l:ulhﬂ%rp?ﬂh:q o ail, ; Moora =t
od., B00E).

Forward looking infrared radicmstry from hali-
aopters has baen uvsad for investigating strearn tem-
?I'nrnt'ur-:- patterns in medinm to largs streams

rgurecn o al, 1558, 2001 ). However, its application
1o handwater sireames is limited by the sansor resclo-
tiom rolative to typiml channel widthe for small
streams and the fact that low vegeiation overhanging
the channel may obscurs the water surthes. Howevar,
the tectmalogy may bs inwalunbls in identifying sl

water arsas ot tributary monthe and thedr signifi-
canos as thermal refiagin.

Mreosuring Shade

Given the importancs of solar radintion in causing
strasm warming following forest harvesting relinble
ond practical methods for mensuring shados are
requited for use ns indimtors of the effactivensss of
riparian buffers in i imst stresm teonper-
nﬁn’hmgﬂ and for use L':&]:ra-di.ctiﬁ m.-:-dnlfmn-f
stream temperaturs. Many models use canopy and
tarrain anglas, sither ficld ‘masnared with a dinome-
ter or estimated from the gesmetry of the riparian
canopy and stresm, to determine whsther direct solar
radiation is blocksd, Where blockags by wegetation
ooours, the direct radiation reaching the stream is
reduced aecording to sstimates of the transmmissivity
or shade density of the riparian cancpy (s, Beschia
and Wastherred, 1524; Butherford ef ol., 1887 Srid-
hiar of oil, 2004;.

Oenlar estimates of canopy cover using instm.-
ments s3ch s o spharical densiometer aro often used
ns indices or s modsl inpuot (2g., Sollivan of ai., 1860;
Mullina « af, 33025, Althoogh omilar instrumemts ora
gemerally icexpensive and easy to use in tha fald,
thay are prons to cperator error dus to subjective
interpratation. In addition, measurements such as
spheriml demsity may not provids a good index of
solar radiation blo sxept in o uniform cancpy.
Erarier and Brown (1572) devaloped an instrnament

JoumrL OF TR AugRaM WATE R RES0URCDE A LS TOWTION

Staff Report:
Salmonids

October 2008

27

for messaring smgalar coanopy densicy (ACDH, which is
ths mnopy damsity in the portion of the sky through
which tha sun pasess during the time of maximum
potential straam hanting, typically July or August,
ing on Lezntion and hydrologic regimme. Tati
1) deseribed an alternative, robust instromsnt for
msasnming ACD based on o convex mirror, Aoother
instramsnt, the Sclar Pathfindes™, forosss on the
portion of the mnopy responsibls for blodeing direct
solar mdistion throughout tha dag.

Homisphsrima] photography ¢ an alcermative
that is leas prone to oparator error than orolar methe
ods and allows computation of o range of paramaters
that ara strongly related to solar radiation sxposura
iRingold of al, 2003, bt it requires off-site analyeis.
Dtigital cameras that con be used with fish-<ye lenzes
are steadily decreasing in price, and functional sodft-
ware packages are availablke both commercially and
by fre= distribution (Frazer of ai,, 1888,

Shnde ean also be charscterized by mmparing mdi-
aticn or light lewels mensured above the stream to
thosa at an open site. For acnmmple, Webb and Zhemg
11597 nsed a hand-held photographic ight mater, fol
lowing Bartholow (1588), while Davias-Colley and
Favne (18565 nsed & lenf area index canopy nnalvzar.

Although studies have compared eanopy dansicy
paramatars sstimated by different matheds (2.g.,
Englund of af., 2000; Ringold & al,, 2303), fuw studics
appear to hewe asssssed which approsch providss the
bast measurs of shade for skraam ternparaturs nssass-
mant. Brazisr and Brown (19731 sstimated the
amoumt of “hant blodesge” crused by the camopy covar
in riparian buffors by comparing obesrved wator tem-
puraiures to temperntures astimated for o sitnstion of

no moopy shade Tho good ralation betwson astimat-
od heat Blockage snd measured ACT confirmed the
ralevanca of ACD as an indimtor of buffar afective-
ns=as for termperaturs control. Fastherford of af, (1287
fauand substantial sampling varishility in thair shads
estimabes for o small strenm in Hew Zealand. Using
the sverage fisld moaanred shads value in the physs
cally based modael STEEAMLINE resulted in overseti-
mates of siream termpornture. Moore of ol (3008 nsad
the spatinl distribution of eamopy gaps derived from

hemispherical ca aphs, in conjunction
with mansoraments ﬁ tokal smid salar radistion

at an open sits, to modal the temporal varistion of
solar irradinnos at o stream surface for o claar sky
day. Thair inshility to close a resch seals snergy bud
ot may hove resultad from sampling hins associnted
with the canopy photographs but could also havs
arissn from errors in estimates of the other snergy
exchanges. Further work is nesdad to verify predicted
solar radintion based on shade measurements, idzally
uzing solar radintion msasurements to avodd con-
founding factors inwaolved in stream heat budgets.
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Thata affarts will ba partioalarly important for appli-
cation in mmplex shade sovironments such sz par-
tinl-retention riparisn buffere or varisbla retention
harvesting units.

In additicn to the quantitative messuremsnt of
shindae, thers are questions about shade “guality” i
terme of minimizing snergy ioputs to a stream, For
sznmpls, Hewlstt and Fortson (1882) presented evi-
demca that shads from Jow, brushy vegetation was lass
sffoctive than taller tress at moderating water tem-
peratures for o stream in the Georgia Fi nt Simi-
larhly, Macdonald &f ai. (2002h) cbserved significant
termparaturs incransas in central BC despite cover by
low vegointion. If thesa afferts are real, it may be thet
overhanging low vegetation transmits mora solar
madintion than o comi & cancpy that obetnacts the
same fraction of sky view. or that it promotes net
smergy inputs to o stream by influencing longwave
radintion nod sensible andfor latent heat.

Predicting the Infuencer of Forent Horvesting on
Stream Temperature

Empirima]l modals for predicting stream temparn-
ture responsa to forest hatvesting in the PRNW inchida
Micchall's (1558 regreasion modal E:-:'E]:lml:l.i.c‘l:iug tha
mean monthly stream tempsrature following com-
plets remeoval of the riparinn cancpy. a “tempsmmbare
sreen” for predicting stream temmperaturs as o fune-
tion of elevation aod parment stream shade in Wash-
ington (Sullivan ef ol., 1280} and o multiple
regrassion model that pradicts downsiream tempara-
ture chamges os o fonckion of opstream temparnhire
mnd canopy eover in the cemtral interior of B.C. (Aalli-
ma of ail, 3020, Although empirical modals hove the
wirtnes of simplivity and low rnﬂ}l.i:nmn:l:lln. for inpat
data, they usually invelve signifizant wncertaintiss,
sapadally whan applied to sitoations different from
thoza represented in the calibration data (ag., differ-
a0t Jozntions, wanther conditions),

Phipsically based medals incorpornting snergy bal-
mnea mncepts have hoen developod for application to
individual stronm reachss, including the ssminal
muodal introduced by Brown (1885, 18685, TEMP &4
(Heschta and Wastharred, 1884), TEMPEST ¢ Adsms
and Eollivan, 1559, Hsat Soures (Bovd, 15965 and
ETREAMLINE (Futherford of af,, 1887 Modals to
sirmlats strenm temperaturas ot the stream network
orf catchment senle include SNTEMP (Mattax and
Croiglay, 1288; Bartholow, 1981, 20000 and o mads]
hazed on the HSFF (H iznl Simulation Frogram
- FOETEAN) modal aloped by tha U5 Environ-
mszntal Protection Ageney and the US Geological
Eorvay (Chan of ol., 188%sb). Other modals hava
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b<an developed, buot the ones mentionsd are hrosdly
repressntative of the Tangs of complexity:

Sullivan o af. (1880 teated the akility of four reach
soale modals (Brown's modal, TEMP-22, TEMFEST
and SETEMPi and thres catchment sesls modals
(QUALIE, SNTEMP, and MODEL-Y) to predizt
forsstry related temperaturs increases in Washdngton,
Thtw catchment seale medsls required more inpot data
then would be available for operational applica tions
ard did oot ide nocorate tempsratare pradictions.
TEMF-6& pﬂpd.nd acourata p:rnl:l:il:ﬁnn.l-F:I::r menn,
minimum, and marimmm emparatores bot reqoired
upsiream emparatures ns inpot to achisve the high
lewal of parformance. TEMPEST was loss sensitive to
specification of input temperatores, making it mora
suitable 05 oo opsrational tool (Sullivan = of., 1850,

Sridhar «f of. (2004 nddressed the problem of
unknown upstream tempsmaturss by using a reach
leogth of 1,800 m above the prediction point. For this
raach , the effect of the boun 200-
ﬁhmligﬂ:mdnhd. dﬁrumw:rmmmmﬁ?ﬂm
nagligibla for low flow conditions. However, this
approsch wonld not necessaTily be approprists for the
Esadmost strasms in the channel network, whare the
reach of intersst may extend only o few hondred
metars or ks downstrenm from the channsl head. In
such cases, an estimnate of ground water temperaturs
may be approprists as s apstrsam boondary condi-
tico.

As meotionsd previously, Futherford o all (1507
found that their modal predictions were binsad whan
the mean ficld mosnired values for shado wore nsed
as inpot. Although thoy wore able to mateh the dsily
maximmum ond mirdmom femperatores by inoreasing
the zhimdo values to the maxiomm obssrved valuas,
ths timing of the dinmal temparaturs wave was incor-
rect, suggesting that some promss was oot propary
reprasantsd. They kypothesized that flow through
gravals (i.e, hyporhs: axchsnge) could have bsen ooe
of tha cnusas. The significancs of hyporheio
on reach seals tompn;':'.:::u:ﬁ puttm'nzpfrh.-:hul:l m
tignted further.

OIECTIESION AND CONCLUSIONS

Summeary of Forest Harvew'ing Exfects on
Microclimode ond Stream Temperoiune

Forest harvesting ean inmrease solar radintion in
tha riparian rone as well as wind spoad and oxposura
to sir advected from clearings, typically causing
inmreases in summertima mit, soil, and stream termpar-
atures and decronses in ralative humidity. Riparisn
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boffers can help minimize these chemges. Edge adfocts
pematrating into a boffor genomlly docline rapidly
within about one tres haight inte the forest under
most dreumstan:es. Solar radistion, sodl temparature,
and wind npp<ar tn adjost to forest oomditions
mora rapidly than nir temperaturs and relative
hnmidity.

Claar-sut harvesting can produce signifiennt dmy-
tima inzraases in stream temparature during summar,
drivan primarily by the incransed salar radistion
assooated with eanopy cover but ales irdln-
snced by chemnel morphology and strenm hyd rodogy.
Winter temperature changes have not boon as wall
dorumentad bot appesr to be smaller in magnituds
and somstimas ita in direction in rain-dominat-
& catchments. retantion of riparinn vegsta-
tion can help protect against temparature changes,
substantial warming has boon cbsorved in streams
with both unthinned and partinl retention buffars.
Foad rights-ci-emy can aleo produce signifiennt warm-
ing. Changes to bed temparature regimes have mot
besno wall studied bot can ba similar to changoes in
surfnce water in areas with dernwelling fow

Although the cxperimental resualts are qualita tively
consistent, it is difficult to mako quantitative mmpar-
isons of experimental results bemuse the shidies hwva
srprasssd tempsrature changess using incommensn-
rahla temparntnres matries. For the studiss wharae sim-
ilar matrizs wera available (og, marimom summer
tomperntora), trentmsnt afferts exhibited substantial
varinbility, @ven where the trostments o to b
comparabls fa.g., HIA Watershed 1 and Noadls
Eranchj. Thus, on their own, sxperimsntal resules
ennnot ensily be extrapolated to othoer situntions.
Applization of hoat modals may bedp o ding-
nose the rensons for vanations in response I experi-
mantal stndies and provide a tool for confidemt
artrapolation to new situntions.

Inzrassad stream tempsrahires associntad with for-

wrt heorvesting appear to dedine to pre-l I.n'rn]:-
withdn. five to teo years in many oses ﬁ-ﬁ'

mal recovery can taks longer in othars. Thara is
mized evidancs for the afficmey of Law, shrubby vegeta-
tion in promoting reccvary.

T ture incrosses in hoadwater stronme ara
unli to produce substnntinl changes in the tem-
paratures of largsr strsams inte which they fow,
unkes the tetal inflow of dear-zut heated tributariss
-:-:vnlti.tu'tma significant pmp-:-rh.m of the total flow in

stranm. Cloaring beated strosms may o
mu],ru.-:t m?:f'u.hmthﬁ}' flow intn shadod aross. Whare
demnstrasm ccoling does mot corur rapidhy, tha spatial
sxtant of thermal impacts is efectively extended to
Jowar reachos, which may ba fish bmring. In addition,
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warming of headwater strenms could redues the Jocal
cooling affect where thay flow into Larger siroams,
thos diminishing the vabse of thoss cool wakter arans
s tharmal refiygin.

Bivlogico! Consequences ond fmplicafions for Forest
Prachices

[t is difficnlt to estimate the biclogizal conss.
quenzas of harvesting ralated changss in riparian
microclimate and stresm temperaturs bassd on the
existing results. In terme of terrestrial ecology in
riparian zomes, thera is incomplete knowladge regard-
ing the nombare of spoecies that are unigoa to small
streamne and their riparian zonss, s wall os thair pop-
ulation dynamiecs, semsitivity to microclimatic
changes, nnd ability to recolonize distorbed habitat
(Richardson of of,, 2005). The ecological affects of
sirsam temperaturs changss in small, nonfish b<ar-
ing streams ore also unclear. While it is gensrally

ncknowladged that changes in thermal rogime mn
influence maoroinvartebrates (Vannote and Sweanay,

1880; Ward and Standord, 1992, the metrics trpically
presented for stream temparaturs changes ie.g., maxi
|:|:|.1:||:|:|. n'|:||:|:|.1:|:|n:r termperature) may not be the most hio

:||:u significant for streames that remain st

:-1:| termparatures. Given the smarging sppreas-
tion :E:u.' the role of small strenms in providing organic

matter to downstream fish bearing reaches (ag.,
'li'll.]::HJ and Gregovich, 2002 a bettor undarstanding
is ired of how changes in the physical conditions
i.'nm nh'aum:-m:lﬂ:.n:irin.tﬂrum]::i:-;:- with chamical
and hiclogizal promesses influence their downstream
axports.

Eased on the svailable studics, & ono-tree-height
huffer on each side of a strenm should be reasonahl
affective in redocing harvesting impacts on 'I:-D'I'i
riparian miooclimate and stream temperatura. Nar-
rower buifers would provids ot lasst partial protee-
tion, bui thsir effertiveness may be mmpromised by
wind throw, and they coold still inour costs by eompli
cating accass and yarding operations. Alternative
upproachas to protwcting riparisn valose may ba pos-
sible that awoid ot least some of the problems associ
nted with buffers. For exampls, in B.C., many
nf:{luni.@.l retnin gresn tres patchies within o oot

1o provide futore wildlifo hobitat. If these wera
positionsd whare thay muold shads the stream, they
mould provide at lsast soma of the fonction of & ripari
un buffar kot parbusps with lower wind throw risk and
with Jesz impact oncass of socass smd yarding.
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Appendix 3C. Page 44 of 76



MICRE, SPITTLEHDUSE, MO STIRY

Trswes for Future Revearch

Riparian mizrodimates appsar to have been rala-
tively littls stodisd, both in general and specifically in
ralation to the effects of different forest proctices. For-
ther research needs to address thess knowledes gaps.

Shade is the dominant zontrol oo forestry related
stream warming, and although algorithme exist for
setimating it bassd on riparian vegetation height and
channsl geamstry thera is o need to refine mathods
for measuring it in the fisld and for modsling it.
Ground-bassd hemis ical phet 2 oifer
potantial for dn'rdngi.lpg;ng?uth me ufn.'h.uﬂ-‘::
wall ae o tool for modsling the temporal wanation of
salar transcmssion as 2 function of the spatial distri-
bution of mnopy gaps. Further ressarch should forus
on the application of hemispherical raphy,
including sm assassmant of sampling varisbilicy and
hins. In addition, the efferts of low deciducus vegeta-
tion on the heat budgst of small streams shouold ba
sxamined to balp understand and predict trojectoriss
of tharmal recovary in fima.

Further ressarch shoul address the thermal impli-
cations of surfscafsubsarface hydrologie interactions.
Erndiss shoul feeue on both thi ool seale and reach
zeale affects of heat eaxchange associnted with
hyporhszic flow paths, partizularly thoss assccinted
with step pocl ures, which are common in stesp
hsadwater straams. Bed temperature patierns ino
small strsams and their relatico to stream tempera-
tora should bs ressarchad, asparially in relation to the
afferts on bemthic invertebrates and other nonfish
species. The hypothesis that warming of shallow
grourd watsr in dear-mits man contribute to stream
warming shonld ks nddresssd. idaslly by & combina-
tiom of experimental and promssmodaling studies.

The izal basis for aratura s down-
sfream of clearings nesds to be clarified. In partinalar,
it may ba nsafol to determine whether dingnestic site
factors exist that can predict reache: whers cocling
will cezur. Such informnstion eculd assist in the identi-
fication of “thermal recovery reaches™ to limit the
downstraam propagation of stream warming. It could
also balp to identify aress within a oit block where
shade from o retenticn patch would bave the greatest
influsnca.
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TAC Primer on The Physiological Basis For Salmonid
Temperature Response and Watershed Pattern of Use

The Physiological Basis for Salmonid Temperature Response

Water temperature is a dominant factor affecting aquatic life within the stream
environment (Hynes 1970). Water temperature affects important stream
functions such as processing rates of organic matter, chemical reactions,
metabolic rates of macro-invertebrates, and cues for life-cycle events (Sweeney
and Vannote 1986). Water temperature plays a role in virtually every aspect of
fish life, and adverse levels of temperature can affect behavior (e.g. feeding
patterns or the timing of migration), growth, and vitality.

Figure 3. Coho salmon daily growth rate as a function of temperature  \Water temperature governs
and daily food ration. the rate of biochemical
reactions in fish, influencing
all activities by pacing
metabolic rate (Frye 1971).

Coho Salmon
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energetic processes and temperature have been quantified for many fish species
with laboratory study. Energetic processes are expressed as functions of activity
rate in relation to temperature. The relationships between energy-related
functions and temperature follow two general patterns: either the rate increases
continuously with rise in temperature (e.g., standard metabolic rate, active heart
rate, gastric evacuation), or the response increases with temperature to
maximum values at optimum temperatures and then decreases as temperature
rises (e.g., growth rate, swimming speed, feeding rate) (Brett 1971, Elliott 1981).
Each function operates at an optimal rate at some temperature and less
efficiently at other temperatures.

For example, daily growth as a function of temperature is shown in Figure 1.
Beginning with the coolest temperatures (0° C), growth increases with
temperature up to the optimal due to increasing consumption and food
conversion efficiency. At temperatures above the optimal, growth rates decline
as consumption declines in response to temperature and metabolic energy costs
increase (Brett 1971, Elliott 1981, Weatherly and Gill 1995). Because the shape
of growth curves is relatively broad at the maximum, there is little or no negative
effect of temperature several degrees above optimum. Some investigators
define the optimal temperature as the temperature at which maximum growth
occurs, and refer to the range of temperature where growth occurs as “preferred”
temperatures (Elliott 1981).

The general form of this relationship is similar for all salmonid species, varying
somewhat in the details of growth rates and optimal temperatures. All salmonids
have a similar biokinetic range of tolerance, performance, and activity. They are
classified as temperate stenotherms (Hokanson 1977) and are grouped in the
cold water guild (Magnuson et al. 1979). Significant differences in growth rate
and temperature range exist among families of fish (Christie and Regier 1988).
Some families grow best in colder temperatures (e.g. char), and many grow
better in warmer temperatures (e.g. bass). Differences in the specific
growth/temperature relationships among species in large measure explain
competitive success of species in various temperature environments.

The range of environmental temperature where salmonid life is viable ranges
from 0-30 °C, with critical temperatures varying somewhat by species. Salmonid
physiologic functions operate most effectively in the mid regions of the range
where growth is also optimized. Physiological functions are impaired on either
end of the temperature range so that the geographic distribution of prevailing
high or low temperatures ultimately limits the distribution of the species in the
Salmonidae family (Eaton 1995).

The effects of temperature are a function of magnitude and duration of exposure.
Figure 2 from Sullivan et al. 2000 summarizes the general relationship of
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salmonid response to temperature exposure. Salmon species are similar in this
pattern, but vary somewhat in the temperatures zones of response.

Exposure to temperatures above 24°C can elicit mortality with sufficient length of
exposure. The temperature where death occurs within minutes is termed the
ultimate upper incipient lethal limit (UICL). This temperature is between 28- 30°C,
varying by salmon species. Clearly, salmon populations are not likely to persist
where this temperature occurs for even a few hours on a very few days each
year (Eaton 1995). Lethal exposure is defined as up to 96 hours of continuous
exposure to a given temperature.

Salmon can tolerate each successively lower temperature for exponentially
increasing intervals of time. They do so by altering food consumption and
limiting the metabolic rate and scope of activity (Brett 1971, Elliott 1981,
Weatherly and Gill 1995). This resistance to the lethal effects of thermal stress
enables fish to make excursions for limited times into temperatures that would
eventually be lethal (Brett 1956; Elliott 1981). The period of tolerance prior to
death is referred to as the “resistance time” (Figure 2) (Hokanson 1977, Jobling
1981). Salmon can extend their temperature tolerance through acclimation.
Brett (1956) reported that the rate of increase in ability to tolerate higher
temperatures among fish is relatively rapid, requiring less than 24 hours at
temperatures above 20°C. Acclimation to low temperatures (less than 5°C) is

Figure 4. General biological effects of temperature on salmonids in relation to duration and magnitude of
temperature (from Sullivan et al. 2000).
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considerably slower.

Laboratory and field studies have repeatedly found that salmon can spend very
lengthy periods in temperatures between 22 and 24°C without suffering mortality
(Brett 1995, Bisson et al. 1988; Martin 1988). Temperatures within this range
may be stressful, but are not typically a direct cause of mortality (Brett 1956).
Temperatures that cause thermal stress after longer exposures, ranging from
weeks to months, are termed chronic temperature effects. Endpoints of lengthy
exposure to temperature that are not physiologically optimum may include loss of
appetite and failure to gain weight, competitive pressure and displacement by
other species better adapted to prevailing temperatures (Reeves et al. 1987),
change in behavior, or susceptibility to disease. Werner et al. (2001)
documented correlations between stream temperature, size of juvenile steelhead
and heat shock protein expression.

Fish may be able to avoid thermal stress by adjusting behavior, such as moving
to cooler refugia. Numerous observers have observed behavioral adjustment by
seeking cool water refugia when temperature in normal foraging locations
reaches 22°C (Donaldson and Foster 1941; Griffiths and Alderdice 1972;
Wurtsbaugh and Davis 1977; Lee and Rinne 1980; Bisson et. al. 1988; Nielsen et
al. 1994, Tang and Boisclair 1995; Linton et al. 1997; Biro 1998). Fish resume
feeding positions when temperatures decline below this threshold. At very low
temperatures, salmonids cease feeding and seek cover under banks or within
stream gravels (Everest and Chapman 1972).

Less quantifiable in a dose-response context are relationships involving
temperature and disease resistance, and temperature effects on sensitivity to
toxic chemicals and other stressors. (Cairns et al. 1978). For temperature to
affect the occurrence of disease, disease-causing organisms must be present,
and either those organisms must be affected by temperature or fish must be in a
weakened state due to the effect of temperature. Some disease-causing
organisms may be more prevalent at high temperature, others are more
prevalent at low temperature, and some are not temperature-related. Thus, the
interaction of temperature and disease is best evaluated on a location-specific
basis.

If energy intake is adequate to fuel the physiological energy consumption,
mediated in large part by the environmental temperature, then the organism can
live in a healthy state and grow. Growth is a very important requirement for
anadromous salmon living in fresh water. Salmon emerge from gravels in their
natal streams measuring approximately 30 mm in length and weighing
approximately 0.5 gram. Adults returning to spawn 3 to 5 years later typically
measure 500 to 1000 mm in length and weigh from 5 to 20 kg depending on
species. This enormous increase in body mass (greater than 5000 times) must

be accomplished within a very limited lifespan. Salmon have evolved from a
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fresh water origin to spend a major portion of life in a marine habitat where there
is far greater productivity and where the majority of growth occurs (Brett 1995).

Juvenile salmon must achieve the first six times increase in weight in their natal
stream before they can smolt and migrate to the ocean (Weatherly and Gill
1995). Coho and steelhead generally smolt within 1 year, but can require as long
as 3 years to achieve sufficient size to begin the transition to salt water. The
long-term exposure of salmonids to temperature during their freshwater rearing
phase has an important influence on the timing of smoltification and the ultimate
size fish achieve (Warren 1971, Brett 1982, Weatherly and Gill 1995, Sullivan et
al. 2000).

The size of salmonids during juvenile and adult life stages influences survival and
reproductive success (Brett 1995). Larger size generally conveys competitive
advantage for feeding (Puckett and Dill 1985, Nielsen 1994) for both resident and
anadromous species. Smaller fish tend to be those lost as mortality from rearing
populations (Mason 1976; Keith et al. 1998). Larger juveniles entering the winter
period have greater over-wintering success (Holtby and Scrivener 1989; and
Quinn and Peterson1996). Growth rates can also influence the timing when
salmon juveniles reach readiness for smolting. Missing normal migration
windows by being too small or too large, or meeting a temperature barrier, may
have a negative effect on success in reaching the ocean (Holtby and Scriverner
1989).

How large a salmon can grow in a natural environment is fundamentally
determined by environmental and population factors that determine the
availability of food. Water temperature regulates how much growth can occur
with the available food. Brett et al. (1971) described the freshwater rearing
phase of juvenile salmon as one of restricted environmental conditions and
generally retarded growth. Many studies have observed an increase in the
growth and productivity of fish populations in streams when temperature (and
correspondingly) food is increased. This tends to occur even in the cases where
temperatures exceed preferred and sometimes lethal levels (Murphy et al. 1981,
Hawkins et. al., 1983, Martin 1985, Wilzbach 1985, Filbert and Hawkins 1995).

Table 1 summarizes results from laboratory and field studies of coho and
steelhead temperature response (from Sullivan et al 2000). Steelhead and coho
are similar, though not identical, in the temperatures at which various functions or
behaviors occur. Importantly, Sullivan et al (2000) showed that even though the
laboratory optimal growth temperatures for steelhead are within a narrower and
cooler range than those of coho (e.g. their “growth curves”), steelhead grow
better than coho when exposed to higher temperatures in natural streams.

These authors suggest that this disparity results from a greater efficiency in
obtaining food in natural environments by steelhead, thus allowing them to

generally obtain a higher ration of food. Bisson et al (1988b) showed that the
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body form of these two fish differ, enabling steelhead to feed efficiently in riffle
habitats where food supply is more abundant. Thus, steelhead have a higher
“net temperature tolerance” than coho.

With the exception of some spring-run Chinook salmon, most Chinook juveniles
do not rear in streams through the summer and are therefore not typically
exposed to late-summer conditions.

There has been some suggestion that there may be genetic adaptations by local
populations that confer greater tolerance to temperatures. However, literature on
temperature thresholds for salmonids, as summarized in Table 1 is remarkably
consistent despite differences in locations of subject fish (Sullivan et al. 2000,
Hines and Ambrose 2000, Welsh et al. 2001).
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One problem encountered in synthesizing laboratory and field studies is how to
characterize the widely variable stream temperature characteristics of a stream in
either a physically or biologically meaningful way is lack of standardization on
reporting summary statistics. The measures of 7-day maximum values have
been shown to have biological meaning (e.g. Brungs and Jones 1977). These
types of metrics also provide useful indices for comparing temperature among
streams. Sullivan et al (2000) showed that all of the short-term high temperature
criteria relate closely to one another when calculated from the same stream

Table 1. The spectrum of coho salmon and steelhead response at temperature thresholds
synthesized for field and laboratory studies from Sullivan et al (2000). Threshold values are
approximations, due to lack of consistency in reporting temperature averaging methods among
studies. Temperature thresholds are standardized to the average 7-day maximum to the extent
possible to allow comparison of field and laboratory study observations.

COHO STEELHEAD
Biologic Response Approximate Approximate
Temperature °C Temperature °C
Upper Critical Lethal Limit (death within minutes)-Lab 29.5 30.5
Geographic limit of species—Stream annual maximum 30 31.0
temperature (Eaton 1995)
Geographic limit of species—Warmest 7-Day Average Daily 23.4 24.0
Max Temperature (Eaton 1995)

Acute threshold U.S. EPA 1977—Annual Maximum 25 26
Acute threshold U.S. EPA 1977— 18 19
7-day average of daily maximum

Complete cessation of feeding ( laboratory studies) 24 24

Growth loss of 20% (simulated at average food supply) 22.5 24.0
Increase incidence of disease (under specific situations) 22 22
Temporary movements to thermal refuges 22 22
Growth loss of 10% (simulated at average food supply) 16.5 20.5
(7-day average of daily maximum)
Optimal growth at range of food satiation (laboratory) 12.5-18 10-16.5
Growth loss of 20% (simulated at average food supply) 9 10
7-day average of daily maximum
Cessation of feeding and movement to refuge 4 4

temperature record (7-day mean and maximum, annual maximum temperature,
and long-term seasonal average). However, longer-term measures are better
indicators of general ecologic metabolism. For example, degree-summation
techniques sum duration of time (days, hours) above a selected threshold
temperature.
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Temperature Patterns and Salmonid Species Distribution Within
Watersheds

Temperatures supporting the physiologic functions of fish species reflect the
ambient temperatures likely to be found in streams in each species’ natural range
of occurrence (Hokanson 1977). For salmonids, this range is from O to less than
30°C (see Table 1).

Within the range of distribution of salmonids in the Pacific Northwest, there is a
west to east climatic gradient reflecting the marine influence at the coast and the
orographic effects of interior mountain ranges. Coastal zones are characterized
by maritime climates with high rainfall that occurs during the winter and dry warm
summers. Interior zones are dryer, and rainfall may occur as rain or snow.
Summers are very dry, and temperatures often hotter than coastal zones,
although elevation can have a significant cooling effect. Comparison of river
temperatures associated with forested regions throughout Washington, Oregon
and ldaho show generally consistent occurrence of temperatures within the
temperature tolerance of salmonids (Sullivan et al. 2000).

The temperature of streams and rivers within the range of distribution of
salmonids in the Pacific Northwest and California typically vary widely on both
temporal and spatial scales. For example, the range of hourly temperature over
a year period for a smaller headwaters stream and larger mainstem river located
within a forested watershed in Washington are shown in Figure 3. (The figure
also shows the typical phase and migration timing for coho and steelhead
salmon.) Similar patterns are observed in forested regions of California.

Active feeding and positive growth can occur at any time during the year when
temperature is within the positive growth range illustrated in Figure 1. Juvenile
salmon experience preferred temperatures for much of the year, and may
experience stressful temperature conditions for relatively little time during the
year. Water temperatures between 8 and 22°C tend to be the most prevalent
temperatures observed in natal rivers and streams in the Pacific Northwest
(Sullivan et al. 2000). Temperatures high enough to directly cause mortality are
rare within the region where salmon occur. Temperatures high enough to cause
stress (>22°C) may be common, especially in higher order streams.
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Watershed Temperature Patterns

Stream temperature tends to increase in the downstream direction from
headwaters to lowlands. (Hynes 1970, Theurer et al 1984). The dominant
environmental variables that regulate heat energy exchange for a given solar
loading, and determine water temperature are stream depth, proportional view-
to-the-sky, rate and temperature of groundwater inflow, and air temperature
(Moore et al, 2005). Increasing temperature in the downstream direction reflects
systematic tendencies in these critical environmental factors. Groundwater input
becomes a smaller portion of the streamflow and has less cooling effect as
streams get larger (Sullivan et al 1990). Air temperature increases with
decreasing elevation (Lewis et al. 2000). Riparian vegetation and topography
shade a progressively smaller proportion of the water surface as streams widen
(Spence et al. 1996), until at some location there is no effective shade at all
(Beschta et al. 1987, Gregory et al. 1991). Streams gain greater thermal inertia
as stream flow volume increases (Beschta et al. 1987), thus adjusting more
slowly to daily fluctuations in energy input. The typical watershed temperature
pattern is illustrated in Figure 4.

Water temperature in larger rivers without riparian shading is in equilibrium with,
and close to, air temperature. In smaller streams, water temperature is
depressed below air temperature due to the cooling effects of groundwater inflow
and the shading effects of the forest canopy (Sullivan et al. 1990; Poole and

Figure 5. Water temperature of the Deschutes River (148 km?) and Hard Creek (2.3 km?), a headwater tributary in the Cascades
of Washington. Data are hourly measurements.
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Berman 2000, Moore 2005). The minimum temperature profile in Figure 4
indicates the general pattern of water temperature in streams in a fully forested
watershed. The coolest temperatures will be observed in the smallest streams
and will be near prevailing groundwater temperature. As the effects of these
insulating variables lessens in the downstream direction, water temperature
moves closer to air temperature until the threshold distance where riparian
canopy no longer provides effective shade and the water temperature is closely
correlated with air temperature alone (Kothandaraman 1972). It is likely that the
shape of the minimum line varies both with basin air temperature and with
differences in natural vegetation.

Various authors have reported the likely summertime temperatures that mark the
highest and lowest temperatures on this curve for streams and rivers of the
Pacific Northwest and California used by salmonids. Minimum groundwater
temperatures are approximately 10-13°C (Sullivan et al. 1990, Lewis et al. 2000).
Maximum temperatures typically range from 20 to 26°C (Sullivan et al. 2000,
Lewis et al. 2000) depending on location.

Figure 4. General pattern of temperature at the watershed scale and potential range of response to forest
removal. (from Sullivan et al. 1990).
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Removal of vegetation in headwater streams may allow temperature to increase
up to (but not exceed) the basin air temperature maxima. Thus, the potential
response of water temperature to forest harvest may be large in small streams,
but only small, and difficult to detect in mid to large size watersheds.

Fish Species Distribution Within Watersheds

Salmonid species found in California include Chinook (O. tshawytscha), coho (O.
kisutch), and steelhead (O. salmo). These species are the most temperature
tolerant of the anadromous species in the salmonidae family. The southern-most
extent of the natural range of salmon is found at latitude approximately equal to
San Francisco, dipping further south along the coast. Eaton (1995) showed a
strong relationship between prevailing summertime maximum temperatures and
the end of the range of occurrence.

Salmon species throughout their range have evolved to use different parts of the
river system during their freshwater rearing phase. Systematic changes in the
occurrence or dominance of species within river systems in part reflects the
temperature patterns as one important component of habitat. Differences among
species can confer competitive advantages in relation to environmental variables
that influence the species’ distribution (Brett 1971, Baltz et. al. 1982, Reeves et
al. 1987, DeStaso and Rahel 1994).

Steelhead have higher net temperature tolerance, are widely distributed within
the northern region of California and occupy a broader range of habitats including
larger rivers and smaller streams. Coho have the lowest net temperature
tolerance of the salmonids found in California, and are found primarily where
temperatures are coolest for most of the year. They primarily occur in the low to
mid-order tributaries within the coastal zone.

Chinook salmon are perhaps the most temperature tolerant of all salmon
species. They have the highest optimal temperatures for growth and fastest
growth rates of all the salmonids. Fall run chinook emerge from gravels in spring
and move to the larger (warmer) rivers where their growth rate allows them to
migrate to the ocean with weeks to a few months. The juveniles migrate out of
the river before the warmest summer temperatures occur.

An exception are spring-run Chinook salmon. Some juveniles reside in streams
throughout the summer. These salmon are also the only salmonid that must
cope with summer water temperatures as adults. They typically enter the
Sacramento River from March to July and continue upstream to tributary streams
where they over-summer before spawning in the fall (Myers et al. 1998). Adult
spring-run Chinook salmon require deep, cold pools to hold over in during the
summer months prior to their fall spawning period. When these pools exceed
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21°C adult Chinook salmon can experience decreased reproductive success,
retarded growth rate, decreased fecundity, increased metabolic rate, migratory
barriers, and other behavioral or physiological stresses (McCullough 1999).

California Regional Temperatures

To date, there has been no California-wide water temperature study or synthesis
of available information. A regional stream temperature study was conducted
within the Coho ESU by the Forest Science Project at Humboldt State University
(Lewis et al. 2000). The area where coho occur within California is delineated by
the Coho ESU includes the northern coast zone and portions of the interior
Klamath region. The regional study measured water temperature at hundreds of
sites in a variety of streams and rivers well distributed within the area from
approximately San Francisco northward to the Oregon border, and from the
coast to approximately 300 km inland. Stream size varied from watershed areas
as small as 20 to a maximum of over 2,000,000 hectares. The assessment
included new data and historical analysis of historic temperature assessments,
augmented with recently measured temperature at the same locations as earlier
measurements.

Results of the study provide some general insight into maximum summer stream
temperatures within this region of California.

1) The regional study confirmed the general increasing trends in
temperature from watershed divide to lowlands.

2) The annual maximum temperature ranged from 12-25°C in the coastal
zone and 14-32°C inland beyond the coastal influence. Temperature as
high as 32°C occurs, but is rare.

3) The cooling influence of the coastal fog belt on air temperature extends
as far inland as 50 km in some rivers, and is significant enough to affect
water temperature within a distance 20 km from the coast in some
locations. The effect of the cool air is sufficient to reduce some river
temperatures by as much as 5-7°C degrees by the time water reaches
the ocean. These help prevent prolonged exposure to stressful
temperatures. The coast fog zone is the dominant zone for coho
productivity in the state.

4) Maximum temperature in rivers in the coastal fog belt can still exceed
20°C

5) No one geographic, riparian, or climatic factor explains water
temperature with high precision. Multiple regression models developed
from the data explain about 65% of the variability, similar to finding in
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other parts of the Pacific Northwest (Sullivan et al. 1990).

6) The coolest maximum temperatures (<18°C) are most likely to occur
where:

e Distance from divide is less than 10 km.
e Canopy cover is >75%

7 The probability of achieving temperature of <20°C decreases at 1) lower
canopy closure, 2) distance from divide as an indicator of stream size, and
3) with distance from the coast.

8 There is relatively small difference in maximum water temperatures
between interior and coastal streams of similar watershed areas in
basins less than 100,000 hectares in size.

What needs to be understood better for California:

1) the availability of cool water at the watershed and population scale

2) the overall cumulative effect of temperature on the annual basis.
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PRIMER: SEDIMENT RIPARIAN EXCHANGE FUNCTION

Erosion and Sediment Processes in California’s Forested
Watersheds

Erosion is a natural process that is well described for California in several college
textbooks (Norris and Webb 1990, Mount 1995). California’s evolving landscape
reflects the “competing processes of mountain building and mountain
destruction”, with landslides, floods, and earthquakes working as episodic forces
which often create major changes (Mount 1995). In general, the land surface is
sculpted by the forces of erosion: water, wind, and ice. The physical and
chemical composition of the rock determines how it weathers by these forces.
The role of running water in shaping the earth’s surface is considered the most
important of all the geologic processes and has received the greatest attention by
researchers (Leopold et al. 1964; Morisawa 1968).

The rates of natural erosion are very high in the State’s regions having greater
amounts of rain and snow, such as the geologically young mountains of the
Northern Coast Ranges, Klamath Mountains, and Sierra Nevada (Norris and
Webb 1990). Mean annual precipitation was shown to be a relatively precise
indicator of climatic stress on sedimentation in Northern California (Anderson et
al. 1976).

Soil erosion processes on upland watersheds include: a) surface erosion (e.g.,
dry ravel, sheet and rill), b) gullying, and ¢) mass movement or wasting (e.g., soil
creep and landslides, such as slumps, earthflows, debris slides, large rotational
slides). These can occur singly or in combination. Falling raindrops can be a
primary cause of surface erosion, especially where soils have little vegetative
cover (Brooks et al. 1991). Erosion products deposited by water become
“sediment”, brought to a channel by gravity and erosive forces. The water-
related, or “fluvial”’, processes active within the stream channel and floodplain
are: 1) the transport of sediment; 2) the erosion of stream channel and land
surface; and 3) the deposition or storage of sediment.

Sediment Sizes, Transport & Measurement

Sediment is any material deposited by water, but research usually describes
sediment according to its size, means of transport, and method of measurement
(MacDonald et al. 1991, Leopold 1994). Inorganic sediment ranges in size from
very fine clay to very large boulders. Particle size classes tend to be split into a
different number of size categories by physical scientists (AGI 2006) and by
biologists (Cummins 1962). The Modified Wentworth Scale is commonly used by
biologists (Waters 1995) and includes 11 particle sizes and names: clay, silt,
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sand (five classes), gravel, pebbles, cobbles, and boulders. In addition,
sediment includes particulate organic matter, composed of organic silts and clays
and decomposed material. Grain size terminology can also vary:

e Fine-grained sediment (“fines”) includes the smaller particles, such as silt
and clay (usually <0.83 mm in diameter). The largest size class for this
category varies, sometimes including sand and small gravel (1-9 mm)
(Everest et al. 1987).

e Coarse-grained sediment represents the larger particles, such as gravels
and cobbles. It makes up the bed and bars of many, if not most, rivers.
The smallest size class for this category varies, and sometimes includes
sand and small gravel (1-9 mm).

Whatever the term used, it is important to understand the sediment definition and
particle size that each research article is using before extrapolating the results.

Sediment is transported by streams as either suspended load of the finest
particle sizes (from clay to fine sand <2.0 mm) that are carried within the water
column, or as bedload of the larger particles (from coarse sand to boulders) that
never rise off the bed more than a few grain diameters. Higher velocity and
steeper streambed slope can transport larger grain size, for example.

Since the measurement of sediment transport levels can be problematic, it is
done in several ways. (For detailed descriptions of common methods, including
the strengths and limitations of each, see MacDonald et al. 1991, Gordon et al.
1992, and Waters 1995.)

Suspended sediment samplers measure direct suspended sediment
concentration (SSC) in milligrams of sediment per liter of water (mg/l). Since
most sediment transport takes place during high flows, samples must be taken
during these periods to develop long-term averages. Many samples are needed
near peak discharges to determine the error margin. Two types of samplers can
be used: depth-integrating and point-integrating.

Turbidity is a measure of the ability of light to be transmitted through the
water column (e.g., the relative cloudiness). Turbidity sampling and meters are
often used as a substitute for the direct measurement of the suspended sediment
load of a selected stream reach, but the relationship may vary and requires a
careful study design to make accurate correlations Turbidity is frequently higher
during early season runoff and on the rising limb of a storm’s runoff; automated
data collection is now being used to more accurately capture such infrequent
events (Eads and Lewis 2003). Turbid water may also be due to organic acids,
particulates, plankton, and microorganisms (which can be ecologically
beneficial); interpretation must therefore be carefully done. In redwood-
dominated watersheds of north coastal California, Madej (2005) found the
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organic content of suspended sediment samples ranged from 10 to 80 weight
percent for individual flood events. Turbidity is not a good indicator for
movement of coarse-grained sediments, such as sand in granitic watersheds,
since these larger grain sizes move at the bottom of the water column or as
bedload (Morisawa 1968; Sommarstrom et al. 1990; Gordon et al. 1992).

Bedload measurement can be a difficult method since this larger-sized
sediment must be collected manually during high flows when bedload is in
transport. While there are different types of methods and equipment, the Helley-
Smith bedload sampler has become the standard for bedload measurement,
especially for coarse sand and gravel beds. Multiple samples must be taken per
cross-section of stream. Bedload cannot be collected automatically as readily as
suspended sediment can. Bedload as a percentage of suspended load can
range from 2-150 percent; 10 percent bedload would be a conservative estimate
for a storm event with muddy-looking water in a gravel-bed stream.

Sediment that is deposited within stream channels can be measured by changes
in channel characteristics. The most common methods include: a) channel
cross-sections, b) channel width / width-depth ratios; b) pool parameters (e.g.,
fines stored in pools (V*)), c) bed material (particle-size distribution,
embeddedness, surface vs. subsurface particle size); d) longitudinal profiles in
upstream-downstream directions (e.g., using the “thalweg”, the deepest part of
the stream channel).

Fluvial Processes and Sediment

Stream reaches can be defined by the dominant fluvial processes: erosion
ltransport / storage (Schumm 1977; Montgomery and Buffington, 1997; Bisson,
et al, 2006). The steep headwaters tend to be the source of erosion, the middle
elevation streams are the transfer zone, and the low elevation streams are the
depositional zone. However, any given stream reach demonstrates all three
processes over a period of time; the relative importance varies by location in the
watershed.

Natural Sources of Sediment

Within the riparian zone, natural sediment sources and the effects of the riparian
zone tend to vary by the type of channel reach (Montgomery and Buffington,
1997; Bisson, et al, 2006). The uppermost parts of many source reaches are
characterized by exposed bedrock, glacial deposits, or colluvial valleys or
swales. Stream reaches in bedrock valleys are usually strongly confined and the
dominant sediment sources are fluvial erosion, hillslope processes, and mass
wasting. The colluvial headwater basins have floors filled with colluvium which

has accumulated over very long periods of time. Such channels as may exist are
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directly coupled with the hillslopes, and their beds and banks are composed of
poorly graded colluvium. Stream flow is shallow and ephemeral or intermittent.
The colluvial fill is periodically excavated by debris flows which scour out the
stream channels and delivery large quantities of sediment and large woody
debris to downstream reaches (Montgomery and Buffington, 1997; Bisson, et al,
2006). There is often is no distinctively riparian vegetation bordering the
channels.

A bit further downstream, transport reaches commonly still have steep gradients,
are strongly confined and subject to scouring by debris flows. Stream beds are
consequently characterized either by frequent irregularly arranged boulders or by
channel-spanning accumulations of boulders and large cobbles that separate
pools. The boulders move only in the largest flood flows and may have been
emplaced by other processes (e.g., glacial till, landslides). Streams generally
have a sediment transport capacity far in excess of the sediment supply (except
following mass wasting events). Dominant sediment sources are fluvial and
hillslope processes and mass wasting (Montgomery and Buffington, 1997;
Bisson, et al, 2006). The transition between transport and response reaches is
especially likely to have persistent and pronounced impacts from increased
sediment supply (Montgomery and Buffington, 1997).

In the higher response reaches, stream gradients and channel confinement
become more moderate. Incipient floodplains or floodprone areas may begin to
border the channels, so they are not so coupled to hillslope processes. The
typical channel bed is mostly straight and featureless with gravel and cobble
distributed quite evenly across the channel width; there are few pools. Where the
bed surface is armored by cobble, sediment transport capacity exceeds sediment
supply, but unarmored beds indicate a balance between transport capacity and
supply. Dominant sediment sources are fluvial processes, including bank
erosion, and debris flows are more likely to cause deposition than scouring
(Montgomery and Buffington, 1997; Bisson, et al, 2006). There is usually
distinctively riparian vegetation along the channel.

Also in low to moderate gradients, braided reaches may form where the sediment
supply is far in excess of transport capacity (e.g., glacial outwash, mass wasting)
and/or stream banks are weak or erodible (Buffington, et al, 2003). Channels are
multi-threaded with numerous bars. The bars and channels can shift frequently
and dramatically, and channel widening is common. The size of bed particles
varies widely. Banks are typically composed of alluvium. Bank erosion, other
fluvial processes, debris flows, and glaciers are the dominant sediment sources.
Distinctively riparian vegetation is common, and is especially important in
providing root strength to weak alluvial deposits (Bisson, et al, 2006).

Appendix 3D. Page 7 of 24
Staff Report:
Scientific Literature Review of Forest Management Effects on Riparian Functions for Anadromous
Salmonids

October 2008



In lower-elevation, lower-gradient response reaches, channels are generally
sinuous, unconfined by valley walls, and bordered by floodplains. Beds are
composed of gravel or sand arranged into ripples or dunes with intervening
pools. Sediment supply exceeds sediment transport capacity, so much of the
finer sediment is deposited outside the channel onto the floodplain. The
dominant sediment sources are fluvial processes, bank erosion, inactive
channels, and debris flows. Distinctively riparian vegetation typically grows on
the floodplain where it plays important roles in: i) reinforcing weak alluvial banks
and floodplains, and ii) providing hydraulic roughness to reduce erosion during
overbank flooding (Montgomery and Buffington, 1997; Bisson, et al, 2006).

Natural sediment production in undisturbed watersheds can vary significantly,
depending upon soil erodibility, geology, climate, landform, and vegetation.
Delivery of sediment to channels by surface erosion is generally low in
undisturbed forested watersheds, but can vary greatly by year (Swanston 1991).
Annual differences are caused by weather patterns, availability of materials, and
changes in exposed surface area. Sediment yields for surface erosion tend to be
naturally higher in rain-dominated than in snow-dominated areas. Soil mass
movement is the predominant erosional process in steep, high rainfall forest
lands of the Pacific Coast. The role of natural disturbances in maintaining and
restoring the aquatic ecosystem is becoming more recognized by scientists using
interdisciplinary approaches (Reeves et al. 1995).

California Examples

Landslides are an important sediment source in northern coastal ranges of
California, particularly where they were active in the wet period of the late
Pleistocene and have remained dormant for long periods. If reactivated by
undercutting at the toe, these slides can deliver immense amounts of sediment to
channels (Leopold 1994). Kelsey (1980) found in the Van Duzen River basin that
avalanche debris slides accounted for headwater erosion storage, but that
natural fluvial hillslope erosion rates were quite low. In the North Coast range,
small headwater streams tend to aggrade their beds during small storms and
degrade during large, peak flow events. However, in larger streams, sediment
aggrades during large events and gradually erodes during smaller ones (Janda
et al.1978).

Sediment budgets offer a quantitative accounting of the rates of sediment
production, transport, storage, and discharge (Swanson et al. 1982; Reid &
Dunne 1996). They are performed in California by academic researchers (Kelsey
1980; Raines 1991), consultants (e.g., Benda 2003), and agencies. In a review
of sediment source analyses completed for agency-prepared Total Maximum
Daily Load (TMDL) allocations in nine north coast California watersheds, the
amount of the “natural” sediment source contribution ranged from a low of 12% to

a high of 72% over the past 20-50 year period (Kramer et al. 2001). An

Appendix 3D. Page 8 of 24
Staff Report:
Scientific Literature Review of Forest Management Effects on Riparian Functions for Anadromous
Salmonids

October 2008



evaluation of sediment sources in a granitic watershed of the Klamath Mountains
found 24% of the erosion and 40% of the sediment yield to be natural
background levels in 1989 (Sommarstrom et al. 1990). Post-fire erosion can be a
major component of sediment budgets in semi-arid regions of California (Benda
2003).

Role of Riparian Vegetation

Forested riparian ecosystems influence sediment regimes in many ways. First,
riparian plant species are adapted to flooding, erosion, sediment deposition,
seasonally saturated soil environments, physical abrasion, and stem breakage
(Dwire et al. 2006). Sediment transported downslope from overland flow passes
by riparian vegetation, where it can accumulate or be transported through the
riparian area (USEPA 1975; Swanson et al. 1982b). The significance of
vegetation’s role in providing bank stability and improving fish habitat was first
recognized as early as 1885 (Van Cleef 1885). Riparian plant roots help provide
streambank, floodplain, and slope stability (Thorne 1990; Abernathy and
Rutherford 2000; NRC 2002) and can bind bank sediment, reducing sediment
inputs to streams (Dunaway et al. 1994). Bank material is much more susceptible
to erosion below the rooting zone, but vegetated banks are typically more stable
than unvegetated ones (Hickin 1984). Soil, hydrology, and vegetation are
interconnected in bank stability, though the understanding has developed more
slowly (Sedell and Beschta 1991; NRC 2002). For example, the effect of riparian
vegetation roots on the mass stability of stream banks may be overestimated in
erosion models, according to recent research (Pollen and Simon 2005). In a
study on the Upper Truckee River, California, a willow species provided an order
of magnitude more root reinforcement than lodgepole pine and reduced the
frequency of bank failures and sediment delivery (Simon, Pollen, and
Langendoen 2006).

Riparian vegetation patterns appear to indicate specific landforms and local
hydrogeomorphic conditions; the patterns differ by geographic location and
climate, such as semi-arid versus humid regions (Hupp and Ostercamp 1996).
Since streamside areas tend to have high moisture and low soil strength, they
are vulnerable to compaction and physical disturbance (Dwire et al. 2006). For
some sediment processes originating from upslope of the riparian zone,
vegetation may have little influence. Large, deep-seated landslides are probably
not affected by streamside plants and downed wood, for example (Swanson et
al. 1982b). Current conditions of riparian plant communities need to be viewed in
the context of the historical alterations to the landscape, including land
management (NCASI 2005).
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Effects of Sediment on Aquatic Life of Streams

While erosion processes can provide sources of gravels for fish spawning,
excessive sediment deposition can be harmful to aquatic life. Habitat needs for
anadromous salmonid fish of the Pacific Coast are well described by Bjornn and
Reiser (1991), with a review of the effects of fine sediment on fish habitats and
fish production compiled by Everest et al. (1987), Furniss (1991), Walters (1995),
Spence et al. (1996), and CDFG (2004). A brief summary of the effects of
sediment on critical life stages of salmon and trout is as follows:

e Spawning: Fine sediment can become embedded in spawning gravels,
reducing the abundance and quality available for spawning and possibly
preventing the female from excavating her nest (redd); excessive
sediment loading can cause channel aggradation, braiding, widening, and
increased subsurface flows, all reducing spawning gravel abundance;
excess sediment can fill pools that are needed for rest and escapement of
adults migrating upstream to spawn.

e Eqq Incubation: Excessive fine sediments can suffocate or impede egg
development or developing alevins by reducing or blocking intragravel
water flow, oxygenation, and gas exchange. Organic sediment, however,
can provide valuable food (e.g., bugs) for fish (Madej 2005).

¢ Juvenile Rearing: Coarse and fine sediment can fill pools, which reduces
the volume of habitat available for critical rearing space and the population
that can be sustained; fine sediment can cover the streambed and
suffocate benthic macroinvertebrates, reducing availability of important
food source (Suttle et al. 2004). Chronic turbidity from suspended fine
sediment interferes with feeding effectiveness of fry and smolts, reducing
their growth rate or forcing them to emigrate (Sigler et al. 1984;
Newcombe and Jensen 1996; Rosetta 2004).

The review by Everest et al. (1987) demonstrated that the effects of fine
sediment on salmonids are complex and depend on many interacting factors:
species and race of fish, duration of freshwater rearing, spawning escapement
within a stream system, presence of other fish species, availability of spawning
and rearing habitats, stream gradient, channel morphology, sequence of flow
events, basin lithology, and history of land use (Furniss et al. 1991). It also
should be noted that research on the effect of “fine sediment” on salmonid
reproduction (e.g., percent survival of fry emergence from eggs) varies in the
definition of sediment size, ranging from 0.85mm to 9.5 mm, but tends to focus
on 2.0 millimeters or less (Everest et al. 1987). One needs to be careful in
interpretation of the literature when comparing the effects of differently defined
“fines” (Sommarstrom et al. 1990.)
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The first major literature review on the aquatic effects of human-caused sediment
was published in 1961 by California Dept. of Fish and Game biologists Cordone
and Kelley, who concluded that sediment was harmful to trout and salmon
streams. Productive streams, at every trophic level, contain stored sediment and
large organic debris and are more productive than channels with too little or too
much sediment (Everest et al. 1987). An early California study of streams with
increased sedimentation found that fish biomass decreased in some streams and
increased in others (Burns 1972). Stream macroinvertebrate diversity was
significantly decreased in stream reaches below failed logging road crossings,
implying the effect of higher sediment levels (Erman et al. 1977). In a review of
stream characteristics in old-growth forests, the authors noted that many streams
in California have naturally high sediment loads, including an abundance of fines
less than 1 mm, but historically these streams supported healthy populations of
salmonids (Sedell and Swanson 1984).

Forest Management & Sediment Effects

The literature on the erosion and sediment impacts of forest operations is quite
extensive, though much of it comes out of the Pacific Northwest. Most of the
California research on private forestland has focused on the north coastal
redwood region, particularly in the Caspar Creek Experimental Watershed of the
Jackson Demonstration State Forest in Mendocino County (e.g., Zeimer 1998;
Rice et al. 2004) and in the Redwood Creek watershed as part of Redwood
National Park related research (e.g., Best et al. 1995; Madej 2005).

Historic Logging Practices

Certain mid-20™ century logging practices were clearly identified as harming
water quality. Clearcut logging, of large portions of a watershed down to the edge
of streams, and the logging road system, were noted as a major source of
sediment in earlier studies in Oregon (Brown and Krygier 1971; Swanson and
Dyrness 1975) and California (Cordone and Kelly 1961; Burns 1972). Cordone
and Kelley in 1961 perceived that the bulk of stream damage was caused by
carelessness and could be prevented “with little additional expense”, they
thought at the time. Over thirty years ago, Burns (1972) examined logging and
road effects on juvenile anadromous salmonids in northern California streams,
with all streams showing sediment increases following logging. Evidence was
also gathered to show that good logging practices could reduce sedimentation
problems in the western region (Haupt and Kidd 1965; Brown 1983).
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Sediment and other impacts led to a series of increasingly protective measures
for forestry operations on public and private lands in the U.S. In 1973, California’s
State Water Resources Control Board recommended improved timber harvest
and road construction methods at the time of the passage of the State Forest
Practice Act but prior to the adoption of the Forest Practice Rules in 1975 by the
Board of Forestry (SWRCB 1973). Tighter stream protection rules were later
required by the State, as described under Riparian Buffers below. Berbach
(2001) describes the evolution of such measures for private forestland in
California.

Roads as a Major Source of Sediment

Logging roads have historically been the largest, or one of the largest, sources of
forest management-related sediment (Trimple and Sartz 1957; Megahan and
Kidd 1972; Burns 1972; Anderson et al. 1976; Adams & Ringer 1994). One study
found that roads can contribute more sediment per unit area than that from all
other forestry activities, including log skidding and yarding (Gibbons and Salo
1973). Roads can affect streams directly through the acceleration of erosion and
sediment loadings, the alteration of channel morphology, and changes in the
runoff characteristics of watersheds. Sedimentation was often greatest when
major storm events occurred immediately after construction, while surface
erosion usually declined over time with revegetation of roadsides and natural
stabilization (Beschta 1978). A long-term study in Caspar Creek in Mendocino
County found similar results, but also a lag of sediment transport as material only
moved during periods of high runoff and streamflow (Krammes and Burns 1973).
In landslide prone terrain, road-related erosion could continue unless certain
design, construction and maintenance practices were carried out, or high erosion
hazard areas were avoided. Much of the research of logging road effects was on
roads that had been constructed in the 1950’s, 60’s and 70’s, before improved
road location and design to minimize potential slope stability and erosion
problems were applied. By the early 1990s, steps were being taken to minimize
the negative effects of roads on streams through both construction and
maintenance practices (Furniss et al. 1991; Weaver and Hagans 1994).

Channel crossings, within the riparian area, are often the primary cause of water
quality problems associated with roads and the resultant ecological impacts
(USFS 1976; Erman et al. 1977; Forman and Alexander 1998). Debris blockages
of undersized culverts and flood flows can cause the failure of the logging road
stream crossing, delivering large volumes of crossing-fill sediment directly into
the channel. In a long-term erosion evaluation of the Redwood Creek watershed,
researchers found significant gullying problems due to logging roads, particularly
due to diversions at plugged stream culverts or ditch relief culverts (Hagans et al.
1986). These diversions created complex channel networks and increased
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downslope drainage density, yet 80% of all gully erosion was avoidable, the
authors stated, through minor changes in road construction techniques.

Heavily used, unsurfaced logging roads also can produce significantly more
sediment and turbidity than abandoned roads, with one study in Washington
State showing a 130 fold increase (Reid and Dunne 1984). Road surface
sediment can drain into roadside ditches and then into streams, delivering fine
sediment detectable by turbidity sampling below the road (Bilby et al. 1989). The
problem can be effectively minimized, the authors noted, by draining the ditch
onto the forest floor in small quantities to infiltrate, by using better road
construction and surfacing material, and by leaving woody debris within the
stream. Ketcheson and Megahan (1996) evaluated the potential sediment
filtration effectiveness of the riparian zone below road fills and culverts in granitic
terrain, finding that road sediment travel distance increased with increasing
volume of eroded material.

In some locations, road placement within the stream riparian zone can encroach
on the floodplain and channel and force streamflows to the opposite bank,
potentially destabilizing the hillslope and causing increased landsliding. Roads
located within the landslide-prone inner valley gorge, where very steep slopes
are adjacent to streams, are at high risk of frequent or iterative failure (Furniss et
al. 1991). A study in the Klamath Mountains of northwestern California noted this
relationship (Wolfe 1982). If roads must be located in a valley bottom, a buffer
strip of natural vegetation between the road and the stream is recommended
(Furniss et al. 1991).

High quality roads and better maintenance are likely to reduce the amount of
material supplied to channels from hillslopes, reduce the amount of sediment
mobilized along low order streams, and reduce the sediment delivery rate to high
order streams (Furniss et al. 1991; Slaymaker 2000). In the past decade,
methods to inventory logging road drainages for their potential to deliver
sediment have become more standardized (Flanagan et al. 1998; CDFG 2006).
Road erosion studies need to be examined in the context of geology and soill
types, such as the highly erosive granitics (e.g., Megahan and Kidd 1972).

Some studies have compared the effects of old to new forest practices. Cafferata
and Spittler (1998) compared the effects of logging in the 1970s to the 1990s in
the Caspar Creek watershed in Mendocino County found that “legacy” roads
continue to be significant sources of sediment deca des after construction.
Recent Total Maximum Daily Load (TMDL) studies in north coastal California
watersheds assessed sediment sources over multiple decades, but the analyses
did not distinguish whether logging road-related sediment originated from roads
constructed before or after the Forest Practice Act in 1973 (Kramer et al. 2001).

However, timber operations under the “modern” Forest Practice Rules produced
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an estimated erosion rate one-tenth that of pre-1976 practices on a tributary of
Redwood Creek (Best et al. 1995). Rice (1999) cautioned about direct
comparisons of different studies with different objectives, but concluded that
road-related erosion in Redwood Creek was significantly reduced due to
improved road standards (e.g., better sizing and placement of culverts). In 1999,
the Scientific Review Panel on California Forest Practice Rules and Salmonid
Habitat made nine recommendations on road construction and maintenance,
including the removal of legacy roads within the riparian zone (Ligon et al. 1999).

Riparian Buffers in Forest Management

The concept of using vegetation and/or obstructions to form buffer strips to
minimize or retard downslope sediment movement has been applied to
agricultural and forestry operations for many years (Broderson 1973; USEPA
1975). Buffer strips are defined as riparian lands maintained immediately
adjacent to streams or lakes to protect water quality, fish habitat, and other
resources (Belt et al. 1992). Limiting mechanical harvesting activities within
streamside zones is appropriate to protect their vulnerability to compaction and
physical disturbance, due to high moisture and low soil strength factors (Dwire et
al. 2006).

The U.S. Forest Service adopted the Streamside Management Zone (SMZ) in
the 1970s as a Best Management Practice (BMP), for closely managed
harvesting, to act as an effective filter and absorptive zone for sediment, to
protect channel and streambanks, and other benefits (USFS 1979). Each
National Forest’s Forest Plan also has Standards and Guidelines for the
protection of riparian areas, including specific BMPs (Belt et al. 1992). In 1975,
the California Board of Forestry first adopted the Stream and Lake Protection
Zone (SLPZs) as part of the state’s Forest Practice Rules (FPRs); these riparian
zone protections were later expanded by the Watercourse and Lake Protection
Zone (WLPZ) in 1983, 1991 and 2000 (Berbach 2001). While the benefits of such
riparian protections are not challenged, the extent of the buffer strips (i.e.,
upslope and upstream) to balance ecological, water quality, and management
needs continues to be debated (Dwire et al. 2006).

Direct physical disturbance of stream channels and soils within the riparian area
by timber harvest activities can increase sediment discharge (Everest et al.
1987). In a 1975 California field study, physical damage to streambanks during
logging was caused by equipment operating through streams, by yarding and
skidding timber through channels, and by removal of streamside vegetation.
Failed road crossings deposited sediment into the streams, reducing the diversity
of the aquatic invertebrate community (Erman et al. 1977). Grant (1988)
identified a method, primarily through aerial photograph analysis, to detect
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possible downstream changes in riparian areas due to upstream forest
management activities.

More recent studies have looked at the design of forest riparian buffer strips to
protect water quality. The authors of one literature summary stated, “we cannot
overemphasize the importance of maintaining the integrity of the riparian zone
during harvest operations” in relation to erosion and sedimentation processes
(Chamberlin et al. 1991). The use of riparian buffers and BMPs has generally
decreased the negative effects of forest harvest activities on surface water
quality (Belt et al. 1992; Norris 1993). However, even an intact riparian buffer
strip cannot prevent significant amounts of hillslope sediment from entering a
stream via overland flow (due to infiltration and saturation excess in severely
disturbed soil) or from debris slides originating outside the riparian zone (Belt and
O'Laughlin 1994; O’Laughlin & Belt 1995).

One area of research receiving more attention is the riparian zone within
headwater and low order streams (e.g., first and second). Sediment deposited in
low order streams (which tend to be Class Ill under FPR rules) may be delivered
to high order streams (e.qg., third and fourth) that are usually Class | and II.
Moore (2005) summarizes the latest results of this headwater research in the
Pacific Northwest. MacDonald and Coe (2007) have recently investigated the
influence of headwater streams on downstream reaches in forested areas,
including the connectivity and effects of sediment. These recent research papers
and others on this topic need to be thoroughly examined before consensus can
be reached on the conclusions.

In recent years, the use of riparian buffer zones as a management tool has
increased. For public lands in the Pacific Northwest, Riparian Reserves (RR)
were set aside under the Northwest Forest Plan in 1994, where silvicultural
activities were not allowed for multiple reasons, including water quality (Thomas
2004). For private forest lands, stream protection zones have increased in
importance and restrictions in the past decade due to the federal and state
listings of anadromous salmonid species as threatened or endangered (Blinn and
Kilgore 2001; Lee et al. 2004). The current WLPZ rules for California were
tightened from the 1991 Rules to protect listed fish species under the
“Threatened or Impaired” (T/I) Rules, adopted as Interim Rule Requirements by
the BOF in 2000, based in part on the recommendations of the Scientific Review
Panel (Ligon et al. 1999; Berbach 2001). Research is now needed on the effects
of these newer riparian protection zones, with comparisons made to previously
designated zones.
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Recent Sediment Evaluations of Forest Practices

Evaluations of forest practices producing and delivering sediment, as a nonpoint
pollution source, revealed that Best Management Practice (BMP) implementation
was generally good across the U.S., but cases of noncompliance persisted
(especially for road and skid trail BMPs (SWRCB 1987; Binkley and Brown
1993). The authors recommended compliance and effectiveness monitoring must
therefore be an ongoing activity.

The Board of Forestry’s Monitoring Study Group (MSG) has overseen two recent
evaluations of the effectiveness of the Board's Forest Practice Rules (FPRs). The
Hillslope Monitoring Program (Cafferata and Munn 2002) evaluated monitoring
results from 1996 through 2001, while the Modified Completion Report (Brandow
et al. 2006) continued analysis of data from 2001 through 2004. Both studies
found that: 1) the rate of compliance with the FPRs designed to protect water
guality and aquatic habitat is generally high, and 2) the FPRs are highly effective
in preventing erosion, sedimentation and sediment transport to channels when
properly implemented. The 2006 report concluded the following:

In most cases, Watercourse and Lake Protection Zone (WLPZ) canopy and
groundcover exceeded Forest Practice Rule (FPR) standards. With rare exceptions,
WLPZ groundcover exceeds 70%, patches of bare soil in WLPZs exceeding the FPR
standards are rare, and erosion features within WLPZs related to current operations are
uncommon. Moreover, in most cases, actual WLPZ widths were found to meet or
exceed FPR standards and/or widths prescribed in the applicable THP...

When properly implemented, road-related FPRs were found to be highly effective in
preventing erosion, sedimentation and sediment transport to channels. Overall
implementation of road-related rules was found to meet or exceed required standards
82% of the time, was marginally acceptable 14% of the time, and departed from the
FPRs 4% of the time. Road-related rules most frequently cited for poor implementation
were waterbreak spacing and the size, number and location of drainage structures...

Watercourse crossings present a higher risk of discharge into streams than roads,
because while some roads are close to streams, all watercourse crossings straddle
watercourses. Overall, 64% of watercourse crossings had acceptable implementation of
all applicable FPRs, while 19% had at least one feature with marginally acceptable
implementation and 17% had at least one departure from the FPRs. Common
deficiencies included diversion potential, fill slope erosion, culvert plugging, and scour
at the outlet...

Attention has recently focused on riparian management of low order streams by
management agencies, the public, and scientists. Gaps in knowledge are still
being identified for the Pacific region and the diversity of riparian management
standards continue to be debated (Young 2000; Moore 2005).
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What We Do Not Know or Do Not Yet Agree Upon:

e The need for buffer strips along low order (e.g., 1%, 2"%) streams to prevent
or minimize the delivery of sediment to higher order streams during
forestry operations.

e The amount of forest management that can be performed within a
designated riparian buffer zone without accelerating sediment production
and delivery.

e The sediment effects of the newer, riparian protection zones for forest
management, with comparisons made to previously designated zones.

e The relevance of forest management research on sediment relationships
in riparian zones in other western states to California, and the relevance of
such research in California’s north coastal redwood region to other
region’s of the state.
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Salmonid Life-Cycle Needs Related to Water

Important habitat characteristics for salmonids in streams include minimum
streamflow, obstructions to flow that create debris dams and have other effects
on stream shape, and gravel necessary for spawning (Botkin and others 1994).
The riparian zone along streams influences all of these factors. Streamflow, and
the sediment this flow transports, interact with large wood, boulders, and bedrock
outcrops to produce physical characteristics of streams required by fish, including
side channels in floodplains, and pools and riffles in small main-stream channels.

The amount, velocity, and depth of water required by salmonids varies
depending on the life stage. Bjornn and Reiser (1991) present a comprehensive
review of this topic for North American salmonids. Migrating fish require water
depths that allow upstream passage [e.g., minimum water depths of 0.09 m to
0.12 m for chum salmon, depending on substrate particle size (Sautner and
others 1984)]. Streamflow affects the amount of spawning habitat available by
regulating the area covered by water and the velocities and depths of water over
gravel beds [e.g., velocities ranging from 0.3 to 3.0 m/s and a minimum depth of
0.18 m (Thompson 1972)]. Stream discharge, followed by water velocity, are the
most important factors in determining the amount of suitable living space for
rearing salmonids [e.g., velocities < 10 cm/s for newly emerged salmon and trout
fry (Everest and Chapman 1972); depths ranging from water barely deep enough
to cover juveniles to > 1 m (Bjornn and Reiser 1991)].* In general, salmonid
carrying capacity increases as streamflow increases up to a point, and then
levels off or declines if velocity becomes excessive (Bjornn and Reiser 1991,
Murphy 1995).

Minimum streamflows in both summer and late fall are critical for juvenile rearing
and successful spawning for salmonids, respectively. Murphy (1995) reported
that minimum streamflow in summer limits salmonid carrying capacity on a broad
scale. For example, total commercial catch of coho salmon off of Washington
and Oregon was found to be directly related to the amount of summer streamflow
when the juveniles were in streams two years before (Smoker 1955, Mathews
and Olson 1980). Botkin and others (1994) found that streamflow, especially the
minimum flow in November three and four years prior to adult returns, accounted
for most of the variation in adult spring Chinook adult salmon returning to spawn
in the Rogue River in Oregon.

! Note that in an area with numerous deep pools and cool groundwater contribution, discharge
and velocity can be very low, compared to an area without pools.
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Effects of Forest Management on Peak Flows, Low Flows, and Water Yield

The effects of forest management activities on streamflow have been studied
since the early 1900’s and are summarized in Ziemer and Lisle (1998) and
Moore and Wondzell (2005). Changes in peak flows, low flows, and water yield
resulting from forest removal are very complex. The magnitude of change to
both water yield and peak flows depends on the amount and location of the
harvest, the stand age and composition of the vegetation removed, soil and
lithologic characteristics, topography, and climatic conditions. The persistence of
the effect is largely determined by the rate and composition of vegetation re-
occupying the disturbed site.

In terms of aquatic habitat, key hydrologic concerns relate to changes in summer
low flows, and in peak flows and their effects on channel stability and sediment
transport (Moore and Wondzell 2005). In a comprehensive review of forestry
impacts on aquatic habitats, Botkin and others (1994) concluded that there is no
evidence or reason to believe that changes in flow due to forest harvest would be
deleterious to fish. They state that increases in flood peaks would be expected
to cause a slight increase in channel mobility and an increase in the transport of
bed sediment (factors that relate to spawning and rearing habitat), but there do
not appear to be field studies relating changes in flooding to degradation of fish
habitat.

Erman et al. (1988) found, however, that winter rain-on-snow flood events in the
Sierra Nevada kill young-of-the-year brook trout (a non-native species) and
Paiute sculpin (a native species) due to increased bed-material transport rates.
Maximum flow depth, rather than discharge, was reported as the most likely
cause of the increased bedload transport rates and resulting fish mortality. Stage
height was found to be higher during mid-winter storms than in spring snowmelt
because high flows are constrained by snow banks that restrict overbank flow.
They found varying snow depths along stream channels were related to riparian
canopy, with greater depth in more open areas. Erman et al. (1988) state that
increased stream-side snow depth resulting from clearcutting to the stream
channel or excessively thinning riparian buffer strips may increase flood-water
depths and result in adverse impacts on certain fish species during winter rain-
on-snow events in the snow-dominated areas of the Sierra Nevada.

Peak Flow Changes

Ziemer and Lisle (1998) provide a comprehensive description of how changes in
peak flows associated with forest management vary with watershed size, type of
precipitation, season, and flood magnitude. In general, the effects of forest
practices are more pronounced and easier to detect in small watersheds, greater
in areas where rain-on-snow events occur, greater in the fall months, and greater
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for frequent runoff events. More detailed information on these principles and
specific examples and are provided in the paragraphs that follow.

Substantial (e.g., >30-50% clearcut) harvesting in small to medium-sized
watersheds? over short time periods is required to noticeably increase small to
medium recurrence-interval peak flows associated with timber harvesting.
Limited harvesting in riparian areas alone cannot affect flood frequency or
magnitude.

Ziemer (1998) reported a 9 percent increase in 2-year peak flows following
clearcutting approximately 50 percent of the North Fork Caspar Creek watershed
(5 km?), located in western Mendocino County near Fort Bragg, California.*
Ziemer and Lisle (1998) state that: “There is little evidence that forest practices
significantly affect large floods produced by rain. However, it is possible that
clearcutting exacerbates some rain-on-snow floods, although the magnitude of
such an effect is highly variable and difficult to measure or detect.”® They also
explain that the greater the size of the flood or basin being investigated, the less
likely that there will be any detectable changes caused by forest practices.

Specific peak flow studies in the Pacific Northwest confirm these conclusions.
Thomas and Megahan (1998) found that treatment effects decreased as flow
event size increased and were not detectable for flows with 2-year return
intervals or greater for small treated watersheds that were either clearcut or
patchcut with roads in the H.J. Andrews Experimental Forest, located in the
western Cascade Mountains of Oregon in the rain-on-snow zone. Beschta and
others (2000) analyzed the same data and concluded that treatment effects were
unlikely for peak flows with recurrence intervals of approximately 5 years or
greater, and that a relationship could not be found between forest harvesting and
peak discharge in the large basins.

2 Ziemer and Lisle (19982 define small basins as having drainage areas < 1 km? (~250 ac) and
large basins as >100 km* (~25,000 ac). Medium-sized basins can be considered be on the order
of 10 km? (~2,500 ac).

® The WLPZ Forest Practice Rules tested in the North Fork Caspar Creek watershed were those
in effect from 1983 to 1991 (e.qg., Class | buffer strips of 200 ft for slopes >70%). In 1991,
maximum Class | WLPZs were reduced to 150 feet for slopes >50%.

* Snow accumulation tends to be higher in openings than under forest canopies, with cut blocks
typically accumulating about 30 percent to 50 percent more snow. Removal of the forest canopy
exposes the snow surface to greater incident solar radiation as well as to higher wind speeds,
which can increase sensible and latent heat inputs. During mid-winter rain-on-snow events, melt
rates are typically governed by sensible heat transfer from the relatively warm air, condensation
of water vapor onto the snowpack, and in some cases by the sensible heat of rainfall. Under
these conditions, snowmelt may significantly augment rainfall, increasing the magnitude of flood
peaks (Moore and Wondzell 2005).
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In a broad summary of the literature, Moore and Wondzell (2005) reported that
peak flows increased following forest harvesting in most studies in coastal
catchments, with increases ranging from 13 percent to over 40 percent based on
the original analyses. They also found that in coastal watersheds, the magnitude
of forest practice-related peak-flow increases declined with increasing event
magnitude in most cases, with the greatest increases typically associated with
autumn rain events on relatively dry catchments. Moore and Wondzell (2005)
state that peak flow change does not appear to be related in any simple way to
the percentage of basin area cut or basal area removed, and that estimates of
post-treatment recovery rates varied among studies.

Timber harvesting affects the amount of interception loss that takes place in
forested watersheds. This, in turn, may influence changes in winter peak flows.
Interception loss has been reported as approximately 20% in coastal California
forests (Reid and Lewis 2007), and more generally as about 10 to 30 percent of
total rainfall, depending on canopy characteristics and climatic conditions (Moore
and Wondzell 2005). Differences in interception loss between logged and
unlogged areas are likely to explain the majority of the observed increases in
larger winter peak flows, when transpiration is at its annual minimum (Ziemer
1998, Lewis and others 2001).

Small increases in peak flows (< 10%) for 2-5 yr return interval events have been
found to be relatively benign and have not been judged to be capable of
substantially modifying the morphology of the stream channels (Ziemer 1998).
This is due to the fact that the magnitude of peak flow changes is substantially
less than the within-a-year and year-to-year variability in streamflows. The
changes are within the normal range of variability of streamflows (Grant and
others 1999).

In addition to harvesting effects, roads can have significant hydrologic impacts
(Coe 2004). Several studies have shown that logging roads can intercept
shallow subsurface flow and rapidly route it to the stream network, potentially
leading to increased peak flows in headwater basins (Moore and Wondzell
2005), or possibly delayed peaks in larger watersheds due to desynchronization
of peak flows from tributary basins. Pathways linking the road network to stream
channels include roadside ditches draining directly to streams, and roadside
ditches draining to culverts that feed water into incised gullies (Wemple and
others 1996). Accelerated runoff at the road segment scale also results since
haul roads have compacted surfaces with low permeability that generate
overland flow in even moderate rainstorms (Coe 2004, Moore and Wondzell
2005).

At the basin scale, paired-watershed studies have not shown strong evidence to
support road-induced increases in peak flows. Studies may have been
hampered by insufficient pre-treatment calibration data, lack of treatment
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replication, and poor experimental control (i.e., road building and timber
harvesting have often occurred simultaneously or in quick succession) (Thomas
and Megahan 1998, Coe 2004). Modeling studies have shown that increases in
peak flows due to roads were approximately equal to the effects from timber
harvesting (i.e., canopy removal) in an experimental watershed in western
Washington (Bowling and Lettenmaier 2001). The effect of both activities
declined as the flow recurrence interval increased. Additionally, modeling studies
suggest that roads can decrease baseflow during the critical summer months
(Tague and Band 2001). However, much uncertainly still exists regarding the
hydrologic effects of roads at the watershed scale (Coe 2004, Royer 2006). If
there are impacts from road building on peak flows, these effects will be more
pronounced and easier to detect in smaller basins (Ziemer and Lisle 1997).

Channel aggradation, or filling of the channel bed with sediment, can have a
significant effect on flood height or flooding. Where aggradation is severe, it is
more important for overbank flooding than changes in runoff due to logging
operations (Lisle and others 2000). Widespread channel aggradation can occur
in low gradient reaches of watersheds if the sediment production rate has been
significantly accelerated above background rates by mass wasting and surface
erosion and delivery processes. If this happens, similar magnitude peak flows to
those which would have occurred earlier can cause more extensive over-bank
flooding downstream because of reduced channel capacity. These flood events
would be the consequence of rainfall/runoff/channel aggradation interactions,
rather than rainfall/runoff interactions. The area flooded would be changed by
the altered channel configuration, even if the amount of water remained the
same.

Low Flow Changes

Forest removal in mountainous watersheds will increase low summer and early
fall streamflows, as well as total water yield. Botkin and others (1994) reported
that while total water flow in a stream is important to salmon, flow increases
during summer and early fall that can augment streamflow at a critical season for
juvenile rearing are more important than the changes in magnitude of total
annual flow. Nearly all published reports on timber harvesting and resulting
changes in summer low flows have shown that streamflow will either increase or
remain unchanged in proportion to the amount of vegetation removed in the
watershed. Harvested areas contain wetter soils than unlogged areas during
periods of evapotranspiration, and hence higher groundwater levels and greater
late-summer streamflow (Chamberlin and others 1991).

Studies have documented that the post-treatment recovery rates are highly
variable depending on the severity of the treatment and the vegetation
reoccupying the site, along with physiographic and climatic characteristics. Often
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increases are fairly short-lived, as regeneration begins to utilize surplus soil
moisture and intercepts precipitation. After approximately 10-30 years, baseflow
(and peak flow rates) have returned to normal or decreased below pre-harvest
levels due to rapidly growing hardwoods that transpire more water than mature
conifer trees (Murphy 1995, Moore and Wondzell, 2005). Long-term effects of
logging on summer low flows likely depends primarily on species composition
before and after harvest (Spence and others 1996, Moore and Wondzell 2005).
In general, summer low flows are more sensitive to transpiration from riparian
vegetation than from vegetation in the rest of the catchment (Moore and
Wondzell 2005).

One example in California of documented water yield changes with both selective
harvesting and clearcutting has taken place in the Caspar Creek watershed. The
effects of selective logging on low flows were examined in the South Fork Caspar
Creek watershed, where 64 percent of the second-growth stand volume of coast
redwood and Douglas-fir was tractor logged from 1971 to 1973. Statistically
significant summer low flow enhancements were evident for 7 years after
logging. Minimum discharge increases averaged 38 percent after the selective
harvesting and summer low flow volumes increases averaged 29% between
1972 and 1978 (Keppeler and Ziemer 1990, Rice and others 2004). The average
length of the part of the low flow period when flow in the South Fork was less
than 0.2 cfs was shortened by 43 days form 1972 to 1978, a 40% reduction. As
in previous studies, most of the enhanced streamflow (average annual water
yield) increase (approximately 90 percent) was realized during the rainy season
while greater relative increases were witnessed during the summer low flow
period (Keppeler 1986).

In the North Fork Caspar Creek watershed, approximately 50 percent of the
watershed was clearcut harvested over about 7 years (1985 to January 1992).°
Minimum discharge increases averaged 148 percent at the North Fork weir and
flow enhancement persisted through hydrologic year 1997 with no recovery trend
observed. The larger increases in the North Fork were probably due to wetter
soils in the clearcut units, where little vegetation was present to use the
additional moisture (Keppeler 1998). This data suggests that water yield effects
will persist longer after clearcutting than when a similar timber volume is removed
from a watershed with selective cutting. These differences in water yield
recovery are probably related to changes in rainfall interception and
evapotranspiration (Rice and others 2004). Enhanced summer low flows
improve aquatic habitat in stream channels. In the Caspar Creek study, higher
discharge levels increased habitat volumes and lengthened the flowing channel

> Most of the clearcut harvesting (45.5%) took place from the spring of 1989 to January 1992
(Henry 1998).
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network along logged reaches during the summer and early fall months
(Keppeler 1998).

The amount of increased water flow caused by forest management activities on
summer low flows of large rivers is unknown, but Botkin and others (1994) state
that based on studies extrapolated elsewhere, it is reasonable to assume that
there would be a small positive effect. Given the importance of low flow
increases to salmonid production, however, this change may be significant.

Annual Water Yield Changes

For total annual water-yield changes with forest management, most small-
watershed studies have shown that in areas with significant precipitation (>100
cm/yr or ~40 in/yr), increases in streamflow are proportional to the reduction in
forest cover. This is due to reduced losses from evapotranspiration by the trees
in rain-dominated systems. Moore and Wondzell (2005) reported that in rain-
dominated small catchments, clearcutting and patch-cutting increased yields by
up to 6 mm for each percentage of basin harvested, while selective cutting
increased yields by up to about 3 mm for each percentage of basal area
removed. Increased water yield, however, is not uniformly distributed seasonally
or throughout the rotation in the Pacific Northwest and California. Most of the
annual increase occurs in the winter high-runoff season and during the wetter
years, rather than during the summer season and drought years, when the
additional water is needed (Ziemer 1987).° When vegetation reduction in a
watershed is less than 20 percent, the expected water-yield increase is not
measurable and the remaining trees will likely use as much water as the original
stand (Bosch and Hewlett 1982).

Ziemer (1987) summarized the literature on this subject and reported that total
water yield increases resulting from management in larger basins would be very
small and not measurable. For example, Kattelmann and others (1983)
estimated that for National Forest lands in Sierra Nevada watersheds, streamflow
could only be increased one percent if multiple use/sustained yield guidelines
were followed.

While there is some evidence in the arid southwestern United States that
expansion of the phreatophytic riparian forests along rivers can contribute to
streamflow declines (Thomas and Pool 2006), this does not appear to be a
significant concern for most California watersheds with coniferous forests. For
forest streams with narrow strips of riparian forest, riparian vegetation water use

® This was observed in areas with rain-dominated winter periods, where summer storms are
infrequent, as is found in California. In contrast, experimental studies on eastern U.S.
watersheds (rain-dominated) have shown that peakflow and water yield increases dominate
during the growing season months, since approximately half of the annual precipitation (in the
form of higher-intensity convective storms) occurs from May through October.
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is usually a small portion of the overall water budget and probably has minor
influence on annual water yield (Dr. Julie Stromberg, Arizona State University,
Tempe, AZ, personal communication). As an example, complete felling of a strip
of riparian vegetation in a small watershed at Coweeta Hydrologic Laboratory in
North Carolina produced only very minor water yield increases (Hewlett and
Hibbert 1961). With the limited harvesting in riparian zones that is allowed under
the current forest practice rules in California, water-yield increases are not
expected to be measurable.

Stormflow Generation

Water is transferred through riparian zones to channels by surface and
subsurface flow. Shallow or lateral subsurface flow from hillslopes in steep
forested watersheds in the western United States is widely recognized as a main
contributor to stream flow generation; however, processes that control how and
when hillslopes connect to streams are still being studied. Much of the difficulty
in deciphering hillslope response in the stream is due to riparian zone modulation
of these inputs (McGuire and McDonnell 2006).

A key concept for forested watersheds is that there is great temporal and spatial
variability in how water is transferred to the channel. Streamflow in small
forested headwater basins is usually generated from an expanding and
contracting source area, often denoted as the variable source area, representing
a fraction of the total basin area. The source of streamflow is usually that part of
the basin nearest the perennial, intermittent, and ephemeral channels. Source
areas (the hydrologically-active areas that contribute directly to stormflow) can
vary from only one percent of the total basin area in small storms to 50 percent or
more in very large storms. The percentage of saturated source area in a
watershed is topographically sensitive (i.e., higher percentages occur with gentler
slopes). The source areas within a watershed are very dynamic, expanding and
contracting during events as the influx of precipitation progresses and then ends.

Moisture redistribution continues following the rain event as slower lateral
hillslope drainage supplies additional moisture to lower slope positions. Direct
runoff and its source area increase due to channel expansion and slope water
movement (Hewlett and Nutter 1970, Troendle 1985). Riparian areas associated
with perennial and larger intermittent streams remain at or near saturation during
the winter and hence are hydrologically active for transporting water by saturated
overland flow and rapid subsurface flow via soil macropore and/or displacement
flowpaths. Smaller intermittent and ephemeral streams are only active when the
hydrologic network expands sufficiently to incorporate steeper-gradient channels.
Ephemeral first order channels (typically Class Ill watercourses) flow only in
response to direct rainfall, and, although they are part of the hydrologic network,
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they do not generally have riparian zones because hydrophilic (water-dependent
or water-loving) plants are usually absent.

Water Exchange and Transfer within the Riparian/Floodplain Zone

Water is exchanged in riparian zones and larger floodplains in several ways.
Streams either gain water from inflow of groundwater (i.e., gaining stream—
moving water from the riparian zone to the channel) or lose water by outflow to
groundwater (i.e., losing stream—moving water from the channel into the riparian
zone). Many streams do both, gaining in some reaches and losing in other
reaches. Input of cold groundwater to the bottom of pools can be a key refugia
feature for anadromous fishes in summer months (Osaki 1988).

The riparian zone has been conceptualized as a zone of transmission of ground
water and hillslope water to the stream channel, as well as a direct router of
precipitation and snowmelt when the riparian water table rises to the ground
surface. Between storms, and even during small storms with dry antecedent
conditions, subsurface inputs from adjacent hillslopes are often minimal. At
these times, two-way exchanges of water between the stream and the riparian
aquifer (hyporheic exchange) can become important (Moore and Wondzell
2005). The hyporheic zone is an area adjacent to the channel and below the
floodplain (if present) where surface water and groundwater mix. Hyporheic
zones link aquatic and terrestrial systems and serve as transition areas between
surface water and groundwater systems. The hyporheic zone contains species
common to both surface and subsurface systems, including a diverse community
of macroinvertebrates. Few hyporheic studies have focused on unconstrained
headwater streams in the Pacific Northwest. Consequently, the knowledge of
hyporheic hydrology draws largely upon studies of larger, unconstrained streams.

Transpiration by vegetation in the riparian zone may extract groundwater from
the riparian aquifer, producing a diurnal decrease in riparian water-table level and
in streamflow, followed by recovery at night. Lundquist and Cayan (2002) report
that diurnal cycles are evident in many western river records and that daily
variation in streamflow is often 10-20% of the daily mean flow. Harvesting in the
riparian zone can have a significant influence on riparian-zone hydrology through
its effect on transpiration and water-table drawdown, potentially dampening or
eliminating diurnal fluctuations in discharge and increasing low-flow discharges
(Bren 1997). During extended periods of low flow, sections of small streams dry
up wherever stream discharge is insufficient to both maintain continuous surface
flow and satisfy water losses through the bed and banks. Stream drying may
occur frequently in the headmost portions of the channel network, interrupting
connectivity (Moore and Wondzell 2005). Also, forestry-related changes in
channel morphology can substantially influence stream-aquifer interactions.

Channel incision and simplification of channel morphology during large floods
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can substantially lower water tables and reduce exchange flows of water
between the stream and the riparian aquifer (Wondzell and Swanson 1999).

Neither the effect of forest harvesting nor the effect of riparian buffer strips on
hyporheic exchange flows has been directly examined in small headwater
streams (Moore and Wondzell 2005). Moore and Wondzell (2005) hypothesize,
however, that because channel morphology strongly controls hyporheic
exchange, it is reasonable to assume that timber operations that lead to losses in
channel complexity would reduce interactions between the stream and the
riparian aquifer. In contrast, they state that efforts to minimize management
impacts on channels, such as retention of riparian buffer strips, would help
preserve stream-aquifer interactions. The ecological implications of decreased
stream-aquifer interactions are stated as being difficult to predict with current
knowledge. Moore and Wondzell (2005) report that Wondzell and Swanson’s
research (1996) suggests that such decreased interactions could lead to reduced
nutrient cycling and reductions in stream productivity.

Forest Management Impacts on Water Transfer/Exchange Processes

Forest management activities include timber falling, timber yarding, road and
crossing construction and use, site-preparation activities, herbicide applications,
forest thinning, etc. Forest operations on a watershed-basis can influence
surface and subsurface runoff in several ways. For example, decreased
interception loss increases the amount of water infiltrating the soil, leading to
higher water-table levels during storms (Moore and Wondzell 2005). Limited
timber falling and tree removal in riparian zones alone will reduce interception
loss and evapotranspiration, but will likely have little impact on streamflow (low
flows, peak flows, or annual water yield), as discussed previously (note the
situation discussed by Erman et al. 1988 as a possible exception). In contrast,
ground-based yarding activities in riparian zones and floodplains of larger river
systems can adversely impact important overflow channels used by salmonids
during high winter storm discharges. Additionally, riparian areas are vulnerable
to both compaction and physical disturbance during ground harvesting
operations due to areas of high soil moisture and low soil strength that are
common within streamside zones. These concerns, along with riparian and
aguatic habitat protection, provide a basis for limiting mechanical harvesting
activities within riparian zones (Dwire and others 2006).

Considerably less is known about forest management impacts associated with
small headwater channels when compared to larger fish bearing watercourses.
Even though streamflow is sporadic in ephemeral first order channels (typically
Class Ill watercourses), it is capable of transporting fine sediment down to fish-
bearing streams. Rashin and others (2006) found that at several study sites in
Washington, delivery of sediment to unbuffered tributaries resulted in adverse
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impacts to fish-bearing streams that were otherwise adequately protected by
riparian buffers.

Field evidence from the Caspar Creek watershed suggested that unbuffered,
headwater stream channels, particularly in burned areas, contributed significantly
to suspended sediment loads. Lewis and others (2001) state that sediment
increases in the North Fork Caspar Creek tributaries probably could have been
reduced by avoiding activities that denuded or reshaped the banks of the small
headwater channels. Much of the post-harvest increases in sediment yield in the
North Fork were attributed to harvest-induced storm flow volume increases
(Lewis and others 2001), suggesting that the hydrologic changes can be
practically and not just statistically significant (Moore and Wondzell 2005).
Therefore, there is evidence that increased flows in small headwater channels,
as well as disturbance of these channels, can produce increased downstream
sediment transport. Further discussion of sediment delivery is provided in the
California State Board of Forestry and Fire Protection’s Technical Advisory
Committee (TAC) Sediment Primer.
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KEY QUESTIONS: BIOTIC AND NUTRIENT RIPARIAN
EXCHANGE FUNCTION

The need to resolve uncertainties involving riparian biotic and nutrient transfers
and exchanges before the available scientific information is applied to
management prescriptions can be captured by one overarching question.

Once objectives have been clearly identified (e.g. faster growth rates or higher
densities of juvenile salmonids), what riparian plant species mix, stand age
structure, and stem density are optimal for achieving the objectives for a specific
species of juvenile salmonid? These are rhetorical questions and objectives that
are meant to be established by the Board, not the performing Entity. However, to
the extent the performing Entity can identify these objectives in literature
reviewed as part of this contract, information on objectives stated in the literature
should be disclosed.

This overarching question can be resolved into specific Key Questions given
below. Embedded in the answer to these Key Questions must be the following:

A. How does geographic setting modify the answer to the Key Question in
hand?

B. How does stream size modify the answer to the Key Question in hand?

C. How does the context for comparison along a gradient from least disturbed to
most disturbed modify the answer to the Key Question in hand?

D. How do the forest management practices being examined relate to current
California forest practices in the context of the modify the answer to the Key
Question in hand? and

E. How do the alterations of the riparian area relate to salmonid habitat quality
and salmonid feeding efficiency modify the answer to the Key Question in
hand?

Questions Concerning Shading by Riparian Vegetation Cover Over, and
Transfer of Nutrients Into the Stream

1. How can management (manipulation) of the riparian area lead to the
establishment and maintenance of algal stream communities most
beneficial to juvenile salmonids?
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a. What riparian stand characteristics are most likely to produce light and

nutrient conditions that favor a periphyton cover dominated by diatoms
and single-cell or small colony green algae but will avoid (that is, remain
below the threshold for) a community shift to filamentous algal forms?

[Explanation: this is based on the background that a non-filamentous
diatom-green algae mix is best at supporting invertebrate scraper
populations, which include important food organisms for juvenile
salmonids, and that a filamentous-dominated periphyton supports few if
any important invertebrate prey of juvenile salmonids.]

Questions Concerning the Vegetative Characteristics of the Riparian Area

2. How can management (manipulation) of the riparian area lead to rapid
processing (turnover) of riparian litter in the stream?

a. What riparian vegetation stand characteristics are most likely to produce

nutrient conditions that favor the development and rapid growth of
hyphomycete fungi colonizing leaf/needle litter?

[Explanation: this is based on the background that hyphomycete fungi
and associated bacteria that colonize and mineralize riparian-derived
litter control the rate of utilization of the litter by shredder invertebrates
and, therefore, the rate of FPOM generation. FPOM is an important
component of the food of collector invertebrates which include the
majority of the aquatic-based prey of juvenile salmonids.]

3. How can management (manipulation) of the riparian area produce and
maintain a mix of litter inputs that favors the components of
invertebrate prey organisms to yield higher growth rates and densities
of juvenile salmonids?

a.

What riparian vegetation stand characteristics are most likely to
produce the best mix of fast (rapid processing rates) and slow (slow
processing rates) of litter transferred to the stream?

[Explanation: this is based on the background that fast litter supports
populations of invertebrates that feed and grow during the fall and
winter and slow litter supports those that feed and grow during the
spring and summer. Generation of FPOM from CPOM in all seasons
favors year around growth and production of collector invertebrates
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(which include the majority of the important aquatic-based prey of
juvenile salmonids), which in turn favors the growth and survival of
juvenile salmonids]

4. How can management (manipulation) of the riparian area produce
and maintain a vegetation mix that favors the availability of terrestrial
invertebrates to provide food for juvenile salmonids?

a. What mix of riparian vegetation is most likely to produce the best
populations of terrestrial invertebrates that are an important seasonal
food source for juvenile salmonids?

[Explanation: this is based on the background that different species of
vegetation have differing amounts of terrestrial invertebrates
associated with their foliage, stems, and other plant parts as well as
with their terrestrial litter on the forest floor. Juvenile salmonids
(growth and survival) are supported directly by terrestrial insects that
serve as prey, and indirectly by insect frass that forms a component of
FPOM that is food for collector invertebrate populations that are prey
for juvenile salmonids.]

Questions Concerning Buffer Width

5. What riparian buffer width is required to achieve desired conditions
of algal growth (question 1), litter turnover (question 2), and
invertebrate prey for juvenile salmonids (questions 3 and 4)?

6. What valley configurations (e.g. side slopes) and geomorphological
characteristics (LWD, sediments, channel structures) set the
boundaries for the buffer width required to achieve the objectives in
guestion 5?

a. What geomorphic channel and side slope characteristics are
important in setting the width of the riparian area (buffer) that?

[Explanation: this is based on the background that the characteristics
of the riparian area vegetation are responsible for transfers that
influence the in-stream biology leading to the production of prey for
juvenile salmonids.]

Questions Concerning Forest Management Practices and Natural
Disturbance
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7. Given a designated riparian buffer width necessary to achieve
desired in-steam biological objectives (questions 5 and 6), what have
timber operations and management practices in riparian areas have
been demonstrated to favor or inhibit these objectives?

a. How have selective harvesting and operations at differing distances
from stream channel bankfull enhanced or inhibited the development of
stream invertebrate communities that favor increased growth and
density of juvenile salmonids?

[Explanation: this is based on the background that species-specific
riparian vegetation cover is a good predictor of the relative abundance
of liter species found in the channel. The amount of liter in the channel
is a function of the channel configuration, the presence of retention
structures, and the height of the litter producing vegetation. Forested
stream channels that have been calibrated by known litter releases
have retained most of the liter within 100 meters of the release point.]

8. Arethere regional differences in the effects of natural disturbance or
forest management activities on the biotic or nutrient riparian area
functions?

a. Do the same disturbance regimes or management activities have
different effects in different regions (e.g. the coastal coast range,
interior coast range, Cascade, or Klamath - Sierra Nevada)?

[Explanation: this is based on the fact that there are significant
geological, rainfall, and temperature regime differences from west to
east, from low to high elevations, and from north to south.]

KC 4/17/07

Appendix 4. Page 5 of 14
Staff Report:
Scientific Literature Review of Forest Management Effects on Riparian Functions for Anadromous
Salmonids

October 2008



KEY QUESTIONS: WOOD RIPARIAN EXCHANGE
FUNCTION

A significant body of literature exists documenting the relationship of forest
management practices to in-stream wood recruitment, delivery, budgeting, and
future production along riparian zones. Seeking to resolve the remaining
uncertainties related to forest management effects on in-stream wood and the
riparian zone is the emphasis of this investigation for the BOF TAC.

Embedded or implied in each key question below are the following issues for the
contractor's synthesis:

A. Relationship to each of California's regions;

B. Context for riparian buffer strip size: stream order, stream class,
topography, hydrologic regime, climate;

C. Context for comparisons: pristine, "optimum", legacy, or pre-harvest
conditions;

D. Relationship of the quality of forest management practices being evaluated
to current California forest practices; ability of BMPs to effectively mitigate
identified problems;

E. Relationship of alterations to salmonid habitat quality and feeding
effectiveness.

In the following question production of potential in-stream wood means the
potential for living tree(s) in or near the riparian zone to become recruited
as part of the dead and down wood in the stream.

1) How do forest management activities or disturbances in or near the
riparian zone affect the production of potential in-stream wood, over
space and time?

a.) To what extent is vegetation in or near the riparian zone surrounding
lower order streams (e.g. 0, 1%, 2"%) a significant source of potential in-
stream wood in unmanaged and managed forest areas? Do these
results differ for larger order streams?

b.) What is the effect of current forest management practices, in or near
riparian zones, bordering small and large order streams on production
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of potential in-stream wood? To what extent and in what ways does
plant succession stage or vegetative community have an effect?

c.) To what extent and in what ways is production of potential in-stream
wood from stream banks and flood-prone areas affected by current
forest management practices?

d.) What characteristics of riparian buffer zones affect the production of
potential in-stream wood? |Is there a difference in wood production in
unmanaged versus managed forests?

e.) What is the effect of current forest practices on incipiently available
down wood in or near the riparian zone for in-stream wood production?

f.) How should forest management goals differ by stream order,
vegetation type, and region to produce potential in-stream wood of the
appropriate diameter size, species and other characteristics to
maintain salmonid habitat over space and time? What minimum buffer
widths have been shown to be effective?

g.) How can forest management practices encourage stand conditions
that produce and maintain the potential for future in-stream wood over
time?

h.) What is the effect of natural disturbance on the production of
potentially available wood to the stream?

In the following question in-stream wood delivery means the physical
process by which aliving tree(s) became part of the dead and down wood
in the stream.

2) How do forest management activities or disturbances in or near the
riparian zone affect the delivery of in-stream wood onsite and/or
downstream over space and time?

a.) To what extent and with what mechanisms are areas in or near riparian
zones of lower order streams (e.g. 0, 1%, 2"%) a significant source of in-
stream wood delivery in unmanaged and managed forest areas? How
do these results differ for higher order streams? To what extent and
with what mechanisms do low-order streams deliver in-stream wood to
higher order, fish-bearing streams?
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b.) To what extent and in what ways is in-stream wood delivery from
stream banks and flood-prone areas affected by current forest
management practices? To what extent and in what ways does plant
succession stage or vegetative community have an effect?

c.) How does forest management affect in-stream wood delivery to
channels?

d.) What is the effect of natural disturbance on the delivery of wood to a
stream?

e.) What is the effect of stand-level riparian forest conditions on wood
delivery to streams to maintain salmonid habitat?

f.) How should forest management goals differ by stream order,
vegetation type, and region to deliver wood to the stream of the
appropriate diameter size, species and other characteristics to
maintain salmonid habitat over space and time? What minimum buffer
widths have been shown to be effective?

3.) Based on the results of the above, what minimum buffer width and
characteristics are shown to be needed to maintain production and delivery
of wood to the stream from managed forests?

a.) How do these results vary by geographical region and process, size of
watershed, stream order, forest species mix and age, stream reach,
stream habitat present, forest practices within and nearby the riparian
zone, fish species, etc.?

b.) How do these results vary by forest management practices in or near
the riparian zone?

C:\Gary\2007\BOFTAC2007\BOFTACWoodKeyQuestions_20April2007GN.doc
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KEY QUESTIONS: HEAT AND MICROCLIMATE
RIPARIAN EXCHANGE FUNCTION

Embedded or implied in each key question below are the following issues for the
contractor’s synthesis:

a. Relationship to each of California’s regions;

b. Context for riparian buffer strip size: stream order, stream class,
topography, hydrologic regime, and climate;

c. Context for comparisons: pristine, ‘optimum’, legacy, or pre-
harvest conditions

d. Relationship of the quality of forest management practices being
evaluated to current California forest practices; ability of BMP’s
to effectively mitigate identified problems;

e. Relationship of temperature alterations to salmonid habitat
quality

How do forest management activities or disturbances within the riparian
area affect the temperature of forest streams?

a. What conditions of canopy structure, density, and width,
influence water temperature? How might this vary with California
forest types and stream size?

b. Are riparian area microclimates affected by forest management
within and/or adjacent to fish-bearing streams sufficient to
influence water temperature?

c. How and to what extent do temperatures in low order streams
influence temperatures in downstream fish-bearing streams?

How and where are the potential temperature effects from forest
management likely to impact salmonid species of concern?

a. Is there information from California eco-regions indicating the
effects of observed temperature on salmonids?

b. Are there conditions that adequately ameliorate the occurrence
of adverse temperatures?
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What bearing do the findings of this literature review have on riparian zone
delineation or characteristics of riparian zones for protecting water
temperature?
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KEY QUESTIONS: SEDIMENT RIPARIAN EXCHANGE
FUNCTION

Much research has occurred on the relationship of forest management practices
to sediment production and delivery (see Sediment Primer). Although roads and
watercourse crossings have been identified as a primary sediment source, their
impacts are not the focus of this BOF-TAC effort except where appropriate within
the scope of the following key questions. Seeking to resolve the remaining
uncertainties related to forest management effects on sediment and the riparian
zone is the emphasis of this investigation.

Embedded or implied in each key guestion below are the following issues for the
contractor’s synthesis:

A. Relationship to each of California’s regions;

B. Context for riparian buffer strip size: stream order, stream class,
topography, hydrologic regime, and climate;

C. Context for comparisons: pristine, ‘optimum’, legacy, or pre-harvest
conditions;

D. Relationship of the quality of forest management practices being
evaluated to current California forest practices; ability of BMPs to
effectively mitigate identified problems;

E. Relationship of sediment alterations to salmonid habitat quality and
feeding effectiveness.

1) How do forest management activities or disturbances in or near the
riparian zone affect the production of sediment over space and time?
a) To what extent and with what mechanisms are zero and low-order

streams (e.g., first- and second-order) and their riparian zones a
significant source of sediment production in unmanaged and managed
forest areas?

b) How effective are current forest management practices in or near the
riparian zone in mitigating the production of sediment in higher-order
streams (e.g., third-order and higher)?

c) To what extent and in what ways is sediment production from channels,
streambanks and flood-prone areas affected by current forest
management practices? Does plant succession stage or vegetative
community have any effect?

2) How do forest management activities or disturbances in or near the
riparian zone affect the delivery and storage of sediment over space and
time?
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a) To what extent and with what mechanisms are zero and low-order
streams (e.g., first- and second-order) a significant source of sediment
delivery in unmanaged and managed forest areas?

b) How effective are current forest management practices in mitigating the
delivery of sediment in higher-order streams (e.qg., third-order and higher)?

c) To what extent and in what ways is sediment delivery from channels and
streambanks and storage on flood-prone areas affected by current forest
management practices? Does plant succession stage or vegetative
community have any effect?

d) Are there forest practices that can remobilize the sediment deposited
within the riparian zone and flood-prone areas and redeliver into the
stream system?

e) How effective are riparian buffer zones in providing a sediment filtering
function in unmanaged and managed forest areas?

3) Based on the results of the above, what riparian zone delineation or
characteristics (e.g., cover, plant species and structure, etc.) are shown
to be needed to ameliorate sediment production and delivery from
managed forests?

a) Isthere a threshold or degree of effectiveness based on benefit (e.g.,
channel and streambank stability, upslope filtration, surface stability in
floodprone areas, sediment storage due to hydraulic roughness)?

b) How does effectiveness vary by geographical region, geology, size of
watershed, vegetation, stream reach, forest practices within and nearby
the zone, etc.?

c) What are the types of erosion events for which buffer zones are not
effective in preventing or reducing sediment delivery and those for which

they are relatively effective?
SS 3/23/07
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KEY QUESTIONS: WATER RIPARIAN EXCHANGE

FUNCTION

Embedded or implied in each key question below are the following issues for

the contractor’s synthesis:

A.
B.

C.

Relationship to each of California’s regions;

Context for riparian buffer strip size: stream order, stream class,
topography, hydrologic regime, climate;

Context for comparisons: pristine, ‘optimum’, legacy, or pre-harvest
conditions;

Relationship of the quality of forest management practices being
evaluated to current California forest practices; ability of BMPs to
effectively mitigate identified problems;

Relationship of alterations to salmonid habitat quality and feeding
effectiveness.

1. How do forest management activities or disturbances in or near
riparian zones/floodplains and adjacent to small headwater first and
second order channels affect flow pathways and streamflow
generation?

a) Have forest management activities in riparian zones for higher
order channels with floodplains and adjacent to small headwater
first and second order channels been shown to alter water transfer
to stream channels, affecting near-stream and flood prone area
functions (e.g., source area contributions to stormflow, bank
instability, lateral and vertical channel migration, flow obstruction or
diversion of flow)?

b) Have forest management activities in riparian zones for higher
order channels with floodplains and adjacent to small headwater
first and second order channels been shown to result in changes in
tree canopy/volume that significantly affects evapotranspiration
and/or interception, with resultant changes in water yield, peak
flows, low flows, etc.?

c) Can forest management activities in riparian areas alter water yield,
peak flows, or low flows sufficiently to affect channel morphology or
the aquatic ecology of headwater streams?

d) Can forest management activities alter water quantity in riparian
zones for higher order channels with floodplains sufficiently to affect
overflow/side channels that serve as refugia for fish during floods?

Appendix 4. Page 13 of 14
Staff Report:

Scientific Literature Review of Forest Management Effects on Riparian Functions for Anadromous

Salmonids

October 2008



e) Do forest management activities in riparian zones for higher order
channels with floodplains and adjacent to small headwater first and
second order channels significantly affect hyporheic exchange
flows?

2. What bearing do the findings of the reviewed articles have on
riparian zone buffer strip delineation (area influencing water
transfer/exchange function) or characteristics (cover, plant species
and structure, etc.)?

[Note that, as opposed to the large wood and heat/microclimate
functions, defining a buffer strip width for water transfer is difficult,
since for any given season or year, the saturated riparian zone will
vary widely]

3. Arethereregional differences in the effects of forest management
activities or disturbances in or near the riparian area/zone for the
water transfer riparian function? Please explain.

PC 3/22/07
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APPENDIX 6: LITERATURE REVIEW SCREENING CRITERIA

Literature is in Primer: Literature the TAC used to create the Primers
generally would not be included as literature the Performing Entity would
review as part of the contract.

Literature in Initial List of Literature to be Reviewed: If literature which is
already listed in the “Initial List of Literature to be Reviewed” in the
Appendices for each Key Riparian Function need not be duplicated.

Key Riparian Function: Literature which contributes to the Key Riparian
Function topics described in the Scope of Work would be considered for
review under this contract. These topics address forest riparian functions for
anadromous salmonid and the effects forest management has on them.

or
Scope of Work (SOW) Key Questions: Literature contributes to Key
Questions developed for each r Key Riparian Function topic in Scope of
Work/contract.

Peer Reviewed: Literature which is “Peer Reviewed” or meets criteria for
“Non Peer Reviewed" gray literature would be considered for review under
this contract.

Gray Literature inclusion criteria:

= At least three (3) of our TAC members (with multi-stakeholder
perspectives) will review each of the present gray literature papers.

= Rate each paperonalto 3or1tob5 scale about its professional
guality; its scientific contribution to understanding riparian functions

= Compare how close we come in our evaluations.

Currency: Literature which was published from 1997 to present, unless
approved by Contracting Representative, would be considered for review
under this contract. Literature prior to 1997 should be approved by the
Contracting Representative prior to inclusion in the contract.

Recommended by Expert: Literature which was identified by experts in
Top 10 list of required articles would be considered for review under this
contract.

Relevance to California: Literature which applies to California or studies
conducted in California would be considered for review under this contract.
Relevance includes similar geomorphologic provinces or bioregions, similar
topographic conditions. Geographic areas within California should be
identified using Ecological Sub region terminology.
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6)

Quality and Type of Study: Literature which represents findings from
large scale field experiments, models, or other descriptive studies, is data
rich, theory rich, and process rich, and uses already proven study design
would be considered for review under this contract.
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Literature Review Decision Tree
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