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Abstract

Standiford, Richard B.; Giusti, Gregory A.; Valachovic, Yana; Zielinski,
William J.; Furniss, Michael J., technical editors. 2007. Proceedings of the
redwood region forest science symposium: What does the future hold? Gen. Tech. Rep.
PSW-GTR-194. Albany, CA: Pacific Southwest Research Station, Forest Service, U.S.
Department of Agriculture. 553 p.

Policies and strategies that guide use and management of lands in the coastal ecoregion
are dependent on objective scientific information. In recent years, attention to this region
has increased. Correspondingly, there has been much new information collected.
Efforts such as the Caspar Creek Watershed Conference and the Scientific Basis for the
Prediction of Cumulative Watershed Effects illustrate both the great interest and effort
that is devoted to collecting and using scientific information to support resource and
land management in this region. Each year the array of decisions that affects lands and
natural resources in the redwood region carry more weight; evidence the recent interest
in TMDLs, watershed assessment, and fish and wildlife recovery efforts. How do we,
therefore, promote the development and communication of scientific findings to inform
management and policy decisions?

No single meeting or institution is capable of providing thorough coverage of current scientific
findings and insights. It is the intent of the organizing committee to provide a sampling of
current scientific work, to enable access to more detail and other sources of information,
and to put these findings into a context where such information can be synthesized and
interpreted for applications in land and resource management.

This symposium is intended to promote the dissemination of scientific evidence to managers,
policymakers, other scientists and interested public, and, in turn, to inform policy decisions.
Thus, the presentations will range from the discussion of recently gathered scientific
knowledge to the integration of that knowledge into planning and management processes
and tools. We support the many other efforts intended to achieve these and similar goals and
acknowledge the need to coordinate all such efforts.
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Opening Address®

Katherine Anderton?

We’re all here because we all believe there are benefits in developing and
sharing our understanding of the redwood forest. Why we want to understand the
forest may differ. But if we have a shared understanding of the forest, we optimize
the probability of resolving competing interests.

What we value in the forest; why we value the forest and its survival may be
very different.

Some of us care because we see the redwood forest as a source of extraordinary
interest and inspiration. We are motivated by the majestic beauty and peace of the
ancient, tallest of all living trees.

Some of us care because of forest biodiversity. Globally, forests are one of the
most species rich environments on the planet. They support 65 percent of the world’s
taxa: more forms of life than any other land. In the face of accelerating pressures that
are leading to extinction of species at a rate greater than any time since the demise of
the dinosaurs, some care about forests to avert loss of biodiversity.

Some of us care because we wish to preserve and enjoy the ecological services
of the forest: forests act as a filter to clean water; they decrease erosion and
sedimentation they improve air quality; remove pollutants; and function as carbon
sinks.

Some of us care because of the commercial value of timber from the forest.

So we may value the forest for inspiration, for its biodiversity, for its ecological
services, or its commercial return. Balancing these values, resolving the conflicts
arising from the differences in these values drives public policies, policies that are
often reflected in regulations.

If we look at policy as the intersection of fact and values, as suggested by Nate
Stephenson of the USGS, we can appreciate the pivotal role of developing a broader
and deeper shared scientific understanding of the forest. As the facts become clearer
and we share an understanding of what the facts are, we gain a critical tool in
developing policies that accommodate and resolve competing values.

The existence of the ancient redwood forest in the north coast of California
today is the direct result of a policy dating back to 1918 developed by leading
scientists who recognized the unparalleled nature of the ancient redwood forest and
the undisputed fact that they were at imminent risk of elimination. They acted. They
built a shared understanding of the value of the forest and marshaled the necessary
resources for success.

! This opening address was presented at the Redwood Science Symposium: What does the future hold?
March 15-17, 2004, Rohnert Park, California.

2 Executive Director, Save-the-Redwoods League, 114 Sansome Street, #1200, San Francisco, CA
94104.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007.
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It’s an interesting story. In 1917, three old friends, scientists and
conservationists who shared a keen interest in evolution, found themselves together
in a gathering in the redwoods west of Santa Rosa. Recognizing a shared intrigue
with reports of the ancient redwoods to the north, they undertook an expedition to
explore the region recently opened up with the construction of the new State
highway. John C. Merriam, Professor of paleontology and Dean of the Faculties at
the University of California in Berkeley, Madison Grant, chairman of the New York
Zoological Society, and Henry Fairfield Osborn, president of the American Museum
of Natural History, traveled north to explore the fabled forest of immense redwoods,
and encountered a landscape littered with fallen giants. For mile after mile, they
found forests felled at an unprecedented rate, possible because of the highway and
developing technology. Trucks had replaced oxen teams, hauling logs from the forest
to the mill faster than ever before. Mills worked more and more efficiently, turning
logs into lumber. The post World War | market demands and mechanization were
laying waste to a forest that had stood for as long as two thousand years.

Imagine then, arriving on the banks of the South Fork of the Eel River where
Bull Creek emerges from its stately meander to join the Eel river. Imagine Merriam,
Grant and Osborn, stopping, getting out of their car, and walking into the forest,
standing at the foot of those massive trees and looking upward, unable to see the tops
that towered higher above ground than any other tree in the world. Imagine the
profound quiet of the forest.

Today we don’t have to imagine what they saw and the quiet they heard because
they translated the awe they felt into resolve to save that forest for all time. They
realized that no group, public or private, was working actively to preserve the ancient
redwoods of the North Coast. On returning to San Francisco, they started Save-the-
Redwoods League, dedicated to rescuing from destruction representative examples of
our forest primeval.

At that time, there was no State Park system and the National Park system had
only recently been created. The only National Parks were formed by Congressional
designation of publicly-owned lands that had never been granted to private land
owners or with lands that were donated by individuals. Congress was not
appropriating money to purchase park lands. In the redwood region, virtually all of
the forest land had been homesteaded or granted and were owned by individuals and
timber companies, large and small.

In order to rescue the ancient redwoods from destruction, the League recognized
it would be necessary to create momentum for the purchase of redwood groves with
private resources.

In August of 1919 two of the League’s founders again traveled north to Bull
Creek and then to Eureka. By the end of their trip, the Chamber of Commerce had
resolved to halt logging along the highway and the newly established League had
pledged $30,000 to buy the first redwoods for permanent protection provided that the
County of Humboldt match that gift. Within weeks the County matched the gift and
redwood conservation in the North Coast had begun.

Again several years later, Humboldt County’s Supervisors played a key role.
The League had been urging the County to act to acquire the majestic ancient forest
of Bull Creek and Dyerville Flats. Pacific Lumber Company had patiently deferred
harvest for five years, but would delay no longer. In the heat of contentious public
hearings representatives of the League came into the chambers with a telegram

4 USDA Forest Service Gen. Tech. Rep. PSW-GTR-194.2007.
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announcing an anonymous donation of one million dollars, secured in strictest
confidence from John D. Rockefeller Jr. The momentum shifted and the vote to save
that incomparable forest passed. Clear, irrefutable facts combined with community
values to create policy and inspire action.

In the years since, the League has been instrumental in purchasing more than
165,000 acres of forest lands: more than six of every 10 acres in California’s
redwood state parks.

For 86 years, the decision about where and how to focus the conservation
priorities of the redwood forest has been based on extensive surveys and studies. The
League’s early leaders recognized that improving our understanding of the redwood
forests would be critical to effectively rescuing them from destruction. One of the
League’s long-standing objectives is:

To foster and encourage a better and more general understanding of the value
of primeval Redwood or Sequoia and other forests of America as natural objects of
extraordinary interest to present and future generations.

The League has long recognized that rescuing the redwood forest primeval from
destruction requires more than a fringe of spectacular ancient trees along the traveled
highways. Watershed level protection and linkages among core reserves on a
landscape-scale have become axiomatic elements of successful conservation. But in
the redwood region, many questions remain unanswered. Uncertainties are
heightened by global impacts such as climate change, particularly critical in affecting
the moisture regimes so pivotal to the health of the world’s tallest trees.

In 2000, through Island Press, the League published a book edited by Reed Noss
called The Redwood Forest. It is a compilation of contributions from some 33
scientists with expertise in the coast redwoods. This book sets the stage for
prioritizing the League’s work in the coast redwood region. The book includes a
focal area model that spatially applies nine ecological criteria to identify the
watersheds in the coast redwood range with the highest probability of contributing to
the long term survival of the redwoods. Building on that framework, the League is
now engaged in a finer scale assessment of conservation opportunities throughout the
redwood’s two million acre range. In the course of completing the “master plan,”
guestions arise continuously about the design and adequacy of the conservation
strategy.

The League also continues to sponsor research through a relatively modest grant
program. Several of the papers being presented in this symposium are the results of
League-funded studies over the last few years. And we are pleased to announce that
we have established research fellowships at Humboldt State University and Cal Poly
to support graduate student research with a focus on ancient redwoods.

Today, as we evaluate the effectiveness of the League’s actions to save the
redwoods many questions of pivotal importance remain. Only four or five percent of
the original ancient forest remains. If the redwood forest of the future is to be
anchored by ancient trees, we have no margin for error. We need credible solid
answers to pressing questions:

1. Are the reserves that are now protected adequate to sustain themselves?
Are they large enough? Are they linked appropriately?

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007.
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2. Is the design of these core reserves adequate to withstand the global
changes that we are beginning to experience and that lie ahead? In these
tallest of all trees, is the prospect of temperature increase likely to affect
the moisture regime, so critical to the health and survival of these trees?

3. Do the reserves represent adequately the range of genetic diversity and
species mix of the ecosystem?

4. What role does the second growth forest need to play to ensure the
survival of the forest as a functioning unit?

5. What is the essential nature of the old growth forest: its processes and
constituent elements, and what does it contribute to the health of the
redwood forest as a whole?

6. As we recognize the probability that the ancient redwood forest needs
more to survive, what is the role of the surrounding, connecting second
growth forest?

I am sure that everyone in this room has other pressing questions.

With the ancient forest, there is no going back. Once the two thousand year old
tree is cut it is gone. Once the 800 year old stand is fragmented, it can not be
recreated. With time, new stands of big trees can be developed, but the ancient forest
can never be re-created. It is not a renewable resource. We need policies guiding the
use of the forest that are based on solid science, credible facts.

There is widespread recognition of the importance of facts, of good science, as
the key element that drives policies that inspire confidence rather than contention. So
long as facts are developed with integrity, free of values; free of distortion that can
occur where inquiry is undertaken to rationalize a pre-conceived desired outcome, so
long as science is sound, its contribution to policy is invaluable. The moment we
allow the desired outcome to drive scientific inquiry, even to shape the form of the
hypothesis that is studied, we risk obfuscation and distortion; we risk losing the
luminous clarity and consensus that science can bring. There are widespread claims
that policy decisions are based on science in an effort to inspire public confidence.
Sometimes the claim is that the “best available science” supports underlies the policy.
Other times it is “sound science.”

The overwhelming importance of value-free science in today’s world recently
prompted more than 60 well-respected scientists to decry the extent to which this
country’s political agenda is infecting scientific inquiry. Instead of objective, credible
scientific facts being the basis of policy, the facts themselves are being distorted by
political values in order to justify policy.

For us at the League, the integrity of scientific inquiry is an issue of
overwhelming concern and importance. Not only do we need to measure the success
of our work in saving the redwoods based on sound, credible facts about the redwood
forest, we need the clarity of sound credible science to guide action as we seek to
restore second growth forests to complement and ultimately to function as part of the
new “old forests” of the future.

Nearly two years ago, the League spearheaded the purchase of the 25,000-acre
Mill Creek tract formerly owned by Stimson Lumber Company. In spite of its
intensive industrial management in even-aged units, the property’s strategic location
linking two premier ancient redwood parks and linking the inland forest to the Pacific
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Coast, together with its importance as a coho salmon refugium, made purchase a
compelling opportunity. Virtually the entire watershed is now in public ownership.

There could hardly be an acquisition more distinct on the surface from the
League’s earliest purchase and protection of the ancient trees of Rockefeller Forest.
And without question, the challenges of management are profoundly different. The
League, other state funding agencies and the County are actively involved in
consultation with the Department of Parks in restoration at Mill Creek. Funded by a
grant to the League from the Bella Vista Foundation, working with Professor Kevin
O’Hara, his graduate student, and a consulting forester, Parks has completed an initial
thinning experiment in young stands designed to accelerate development of old forest
characteristics. With no more than four or five percent of the ancient forest
remaining, the commitment to growing more big trees and restoring forest
complexity is an essential tool in permanently saving the redwoods.

As we look to the long term challenges of restoration, the opportunity to learn
appears boundless. The uncertainties are magnified as we try to define appropriate
human intervention to convert the industrial even-aged legacy of timber operations to
the complexity of an ancient forest with fully functioning natural processes that
support diverse flora and fauna. We are excited by the opportunity to collaborate, to
help focus a restoration network through work at Mill Creek.

When we look today at the progress in saving the redwoods, we recognize there
is much to be done and much to be learned. Critical questions must be answered: how
large does a stand need to be to support the natural processes of the forest, what
impact will global climate change have on the viability of the redwood forest? How
do we protect the habitat within the forest of the microscopic arthropods that
comprise part of the forest diversity? How important are the unidentified species of
the forest to the forest’s long term survival?

The questions go on and on. Some of them will be addressed in this symposium.
Many have not yet even been posed with sufficient clarity to generate the hypotheses
that will advance our understanding. A deeper understanding will surely inform our
strategies and good public policies that balance values based on a common
understanding of facts developed with scientific integrity. Whether we care about the
forest for its timber value, the biodiversity it supports, the ecological services it
produces or the inspiration and peace it brings, we all wish to promote the survival
and health of the redwood forest.

E.O. Wilson said, “In order to care deeply about something, it is first necessary
to know it.” The League is happy to join all of you in these two days to develop a
broader and more general understanding of the redwood forest, to know it better.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007.



SESSION 1

Water and

N
O
Q
L
N
-
D
o
=



Development of a Mechanistically Based,
Basin-Scale Stream Temperature Model:
Applications to Cumulative Effects
Modeling*

Douglas Allen,? William Dietrich,? Peter Baker,® Frank Ligon,® and
Bruce Orr®

Abstract

We describe a mechanistically-based stream model, BasinTemp, which assumes that direct
shortwave radiation moderated by riparian and topographic shading, controls stream
temperatures during the hottest part of the year. The model was developed to support a
temperature TMDL for the South Fork Eel basin in Northern California and couples a GIS
and a 1-D energy balance model. Spatially varying insolation is calculated in the GIS and heat
and mass transfer processes are modeled using a simple steady-state scheme integrated with
an optimization procedure which improves model predictions. BasinTemp can be applied to
basins of varying sizes and requires minimal measured input data. Model predictions for three
sub basins in the South Fork Eel yielded RMSE statistics ranging from 0.25 °C to 0.30 °C.
The model also performed well using pooled data for all three sub basins, yielding an RMSE
of 0.36 °C. BasinTemp has been used to assess local and downstream stream heating effects
after modifying riparian shade. Model predictions for the three sub basins illustrate the
importance of riparian shade provision on low order channels and show the shifts in the
quality and quantity of potential coho habitat following different shade prescriptions.

Key words: stream temperature prediction, model, BasinTemp, riparian shade,
cumulative effects

Introduction

The transformation of the Pacific Northwest and California landscape that
followed the arrival of Europeans was accompanied by, and more often at the
expense of, significant changes in the quality and quantity of terrestrial and aquatic
biological habitat. Timber harvesting practices have been responsible for much of
this change and particularly for the decline in salmonid habitat (for example, Beschta
and others 1987, Lichatowich 1999). Degradation of water quality parameters,
especially water temperature, has significantly reduced coldwater fish habitat
(Lichatowich 1999). Coldwater fish species with physiological adaptations to cool
freshwater conditions are especially vulnerable to temperature fluctuations.

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.

2 University of California, Berkeley, Department of Earth and Planetary Science, McCone Hall, UC
Berkeley, CA 94720. email: allen@eps.berkeley.edu

3 Stillwater Sciences, 2855 Telegraph Ave., Suite 400, Berkeley, CA 94705.
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Regulatory efforts to halt the decline in salmonid habitat and at the same time
promote recovery and restoration, have been administered chiefly through the
Endangered Species Act and the Clean Water Act (Poole and others 2001b). Towards
meeting legislative requirements contained in these statutes a broad range of
analytical and empirical tools have been applied to assess and quantify elevated
stream temperature conditions (Deas and Lowney 2000). The model presented here,
BasinTemp (Allen 2006), was developed to support work on a temperature TMDL
(Total Maximum Daily Load) conducted for the South Fork Eel River in Northern
California. The basin was listed for temperature (and sediment) under section 303(d)
of the Clean Water Act primarily as a result of degradation of coho (Oncorhynchus
kisutch) habitat. While temperature influences all coho life-stages, the summer
rearing life stage is especially sensitive to change (Cafferata 1990). Coho were once
abundant throughout the South Fork Eel basin, supporting a major industry well into
the early 20th Century before overfishing forced its closure (U.S. Environmental
Protection Agency 1999). A brief recovery was followed by a further decline in
numbers in the latter half of the last century (U.S Environmental Protection Agency
1999). The TMDL objectives for the South Fork Eel (U.S. Environmental Protection
Agency 1999) required locating stream reaches with elevated temperatures,
identifying the source (or sources) responsible for these elevated temperatures, and
developing methodologies to evaluate shade requirements necessary to meet the
TMDL requirements (U.S Environmental Protection Agency 1999). Fulfilling these
objectives argued for a mechanistically-based model that could be applied to large
basins, that could be rapidly deployed, and required limited input data to operate. In
addition, recognizing the crucial role of riparian vegetation for blocking direct
insolation, we reasoned that the model needed to represent accurately the riparian
shading affects, and to include the facility to modify riparian vegetation to explore
the effects different shade scenarios on water temperature.

We determined that none of the temperature models available at the time fully
met these criteria. Simple empirical models (for example, Mitchell 1999) and simple
reach-based mechanistic models (for example, Brown 1969) were inadequate or
inappropriate for large-basin applications. Fully-mechanistic temperature models also
didn’t meet our needs. Reach-based, physical models [for example, SSTEMP
(Bartholow 2000); HeatSource (Boyd and Kasper 2003)] were inappropriate for
basin-scale application, while the spatially distributed physical models [for example,
SNTEMP (Theurer and others 1984); HSPF (Bicknell and others 1997)], require
substantial field-measured input data to operate. These data were unavailable and
would have been prohibitively expensive to acquire. To fulfill the TMDL
requirements, we developed a physically-based, large-area assessment model,
BasinTemp, which complements rather than competes with existing fully-mechanistic
physically-based models. Temperature predictions generated by BasinTemp may be
used to guide physically-based model applications where more detailed information
about the individual mechanisms responsible for stream heating (air temperature,
evaporation rate, streambed conduction, and so forth) is required.

Model Development

The temperature of a water body is a function of the total heat energy contained
in a discrete volume of water,
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where E is heat energy (calories), ¥ is the volume (m®) of water, Cp is specific heat
capacity of water (1000-cal/kg-K), p is the density of water (1000-kg/m®), and T is
water temperature in units of degrees centigrade. Most mechanistically-based models
which are designed to explicitly quantify the various mass and heat transfer
mechanisms, invest the majority of effort toward quantifying the fluxes that comprise
the energy term, E (Deas and Lowney 2000).

In mid-latitude regions during the hottest time of the year, direct insolation
dominates the heat energy budget (Brown 1969, Ice 2001, Sansone and Lettenmaier
2001), contributing up to 80 percent of the total radiation budget (Monteith and
Unsworth 1990). In forested catchments dominated by lower order channels, riparian
vegetation is the primary control on the amount of direct solar radiation received at
the stream surface (Lynch and others 1984, Poole and Berman 2001). In mid-latitude
regions during the summer, streamflow is almost exclusively maintained by
groundwater influx which enters the stream at temperatures that are reasonably well
represented by the local mean annual air temperature (Beschta and others 1987).
Based on this information, we determined that the essential components of
summertime stream heating could be captured in a model where solar insolation
dominates the fluxes that comprise the energy term, E. The model, BasinTemp (Allen
2006), is a mechanistically-based approach which assumes that direct shortwave
radiation drives summertime stream heating and the contribution of direct shortwave
radiation reaching the stream surface is controlled by shade from local topography
and riparian vegetation. Heat and mass transfer processes are represented very simply
in a 1-D, steady-state numerical model which assumes that water is fully mixed in the
vertical and horizontal directions. An optimization routine is integrated with the 1-D
heat balance model and uses locally measured stream temperature data to improve
model predictions. Data preprocessing is performed in a GIS where the data required
for spatially distributed insolation modeling are assembled. A hybrid topography-
vegetation digital elevation model (DEM) is merged using existing digital elevation
data and vegetation information converted to tree heights for the area of interest.
Model simplicity is maintained by ignoring the contribution of shortwave radiation
transmitted through the canopy. While important in locally-select cases, canopy-
transmitted shortwave radiation is of secondary importance compared to the direct
shortwave contribution (Reifsnyder and Lull 1965). A vector-based stream channel
network is discretized into uniform segment lengths, where the length of each
segment is scaled to match the resolution of the source elevation and vegetation data.
Low-flow channel geometry is computed using a power relationship between
drainage area and field-measured low-flow widths for the area of interest. Solar
insolation—comprised of direct, diffuse, and reflected shortwave radiation
contributions—is computed using radiative transfer routines packaged with the Image
Processing Workbench (IPW) (Dubaya and others 1990, Frew 1990). The insolation
model predicts daily integrated, spatially-varying insolation for every DEM grid cell
for the geographic location of interest. Insolation predictions are passed to the 1-D
heat balance model which computes for every stream segment, the heat energy
transferred out of the reach via stream flow. This heat energy is the sum of heat
transported into a reach from upstream, heat entering the reach by groundwater
seepage, and heat energy supplied by shortwave radiation (in units of W/m?). Low-
flow hydrology is treated very simply—discharge leaving each reach is computed as
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the sum of discharges from reaches upstream and local groundwater seepage into the
reach. The rate of groundwater seepage is assumed to be a fixed, linear constant
whose value is calculated so that predicted discharges at reference reaches match
observed low-flow discharges at gages at the location and time period of interest.

Assuming steady-state conditions, the energy balance is solved by a simple
ordinary differential equation:

dh dg
a - ¢ TGW e t

Kol +K] +K2[K3-ahq ]} w
(2)

h(x) is the heat flux across a surface perpendicular to the reach at a distance x
from the reach head,

g(x) is water flux across this same surface (cms/km)

w is the reach width (m)

Iis solar irradiance at the stream surface (W/m?)

a is a constant which converts that energy in units of W/m? to calories, and mks
units to cgs.

Tew is the groundwater temperature parameter (°C), and

Ky, K;, K>, and K5 are model parameters. In all runs K, was set to 1.0.

The predicted water temperature for each stream segment is then simply the
ratio of heat energy calculated by equation 2 and flow volume. An optimization
routine applying a model trust region method (Dennis and Schnabel 1996) using full
second derivative information is integrated with the 1-D heat balance model. The
objective function minimized by the optimization routine is the simple root mean
square error between predicted and observed reaches at calibration reaches. The
routine fulfills the goals of a simple, rapid deployment model for large basins but at
the expense of explicitly quantifying the various heat exchange mechanisms at the
air-water, and water-streambed interfaces. BasinTemp was developed primarily for
application to aquatic biology issues and thus justifying lumping these exchange
processes into the fitting parameters. Furthermore, most physically-based models
perform parameter tuning exercises, and where field measured data are sparse, the
range of values used for these parameters (notably wind speed and
evapotranspiration) often fall well beyond physically realistic values. Formally
introducing an optimization scheme into the model allows for calibration and
sensitivity analyses to be conducted objectively and reproducibly. Minimum source
data required to run the model are shown in table 1 which also lists the source data
used for the South Fork Eel. In summary, the main features of the model are: (a)
application to basins of varying size, (b) transferable to basins with very different
characteristics than those where it was developed, (c) limited and flexible input data
requirements, (d) water temperatures are predicted for every reach segment and then
routed downstream, permitting assessment of local and cumulative downstream
temperature effects, (e) modification of riparian tree height for all or part of the basin
of interest, permitting the assessment of different land management scenarios on
local and basin-scale water temperatures.

14 USDA Forest Service Gen. Tech. Rep. PSW-GTR-194.2007.



Session 1— Stream Temperature Model—Allen, Dietrich, Baker, Ligon, and Orr

Table 1—Minimum source data required to run BasinTemp and source data used for South
Fork Eel sub basin predictions

Data type Minimum required Data used for S. Fork Eel
Topography 30-meter digital elevation model  30-meter USGS DEM
Tree height Vegetation tree height. Sources Landsat TM imagery classified
may include aerial photographs,  according to the California Wildlife
field measured plot data; satellite  Habitat Relations (CWHR) system (Fox
imagery, and so forth. and others 1997)
Stream Vector-based cha_nnel network 1:24,000 USGS DLG blueline
network resolved at a minimum scale of hvdroaraoh
1:24,000 ydrograpny
Channel Low-flow channel width for Power-law relationship between
geometry entire stream network drainage area and field measured low-
flow width for reaches throughout the
South Fork Eel.
Low-flow Measured (daily averages) low-  7-day mean daily discharge data from
Discharge flow discharges for the MWAT USGS gages at Weott in Bull Creek and
week. on mainstem Elder Creek. Discharge
data from nearby Tenmile Creek were
used for Rattlesnake Creek.
Observed Array of thermograph stations 1996-1997 thermograph data compiled
stream sufficient to account for basin by Humboldt Country Resource
temperature size, drainage density, and Conservation District (Friedrichsen
data vegetation and lithologic 1998, Lewis and others 2000)
heterogeneities.
Study Area

The South Fork Eel river basin is almost equally divided among Mendocino and
Humboldt Counties in Northern California and drains an area of approximately 1,800
km? (see insert map in fig. 7). The climate is generally Mediterranean type and
characterized by long, warm summers and cool, wet winters. Mean annual
precipitation ranges from 1,500 mm to 1,800 mm most of which falls between
October and April (James 1983). Summer high temperatures can exceed 31 °C (Mast
and Clow 2000). Approximately 20 percent of the basin is owned by State Parks and
the Bureau of Land Management and a small portion is owned by large timber
industries, while the remainder is owned by small landholders, ranchers, and
residential communities. Temperature modeling focused on three watersheds within
the South Fork Eel Basin. The sub basins, Bull Creek, Elder Creek, and Rattlesnake
Creek captured a broad range of topographic, lithologic, and vegetation
characteristics, and landuse histories observed in the South Fork Eel basin. Elder
Creek (drainage area 17 km?) is a largely undisturbed basin containing one of the last
remaining stands of old growth Douglas Fir in California. Rattlesnake Creek
(drainage area 99 km?) is characterized by gently rolling terrain and broad areas of
grassland and chaparral vegetation. Bull Creek (drainage area 112 km?) is almost
equally comprised of old growth forest and disturbed areas.
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Figure 1—Simultaneous fit to observed 1996 and 1997 temperatures for Bull, Elder
and Rattlesnake Creeks for, (a) current vegetation conditions, and (b) topography-
only and reference vegetation conditions

Input data used for the three sub basins are shown in table 1. Sources for these
data are identical to those used in the South Fork Eel TMDL (U.S. Environmental
Protection Agency 1999), however the availability of higher resolution digital
elevation data and improvements in processing capability (allowing for improved
drainage area and low-flow width calculation) means that some of the results
reported here differ from the results reported in the original TMDL (U.S.
Environmental Protection Agency 1999). Most of the changes between the original
predictions and those reported here are the result of significant changes to the 1996
thermograph data used in the calibration and optimization exercise. These data
underwent several significant changes from the original 1998 report (Friedrichsen
1998) to the final report (Lewis and others 2000), which was published after work on
the TMDL had been completed. The nature of these changes and effects on model
predictions are discussed in detail elsewhere (Allen 2006).

The hybrid vegetation-topography DEM is comprised of 10-meter USGS
(resampled to 30-meters) digital elevation data and Landsat Thematic Mapper (TM)
imagery classified according to a modified California Wildlife Habitat Relations
scheme (Fox and others 1997). Tree heights are computed using published diameter-
at-breast-height (DBH) relations (Burns and Honkala 1990, Fowells 1965, Mayer and
Laudenslayer 1988, Sawyer and Keeler-Woolf 1995, Whitney 1985). The blueline
hydrography channel networks for the three sub basins were discretized into 25-meter
long reaches, approximately matching the pixel resolution of the Landsat TM data.
Every stream segment is attributed with a low-flow width calculated using a power
relationship between drainage area and field-measured low-flow channel widths for
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the South Fork Eel (Stillwater Sciences 1998). Shortwave radiation is computed for
every grid cell for the time period of interest (week-ending July 31, 1996 and 1997).
Atmospheric transmission parameters were assigned values appropriate for clear-sky,
rural conditions. The groundwater seepage constant was computed for each sub basin
by iteratively adjusting the rate until the predicted mean low-flow discharge for the
stream segment nearest to a local USGS gage station matched the measured mean
low-flow discharge for the time period of interest. No gage station exists in
Rattlesnake Creek so low-flow data from a (now obsolete) gage in nearby Tenmile
Creek were used to calculate the groundwater seepage rate. Thermograph data
collected by the Humboldt County Resource Conservation District (Friedrichsen
1998, Lewis and others 2000) were used for calibration and optimization of model
predictions. The model predicted the 7-day running Mean Weekly Average
Temperature (MWAT) for every stream segment. Several researchers have shown
that salmonid growth rates (Brungs and Jones 1977) and salmonid presence/absence
(Welsh and others 2001) are closely correlated with the MWAT metric and the metric
is also used by the National Marine Fisheries Service and the U.S. Fish and Wildlife
Service (NMFS and USFW 1997).

Results

The model was initially calibrated using Bull Creek data where observed
MWATS for July 31, 1996 were available for seven thermograph stations within the
basin. Daily integrated insolation predictions for this period are computed for each
grid cell and passed to the heat balance model. The groundwater temperature
parameter, Tgw, IS constant and set to a physically realistic temperature (11.8 °C),
approximately matching the mean annual air temperature. The coefficient of
insolation parameter, Ko, is fixed at 1.0 for all model runs. The parameter can be
varied during the fitting process, however considerable effort is devoted to
characterizing accurately the shortwave flux reaching the stream surface and the local
vegetation regime that control the amount reaching the surface, and so ideally this
parameter should be fixed at 1.0. Sensitivity analyses (Allen 2006) indicate that when
allowed to vary, this coefficient remains at or very close to unity. The remaining
three parameters, K, K,, and Ks, are all used to optimize model predictions but only
two are allowed to vary at any one time. The MWAT predictions generated by the
model for Bull Creek, were very satisfactory (root mean square error equal to 0.25 °C
and R? = 0.99), and appeared to validate the simplifying assumptions embedded in
the model.

To test the robustness and reliability of BasinTemp predictions, we applied the
model to Rattlesnake and Elder Creeks. Thermograph data for these basins for both
1996 and 1997 were far more limited. Neither station contained sufficiently reliable
observed MWAT data for 1996 and 1997, however both basins included an adequate
number of thermographs recording the seven-day running mean of the daily average
(Weekly Average Temperature or WAT) for the week ending July 31, 1997, and this
is the metric the model was used to predict both for Elder and Rattlesnake Creeks.
The model performed well for Elder Creek, with an RMSE of 0.30 °C and an R? of
0.91. Results for Rattlesnake Creek were less successful yielding an RMSE of 0.93

4 Unpublished data. Thirty-five low-flow widths were measured during July and August, 1998 from sites
throughout the S.F. Eel basin.
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°C and an R? of 0.18. WATS predictions from two thermographs were primarily
responsible for the diminished model performance. When these two thermographs are
eliminated from the calibration exercise, model predictions improve significantly,
yielding an RMSE of 0.26 °C and an R? of 0.87. Both stations are located
immediately downstream of tributary junctions, and thus if the combined flow from
the tributary and mainstem channels are not fully mixed, the thermographs may
record unrepresentative temperatures. The groundwater seepage rate used for
Rattlesnake Creek computed from low-flow discharge data from the adjacent
Tenmile Creek basin is almost certainly inaccurate. Furthermore, our assumption of a
linear groundwater seepage rate is an oversimplification. Relief, lithologic, and
structural heterogeneities, and vegetation variation across a basin guarantee that
seepage rates and hence low-flow discharge must also vary spatially. An application
of BasinTemp to Canton Creek (Allen 2006), a 164 km? basin which drains into the
North Umpqua River in Southern Oregon has revealed the limitations of the basin-
wide, linear groundwater accretion rate assumption. Spatially varying low-flow
discharges across the Rattlesnake Creek basin may also explain the poorer model
performance.

An additional test of model performance and reliability was conducted by
generating temperature predictions using combined data for all three sub basins. The
various components of this validation exercise included predicting temperatures
using source data for three basins each characterized by different lithologies,
vegetation coverage, and landuse histories. Groundwater seepage rates were
computed from two different water years, 1996 for Bull Creek, and 1997 for Elder
and Rattlesnake Creeks. The calibration data used in the fitting exercise were
comprised of two different temperature metrics, 1996 MWATS for Bull Creek (for
the week ending July 31), and 1997 WATS (also for the week ending July 31) for
Elder and Rattlesnake Creeks. We added an additional test by permitting only two
fitting parameters (K, and K3) to be used during the optimization exercise, only one
of which was allowed to vary for any given iteration. Individual sub basin results and
the combined results are shown in figure 1(a). The model performed well for the
individual basin predictions and for the combined basin prediction. These results
provide further support for the simple assumptions incorporated into the model and
for the parsimonious model structure. The results illustrate the very different thermal
characteristics of each sub basin while also having indirect implications for land
management strategies. The predictions for Elder and Rattlesnake Creek occupy the
lower left and upper right portions of the graph respectively with no overlap. Bull
Creek model predictions bracket the entire temperature range, reflecting the broad
range of physical conditions and landuse activities characteristic of that basin. The
implications from these results are that improved temperature conditions
(exemplified by Elder Creek results) can be achieved by improved riparian shading,
and hence shifting temperatures from right-to-left on the graph.

Discussion

A critical feature built into the model is the facility to perform scenario testing
by modifying the riparian shading regime. These modifications, which involve
changing tree heights, can be performed for an entire basin or selected areas within a
basin. The impacts on stream temperatures can be assessed at individual reach scales
up to entire basin scales, providing the capability to examine local and cumulative
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temperature effects after modification of the riparian environment. Predictions for
two scenarios which bracket the range of potential riparian shading scenarios were
performed for the three sub basins. The topography-only scenario predicts
temperatures where shade is supplied solely by local topography, and the reference-
state scenario assumes natural, undisturbed conditions where trees are assigned
representative late seral heights. The insolation predictions for these scenarios are
passed to the 1-D heat balance model which uses the fitting parameters computed for
current conditions predictions. Figure 1(b) shows results for these scenarios using
eighteen thermograph calibration sites in Bull, Elder, and Rattlesnake Creeks. As
expected, temperature predictions in Elder Creek change little from the current
conditions to the reference state scenario. Predictions for all three sub basins for the
topography-only scenario show significantly elevated temperatures above the current
condition predictions, and well exceeding 4 °C for several stations. Interestingly,
predictions for Rattlesnake Creek illustrate that warm temperatures predicted for
current conditions are only slightly decreased for the reference state condition,
suggesting that for some naturally warm basins, shade prescriptions may result in
only minor temperature reductions. The results for Rattlesnake Creek also support the
argument for applying basin-specific criteria to water quality regulation rather than
applying a single temperature metric or a temperature threshold for entire basins.

The model has also been used to predict temperatures for sub basin scenarios in
Bull Creek, following shade modification on first and second order channels. The
results from these sub basin tests provide additional support for the body of work
illustrating cumulative temperature effects while indirectly contributing to the debate
over timber harvesting impacts on aquatic habitat quality and quantity and the
effectiveness of forest practice rules for protecting habitat (SRP 1999). A wealth of
research has demonstrated the deleterious impacts of timber harvesting on water
temperature and aquatic habitat (for example, Beschta and others 1987, Beschta and
Taylor 1988, Brown 1969, Johnson and Jones 2000, Kopperdahl 1971, and others). In
some cases, recovery to pre-harvest levels can take up to two decades (Beschta
1989). While there is general agreement over the various mechanisms responsible for
stream heating, a vigorous debate persists over which are the controlling mechanisms
(Bartholow 2000). A few studies have suggested that a local warm environment and
ambient conditions control water temperature and have also rejected the role of
cumulative downstream heating (for example, Caldwell and others 1991; Larson and
Larson 1996, 1997; Sullivan and others 1990; Zwienicki and Newton 1997).
However, several authors have suggested that most of these studies are based on
inconsistent assumptions, flawed experimental designs, or both (see Beschta 1997,
Beschta and others 2003, NCASI 2001, Poole and others 2001).

Figure 2 shows results for four Bull Creek tributaries following shade
modification on first and second order channels. In addition to showing current
predictions, each graph shows temperature predictions for full reference vegetation
shading on first and second order channels, and topography-only shading. The right
ordinate on each graph displays four temperature categories originally applied in the
South Fork Eel TMDL (U.S Environmental Protection Agency 1999) and which
categorize salmonid habitat conditions as a function of temperature. In an effort to
delineate potential coho habitat, slope thresholds for 10 percent and four percent (if
present) channel gradients are also indicated. These thresholds correspond to the
furthest upstream extent of the connected channel network at gradients equal to or
less than four percent and 10 percent slope and provide a quantitative indicator of
potential coho habitat. The four percent threshold identifies the approximate
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upstream limits of coho spawning habitat (Reeves and others 1989), and the 10
percent threshold is an approximate indicator for the maximum upstream extent of
coho rearing habitat (Meehan and Bjornn 1991). Results for the four tributaries very
clearly demonstrate elevated downstream heating for the topography-only shading
scenario for all tributaries, and especially for the East-West orientated creeks (Cow
Creek and Mills Creek). For the reference vegetation scenario, downstream
temperatures are notably suppressed on all four tributaries.
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Figure 2—Downstream temperature changes following upstream shade modification
on first and second order channels for four Bull Creek Tributaries.

Conclusions

We present a mechanistically-based model which assumes that direct shortwave
radiation drives summertime stream temperatures and that emphasizes the importance
of riparian shading for controlling insolation received at the stream surface. The
model performs well for basins of varying sizes and with different vegetation,
topographic, and lithologic characteristics. However, where low-flow discharges
show significant spatial variability, the model performs less well. The steady-state
assumption embedded in the model precludes predicting diurnal and instantaneous
maximum and minimum temperatures. The model shows considerable promise,
however, for temperature assessments for large watersheds and thus complements the
existing physically-based models currently applied in the regulatory framework. Sub
basin applications illustrate significant downstream cumulative heating effects after
modifying riparian shading on low order channels, lending further support to the
body of work demonstrating the role of cumulative effects (for example, Bartholow
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2000, Beschta and Taylor 1988, Rowe and Taylor 1994). These results also support
the arguments for providing greater protection to low order, non-fish bearing streams
(Ligon and others 1999) which receive minimal protection under current California
Forest Practice Rules (CDFG 1999).
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Ecosystem Management Decision Support
(EMDS) Applied to Watershed Assessment
on California’s North Coast’

Rich Walker,? Chris Keithley,®> Russ Henly,? Scott Downie,* and
Steve Cannata®

Abstract

In 2001, the state of California initiated the North Coast Watershed Assessment Program
(2003a) to assemble information on the status of coastal watersheds that have historically
supported anadromous fish. The five-agency consortium explored the use of Ecosystem
Management Decision Support (EMDS) (Reynolds and others 1996) as a means to help assess
overall watershed and in-stream conditions for fish. EMDS is expert system software
developed by the USDA Forest Service for similar efforts with the Northwest Forest Plan
(2000). NCWAP developed models to help assess key watershed characteristics that
contribute to shaping channel morphology and to evaluate the present stream habitat
conditions in terms of suitability for anadromous salmonids. The stream condition model uses
data collected during DFG stream surveys to evaluate the present stream habitat conditions for
migrating, spawning and rearing anadromous fish. Factors evaluated by the model include
percent of reach in moderately deep pools, pool shelter complexity, streamside canopy
density, and spawning gravel embeddedness. We also developed a model addressing indirect
terrestrial influences on anadromous fish in a watershed. The Potential Sediment Production
Model estimates the impacts of both natural background and human-related effects on in-
stream sediment delivery. NCWAP scientists learned several important lessons from using
EMDS. Critical aspects of EMDS include the hierarchical structure of the model, the selection
of the operators at the nodes of the networks, and the selection of breakpoints used in
evaluating specific environmental data.

Key words: California salmon, ecosystem decision support, watershed assessment

Introduction

The North Coast Watershed Assessment Program (2003a) was a California state
government program from 2001 to 2003. Five state agencies participated in its
mandate to assess watershed conditions for salmonids on the north coast. The Departments
of Fish and Game, Forestry and Fire Protection, California Geological Survey, Water
Resources and the state Environmental Protection Agency (EPA) brought their
expertise together to gather existing environmental data and to evaluate watersheds.

' This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.
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Through basin wide assessments of salmonid habitat, and identifying the likely
causes of habitat impairment, the program’s thrust was to assist prioritization of both
in-stream and upland area watershed restoration and recovery efforts. The Ecosystem
Management Decision Support (Reynolds 2003) expert system software, developed
in connection with the Northwest Forest Plan, was selected by NCWAP to aid in the
watershed evaluations. This paper reports on the successes and challenges
encountered during program’s use of EMDS.

Background

EMDS is a type of ‘expert system’ software that uses ‘Linguistic’ models and a
formal branch of mathematics termed ‘fuzzy logic’ to evaluate data against specified
criteria (for details see Reynolds 2003). The software can produce a synthesis from a
variety of environmental data, but requires that a custom hierarchical model (termed
‘knowledge base’) be built to simulate the particulars of the ecosystem functioning.
Models utilize data stored in a Geographic Information System (GIS — ArcView™)
to perform the assessments of watershed conditions and facilitate rendering the
results into maps and tables. The results can then be interpreted by professionals and
the public, in terms of their implications for ecosystem management. Clearly, the
results of the EMDS models will be strongly affected by the adequacy of the
knowledge base in representing real ecosystem functioning, and the completeness
and accuracy of the data fed into the models.

Methods

As a starting point, NCWAP referred to an EMDS knowledge base model
developed by the USDA Forest Service to evaluate watershed conditions for salmon
in coastal Oregon (Reeves and others 2000). The NCWAP team then constructed two
knowledge base networks reflecting the best available scientific studies and
information on how various environmental factors combine to affect anadromous fish
in California’s north coast watersheds. These networks can be graphed to resemble
branching tree-like flow charts, to show the logic and types of data used in the
assessment:

e The Stream Reach model (fig. 1) addresses conditions for salmon at the
stream reach scale and is largely based on habitat data collected under the
Department of Fish and Game’s stream survey protocols;

e The Potential Sediment Production model (fig. 2), evaluates the magnitudes
of the various sediment sources in the basin according to whether they are
natural or management related.
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Figure 1—NCWAP EMDS anadromous reach condition model. Objects in black were
populated with data and evaluated for NCWAP reports, objects in grey were
considered important characteristics, but data or reference curves were not
developed for the assessment. EMDS evaluates these missing data to 0 (or
uncertain), which contributes to a conservative estimate of the overall stream
condition.

In creating the EMDS models listed above, NCWAP scientists used what is
termed a ‘top-down’ approach. This approach is perhaps best explained by way of
example. The NCWAP Stream Reach Condition model began with the proposition:
The overall condition of the stream reach is suitable for maintaining healthy
populations of native coho and Chinook salmon, and steelhead trout. A knowledge
base (network) model was then designed to evaluate the truth of that proposition,
based upon data from each stream reach. The model design and contents reflect the
hypotheses of the NCWAP scientists. The goal was to start with a simple model
structure that addressed the proposition through evaluation of key stream habitat
characteristics. Refinements, adaptations, and the addition of new habitat elements
would occur as needed and as data collection protocols were developed to populate
and expand the knowledge base architecture. Broad-based reference curves were
developed by consensus of the science team for use in multi-basin assessments, but
were not intended as thresholds or targets. They formed generally accepted points of
agreement about critical habitat functions for salmonid production.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 27



Session 1—Ecosystem Decision Support—Walker, Keithley, Henly, Downie, and Cannata

Road density on
Towist 40% of slopes
Density of Roads by Road length on
Hiwslope Position i imiddle 40% of slopes
elated Road density on
uppamost 20%
Donsity of Roads
- Proximate to Streams
SEDMODL_V area (59
Frosg- On siopes of low
Relatod /pa!:ﬂm.'-::suumy\" I,-</F'""'°°' e R
G5 ol 182 +
OS5 casss 142 )_/
Tractor logged arca (%),
m s el intansive yoars 2000 thru prosent
'
\ # f—_ Land Use potential Instabiiy_ % L4 US®
- Related —___ COSclass 3 _( Timbor ___ (3. Tractor logged aroa (%),
k_" \,,__H\Onrlqwsd - +).“—f_,m¢4_.v,¢ A yoars 1690 thru 1999
/ moderatedigh — -
from Surface Potencial Instatbyy “Extensive
. C08 dusa 4 Land Use
Erosion If Density of Roads “\.0n siopes of high
Proximate fo
potential instability**
‘Gt cema s
B . Road density on
from (uy— i Iowost 40% of slopes
("1 \—Streamside- L ,\ g "“""‘A,',:;
» an
\.' Erosion Il Dansity of . Road Croexinge Road jength cr
| " Density of Rosds by
| Hillglope Position Mﬂﬂmﬂ
| from Mass Density of Roads on of stopes
Wasting Il s SEOMODL V2 Unstable Siapes
/ Related Dovelopod aroa (%)
Potential Stream Sediment "
- On siopes of low Farmed area (%)
from Management-related ‘._  potantied Instaniity ™ e
Sources /' coscasmes 182 "\ +
Land Use \
\ Tractor logged area (%),
) ;f Relatod / On slopes of \  inwoisive _years 2000 thru present
Potential / . \ Lanatse
N - - - Tractor logged area (%),
Sediment e u"‘, B P L Tmowr P T e et
. Opes Of — — Land U s
Production \ < modorataigh — e T TctrmpT s (%)
_. pwumt - r:shn-wry" yoars 1973 thru 1989
35 s
" Extensive Tractor logged 3
\.‘ g:mwgm:,.‘ Land Use yours 1845 el
Potential Stream Sediment . 005 caes 8
from Natural Processes '
b from Surface
\
3 Erosion | #
\ Active Landslides
Connected fo a Stroam
~ . .
1
(W rom stroamside ({ J——— Potential Sediment
P L Connocted o a m -
\  Erosiont "L Production Model
A Disrupted Ground
Noar Streams .
from Mass VerSIOI‘I 1 .0
Wasting |
it gt \ e e s
W e, iy CGS Potential Depuriner ey,
e e~ T
oy GO classes & ane § b

Figure 2—NCWAP EMDS potential sediment production model.

To evaluate stream reach conditions for salmonids, the conceptual model used
data on several environmental factors. The first branching of the knowledge base
network (fig. 1) shows that information on environmental conditions (stream flow,
riparian vegetation, water temperature, and in-channel stream characteristics) are all
used as inputs in the stream reach condition model.

In turn, each of the four branches is progressively broken into more basic data
components that contribute to it. Each object in the branch is evaluated, synthesized
according to the knowledge base structure, and passed forward towards final decision
node. The process is repeated until the knowledge base network incorporates all
information that experts believe to be important (independent of data availability) to
the stream reach evaluation.

EMDS models assess the degree of truth (or falsehood) of each evaluated
proposition. Simple reference curves use “fuzzy logic” to determine its degree of
truth/falsehood, according to the data’s implications for salmon. Figure 3 shows an
example reference curve for the proposition the stream temperature is suitable for
salmonids. The horizontal axis shows temperature in degrees Fahrenheit, while the
vertical is labeled Truth Value and ranges from -1 to +1. The line shows what are
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fully unsuitable temperatures (1), fully suitable temperatures (+1) and those that are
on the continuum in-between (>-1 and <+1). A zero value means that the proposition
cannot be evaluated based upon the data available. Breakpoints (where the slope of
the reference curve changes) in the figure 3 example occur at 45, 50, 60 and 68 °F.
For the Stream Reach model, NCWAP fisheries biologists determined these
temperatures by a review of the scientific literature and empirical studies (Armour
1991, Hines and Ambrose 2000, Klamt and others 2000, Welch and others 2000). In
this way, similar numeric reference curves were developed for other propositions
evaluated in the NCWAP Stream Reach Condition Model.

Maximum Weekly Average Temperature
[ 50 0

-I T T
45 50 60 68

30 40 70 80

summer water temperature (degrees F)

Figure 3—Generalized EMDS reference curve for summer water temperature
measured by maximum weekly average temperatures (MWAT). EMDS uses this type
of reference curve in conjunction with data specific to a stream reach. This example
curve evaluates the proposition that the stream’s water temperature is suitable for
salmonids. Break points can be adapted for specific species, life stage, or season of
the year.

For NCWAP parameters relating to upland geology and management activities,
little scientific literature was available to assist in determining breakpoints to evaluate
the watersheds. As a result, we computed the mean and standard deviation for all
planning watersheds in a basin, then selected breakpoints to rank each planning
watershed for that parameter, using a simple linear approximation of the standardized
cumulative distribution function [with the 10th and 90th percentiles serving as the
low and high breakpoints (fig. 4)]. (Is there some reason these breaks were used?)
(Purely empirical—they where the linear approximation of the CDF where intercepts
y = 0 and y = 1) The relative rankings were valid only within the basin and did not
serve as an absolute measure of the suitability of a given planning watershed for
salmon spawning and rearing. However, they did provide an indication of relative
conditions for fish within the basin with regard to specific environmental factors.
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Figure 4—Normalized cumulative distribution function, and EMDS empirical
breakpoints. Using the 10th and 90th percentiles as breakpoints (as with Land Use)
is a linear approximation of the central part of the normalized cumulative distribution
function.

Results

For each of the three initiall NCWAP watersheds (Gualala, Mattole and
Redwood Creek), the EMDS models produced a number of tables and maps that were
examined by the team of agency experts for that basin. For example, figure 5 shows
Stream Reach model results for the middle subbasin of Redwood Creek for four
factors—embeddedness, canopy density, pool shelter and pool depth. The map shows
each reach of the subbasin rated for its suitability for salmonids, from fully suitable to
fully unsuitable. (Is there a map which integrates all of these? Unfortunately, no.)
Figure 6 shows the results of the Natural Mass Wasting limb of the upland-oriented
Potential Sediment Production model for the Gualala River basin. Similar maps were
created of all evaluated EMDS parameters.

This example illustrates the graphical outputs of an EMDS run. This
demonstration graphically portrays the relative amounts of potential sediment
production in the Mattole Basin that comes from natural sources.

Opinions varied among the agency scientists working in the program as to
whether the EMDS models performed well in synthesizing the existing data and
coming up with accurate and useful results. Overall, the Stream Reach Condition
Model (fig. 1) was viewed as a generally accurate tool to assess individual habitat
elements and it provided an accurate assessment of overall stream condition. In some
cases, the EMDS results required further interpretation and explanation because of
data limitations in the knowledge base structure. The model would be improved if it
included data input for critical habitat elements such as water temperature that were
not populated with data in the knowledge base. (Due to disagreements among
NCWAP scientists on the adequacy of water temperature samples, and extrapolating
them to stream reaches, water temperature proved to be a difficult parameter to
accurately display on EMDS spatial map outputs. On the other hand it serves here as
an easily understood example for illustrating how NCWAP EMDS worked).
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The potential sediment model (fig. 2) relied upon data generated from maps and
models that were not necessarily field verified. There also was a lack of scientific
literature and data sources to develop representative reference curves. This
necessitated the use of a more empirically-based approach to defining reference
curves, using cumulative distribution functions based upon the data. Where data
quality was high, the models sometimes yielded insights into the factors most
affecting a given planning watershed. In other cases the results were not regarded as
accurate.

EMDS Model Results
Middle Redwood Creek Subbasin

Canopy
Density

Embeddedness

Creek

Redwood
Creek

Pool

Shelter Depth

=== Fylly Unsuitable

=== Moderately Unsuitable
Somewhat Unsuitable

e== Undetermined
Somewhat Suitable
Moderately Suitable

e Fully Suitable

3 4
— liles

Figure 5—Map of results of part of the Stream Reach model for the middle subbasin
of Redwood Creek.
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Figure 6—EMDS graphical output from Potential Sediment Production Model.

Discussion

It was a challenge to validate the two complex ‘expert system’ models. Data
inconsistency (for example, missing, out-of-date, sparsely sampled) was common in
the basins, affecting the model results in ways that were difficult to quantify but
certainly deleterious. In some model branches, no data was available for the EMDS
model. The missing data tends to move higher-level model evaluations towards the
uncertain range (in other words, 0 values), thus making overall assessments
conservative. EMDS provides a tool to assess the relative value of missing data,
based upon the model architecture. This can help to drive data needs and priorities in
future sampling.

32 USDA Forest Service Gen. Tech. Rep. PSW-GTR-194.2007.




Session 1—Ecosystem Decision Support—Walker, Keithley, Henly, Downie, and Cannata

Several core considerations emerged in the course of using EMDS in NCWAP.
These included:

e Model propositions: Semantics used must be precise to define criteria

e Model architecture: Is the model an accurate reflection of the ‘real
world’?

o Breakpoints: Definition can be difficult, given dearth of scientific
literature on many watershed characteristics, especially current and
historic land use

e Parameter weightings: Relative weightings affect the influence of
parameters

e Calibration and validation: Difficult to do with these non-standard
models

o Data sampling: Is it representative of the entire reporting unit (stream
or watershed)?

As EMDS does not produce statistical or deterministic model outputs, it was
difficult to establish criteria by which to evaluate the model results. Scientific
discipline would suggest that we take a sample of planning watersheds and compare
the EMDS results against the best data and criteria available. However, as EMDS is
intended to emulate expert opinion, which is based not only on data but other
intangibles, the latter test may be inappropriately setting the bar too high. Also, a
fundamental question arose in NCWAP as to whether the models’ proper role was to
simply confirm expert opinion (in other words, what was already known), or to
provide new insights into the watershed conditions.

Conclusions

EMDS served two main roles in NCWAP. First, the model results synthesized
numerous factors, and provided insights into individual watershed characteristics at
several spatial scales. The stream reach condition model identified specific reaches
where habitat factors were currently in good or poor condition. This can help identify
the type of instream or upslope management needed to improve habitat conditions for
salmonids. The sediment production model assessed landuse factors at the planning
watershed scale that have already accelerated erosional process or may do so in the
future (in other words, risk assessment). These data help to guide land management
decisions surrounding watershed ecosystem issues. Together the models help
prioritize where and when management actions should occur.

Additionally, EMDS provided a de facto second ‘result’. In requiring explicit
model logical structure and data “‘feeds’, the process of developing and reviewing the
two models facilitated a number of in-depth and useful discussions of precisely how
these watersheds function, and the data needed to make such evaluations. The first
relates to the more standard assessment of the accuracy and utility of the numbers
and watershed assessment maps produced by the models, while the second looks at
the utility of EMDS from the standpoint of the program as a whole.

While EMDS-based syntheses can be important tools for watershed assessment,
they cannot by themselves yield a course of action for restoration and land
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management. Any EMDS results require interpretation, and how they are employed
depends upon other social and economic concerns. In addition to the accuracy of the
EMDS model, the currency and completeness of the data available for a stream or
watershed will strongly influence the confidence in the results. Where possible, the
EMDS model should be validated using sensitivity analysis, independent data, expert
opinion, and other information. One disadvantage of linguistically based models such
as EMDS was that they do not provide results with readily quantifiable levels of
error. Users of this tool need to be aware of this issue.
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The Effects of Large Wood on Stream
Channel Morphology on Three Low-
Gradient Stream Reaches in the Coastal
Redwood Region®

Scott Carroll? and E. George Robison?®

Abstract

Several studies have shown that large wood has a prominent role in habitat quality, however
there is little research on the role of wood on pool characteristics and other habitat
components in low gradient streams (channel slopes less than one percent). Longitudinal
profiles are used to analyze general residual pool characteristics of three approximately 1000-
meter stream reaches with similar stream and watershed characteristics and vastly different
large wood loadings (759 vs. 329 vs. 39 m%ha). This study devises a new classification
methodology to subdivide long pools, due to different formation mechanisms and physical
barriers within pools. Shallow long runs at the start or end of pools are also removed because
the do not represent pool habitat. Higher large wood loading is associated with decreased
individual pool lengths, maximum depths, and longitudinal residual pool areas. Greater wood
loads however increase reach percent channel in pools and pool frequency. Cumulative reach
longitudinal residual pool area per 100 meters and mean thalweg depths did not vary between
the study reaches. Bedrock pools had greater pool lengths, maximum depths, and longitudinal
residual pool areas than pools formed by large wood. Bedrock pools also had more complex
bed topography than large wood pools, but had no difference in pool edge rugosity.

Key words: large wood, salmonid habitat, stream channel morphology

Introduction

The twentieth century has seen a dramatic increase in the extraction of natural
resources in the western United States. Today, the impacts of these disturbances can
be seen in changing habitats and decreases in species diversity and populations. The
Pacific Northwest has received much attention due to two valuable resources, timber
and salmonids. The role of large, downed, instream wood has been determined to
play a key role in the success of salmonids (Fausch and Northcote 1992, McMahon
and Hartman 1989, Quinn and Peterson 1996). Large wood (LW) is critical in
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creating habitat complexity, and its reduction has caused stream simplification and a
decrease in habitat quality (Fausch and Northcote 1992, Quinn and Peterson 1996).

Low gradient streams (less than one percent channel slope) are an essential part
of salmonid habitat, yet the effect of large wood has not been studied as extensively
for this particular channel type. The percent of streams in pools and the character of
pools is an important component of salmonid habitat (McMahon and Hartman 1989,
Moore and Gregory 1988). Yet in low gradient streams of small to moderate size (in
other words, less than one percent gradient and less than approximately 20 m in
bankfull width) the channel is largely made up of pools and slack water habitat and
the pools can extend for dozens of meters (Robison 1988). This channel type is
distinct from a classic riffle/pool sequence or step/pool systems (Leopold and others
1964, Montgomery and Buffington 1997) that have received the bulk of large wood
and channel morphological study. These pool features often have multiple influences
creating them over their long distances as well as distinct breaks in character that are
not accounted for with traditional channel unit systems because the unit is simply
called a “pool.” A study that focuses on the nuances of these types of systems is long
overdue. This study represents a case study of these types of low gradient reaches for
three long stream reaches that have nearly identical channel and watershed
characteristics (in other words, drainage area, bankfull width, gradient, levels of
confinement, climate, forest type, sediment input rates, and geology). The one thing
that separates them is the degree of large wood loading in these reaches. This
difference in wood loading allows for some observations to be made between these
reaches in terms of stream morphology forming processes and the role wood does
and does not play in forming and modifying pools. The research investigates habitat
at the reach scale and the habitat unit scale, specifically pools, in order to determine
complexity at various scales.

This study uses clear, repeatable, non-subjective methods in measuring physical
stream parameters in order to quantify complexity. Pools are precisely defined from
detailed survey data using residual depths (Bathhurst 1981, Lisle 1987, Robison
1998, Robison and Kaufmann 1994) and by scaling to channel size.

Longitudinal profiles in conjunction with three-dimensional surface surveys
were used to measure pool parameters to isolate the effect of LW at both the reach
and pool scale. The hypothesis at the reach scale is that LW increases the density of
pools, percent channel in pools, longitudinal residual pool area (LRPA) per 100
meters, mean thalweg depth, thalweg depth variation, and percent pools formed by
LW. The hypothesis at the individual pool scale is that pool parameters such as
length, maximum depth, and longitudinal residual pool area decrease with higher LW
loading. Additionally, at the individual pool scale, bedrock created pools tend to be
longer, deeper, and larger pools than LW, but LW pools have more complex bed
topography and pool edge rugosity, due to the relationship between LW and
complexity.

Methods

The Mill and Prairie Creek watersheds are located on the coast in northwest
California near the northern limit of coastal redwoods. Both watersheds are redwood
and Douglas-fir forests with Prairie Creek almost all old growth and Mill Creek
almost completely harvested at least once. Two study reaches are located in the Mill
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Creek watershed. The East Fork and West Branch study reaches have drainage areas
of 37 km? and 24 km?. A study reach in Prairie Creek has a drainage area of 31 km®.
Bankfull widths average between 17 and 21 m on all study reaches. All three study
reaches have low gradients of approximately 0.6 percent. All study reaches have
unconfined channels with prominent floodplains. Valley widths on average are at
least four times bankfull width. All study reaches contain bedrock in the channel. The
Prairie Creek bedrock consists mostly of competent conglomerated fluvial deposits
and East Fork and West Branch are mostly sandstone. Despite the difference in
bedrock type, both bedrock pool types were classified the same because they create
similar pools.

Data collection consisted of LW surveys, longitudinal profiles, and topographic
mapping of pools. LW was defined as any piece of wood larger than 0.1 meters in
diameter and two meters long. In some cases LW jams prevented the counting of
individual pieces, and a total volume was obtained by measuring jam dimensions. For
this study LW data is based only on pieces within the bankfull channel, as they were
determined to be most important in affecting channel morphology.

Longitudinal profiles were surveyed with points taken an average of every four
meters. Residual characteristics of the stream channel (Bathhurst 1981, Lisle 1987)
were determined for each of the long profiles. The reaches were divided into pools
and riffles based on the elevation of the downstream riffle crests (Bathhurst 1981,
Lisle 1987). Residual depth removes the effect of discharge, but in low gradient
streams, pools with separate formation factors and habitat features often combine to
form one large pool. Simple, repeatable, guidelines were created to better
characterize pools in low gradient streams. Pools were defined by the channel size
(Buffington and others 2002, Montgomery and others 1995). Using Montgomery and
others (1995) a minimum residual depth for a pool was determined to be 25 percent
of mean bankfull depth of the reach. The minimum pool length was defined as half
bankfull width. These pool dimensions represented significant habitat features and
removed small, insignificant, localized scour and steps in riffles. Minimum pool
depth was determined to be 0.25 m (mean bankfull depth from cross sections was
approximately one meter on all reaches) and minimum pool length varied from 8.5 to
10.5 m depending on the reach.

Once pools were defined there were two factors that led to additional
manipulations to pool dimensions. First, due to the low gradient of the study reaches
there were often long areas of flatwater that encompassed multiple pools. These
compound pools were subdivided because there were different formation factors for
different areas of the pool and physical barriers within the larger pool that yielded
separate smaller pools. A compound pool was divided if the depth at a high point
between two pools was less than 25 percent of the maximum depth of the deeper pool
and at least half the depth of the shallower pool. Secondly, shallow water at the tail or
start of a pool was removed from pool dimensions if they were at least the minimum
pool length and depth for that reach. These pool definitions were needed to
accurately quantify pool habitat in these low gradient reaches.

The final data collection phase involved detailed mapping of pool beds using a
Total Station. Eleven pools were mapped in detail by measuring point data in three
dimensions and using a Geographic Information System (GIS) to create surfaces
using triangulated irregular networks (TIN). Six of the pools were LW formed pools
and five were bedrock pools. Pools were chosen based on formation type and ability
to survey. Cross sections were placed every ~1/15 channel width and points were
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spaced every ~1/50 channel widths (Kail 2002). The mapping was done to compare
complexity of bed topography and pool edge rugosity in LW and bedrock pools.

Results

Reach characteristics for each of the sites can be seen in table 1. LW loadings
clearly show the old growth Prairie Creek with the most, the managed West Branch
with half the old growth amount, and the managed East Fork with almost none.
Although piece dimensions were similar, due to a few very large pieces on Prairie
Creek the mean volume per piece is greater than twice that of the managed streams.

Table 1—Reach, large wood, and pool characteristics of Prairie Creek, West Branch Mill
Creek, and East Fork Mill Creek, 2003.

West  East Fork

Prairie Branch Mill
Variable Creek Mill Creek Creek
Reach length (m) 1098 1051 1408
Large Wood loading (m*/ha) 759 329 39
Number of pieces 263 244 66
Pieces/100m 24 23 5
Mean piece diameter (m) 0.6 0.4 0.4
Mean piece length (m) 7.3 6.3 7.3
Mean piece volume (m°) 5.2 1.9 1.5
Percent channel in pools (%) 64 64 50
Number of pools 32 27 24
Pool spacing (bankfull widths) 2.0 1.8 3.2
Longitudinal residual pool area / 100 meters (m%/100m) 27.1 30.8 28.6
Mean reach thalweg depth every 2 meters (m) 0.28 0.33 0.28
Reach depth coefficient of variation 1.07 0.97 1.37
Mean pool length (m) 22 25 29
Mean pool longitudinal residual pool area (m?) 9.2 12.0 16.7
Mean maximum pool depth (m) 0.8 0.8 0.9
Maximum pool depth (m) 1.3 14 2.1
Mean pool depth (m) 0.4 0.5 0.5

Higher LW loadings led to closer pools, greater percent channel in pools, but
had little effect on mean thalweg depth and LRPA per 100 m. Pool spacing,
measured in bankfull widths (BFW), was almost the same on Prairie Creek (2.0
BFW) and West Branch (1.8 BFW) while greater on East Fork (3.2 BFW). Higher
LW loadings increased the percent channel in pools (East Fork had just under 50
percent while West Branch and Prairie Creek had 64 percent). LW did not affect the
LRPA per 100 m, as all reaches were almost the same. If LRPA is an indicator of
pool size, then East Fork has longer, deeper, and larger pools than the wooded
reaches. This results in East Fork having an equal amount of LRPA per 100 m
despite the fact there are fewer pools. Mean thalweg depths from measurements taken
every two meters showed little difference. West Branch (0.33 m) was the deepest
followed closely by Prairie Creek (0.28 m) and East Fork (0.28 m). Standard
deviations and coefficient of variations indicate that East Fork has greater variation in
thalweg depths than Prairie Creek and West Branch.
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When reaches were analyzed by pool forming mechanism, a clear separation
between wooded and non-wooded reaches was determined (fig. 1). Prairie Creek (62
percent) and West Branch (59 percent) had a similar percentage of LW pools, while
East Fork had 79 percent bedrock and only 13 percent LW. The results that West
Branch and Prairie Creek are very similar in percent pool type and different from
East Fork led analysis in two directions. Individual pool parameters were first
compared between the three study reaches and then between formation types,
bedrock and LW.

a0

B Prajrie Creek
a0 -

I@'West Branch will Creek

70

M East Fork Mill Creek

[at]

a0

Percent

40

Bedrock Large WWood Other
Pool Type

Figure 1—Distribution of pool types in Prairie Creek, West Branch Mill Creek, and
East Fork Mill Creek, 2003.

All individual pool characteristics followed a similar pattern with East Fork
generally having longer, deeper, and larger (based on LRPA) pools with West
Branch in the middle and Prairie Creek with the shortest, shallowest, and smallest
pools (table 1). Frequency plots were created to show differences in pool
dimensions between the reaches (fig. 2, 3, and 4). East Fork has a few pools at the
smallest level in each category but as the percent increases East Fork has longer,
deeper, and larger pools than the two reaches with LW. West Branch and Prairie
Creek had similar pool dimension frequencies in all cases. When the smaller pools
in East Fork were investigated it was observed that they were all from LW origin
and that all the larger pools were bedrock. This led to analysis on the difference
between bedrock and LW pools.
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Figure 2—Frequency distribution of individual pool lengths in each study reach,
2003.
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Figure 3—Frequency distribution plot of individual pool maximum depths in each
study reach, 2003.
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Figure 4—Frequency distribution plot of individual pool LRPA in each study reach,
2003.

Despite having different LW loadings Prairie Creek and West Branch have a
similar distribution of pool types. A comparison of bedrock vs. LW pools was done
to determine the differences between the pool types. Bedrock pools averaged
approximately seven meters longer, almost twice the LRPA, and 0.25 deeper at its
maximum depth than LW pools. These results led further into the topographic
differences between the pool types. Complexity of both the bed and the edges of
bedrock and LW pools were determined by mapping a subset of pools in each of the
study reaches. Edge rugosity (Actual edge length / straight line edge length) was used
to determine complexity of pool margins. There was no difference in mean edge
rugosity (1.10) between bedrock and large wood pools. The second feature
investigated was the effect of pool formation type on the bed topography. First, three-
dimensional rugosity (bed surface area / pool planimetric surface area) was calculated
on each of the pools. There was a difference between pool types as bedrock pools had
consistently greater rugosity than large wood pools. Bedrock pools had at least a 10
percent increase in bed surface area compared to planimetric area. All large wood
pools had less than a 10 percent increase in bed surface area except one. The second
comparison to determine pool bed complexity was to compare the individual depths
of each pool. The coefficient of variation of all individual depth values was used to
remove the effect of different sized pools. Individual depths were used as a
comparison because points were taken at a consistent spacing throughout the pool. A
separation again occurred, with LW pools having lower coefficients of variation than
bedrock pools. Both results indicate that bedrock pools have more complex bed
topography than LW pools.
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Discussion

Large wood affects stream channel morphology in low gradient coastal redwood
streams at both the reach and individual pool scale. The results indicate that despite
Prairie Creek and West Branch having different LW loadings they form a similar
physical environment (pool spacing and percent channel in pools). A potential reason
why there is not much difference between the reaches is that much of the large wood
volume in Prairie Creek consists of a few very large pieces that only utilize a small
percentage of their volume to form a pool or effect habitat. The LW character was
different in West Branch, where pieces were smaller, part of jams, and typically
within the low flow channel. This distribution of LW volume in these two streams
may explain the similarities.

Although some reach parameters were different with various LW loadings, some
characteristics were the same. LRPA per 100 meters of stream for the three reaches
was not significantly different, indicating that despite East Fork having almost no
LW it has a similar amount of pool area as the other reaches. Pool area was assumed
to be a critical role of LW, it was assumed that increases in LW would create more
scour. These results indicate LW does not affect reach pool area in these low gradient
streams, rather LW affects the distribution of pool area. These results concur with
Beechie and Sibley (1997) and Robison (1998) who determined that large wood in
low gradient streams had less effect on pool area than in moderate and high gradient
streams. In moderate and higher gradient streams (in other words, streams with
gradients greater than one percent) or in larger streams with low gradients, large
wood has a more active role in pool formation (Montgomery and others 1995,
Robison 1998). It was also expected LW would increase mean thalweg depth, but it
was almost the same for all reaches and East Fork actually had a higher thalweg
depth variation. Two important results came from the reach investigation; first, LW
created a clear difference between wooded (Prairie Creek and West Branch) and non-
wooded reaches (East Fork) in terms of characteristics such as pool length and
spacing and pool creating mechanism. Secondly, the Prairie Creek and West Branch
study reaches had almost the same physical conditions, despite Prairie Creek having
twice the LW loading. The similarities can be attributed to the fact West Branch had
enough LW to create a similar distribution of pool types by formation mechanism to
Prairie Creek. Bedrock was prominent in all the channels but when LW loading was
minimal (East Fork) pool types dramatically shifted from favoring large wood to
bedrock pools. The reach level results led to further investigation of individual pool
parameters by reach and formation mechanism.

The hypothesis, at the individual pool scale, that higher LW loads yield shorter,
shallower, and smaller pools in low gradient streams was confirmed as the pools in
East Fork were significantly longer, deeper, and larger than the wooded Prairie Creek
and West Branch. The difference in pool sizes is attributed to the type of pools in
East Fork. The larger bedrock pools dominate in East Fork and smaller LW pools
dominate in Prairie Creek and West Branch. The similar percentages of pool types
found on West Branch and Prairie Creek may explain why their channel
morphologies are similar. The final hypothesis was that LW pools should be more
complex than bedrock pools due to the fact LW is associated with habitat complexity.
When pool edge rugosity was compared there was no clear difference between the
pool types. This lack of difference in pool edge rugosity may not express the margin
complexity LW provides. Wooded reaches (Prairie Creek and West Branch) had
more off-channel habitat than East Fork. The presence of back channels is critical in
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providing velocity refugia for fish during high winter flows (Bell 2001, Moore and
Gregory 1988). A measure of bank rugosity rather than pool rugosity may have better
shown the effect LW has on creating complex margin habitat. When pool bed
surfaces were compared, bedrock pools had greater three-dimensional rugosity.
Bedrock pools also had greater coefficients of variation of evenly spaced individual
depths. This analysis indicates that in low gradient streams LW does not provide
more complex bed topography, although it may create quality, complex habitat in
other ways. LW can provide cover for fish in pools by creating shadows, covering the
surface, velocity refugia, and three-dimensional partitions within the water column
(Harmon and others 1986). LW creates habitat partitions at the reach scale by
increasing pool distribution and increasing habitat unit diversity, while at the pool
scale LW partitions habitat by creating physical dividers within the water column.

Conclusion

Management has typically revolved around setting target values of certain
stream features such as LW amounts, pool dimensions, and fish populations. The
problem is that quality habitat is described as complex, which cannot always be fully
determined with simple measurements or surveys. This research suggests that the
dimension of pools or the amount of LW in a stream may not reflect habitat quality in
low gradient streams, rather the distribution and organization of LW, the cover
complexity, and the distribution of pools may be most critical. This research indicates
that the stream (East Fork) with the least LW has deeper, longer, and larger pools and
greater thalweg depth variation. Additionally, the majority of the pools in East Fork
are of bedrock origin, which has been determined to have more complex bed
topography. Complexity is more than simply measured channel characteristics. LW
does not create a complex environment in low gradient streams by simply creating
pools and space for fish but rather it performs a number of roles throughout the
length of streams.

This research has quantified stream reaches with easy to measure, non-
subjective, repeatable procedures. Pools have been defined clearly, with a specific
new methodology to deal with the low gradient of the study reaches. Watershed and
stream characteristics were limited by choosing study sites with similar drainage
area, bankfull width, gradient, levels of confinement, climate, forest type, sediment
input rates, and geology. Long reaches were utilized to capture all variability in LW
loading. To further this research, additional studies such as the role of LW and off
channel habitat quality, the relationship between substrate and LW, velocity and LW
interactions, and investigations into fish production and LW need to be done.
Research also needs to be expanded from a case study to include more samples to
develop statistically based results. With respect to management, this research shows
that single target values might not be the best method to determine habitat quality in
low gradient streams. It may not be possible to predict habitat quality by using single
results such as individual pool parameters, reach characteristics, or LW loadings,
rather all factors must be considered when quantifying stream habitat. The
complexity that LW provides in low gradient streams is varied and diverse, and many
aspects are difficult to measure and quantify. The best method involves utilizing
multiple scales and taking a non-subjective, repeatable approach that encompasses
the many different roles LW plays in creating complex salmonid habitat.
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Applications of Redwood Genotyping by Using
Microsatellite Markers®

Chris Brinegar,? Dan Bruno, Ryan Kirkbride, Steven Glavas, and
Ingrid Udranszky

Abstract

A panel of polymorphic microsatellite markers have been developed in coast redwood
(Sequoia sempervirens). Two loci in particular (Seq18D7-3 and Seq21E5) demonstrate the
potential of microsatellite genotyping in the assessment of genetic diversity and inheritance in
redwoods. The highly polymorphic Seq18D7-3 marker provided evidence for the planting of
non-local redwood seedlings in a restored area of a state park and was used to genotype
progeny from a controlled cross. A putative chloroplast microsatellite locus (Seq21E5) was
shown to be paternally inherited in two controlled crosses and can therefore be used as a
marker for alleles carried in pollen. Significant differences in allelic diversity were observed
at the Seg21E5 locus in redwood populations with different ecological and management
histories. Advantages of microsatellite analysis and its limitations (including the problem of
null alleles) are discussed as well as its potential as a tool for forest management and
conservation.

Key words: genotyping, microsatellites, redwood, Sequoia, simple sequence repeats

Introduction

Data from common garden experiments (Anekonda and Libby 1996),
monoterpene characterization (Hall and Langenheim 1987), and allozyme analysis
(Rogers 1997, 1999, 2000) show that coast redwood [Sequoia sempervirens (D. Don)
Endl.] possesses significant genetic variation. Much of its genetic diversity might be
attributed to the fact that it is a hexaploid organism. The potential origins of
hexaploidy in redwood have been reviewed by Ahuja and Neale (2002). There have
been limited molecular genetics studies on redwoods using DNA-based approaches.
Neale and others (1989) used restriction fragment length polymorphism (RFLP) to
show that both chloroplast and mitochondrial DNA are inherited paternally in
redwood. Evidence for variation in the redwood chloroplast genome has also been
demonstrated by RFLP analysis (Ali and others 1991). In order to understand the
complexities of the redwood genome and its mechanisms of inheritance in greater
detail, it will be necessary to have many DNA markers in hand that are amenable to
rapid and relatively inexpensive genetic analyses. Microsatellites, also known as
simple sequence repeat (SSR) markers, are non-coding, co-dominant loci with high
mutation rates that have been used extensively for inheritance and population
diversity studies in plants and animals (Parker and others 1998).

We have characterized a panel of five polymorphic microsatellite loci from a

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.

2 Conservation Genetics Laboratory, Department of Biological Sciences, San Jose State University, San
Jose, CA 95192. email: cbrinega@email.sjsu.edu
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redwood genomic library that have shown utility as genetic markers (Bruno 2002,
Bruno and Brinegar 2004). This paper presents preliminary data that demonstrate
how these markers can be used to assess inheritance in controlled crosses and
characterize genetic diversity within and between populations. The potential of
microsatellite genotyping in forest management will also be addressed.

Methods

Redwood branchlets were collected in coin envelopes and subsequently dried
with desiccant at room temperature prior to DNA extraction. Redwood genomic
library construction, screening, microsatellite clone characterization, primer
sequences, DNA extraction, PCR conditions and gel electrophoresis are described
elsewhere (Bruno and Brinegar 2004). PCR products were separated on non-
denaturing, high-resolution Spreadex EL 300 or EL 500 gels (Elchrom Scientific,
Cham, Switzerland). M3 DNA markers (Elchrom) were used to estimate allele sizes.
Three microsatellite markers were used in this report, but sequences for all five
clones [Seq37G5 (CT,), Seq21E5 (CTTA,), Seq20E5(CA,), Seq18D7-3 (CTT,), and
Seg8E8 (CA.)] are available in the GenBank database (accession numbers
AY562165, AY562166, AY562167, AY562168, and AY562169, respectively).

Results and Discussion

Redwood microsatellite polymorphism

Microsatellite Seq18D7-3 is the most polymorphic locus in the current panel of
markers with 13 alleles observed so far in several test populations. Eight alleles were
observed in the genotypes of only 12 individual trees from Big Basin Redwoods State
Park (fig. 1). In this example, each individual had one to three alleles with the
microsatellite repeats ranging in size from (CTT)s to (CTT);. Allele sizes differed by
multiples of three base pairs (bp) as expected, and sequencing of individual alleles
eluted from the gel confirmed that size polymorphisms were, in fact, due only to
changes in the number of tandem CTT repeats.
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Figure 1—Size polymorphism of alleles at the Seq18D7-3 microsatellite locus in 12
randomly selected redwoods from Big Basin Redwoods State Park. Numbers above
or below bands indicate the number of CTT repeat units in that allele. Lanes 1, 8 and
15 are DNA markers. Marker sizes (base pairs) are indicated at left.
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Seq8E8 is also very polymorphic with 10 known alleles while Seq37G5 and
Seq20E5 have three and four known alleles, respectively. However, these three
markers have not been tested on as many populations as the other two and may
actually have higher degrees of polymorphism. Seg21ES5 is unique in that it shows
very high polymorphism, but each individual (out of several hundred tested)
possesses only one allele. This observation suggests a cytoplasmic origin,
presumably from chloroplast DNA, since microsatellite sequences are common in
chloroplasts (Provan and others 2001). Further data on the allelic diversity and
inheritance of the Seq21E5 marker are provided later in this report.

In theory, since redwoods are hexaploid, the number of alleles at a nuclear locus
could range from one to six per individual. Redwoods may be autoallohexaploid
(Saylor and Simons 1970) with an AAAABB type of genome ancestry. If so, it is
possible that some microsatellite loci may appear only in the A or B chromosome
sets. This could restrict the maximum number of alleles per individual to two or four.
We have yet to observe more than four alleles per locus in any of our markers.
Though the true nature of redwood hexaploidy is still unresolved (Ahuja and Neale
2002), microsatellite DNA clones have potential as probes for in situ chromosome
hybridization to help resolve this question.

Detecting non-indigenous redwoods

In a study to test the utility of our microsatellite markers, a group of closely
spaced redwoods in Big Basin Redwoods State Park were genotyped to assess their
genetic relationship. The trees are along a 50 m edge of a restored meadow with 12
young redwoods (0.5 to 7 m tall) growing between two older fairy ring groves to the
north and south. Figure 2A shows the Seql8D7-3 genotypes of these 12 small
redwoods (trees 7-18) and six redwoods each from the southern grove (trees 1-6) and
northern grove (trees 19-24). Both groves had different genotypes, but all trees within
a grove shared the same allelic pattern. Allozyme data (Rogers 2000) indicate that
redwoods in a fairy ring may not all be clones of the parent stump, so identification
of trees within these groves as clonal is tentative until more loci are genotyped.
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Figure 2—Microsatellite genotyping to assess relationships between redwoods in a
restored area. A. Seql8D7-3 genotypes of redwoods in two fairy ring groves and

along a meadow's edge between the groves. B. Genotypes at three loci (Seq21E5,
Seql8D7-3, Seq20E5) of redwoods 6, 10 and 12. See text for discussion.
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None of the small trees between the groves displayed the three-allele pattern of
the northern grove, and only two (trees 10 and 12) had the same single-allele pattern
as the southern grove. Seven of the small redwoods had no alleles in common with
either of the groves. Comparison of trees 10 and 12 with tree 6 from the southern
grove at two additional microsatellite loci differentiated tree 12 from the others by its
extra allele at Seq20E5 (fig. 2B).

Due to a lack of shared alleles, it is apparent that most of the small trees (7, 8, 9,
11, 13, 14 and 16) were neither clones of either grove nor derived from seed
produced by either grove. Also, because of a stream on one side and a meadow on the
other, there were no other seed-producing redwoods within 50 m of this site. Tree 10
appears to be the only one that could possibly be a clone of one of the groves
(southern). Alternatively, it could be a highly inbred relative.

Although this limited microsatellite data suggests that the two groves are clonal
and that few of the small redwoods are closely related to the groves, an analysis with
more markers and sampling of other trees in the vicinity would be required for
definitive proof. However, after researching the recent history of this section of Big
Basin, the interpretation of the data became easier. As part of prior restoration
projects, Girl Scout troops had planted seedlings from nursery stock in several areas
near the park headquarters—including along the meadow between the northern and
southern groves! Based on this information and the microsatellite data, there is a high
probability that most of the 12 small redwoods are not indigenous to Big Basin.

The practice of planting non-local redwood seedlings in parks and private timber
land could potentially lead to the “genetic pollution” of populations that are well
adapted to their local environment. This potential problem has been addressed
previously by Millar and Libby (1989). A thorough microsatellite analysis could be
used to assess the presence of non-native trees in areas suspected of being planted
with less well adapted nursery stock.

Inheritance in controlled crosses

In angiosperms chloroplasts are maternally or biparentally inherited (Provan and
others 2001) whereas paternal inheritance of chloroplasts has been reported in a
number of conifers, such as pine (Dyer and Sork 2001). Neale and others (1989)
provided restriction fragment length polymorphism (RFLP) evidence that
chloroplasts, as well as mitochondria, are paternally inherited in coast redwood. The
use of chloroplast genetic markers should, therefore, allow alleles from the pollen
donor to be monitored in controlled crosses. Since redwood microsatellite marker
Seq21ES5 had properties of a chloroplast locus (one allele per individual and typically
higher PCR product yield than nuclear loci due to more copies per cell), we tested its
possible paternal inheritance using tissue from known redwood families supplied by
the UC-Berkeley Russell Plantation.

Three parents were used in two crosses with Arc154 being the female parent in
one cross and the male parent in the other. In Arc154 x Arc28 (fig. 3A), the female
parent’s allele size was 120 bp and the male parent's allele size was 140 bp. All five
of the tested sibs had the 140 bp allele. All five of the S1 x Arc154 sibs inherited the
120 bp paternal allele (fig. 3B). These results support the paternal inheritance of
chloroplasts in redwoods, but more work is needed to determine if maternal
“leakage” of chloroplasts occurs during fertilization. In the conifer Chamaecyparis
obtusa, chloroplast DNA was inherited primarily through the pollen but a small
amount (2.5 percent) of maternal leakage was detected (Shiraishi and others 2001).
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Figure 3—Paternal inheritance of the Seq21E5 locus in two controlled crosses. A.
Genotypes of parents Arc154 and Arc28 with genotypes of five sibs. B. Genotypes of
parents S1 and Arc154 with genotypes of five sibs. DNA markers are in lanes labeled
M with their sizes (base pairs) indicated at left.

The Seq18D7-3 locus (presumably a nuclear marker) was also tested on the S1 x
Arcl154 family (fig. 4). The female parent (S1) had one allele at 141 bp while the
male parent (Arc154) had a 138 bp allele (one less repeat unit). The five sibs from
this cross displayed three different genotypes: both parental alleles (sibs A and B), no
visible alleles (sib C), or only the maternal allele (sibs D and E). The absence of the
138 bp allele in sibs D and E could be explained by the donation of a paternal null
allele at this locus. The absence of alleles in sib C could be due to null allele
contributions from both parents or a failure in the amplification reaction; however,
the Seq21ES5 locus amplified well using the same DNA extract from sib C.
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Figure 4—Inheritance of Seq18D7-3 alleles in a controlled cross (S1 x Arc154). DNA
markers are in lanes labeled M with their sizes (base pairs) indicated at left.

Null alleles are major obstacles in the interpretation of inheritance data,
especially in polyploids where there could be a higher probability of their occurrence
(Weeden and Wendel 1989). Their presence can be inferred from the absence of an
amplifiable allele from one parent (as above) or from a low observed population
heterozygosity (H,) at the locus. (Unfortunately, due to the difficulty in estimating
allele dosage in polyploids from allele staining intensities, expected heterozygosities
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cannot be easily estimated from microsatellite data.) Indications of null alleles at
three of our four presumptive nuclear microsatellite markers were found in a
population of second-growth redwoods in the Santa Cruz Mountains. Their observed
H, values were relatively low, ranging from 0.28 to 0.44 (Bruno and Brinegar 2004).
Seq18D7-3, however, had a higher H, of 0.80, indicating that null allele frequency is
low in that southern population. S1 and Arc154 are clones from northern populations
where the null allele frequency could be higher. In a redwood allozyme study
(Rogers 1997) there was no evidence of null alleles in the six enzyme systems tested.
Microsatellite alleles, however, being non-coding sequences, do not impart any
known selective advantages to the organism and will have no deleterious
consequences if lost.

These results demonstrate that microsatellite markers can be useful in
characterizing the results of controlled crosses. Libby and others (1981) provided
evidence of inbreeding depression in redwoods. Microsatellite genotyping might also
have potential in assessing inbreeding in redwood breeding programs.

Genetic diversity within and between populations

With highly polymorphic genetic markers, the allelic richness of populations—a
measure of genetic diversity (Petit and others 1998)—can be measured and
compared. To avoid the problem of null alleles, we examined the allelic frequencies
at the Seq21E5 locus in a total of 194 trees from two northern old-growth populations
(Humboldt County) and two southern second-growth populations (Santa Cruz
County). Histograms of allele frequencies are shown in figure 5.
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Figure 5—Seq21E5 allele frequencies in four redwood populations. Individuals in
Prairie Creek Redwoods State Park and Humboldt Redwoods State Park were from
old-growth populations. Individuals from Big Basin Redwoods State Park and the San
Lorenzo River Redwoods (a private reserve near Castle Rock State Park in Santa
Cruz County) were from second-growth populations.
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The 112 bp allele was by far the most common, found in nearly 68 percent of all
trees tested. Frequency of this allele in the four populations ranged from a low of
almost 40 percent in Prairie Creek to a high of 80 percent in Big Basin. However, the
allelic richness (the number of different alleles observed) in the two old-growth
populations was significantly higher than that of the second-growth populations. The
Prairie Creek and Humboldt Redwoods State Park old-growth populations had eight
and 11 different alleles, respectively, while the Big Basin Redwoods State Park and
the San Lorenzo River Redwoods second-growth populations had only four alleles
each.

There are several possible explanations for the lower allele numbers in the
southern populations. Collections were made to avoid the sampling of clones, but it is
possible that the second-growth population samples included some trees that sprouted
from the same parent, thereby reducing the chance of sampling other trees with
different alleles. However, the low allelic richness of the Big Basin population, in
spite of the high sample number (n = 77), argues against a significant sampling bias.
It has been proposed that there is a higher percentage of clonal reproduction in the
southern redwood forests due to the warmer, drier climate that makes seedling
establishment more difficult (Veirs 1996). This would reduce the creation and spread
of new alleles by limiting the number of trees produced through sexual reproduction.
Some of the loss in diversity at this locus could also be caused by the harvesting of
the old-growth forests. Powers and Wiant (1970) found that stump sprouting
decreased significantly when redwoods over the age of 400 years were cut.
Therefore, the primarily clonal second-growth trees that replaced the clear cut old-
growth forests in the southern region might under-represent the diversity of the
original forest. Finally, differences in founding populations may account for the
observations.

Since Seq21ES5 is a putative chloroplast locus, the allelic diversity it displays in
various populations may not necessarily correlate with diversity at nuclear loci. Also,
one should not draw too many conclusions by comparing genotypes of old-growth
northern forests with second-growth southern forests. More valid comparisons would
be to genotype adjacent old-growth and second-growth populations or northern and
southern old-growth populations. However, the many questions that these
observations create are amenable to being answered by more thorough genetic
analysis using allozymes or microsatellites.

Conclusions

The preliminary data we have presented on microsatellite genotyping of
redwoods demonstrates the potential of this approach for the study of redwood
inheritance and diversity. Using microsatellite genotyping to detect non-local nursery
stock planted in parks or timberland will ensure that native redwood populations
maintain their adaptive traits. By tracking paternal inheritance with chloroplast
microsatellite loci, pollination can be studied in more detail. In spite of problems
caused by null alleles, genotyping progeny from controlled crosses can provide
useful information to breeders.

The development and characterization of polymorphic microsatellite markers
can be a long and expensive undertaking, but once available the PCR-based analysis
is rapid and cost effective. Using our current system, one person can extract, amplify
and genotype 40 redwoods at two loci in two days at a reagent and supply cost of

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 53



Session 2—Redwood Genotyping—Brinegar, Bruno, Kirkbride, Glavas, and Udranszky

approximately $70. We are working on a 96-well plate format for both DNA
extraction and PCR that will increase the two-day output to at least 180 samples.
Some loci might be amenable to PCR multiplexing which could eventually double or
triple that output. Using a multi-capillary electrophoresis system (with fluorescent
detection of labeled multiplexed PCR products) will further increase data production
while reducing labor and analysis time. Such high throughput will make large-scale
population studies much more feasible than they are at present. We will continue to
characterize additional redwood microsatellite loci which will allow a full genetic
analysis of individual trees and populations in controlled and natural environments.

Microsatellite genotyping, or other DNA-based methods, will no doubt become
another routine tool for redwood geneticists, forest managers, and conservationists of
the future. Decisions to conserve redwood forests could, in part, be dictated by an
analysis of their genetic structure. The redwood genome is complex but it will
eventually, and no doubt begrudgingly, provide us with the information we need to
make good forest management decisions.
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Planting?—What and Where?*

W.J. Libby?

The answers to these questions depend on the goals of the organization, and who
its neighbors are. For parks and other owners with long-term goals of maintaining or
restoring natural ecosystems, or if their near neighbors have such goals, then two
answers are preferred: (1) they probably should not plant, but should rely instead on
natural regeneration; or (2) if they do plant, the plants should be from strictly local
seed sources. “Strictly local” depends on the species, and it is a much smaller area for
small insect-pollinated species than it is for large wind-pollinated species. For
organizations with a major goal of supplying wood from the forest, then planting
genetically-select tested families or clones of the species to be harvested has
substantial merit. Current knowledge of the population architectures of Douglas-fir
and coast redwood will be reviewed, with implications for choice of planting stocks.
In short, Douglas-fir seems to allow seed-transfer only over relatively short
ecological distances, with well-documented cases of serious failures when non-local
populations are used for reforestation. The problems were generally not evident for
several decades, but became serious before harvest age was attained. Redwood seems
more broadly-adapted, but data are based on trees less than one percent of the age
attained by old-growth redwood forests. The implications of genetic contamination of
native forests by pollen from planted trees or associated species will also be
presented.

! An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.
2 Zobel Forestry Associates, 28 Valencia Rd., Orinda, CA 94563. email: wlibby2@aol.com
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Spatial Genetic Patterns in Four Old-Growth
Populations of Coast Redwood"*

Deborah L. Rogers? and Robert D. Westfall®

Key words: canonical surface analyses, demographic structure, spatial
autocorrelation

Introduction

The mating systems of plant species and their patterns of pollen flow and seed
dispersal create a pattern in the distribution of genetic diversity which is referred to
as spatial genetic structure (Wright 1946). Over time, that pattern may be modified
by other influences such as natural selection. In studying the spatial genetic structures
of plant species directly, we can infer the past events of gene flow that contributed to
those structures. Elucidating the dynamics of gene flow within a species improves
our understanding of the nature of local populations—the units within which the
majority of gene sharing occurs, and the units that are often the focus of conservation
or management.

The capacity of coast redwood (Sequoia sempervirens D. Don) to reproduce
sexually to produce genetically distinct seedlings or by sprouting to produce clonal
replicates provides for many possibilities for its spatial genetic structure. Results of
previous common-garden studies of morphological and physiological traits
(Anekonda and Criddle 1993, Anekonda and others 1994, Millar and others 1985)
and of allozyme diversity (Rogers 2000) have revealed high levels of genetic
diversity in coast redwood. This diversity provides the potential for detecting local
spatial genetic structure. Furthermore, results from the first genetic study of clonal
structure in the species showed that clone sizes were generally small (in other words,
few ramets per clone), indicating that many of the studied redwoods were genetically
distinct (Rogers 2000). In addition, the increasing array of available genetic markers
and statistical methods provide more opportunities and analytical power for
illuminating genetic structure. For example, whereas estimates of gene flow based on
Wright’s F-statistics represent evolutionary averages (for example, Bossart and
Prowell 1998), recently developed statistical methods performed on hypervariable
markers such as microsatellites allow the potential to detect contemporary patterns of
dispersal (Smouse and Peakall 1999). Multivariate statistical methods commonly
employed to study spatial genetic structure include principal components analysis,
canonical variate analysis, canonical correlation analysis and spatial autocorrelation
methods. Most recently, multilocus spatial autocorrelation methods have been

! An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 Assistant Research Geneticist, Genetic Resources Conservation Program, University of California, One
Shields Avenue, Davis, CA 95616. email: debrogers@ucdavis.edu

% Biological Statistician (Quantitative Geneticist), Sierra Nevada Research Center, USDA Forest
Service, PSW Research Station, POB 245, Berkeley, CA 94701. email: bwestfall@fs.fed.us
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developed and applied to studies of spatial genetic structure. This multiallelic
approach (as opposed to a locus-by-locus, allele-by-allele analysis) may be particular
appropriate for fine-scale spatial genetic structure studies, strengthening the spatial
signal by reducing stochastic noise (Peakall and others 2003, Smouse and Peakall
1999).

Methods

In this study, we employ multilocus spatial autocorrelation procedures and
canonical correlation analysis to describe fine-scale spatial genetic structure in old-
growth populations of coast redwood. We compare two geographically proximate but
contrasting redwood habitats to illustrate that microgeographic selection and
population history, not just gene flow, may play a role in spatial genetic patterns for
this species.

Four sites were selected from old-growth populations of coast redwood in
Humboldt Redwoods State Park in northern California. Two were located in upland
areas with (relatively) dry microclimates, mixed species canopy conditions, and with
historically frequent fire disturbance. Veirs (1980a, 1980b) studied fire disturbance
patterns in the general vicinity and determined that fire frequency was sometimes ten
times greater on the xeric sites (comparable to the upland sites of this study) than on
the more mesic sites (lowland sites). Fire influences a variety of reproductive and
early growth conditions relevant to coast redwood including soil sterilization and
mineralization (McBride and Jacobs 1977), vegetative sprouting, and removal of
overstory (Jacobs 1987). Two sites were selected from another typical old-growth
condition—that of lowland, flood-influenced areas where redwood was dominant.

Foliage was collected from 121 to 160 contiguous trees from each of the four
sites, mapping the location of each tree. Diameter (at breast height) was measured on
each sampled tree. See Rogers (2000) for additional detail on site conditions and
sampling methods. Foliar tissue was assayed for allozyme loci. According to
previously established methods, we resolved four alleles at each of seven loci
(Rogers 1997, 1999). Because coast redwood is a hexaploid and staining intensities
from the protocols used in this study do not accurately or consistently reflect allele
frequencies (Rogers 1997), individual isozyme phenotypes were scored for the
presence or absence of each allele. Consequently, multilocus allozyme phenotypes
rather than allele frequencies were analyzed.

To examine within-site spatial patterns of individual phenotypes, we regressed a
second-order model of the x and y coordinates of each individual against its
multilocus phenotype by canonical trend surface analysis. In the lowland and upland
sites, the dominant pattern was in the x-direction, which was roughly coincident
along the Eel river in the former and with elevation in the latter. In all sites, the
direction of least change was in southeast to southwest sector. To further examine
spatial relationships we generated directional spatial correlograms at each site.
Though some differences are apparent, the general pattern of highest correlations was
in a similar direction on all sites, consistent with the trend surface results, possibly
reflecting the dominant wind pattern within the region. Spatial autocorrelations were
positive and significant within the first 100-foot distance interval (in other words, in
pairwise comparisons of all trees included in the study) on all four sites. However,
the values were generally larger on the two upland sites, and continued to be positive
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at greater distances (relative to the two lowland sites). Inclusion of putative clones
greatly increases autocorrelation in the first two distance intervals, especially on the
upland sites.

Discussion

Some features of coast redwood are traditional indicators of long-distance gene
flow and absence of fine-scale spatial genetic structure. The tall stature of mature
trees, wind dispersal of pollen and seed, high rates of outcrossing, and high levels of
inbreeding depression are traits that are generally correlated with low expectations of
genetic structure (Hamrick and Godt 1990). Yet we found considerable fine-scale
genetic structure. Some of this is related to clonal replicates, although even when this
effect is removed, significant and positive spatial autocorrelations remain within one
hundred feet on all sites, and at greater distances and higher values on the upland
sites.

Differences in elevation and disturbance events between the upland and lowland
sites would seem to provide different selection regimes that could be expected to
result in some degree of genetic differentiation between site types. The higher and
more widespread autocorrelations on upland sites might be related to several factors.
The redwoods that persist on these fire-influenced sites compete with other tree
species such as Douglas-fir (Pseudotsuga menziesii), tanoak (Lithocarpus
densiflora), madrone (Arbutus menziesii), and Pacific yew (Taxus brevifolia).
Consequently, following a fire disturbance, microsites would quickly become
colonized and are more likely to reflect recruits from the dominant seed source at a
specific time, rather than gradual recruitment of redwoods from multiple parents. The
age structure, too, may differ between the upland and lowland sites. Coast redwood is
a very difficult species from which to infer age based on diameter—because of
factors including false rings and missing rings (Brown and Swetnam 1994).
However, the size distributions for the four sites showed a much higher proportion of
very large trees (for example, above 60 inches diameter) on the two lowland sites (20
to 25 percent) relative to the two upland sites (five to 15 percent). Generalizing that
very large trees are older than much smaller trees, it seems probable that a
disturbance that was sufficiently severe and comprehensive to be considered ‘stand
replacing’ probably has occurred more recently (and more frequently, in the long
term) on the upland sites relative to the lowland sites. Also, the upland sites
contained some younger (seedling and sapling) trees of nonclonal origin. The
lowland sites, with much higher densities of coast redwood, contained almost no
young trees that weren’t sprouts from pre-existing trees. Studies of genetic structure
in other plant species have suggested that spatial structure may also vary with life
stage and age class (for example, Kalisz and others 2001).

Although the study is limited to old-growth conditions in one particular region
of the species’ range, and covers only a modest geographic distance, the results
suggest that the majority of gene flow in coast redwood may be more local than
might be expected on the basis of generalizations concerning open-pollinated
conifers. The seeds of redwood—although light, small, and borne at often-great
heights in the canopy—are, nevertheless, wingless, and may settle relatively close to
the parent trees. However, in communities that have persisted for long periods, as is
likely in the lowland sites, gene flow will diminish spatial structuring across the site.
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Conclusion

In conclusion, coast redwood in old-growth context can have considerable fine-
scale spatial genetic structure. This is a reflection of both (albeit limited) clonal
reproduction and patterns of seed and pollen dispersal, possibly reinforced by local
natural selection. The local structure is stronger on upland (relative to lowland) sites
and consistent with low effective population size and low dispersal distance
conditions simulated in Epperson and others (1999), reflecting younger and sparser
redwood populations that colonize quickly, and in competition with other species,
following a fire disturbance. Although upland and lowland sites are distinguished in
their autocorrelation values and distances, the direction of correlation is similar on all
sites. This may reflect a common direction for the predominant winds in this region
during the months of most abundant pollen and seed dispersal, generally December
through January (Boe 1961, Metcalf 1924). The generally small clone size previously
reported for coast redwood (Rogers 2000), coupled with the fine-scale genetic
structure reported in this study, suggest that in areas that are managed to conserve
natural genetic structure and ecosystem processes of coast redwood, attention should
be paid to maintaining local populations that are probably smaller than suggested by
the tree’s stature. In particular, any restoration activities that involve seeding or
planting of coast redwoods in natural or conserved areas, should consider using
genetic material from the immediate vicinity unless there are higher-priority concerns
that would over-ride genetic considerations, or additional information that indicates
that the local populations for the target area are different from those in this study.
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Clonal Spread in Second-Growth Stands of
Coast Redwood, Sequoia sempervirens'

Vladimir Douhovnikoff? and Richard S. Dodd?®

Abstract

Coast redwood (Sequoia sempervirens) is one of the rare conifers to reproduce successfully
through clonal spread. The importance of this mode of reproduction in stand development is
largely unknown. Understanding the importance of clonal spread and the spatial structure of
clones is crucial for stand management strategies that would aim to maximize genetic
diversity. We have developed genetic markers to identify the clonal structure of nine second-
growth redwood stands in Jackson Demonstration State Forest, California. Clonal spread was
found to be important in the development of these stands, with an average of 6.7 stems being
assigned as ramets of the same genet. Although fairy ring structures were commonly
identified, we also detected a range of other spatial structures in these second-growth redwood
stands. We also detected mixed genets within perceived fairy rings. The extent of clones and
their spatial structure may have important evolutionary implications and will also have
important consequences on effective population sizes for management purposes. Management
and conservation of redwoods will benefit from a better understanding of the dynamics and
structure of clonal spread in these forests.

Key words: AFLPs, clonal spread, genet, molecular markers, ramet, Sequoia
sempervirens, spatial structure, woody plant

Introduction

Clonal spread is the vegetative establishment of genetically identical stems
(ramets), which allows a genetic individual (genet) to replicate itself independent of
sexual reproduction. Depending on the extent and the structure it takes there are
many important ecological advantages (high productivity, competitive advantage for
site colonization and persistence, survival of disturbance) and evolutionary
implications (population genetic structure, effective population size, evolutionary
potential) to clonal spread.

Coast redwood is exceptional for a gymnosperm in its ability to readily resprout
and spread clonally after disturbances (Rydelius and Libby 1993; Rogers 1994,
2000), however, very little is known about the spatial structure of redwood clones,
the relative importance of clonal vs. nonclonal reproduction, or the variables that
influence clonal spread. In a study of old-growth stands using allozyme markers,
Rogers (2000) found that a significant number of redwood stems were not genetically

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004 Rohnert Park, California.
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distinct individuals, but were ramets of larger genets, and thus resulted from cloning
and not from reproduction by seed. There are no similar studies of second-growth
redwood forests.

If we are to properly understand redwood ecology and evolutionary potential, it is
essential to further explore the structure, dynamics, and significance of clonal spread
in these forests. In the context of management and conservation, for example, this
would result in more accurate estimates of minimum viable population size. This is
the first major study of clonal spread in redwoods using molecular genetic techniques.

In this research our goals were to evaluate the importance of clonal spread in
second-growth redwood stands, and to explore the local spatial structure of
redwood clones.

Materials and Methods

The study was conducted in the Jackson Demonstration State Forest (fig. 1) because of
its combination of historic intensive management and the availability of mature second-
growth stands. A total of nine sites were randomly selected (table 1). Sites were widely
distributed across the forest, at least 500 m from each other and were pure stands of
redwood estimated to have been last cut 50 to 70 years ago.

Figure 1—Sample sites of Sequoia sempervirens in the Jackson Demonstration
State Forest, north coast of California. Sites are represented by stars and rivers are
marked as dotted lines.
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Table 1—Data for nine sites across three Sequoia sempervirens site types, in Jackson
Demonstration State Forest, north coast of California.

Site Stems Genets Clones SSG (#, PD Mantel
sampled percent stem  value
total)
J1 37 9 6 3(8) 0.24 -0.41
J2 45 17 6 11 (24) 0.38 -0.42
J3 42 21 2 19 (45) 0.50 -0.11
J4 42 25 3 22 (52) 0.60 -0.14
J5 31 11 3 8 (25) 0.35 -0.45
J6 43 26 3 23 (53) 0.60 -0.34
J7 38 10 4 6 (16) 0.26 -0.63
J8 37 7 4 3(8) 0.19 -0.59
J9 41 22 4 18 (54) 0.54 -0.22
Totals 356 148 35 113 (32) NA NA

On each site, up to 45 adjacent trees over 10 cm in diameter at breast height
(dbh) were mapped, tagged, measured for dbh, and sampled for DNA. Sampling
included clumped and forked stems that met the size requirement at forking point.
With a target of up to 45 trees sampled per site, different stand densities resulted in a
variation in total site areas. In a few instances we were unable to collect leaf material
due to the extreme height or canopy structure of a tree.

Genetic Fingerprinting

DNA was extracted according to the Cullings (1992) modification of Doyle & Doyle
(1987). Genetic AFLP fingerprints were generated and analyzed for each sampled
stem according to the protocols described by Douhovnikoff and others (2004).
Clones were then identified using a calibrated threshold methodology (Douhovnikoff
and Dodd 2003).

Clonal Importance

To assess the relative importance of clonal spread on each site, sample percentage
distinguishable (PD) values were calculated according to Ellstrand and Roose (1987).
PD values are calculated as the number of genets identified, divided by the total
number of stems genetically sampled. This metric of clonal diversity measures the
percentage of genetically distinct sample trees.

The size of genets was measured in two ways. First, the total number of ramets
per genet was tabulated to evaluate unit size. Second, aggregate basal areas per genet
were calculated to serve as a surrogate for biomass. A limit of 45 sampled trees per
site does not necessarily capture all ramets in each genet measured and thus these are
minimum genet values.

Clone Spatial Structure

To test for spatial clustering of clones, we compared the clonal structure based on our
threshold approach with the spatial pattern of samples at each of the field sites by
means of Mantel tests (Manly 1991; Dodd and others 1998, 2000). For each of the
field sites, Mantel R correlations were computed between Euclidean distance
matrices calculated from the point coordinates for all sampled individuals and binary
matrices, in which pairs of individuals assigned to the same clone were given the
value one and all non-clone pairs were given the value zero. Significance of the
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correlations was tested by 1000 random permutations. Mantel R correlation
coefficients were Z transformed to produce a parameter with an approximate normal
distribution (Sokal and Rohlf 1995) and homogeneity among the Z-transformed
Mantel R correlations for all site types was tested using a chi-square distribution.

Results

Clone Size

Out of 356 redwood stems genetically sampled over all nine sites, 113 were
identified as single stem genets (SSGs). The remaining 243 were ramets from 35
multistem genets (clones). Clones ranged in size from two to 20 ramets with a mean
of 6.7 ramets per clone (SE = 0.75). Ramets per genet are minimum estimates due to
the 45 stem sampling limitation.

PD values are an inverse measure of the importance of clonal spread on a site.
The smaller the value, the greater is the proportion of stems that are replicate ramets
of clones. In this study, PD values were as low as 0.19, with an all-site mean of 0.43
(SE =0.05).

On a whole genet basis, mean clone basal area per site 1.36 m? (SE = 0.26) was
more than six times greater than mean SSG basal area per site (0.20 m?, SE = 0.03).
SSGs represented an average of 31 percent (SE = 0.05) of total basal area of all trees
sampled (table 2).

Clone Structure

Generally, clones formed partial “fairy-ring” structures surrounding large stumps. In
several cases, however, genetically unique individuals were detected within the fairy-
ring clones (fig. 3d). Also, a wide range of additional structures were detected,
including figure eights or chains of multiple overlapping rings as found on site J8
(fig. 2a); concentric rings within larger rings as found on site J7 (fig. 2b); disjunct
clones with difficult to characterize patterns (fig. 2c); and distantly disjunct clones
with satellite clusters at distances as great as 40 m from the larger ring as found on
site J5 (fig. 2d).

Mantel correlations between spatial distances among stems on a site and
assignment to clones ranged from —0.11 to —0.63. All correlations were negative,
indicating a tendency for stems of the same genet to be clustered.
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Table 2—Percent of site total basal area represented by each clone and all single stem genets
(singles).

Site Number Clone Clone Clone Clone Clone Clone Single

of clones 1 2 3 4 5 6 stem
genets
(total
percent)
percent

J1 6 37 15 14 10 8 2 14

J2 6 18 17 11 10 9 6 29

J3 2 62 4 na na na na 34

J4 3 30 18 8 na na na 44

J5 3 31 21 18 na na na 30

J6 3 39 14 2 na na na 45

J7 4 32 24 15 9 na na 20

J8 4 58 16 10 7 na na 9

J9 4 13 12 10 8 na na 57
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Figure 2—A selection of four genets that demonstrate the range of Sequoia
sempervirens clonal structures found in the Jackson Demonstration State Forest,
north coast of California, including (a) chains of overlapping rings on site J8, (b)
concentric rings on site J7, (c¢) disjunct stems on site J1, and (d) distantly disjunct
stems on site J5. Shaded circles represent ramets from a single clone. Open circles
represent trees not sampled, open triangles (0) represent single stem genets,
crossed circles represent stumps, and dashed circles outline perceived fairy-rings.
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Discussion

Clonal Spread and Clone Structure

Clonal spread plays an important part in regeneration of redwood stands. We found
that on average 59 percent of the stems at a site resulted from clonal spread, with a
high of 81 percent and a low of 40 percent. (These are minimum values, and it is
possible that 100 percent of the stems are clonal copies of predating stems that no
longer exist.) The potential for high numbers of ramets (genetic copies) is commonly
overlooked in ecological studies, but our results emphasize the need to consider this
mode of regeneration in clonal species such as redwood.

Genet sizes are skewed by several SSGs and by a few disproportionately large
clones with as many as 20 stems. While the second growth sites we sampled ranged
in size from 1000 m?2 to 3000 m2 (measured by the outer drip zone), two to six genets
contained the great majority of stems, and distinct genets were only about one sixth
of the total number of stems. The skew in ramet number per genet is likely a result of
the unevenness of disturbance events that open a window of opportunity for sprout
release. For example, a tree that has experienced disturbance (windfall, burned, cut,
etc.) may clear an opening and promote sprouting at its base and possibly along its
fallen stem resulting in a large numbers of ramets in a particular clone relative to
undisturbed genets. Regardless of the cause of this imbalance it is most significant
that a few genets monopolize a site as large clones. This has the following interesting
ecological and evolutionary implications:

(1) Resource use— If all ramets draw upon resources equally, larger clones with
more ramets occupy more area and use a greater proportion of site resources. It is still
unknown, but if redwood ramets also remain physically integrated, within genet
resource sharing is possible. Therefore, large redwood clones not only have a
proportionately larger footprint in terms of resource use, but they may also be taking
advantage of economies of scale and greater access to resources.

(2) Site persistence—Large redwood clones may have important long-term
advantages in maintaining site representation and dominance. For example: (i)
Clones are genetic replicates of locally successful genotypes giving them a
competitive edge over newcomers that are subject to the trial-and-error involved in
sexual reproduction. (ii) Little seasonality is associated with sprouting, allowing for a
quick response to resource availability. Clones have access to an already established
root system, grow much faster than seedlings, and are not susceptible to damping off
(Olsen and others 1990). (iii) The risk of mortality for a genet can be spread among
its many ramets (Cook 1983, Eriksson and Jerling 1990). (iv) Ramet clumping
diversifies stem location and can produce local characteristics that buffer some
ramets from damage (Peterson and Jones 1997). (v) With no known biological limit
to the number of ramet generations over time that can be produced vegetatively, a
successful redwood genotype is locally persistent and theoretically immortal.

(3) Greater genetic representation—Large redwood genets have greater genetic
representation on a site with more stems, pollen, and seeds—all are important factors
driving evolutionary potential. When regeneration by seed is possible, larger clones
have a greater likelihood of being a genetic contributor to the cohort.

Our results show that redwoods both sprout on a local scale and can spread
horizontally through lateral ramet multiplication. For example ramets from the same
clone were found to be up to 40 m apart from each other. While in many cases fairy-
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rings were a standard unit of clonal structure, on a larger scale clones showed a wide
range of shapes. Little is known about how redwood clonal spread occurs beyond
local basal sprouting. While fairy-rings, concentric circles, and figure eights or longer
chains can be explained by repeated basal sprouting of new ramets, it is still unclear
how disjunct structures come about. It is possible that falling trees bury branches that
then sprout (Rogers 2000), or that soil disturbance, such as in the use of harvesting
equipment, may expose and promote sprouting in roots (Weber 1990, Lavertu and
others 1994). An example of this may be the disjunct and somewhat chaotic pattern
found on site J1 (fig. 2¢). This is an important area for further research.

Management Implications

The implications of these results can be important and wide reaching in redwood
forest management and conservation. Some examples include: i) With significant
clonal growth, seedling establishment may be a rare event and, in the short term, may
contribute little to site regeneration (Rogers 2000). However, in the long-term, rare
seedling recruitment may be sufficient to maintain high levels of genetic diversity
(Bond and Midgley 2001). ii) Resprouting and the fact that the genotype is often
represented by more than a single stem, can minimize the impact of harvesting on a
population’s gene pool. This is contingent on the maintenance of conditions that
promote sprouting and adequate sprout survival. iii) Redwood ramets may be
biologically and physically integrated and manipulation of a ramet may have an
effect on its sister ramets. For example there may be a minimum number of sprouts
required to sustain the root system associated with a stump at a particular point in
clone development (Olsen 1990). Ramet thinning is known to strongly promote
height growth in dominant ramets and is strongly correlated with residual stand
density (Oliver and others 1994), and ramet removal can decrease physical stability
of remaining ramets (Peterson and Jones 1997).

Remarkably little is known of the importance and structure of coast redwood
clonal growth at the stand scale. This, combined with earlier technical limitations of
accurately measuring clones has resulted in many researchers and forest managers
having to use a one stem or one fairy ring per genet assumption in their work. By
using molecular methods for identification of clone size, we have shown that such an
assumption can result in overestimates of up to 500 percent in genet numbers on a
stand scale, and in some cases underestimates diversity within fairy-rings. This work
demonstrates that a redwood tree as a genetic organism has a significant horizontal
component that is overlooked when the single vertical stem is used as the working
unit. In order to better understand stand structure and dynamics and to assess the
impact of management practices on redwood stands, this horizontal dimension should
be taken into consideration.
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Abstract

Timber harvest practices must address potential impacts to aquatic and riparian habitats.
Stream shading and cool water temperature regimes are important to protect stream-dwelling
organisms. We are examining riparian temperature regimes within the coastal redwood area of
Mendocino County. Summer temperature gradients are being characterized along fifteen
transects set perpendicular to watercourses within four different watersheds. Data loggers
record temperature along each transect at pre-determined spatial intervals from the
watercourse midpoint. With the exception of a control transect, all watercourses in this study
are subject to near-future timber operations. This study is part of a larger program to detect
changes in riparian microclimate as a result of timber harvest. Here we examine the
relationship between temperature and physiography, and explore different methods of analysis
in order to characterize pre-harvest temperature gradients. As with similar studies, we find
upslope temperatures increase with distance from the watercourse. The greatest temperature
increase per unit distance occurred between the watercourse mid-point station and the 25ft
stations on either side. Our analysis indicates the calculated maximum weekly average
temperatures (MWAT) may be the best graphical indicator of overall riparian temperature
regimes, while the mean maximum weekly temperatures (MMWT) appear more sensitive to
physiographic characteristics.

Key words: microclimate, riparian, temperature, timber harvest

Introduction

Few studies have focused on riparian microclimate gradients in California’s
coastal redwood region (Ledwith 1996). Timber harvesting near watercourses,
resulting in changes to canopy structure and composition has the potential to alter
water temperature and microclimate regimes of adjacent stream-side areas, especially
during warm summer periods (Beechie and others 2000; Brosofske and others 1997;
Brown and Krygier 1970; Chen 1991, Chen and others 1992, 1993a, 1993b, 1995;
Corner and others 1996, Erman and others 2000, Independent Multidisciplinary
Science Team 1999, O’Connell and others 2000, Spence and others 1996). Reduced
shade leads to increased water temperatures, which can impair important life
requisites and reduce survival rate of salmonids during adult upstream migration,
juvenile rearing, and downstream migration of smolts (NMFS 2000). Nearly all of
California’s salmonid species inhabiting the coastal redwood zone are Federally
and/or State listed as threatened or endangered (DFG 2004), thus requiring protective

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.
2 Environmental Scientist, California Department of Fish and Game, 7329 Silverado Trail, Napa, CA
94558. email: tnelson@dfg.ca.gov
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measure to be implemented to mitigate the effects of timber harvest related impacts.
While changes in biological variables resulting from intensive timber harvest are
often difficult to document, changes in air temperature, relative humidity and wind
speed appears highly responsive (Chen 1990). Our long term plans are to examine the
effects of timber harvest on summer stream temperature and riparian microclimate
regimes. In this study, we focus on the first three years of data, documenting
temperature gradients across riparian zones prior to timber harvest in coastal
Mendocino County. The secondary goal of this research is to analyze the best method
of characterizing summer air temperature gradients within and upslope of riparian
buffer zones, using the different calculated values of the maximum weekly average
temperature (MWAT) and mean maximum weekly temperature (MMWT).

Study Sites

Watercourses selected for this study are within western Mendocino County and
discharge into the Pacific Ocean between the towns of Fort Bragg and Mendocino
(fig. 1). With the exception of a control transect on Russian Gulch within the Russian
Gulch State Park, all watercourses in this study are within the Jackson Demonstration
State Forest (JDSF). We collected data from the following watersheds: North Fork of
the South Fork Noyo River (NFSFN) including a tributary to Brandon Gulch, upper
Parlin Creek (tributary to the South Fork Noyo River), Caspar Creek, and Russian
Gulch. Stream channel elevations ranged from approximately 356 m (840 ft: Parlin
Creek; Transect F) to approximately 49 m (160 ft: Casper Creek; Transect #2).
Distance to ocean ranges from 19 km (12 miles: Parlin Creek - Transect F), to four
km (2.5 miles; Russian Gulch). Orientation of specific stream reaches varied.

Project Area
Mendocino
County, CA

® @

Mendocino ]

Figure 1—Overview of Jackson Demonstration State Forest (JDSF). Study area is
within JDSF, with one control transect located north of Mendocino at Russian Gulch
State Park.

Most precipitation in this region occurs in winter. Summer periods are usually
warmer and without rainfall. Summer fog commonly intrudes into some study sites
and precipitation may occur in the form of fog-drip. Mean annual precipitation at
Caspar Creek from 1962 to 1997 was 1,190 mm, with a range of 305 to 2,007 mm.
(Henry 1998). Average winter air temperatures are approximately 6.5 °C with
minimums reaching 4.5 °C. Average summer air temperatures are approximately 15.5
°C, with average maximums reaching 22.5 °C. Summer discharges at study streams
vary from dry to less than 0.5 ft¥/second.
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Overstory vegetation consists of mature second growth coast redwood (Sequoia
sempervirens), Douglas-fir (Pseudotsuga menziesii), western hemlock (Tsuga
heterophylla), and grand fir (Abies grandis). Other notable overstory species include
tanoak (Lithocarpus densiflorus), and red alder (Alnus rubra). Understory vegetation
includes evergreen and red huckleberry (Vaccinium ovatum and V. parvifolium),
Pacific rhododendron (Rhododendron macrophyllum), sword fern (Polystichum
munitum), and poison oak (Toxicodendron diversilobum). In-stream animal species
occupying study streams include Pacific giant salamander (Dicamptodon ensatus),
coho salmon (Oncorhynchus kisutch), steelhead (O. mykiss), sculpin (Cottus sp.), and
threespine stickleback (Gasterosteus aculeatus). In addition, numerous aquatic
invertebrate species are dependant upon streams and adjacent riparian zones.

Methods

We are monitoring summer (May through September) temperature gradients
along fifteen transects oriented perpendicular to stream channels. Depending on the
watershed, transect location was used to document microclimate conditions along a
given reach or to assess differences between units planned for timber harvest and
units planned for timber retention. Along each transect, we established up to eleven
sampling stations; one at mid-channel with a data logger suspended above the stream
channel and another submersed underwater on or near the transect, and the other
stations running up each adjacent hillslope (two at each distance) at 7.6 m (25 ft),
22.9 m (75 ft), 45.7 m (150 ft), and up to 91.4 m (300 ft) (fig. 2). For sites where
timber has been marked for future harvesting, we established additional stations in
areas where trees will be removed and in areas where groups of trees will be retained
following harvest.

Figure 2—Schematic depicting a transect with temperature data loggers set at mid-
channel, 25 ft, 75 ft, and 150 ft on either side of the watercourse. A submersed
instream unit is also shown. (Figure by Sheryl Greene 2002)
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Of the fifteen transects, eight were established in upper reaches of Parlin Creek,
two in the NFSF Noyo drainage, and four in the SF Casper area. A control transect,
where no timber harvesting will occur, was established at Russian Gulch within
Russian Gulch State Park. Study sites were chosen based on the type and timeframe
of timber operations planned for those areas.

For the NFSF Noyo and Parlin Creek sites, we used HOBO® H8 data loggers
from Onset Computer Company (OCC) to measure and record temperature at each
station. The manufacture’s specified accuracy is £ 0.7 °C. These were programmed to
record temperature at 1 hour intervals from late spring to mid-autumn. All H8 data
loggers were housed in OCC’s white submersible cases. Terrestrially-located loggers
were wired to single wooden stakes measuring 91.4 cm long (three ft), 3.8 cm wide
(1.5 inches), and 0.8 cm thick (5/16 or 0.3 inches). Loggers were positioned so case
bottoms were 61 cm (two ft) above the ground or water surface. Styrofoam cups,
with cut-out ventilation holes, were placed over the casings to insulate them from
direct solar radiation.

For the Caspar Creek and Russian Gulch sites, we used HOBO®Pro
temperature/relative humidity loggers from OCC to measure air temperature and
relative humidity at each station. Humidity data was not analyzed for this paper. The
manufacture’s specified accuracy is = 0.2 °C. These were programmed to record
conditions at 1 hour intervals over 24 hours per day. Pro loggers were housed in
OCC’s white HOBO® solar radiation shields. Each logger was wired to two wooden
stakes each measuring 122 cm (four ft) long, 3.8 cm wide (1.5 inches), and 1.6 cm
thick (10/16 or 0.6 inches). Pro loggers were positioned so shield bottoms were 75
cm (2.5 ft) above the ground or water surface.

Two metrics of temperature were examined for each station along the transect
for each year. The maximum weekly average temperatures (MWAT) was calculated
as a moving average temperature for a 168 hour period (seven days) one-hr reading
using that interval’s value, the preceding 83 values, and the subsequent 84 values (3.5
days). The maximum value of these seven-day moving averages is the MWAT. The
mean maximum weekly temperature (MMWT) was calculated using daily maximum
temperature values. The MMWT was calculated by averaging each day’s value with
those of the preceding and subsequent three days (seven values). For each station, the
maximum of the seven-day running average maximum temperatures is the MMWT.
To assess temperature gradient differentials between mid-channel and upland
stations, we used the mathematical differences between the mid-channel and the
upland MWAT and MMWT within the same transect in the same year.

Shade, overstory canopy, and aspect were measured at each station to determine
their influence on temperature measurements. Shade, or the percentage of available
solar energy blocked at each station by canopy and topography, was measured. A
Solar Pathfinder® using the sun arc for August, the month stream temperatures in the
area commonly peak, was employed for this purpose. Overstory canopy was also
measured by using a vertical sighting tube at 49 points situated at and around each
station along four 24-meter transects centered on the data logger. At each point,
canopy was scored as present when the sighting tube encountered canopy. Thus, the
canopy at each data logger is indexed to a possible range from zero (no canopy) to 49
(full canopy). The resulting data is useful in mapping “holes” in the canopy. Aspect
was measured with a handheld compass at each station.

All transects were established in 2001 after the May 1 summer season began.
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Thus, some of the data represents only two of the three years of data, where we are
not confident we captured the periods of highest temperature intensity in 2001.

Results

On average, temperatures gradually increased with increasing upslope distance
from the watercourse midpoint. MWAT and MMWT values generally escalated with
increasing distance from the transect’s mid-channel station. At 7.6 m (25 ft), MWAT
values averaged 0.8 °C higher than adjacent channel midpoint MWAT values for the
same year. The MMWT values averaged 2.5 °C higher than the mid-channel MMWT
for the same transect. At the 22.9 m (75 ft) stations, MWATS averaged 1.2 °C, while
MMWTs averaged 2.9 °C above mid-station values. Between the watercourse and the
45.7 m (150 ft) stations, MWATS averaged 1.5 °C and MMWTs 3.5 °C higher. For
the transects that had stations between 70.1 m (230 ft) and 91.4 m (300 ft), MWATS
averaged 2.0 °C higher, and MMWTs averaged 4.1 °C than transect mid-channel
values (fig. 3).
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Figure 3—Average differences in the station's MWAT and MMWT values minus the
MWAT and MMWT values of the same transects’ mid-channel station, respectively.

The greatest temperature increase per unit of distance occurred between the mid-
channel station and the 25 ft stations on either side. Average MWAT value at the 7.6
m (25 ft) station was 0.81 °C higher than the mid-channel station, giving the slope of
the temperature gradient a (0.81/7.6) = 0.11 °C/m value. Subsequent temperature
gradients between stations decrease. From the 7.6 m (25ft) unit to the 22.9 m (75ft)
unit, the MWAT gradient averaged (1.17-0.81)/(22.9-7.6) = 0.02 °C/m. The 22.9 m
(75 ft) to the 45.7 m (150 ft) gradient has an average slope of 0.01 °C/m. Not every
transect included a unit above 45.7 m, thus these slope values were not calculated.
MMWT temperature gradient values were 0.32 °C/m, 0.03 °C/m and 0.02 °C/m for
7.6 m, 22.9 m and 45.7 m respectively.
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The MWAT and MMWT values were calculated for each station each year.
Data used in our analysis represent the highest MWAT and MMWT values achieved
for that station in that year. Mathematical differences between MWATSs and MMWTs
of the upslope stations and the MWATs and MMWTs of the mid-channel station of
the same transect in the same year were calculated (fig. 4).

Average Differences in MWAT and MMWT Values
from Midchannel Station
SF Casper 04 2002-2003
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Figure 4—Two seasons of pre-harvest data for one transect. Graphed values are the
MWAT and MMWT values at that station, minus the MWAT and MMWT values at the
mid-channel (0 ft) station. These differences are then averaged over 2 seasons.
Station numbers represent distances from the mid-channel station as well as station
orientation [right side (“R”) or left side (“L"), facing downstream].

Observing individual transect graphs, MWAT values generally increased with
distance from the watercourse mid-point station. However, in six of fourteen
transects, this pattern was slightly altered, with one downslope station measuring
slightly higher than its adjacent upslope neighbor. All six MWAT values are within
the specified accuracy ranges of the temperature data loggers. MMWT values also
generally increased with distance from the mid-channel station, but in eleven of
fourteen transects, the gradually increasing pattern was disrupted. On one or both
sides of the transect, one downslope unit measured higher temperatures than its
upslope adjacent neighbor(s) (fig. 5). These are not all within the accuracy ratings for
the units. Instead, these *atypical’ patterns may be linked to physiography. Canopy,
aspect, or environmental placement (such as in a hollow stump or near a road) may
influence the temperatures measured at these stations. MMWT values appear to be
more sensitive to these physiological characteristics than do MWAT values.

80 USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007.



Session 3—Streamside Air Temperatures—Nelson, Macedo, and Valentine

Average Differences in MWAT and MMWT Values
from Midchannel Station
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Figure 5—Three seasons of pre-harvest data for one transect. Graphed values are
the MWAT and MMWT at that station, minus the MWAT and MMWT values at the
mid-channel (0 ft) station. These differences are then averaged over 3 seasons. The
station number refers to the data logger's distance from the mid-channel station,
while + designates a station in a (future) harvest area and — designates a station in a
non-harvest area.

The fourteen transects were comprised of a graphed total of 116 units. Of these,
19 downslope units measured higher temperatures, and thus had a greater difference
in their MMWT values from their midpoint stations, when compared to their upslope
adjacent neighbors. This represents approximately 16 percent of the units. Of thel9
units, 13 were on south-facing slopes. This represents approximately 68 percent of
the units with atypical relationships. Also 13 of the 19 units had a canopy index equal
to or less than 40 (out of 49), and/or a shade measurement of 90 percent or less.
Canopy or shade measurements at or below these values usually indicate there is
nearby opening or “hole” in the canopy. These are not necessarily the same 13 units
as those on south facing slopes, although there is much overlap. Four of the 19
stations receive some measure of direct solar exposure due to being on or at the edge
of a road or forest opening. One of the 19 units consistently measuring lower MMWT
values than its downslope neighbor arbitrarily resides in a hollow stump, sheltered
from direct exposure to wind, heat vectors and solar radiation.

Discussion

To achieve aquatic resource conservation, timber harvest activities must address
potential (significant) impacts including reduced canopy, increased summer air
temperatures, and reduced humidity. For aquatic habitats, management should
address stream shading and conservation of cool water temperature regimes (Welsh
and others 2001). Increases in air temperature may promote attendant increases in
evapotranspiration rates of riparian vegetation, which could reduce streamflows and
extend the dry period for intermittent streams (Ledwith 1996).
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As our data suggests, pre-harvest air temperatures rise as distance from mid-
channel to upslope areas increase. This is in agreement with similar studies. In Sierra
Nevada basins with undisturbed canopy, near stream air temperatures were
significantly lower than adjacent uplands (Erman and others 2000). Before timber
harvest, stream and riparian areas in Washington are generally characterized by cool
air and soil temperatures, high humidity, and low wind speed relative to upland forest
interior conditions (Chen and others 1999). Ledwith (1996) found that air
temperatures at streams increased with decreasing buffer width in even-aged
managed forests in Northwestern California.

The decision to undertake this study was primarily based on the scarcity of
information specific to the North Coast redwood region. The region is highly
influenced by ocean air currents and seasonal fog conditions, unlike conditions in
central Washington or the Sierra Nevada range. The long term goal of this study will
be to track potential changes in microclimate in response to un-even aged
management practices. Timber harvest practices vary by forest type and are regulated
differently by each state. The California Forest Practice Rules (CFPRs) regulate
timber harvest activities in California. Several sections of the CFPRs are dedicated to
protect aquatic and riparian areas from impacts caused by timber harvest. Despite
this, there is significant debate over the size and structure of stream-side riparian
zones for buffering harvest related impacts. Key elements defining riparian zones
include topography, surface water, soils, vegetation and microclimate (O’Connell and
others 2000). To determine the optimum buffer width (one that protects the integrity
of the riparian ecosystem while allowing profitable timber harvest), researchers have
examined riparian processes as a function of distance from stream channels (Ledwith
1996). Our long term efforts are to examine the microclimate of riparian buffer zones
in the coast redwood region, and to characterize changes in microclimate and water
temperature due to uneven-aged harvest management as practiced under the CFPRs.

Conclusions

Our preliminary study focused on air temperature regimes across riparian and
upslope areas of mature second growth coast redwood forests. In agreement with
similar studies, we found that upslope temperatures increased with increasing
distance from the watercourse. We also found that physiography can influence these
regimes. Temperature gradients are steepest between the watercourse and the 7.6 m
(25 ft) stations, and decrease as distance upslope increases. MWAT values are less
sensitive to physical characteristics than are MMWT values. MWAT values appear to
reflect overall temperature gradients, while MMWT values reflect temperature
gradients relative to physiography. The sensitivity of MMWT values may make them
more valuable in determining changes in microclimate resulting from timber harvest
practices. We plan on continuing to collect summer microclimate data in these areas,
both before and after timber is harvested. Humidity monitoring and analysis will be
added to the long term study. We also hope to determine the influences of canopy,
solar radiation, aspect, and slope on temperature and humidity gradients. Changes in
temperature and humidity regimes, as well as changes in canopy and forest structure,
will be analyzed to document the magnitude of changes due to un-even aged timber
harvest practices in a coastal-influenced area.
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Effects of Timber Harvest on Fog Drip and
Streamflow, Caspar Creek Experimental
Watersheds, Mendocino County, California®

Elizabeth Keppeler?

Abstract

Within the second-growth redwood forest of the Caspar Creek watershed, fog drip was
measured in 1998 at 12 sites where heavy fog drip was expected. The following year, two
one-ha plots were each instrumented with six randomly sited 1.35 m? fog-drip collectors and
one additional collector in a nearby clearcut. Fog-drip totals were highly variable, ranging
from zero to 18 mm per event (mean = eight mm) and 0.2 to 99 mm (mean = 39 mm) during
the 1999 season. Within the one-ha plots, fog drip under the canopy was only three mm
greater than accumulations in the clearcut at one site and not significantly different at the
other. Given the annual average precipitation of 1170 mm, fog drip does not appear to
strongly influence groundwater recharge and baseflow processes at Caspar Creek. These
results are consistent with streamflow measurements. From 1971 to 1973, 65 percent of the
timber volume in the South Fork was selectively cut, and from 1985 to 1992, 50 percent of the
North Fork basin was clearcut. Annual water yield and summer flows increased following
both timber harvests, indicating that the effects of reduced rainfall interception and
transpiration exceed that from the loss of fog drip.

Key words: fog drip, hydrologic processes, streamflow, timber harvest

Introduction

The summer fog that blankets California’s north coast is an ecologically
important characteristic of the region as it moderates temperatures and brings water
to the plants and animals occupying this seasonally arid landscape. The coast
redwood is limited to a narrow belt between central California and southern Oregon
in large part because of the prevalence of summer fog. Advection fog forms when
westerly winds move warm moist Pacific air over cooler coastal waters, causing air
temperatures to drop and condensation to occur. This stratus layer may travel onshore
and far inland, depending on the strength and direction of the prevailing breeze and
local topography. Eventually, fog dissipates due to the warmer temperatures of the
drier inland air mass. Foliage intercepts and absorbs some of this fog water while
some droplets coalesce and are delivered to the ground as fog drip. This process is
not unique to the north coast. Perhaps the earliest fog drip accounts date back to the
legendary magic “rain tree” of the Canary Islands, an endemic laurel uprooted in
1610 that has inspired both legend and popular tradition (Gioda and others 1995).
Scientists have measured fog drip at a variety of locations around the world,

1 This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.

2 Hydrologist, USDA Forest Service, Pacific Southwest Research Station, Redwood Sciences Lab, 802
N. Main St., Fort Bragg, California, USA 95437. email: ekeppeler@fs.fed.us
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including both coasts of South America, Mexico, Canada’s maritime coast, northern
Kenya, Australia, and northwestern United States (Azevedo and Morgan 1974;
Dawson 1996, 1998; Harr 1982; Huntley and others 1997; Ingraham and Matthews
1988, 1995; Jacobs and others 1985; Kittredge 1948; Oberlander 1956; O’Connell
1975; Vogelman 1973; Yin 1994).

In the redwood region, published values dating back more than 50 years vary
greatly (table 1). More recently, researchers have used isotopic analyses of rain and
fog water in comparison to groundwater and plant water to quantify the relative
contributions of each source (Dawson 1996, 1998; Ingraham and Matthews 1995).
According to Dawson (1998), fog inputs may account for as much as 10 to 45 percent
of total water input to California’s coastal redwood forest. Ingraham and Matthews
(1995) found evidence of groundwater recharge due to fog drip at their most coastal
site on the Point Reyes Peninsula. Other studies suggest fog is hydrologically
significant, as well. Reduced summer streamflows following timber harvest in
western Oregon have been attributed to the loss of fog drip (Harr 1982, Hicks and
others 1991, Ingwerson 1985). On the basis of such studies, a Sonoma County judge
recently banned logging on a 13-acre parcel because the removal of the tall redwoods
might reduce groundwater recharge, thereby impacting domestic well water yields
(Benfell 2003).

Table 1—Fog-drip measurements in the redwood region.

Region Fog drip Study duration Source
(mm/day) (days)
Coastal Oregon 2.3 126 Kittredge 1948
San Francisco Peninsula 1.2t037.4 40 Oberlander 1956

Orick, Humboldt Co. Oto2 70 Freeman 1971

Eel River Valley 0.1t09.2 46 Azevedo and Morgan 1974
Muir Woods Otol 56 Jacobs and others 1985
Klamath River 5" 1095 Dawson 1998

* 3-yr average annual fog drip of 447 mm occurring on average 88.2 fog-days per year.

In view of the potential influence of fog drip on the water budget, a study was
instituted at the Caspar Creek Experimental Watersheds on the Jackson
Demonstration State Forest, Mendocino County, to assess the importance of the
process in this watershed.

Methods

The Caspar Creek Experimental Watersheds are located approximately seven
km from the Pacific Ocean and about 10 km south of Fort Bragg at 39°21'N
123°44'W (fig. 1). Elevation ranges from 37 to 320 m. Climate is wet and mild, with
an average annual precipitation of 1170 mm and mean monthly air temperatures
ranging from 6.7 to 15.6 °C. Stratus fog frequently inundates the watersheds during
the summer when rainfall is scarce.

In 1998, a pilot study was initiated to determine if fog drip was measurable
beneath the forest canopy of the Caspar Creek watersheds. Sampling sites were
established where field observations suggested fog drip was likely at locations 4 to 9
km from the ocean and across a range of topographic conditions. Eleven sites were
selected under second-growth trees and one under an old-growth redwood. Between
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four and seven four-inch diameter one-liter cylindrical collectors were mounted on
stakes approximately 18 inches above the ground surface at each site. Five sites were
located along exposed ridges, four were near-ridge, and the remaining three were at
lower elevations near the channel (fig. 7). No attempt was made to randomly sample
the entire topography. During the months of June through September, fog-drip
accumulations were measured volumetrically on those days when night or morning
fog was observed along the coast. Measurements were delayed until the first workday
following weekends and holidays. A recording rain gauge documented the onset and
duration of fog drip at a single location.
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Figure 1—Caspar Creek watersheds, harvest areas, and fog-drip sampling sites.

In early August, 12 of these collectors were replaced with square platform
collectors constructed of painted plywood. These were installed at a 25° angle to
facilitate drainage, producing an effective area of 1.35m% Yields from these
platforms were collected in a covered bucket. Two additional platform collectors
were installed in nearby clearcuts.

After measurable fog drip was documented and the efficiency of the platform
collectors confirmed during 1998, a sampling plan for determining the within-stand
variation in fog drip was designed and implemented at two one-ha plots as part of a
larger study to assess the role of foliage interception within the North Fork of the
Caspar Creek watershed (Reid and Lewis 2006). The plots were established within
120-yr-old second-growth stands dominated by coast redwood (Sequoia
sempervirens (D. Don) Endl.) and Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco). Sites were selected to span the range of stand class and density conditions
within the North Fork while facilitating the instrumentation of a sample site in an
adjacent clearcut. The IVE plot is located on a southeast-facing slope at an elevation
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of 220 m and supports a forest stand having a basal area of 240 m%ha. The other,
MUN, is on a north-facing slope located 1.5 km to the east at an elevation of 270 m
and has a basal area of 268 m?/ha (fig. 2).

600
500 Trees
per
400 Hectare
300 3 redwood
B douglas fir
200 tan oak
& grand fir
100 + ﬁ W other
MUN IVE

Figure 2—Stand composition in two North Fork sampling plots.

Six platform collectors were randomly located in each plot while two additional
collectors (each paired with a standard eight-inch tipping bucket rain gauge) were
situated in a nearby clearcut. Drainage from each platform collector was routed to a
plastic barrel suspended from a load cell wired to a data logger recording at five-
minute intervals. In addition, manual measurements were continued at five of the
1998 fog-drip sites and, on a less frequent schedule, at the platform collectors.
Twenty-four-hour totals (noon to noon) were calculated for each collector and
compared to rain gauge records. Equipment problems with two load cells eliminated
one canopy collector at both IVE and MUN from this analysis. The Students ¢-test (p
< 0.05) was used to detect a difference in fog-drip event yields between the open
collectors and the mean of the five under-canopy collectors at each plot.

Results

Climatic observations indicate the presence of fog during one third of days
during June through September of 1998 and 1999. After eliminating events for which
rainfall was detected at the three standard rain gauge sites, 24 events were determined
to have produced fog drip in 1998 and 29 in 1999. Typically, fog drip began after
1800 pst, peaking around 0600 pst and ending before noon (fig. 3). In 1998, site-
specific fog-drip yields varied from zero to 13 mm per single 24-hr event and were as
high as 91 mm for the season. Similarly, in 1999 the maximum yields were 18 mm
for a single event and 99 mm for the season. Differences among gauges suggest that
fog drip is greatest at ridge locations most exposed to fog-laden westerly winds (fig. 4).
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Figure 3—Temporal distribution of fog drip at one site during a three-week period in
August 1998.
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Figure 4—Seasonal fog-drip yields from 12 sites (61 sampling points). The mean
value and 95 percent confidence interval for each site is shown.

Plot data from MUN and IVE produced far less dramatic results. Comparing the
mean accumulation under the canopy to that in the nearby opening (fig. 5), fog-drip
yields were greater under the canopy than in the opening at MUN, but not
significantly different at IVE (p < 0.05; Students t-test). At MUN, fog drip enhanced
moisture input by about 3 mm during the 29 fog-drip events of 1999. When the four
days of summer rain are included in the analysis, no significant difference between
water inputs in the forest and the open were detected (p < 0.05; Students #-test).
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Discussion

Clearly, results from ridge-top fog collectors and casual observations of heavy
drip trickling down the forest ridge roads suggest that fog drip can be appreciable in
certain locations under certain conditions. Just as clearly, the absence of significant
drip at other locations—including the two heavily-instrumented plots—indicates that
other portions of the watershed are not strongly influenced by the process. These
results confirm the occurrence and variability of fog drip in the Caspar Creek
drainage and contrast to Dawson’s data documenting much greater fog-drip
accumulations directly under large redwoods along the much foggier Klamath coast.
In addition to differences in site proximity to the ocean, collector type and stand
versus tree sampling are important factors affecting these disparate results.
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Figure 5—Fog water inputs (mm) for June to September 1999 beneath the canopy
and in the open. The mean (shaded bar), individual collector values, and 95 percent
confidence limits are shown.

The ridge-top gauges provide a non-statistical indication of probable maximum
fog-drip rates for the experimental watershed. The mean values for the five ridge-top
sites averaged 39 mm per year during the four month sampling period. This value is
only three percent of the mean annual precipitation (1170 mm) at Caspar Creek, and
so would represent only a minor influence on the annual water budget. However,
only five percent of the annual rainfall (62 mm) occurs between May and September,
so the average fog drip at ridge-top sites would augment dry-season precipitation by
63 percent. Water budget calculations described by Reid and Lewis (2006) suggest
that transpiration over this period averages 162 mm under forested conditions, while
runoff accounts for 27 mm. Even on ridge-top sites, where measured fog-drip rates
are highest, a decrease in summer water input of 39 mm due to loss of fog drip would
be over-balanced by a decrease in transpiration of 162 mm. At sites farther from the
ridge, the relative influence of decreased transpiration would be even greater

At Caspar Creek, research focuses primarily on investigating the effects of
timber harvest on streamflow processes. Data from long-term streamflow monitoring
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at Caspar Creek can be used to test the validity of these results. Two major
investigations of logging effects on Caspar Creek streamflow have been completed in
the past several decades. Both of these conclude that streamflow increases after
logging. The first evaluated changes in streamflow following selection harvest of 65
percent of the South Fork watershed timber volume. Annual yield increases averaged
838 m*ha (1973 to 1982) and minimum flows increased 38 percent (1972 to 1978).
The second evaluated the effects of clearcutting 50 percent of the North Fork basin.
Again, annual yields increased 730 m*/ha (1993 to 1997) and minimum flows by 148
percent (1990 to 1997). Additional instrumentation in the North Fork further
indicated increased soil pipe flow, increased groundwater levels, and reduced soil
moisture tensions within the cut units during the summer season (Keppeler 1998).

Streamflow increases are explained by reduced transpiration and interception in
the logged areas. Reid and Lewis (2006) suggest clearcut logging in the North Fork
watershed resulted in a 28.7 percent increase in effective precipitation at the forest
floor (in other words, the forest would have intercepted 22.3 percent of the rainfall
recorded at the rain gauge) and transpiration reductions estimated at 325 mm per
year. Using these estimates, and assuming that all slash is burned and regrowth is not
yet significant, one can calculate the expected average annual change in water
availability to the North Fork watershed in the years immediately following logging:

AW = L[0.223(PPT) + ET - FOG]
where
AW = additional available water (mm) for a year,
L = watershed area clearcut (percent),
PPT=annual precipitation,
ET=annual evapotranspiration from a mature second-growth stand,
FOG = annual fog water input to a mature second-growth stand.

Using the average annual rainfall from two North Fork gauges between 1993
and 1997 (1314 mm), a percentage cut of 37 percent, assuming no recovery of
vegetation, and not including the loss of fog drip, the annual water balance of the
North Fork was theoretically enhanced by as much as 229 mm (or 17 percent of
average annual precipitation) during this five-year post-harvest period. In
comparison, monitoring data indicate that increases in North Fork annual yield
averaged 73 mm for five years after partial clearcutting. This equates to a net increase
of 197 mm (73/.37) per year in streamflow from the clearcuts during this five-year
post-harvest period—the net effect of reduced transpiration, interception, fog drip,
and changes in soil moisture and groundwater storage. Differences between expected
and observed changes are attributable to changes in soil moisture and groundwater
storage, progressive hydrologic recovery from revegetation over the five-year period,
annual variations in weather, and, especially near the ridges, some decrease in fog
drip.

Reid and Lewis (in preparation) estimate post-drip canopy storage to be about
one mm. A similar value is expected for potential storage of condensed fog before
drip is significant. The effect of this wetting of the canopy is important in
ameliorating moisture stress by direct foliar absorption and reduced transpiration
losses. In 1999, fog drip occurred during 29 days, but solar radiation data collected at
Caspar Creek indicate the presence of fog or cloud cover during more than a third of
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days in the study period. Although the canopy may not have been saturated to the
point of drip by every fog event, enhanced humidity and reduced insolation and air
temperatures moderated actual evapotranspiration rates.

Conclusions

Direct measurements of fog-drip inputs to the Caspar Creek watersheds indicate
it is a highly variable, but minor component of the annual water balance at this site.
Although this result contrasts with a few studies that have shown fog water to be a
significant portion of the water balance, it does not contradict other results. The
climatic and topographic conditions that influence the distribution and frequency of
fog along the California coast vary considerably, so fog drip is expected to be more
significant at some sites than others. Certainly, fog has a pervasive effect on redwood
ecology, but the indirect effects of reduced evapotranspiration are probably larger
than the direct effects of fog-drip inputs to soil moisture and groundwater at all but
the most coastal locations. Only by a more comprehensive research effort might the
spatial and temporal variations of fog water inputs in this region be more fully
defined.
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Trends in Streamflow and Suspended
Sediment After Logging, North Fork Caspar
Creek’

Jack Lewis? and Elizabeth T. Keppeler?

Abstract

Streamflow and suspended sediment were intensively monitored at fourteen gaging stations
before and after logging a second-growth redwood (Sequoia sempervirens) forest. About 50
percent of the watershed was harvested, primarily by clear-cutting with skyline-cable systems.
New road construction and tractor skidding were restricted to gently-sloping ridge top
locations, and watercourse protections were enforced.

Storm peak flows increased as much as 300 percent in clear-cut watersheds, but as antecedent
wetness increased, percentage increases declined. In the first five to seven years after logging,
the average two-year peak flow increased 27 percent in clear-cut watersheds and 15 percent in
partially clear-cut watersheds. Changes in flows are attributable to reduced canopy
interception and transpiration. Peak flows and flow volumes had recovered to near-
pretreatment levels by about 10 years after logging, when renewed increases occurred from
precommercial thinning.

Annual suspended sediment loads in the years following logging increased 123 to 238 percent
in four of the five clear-cut watersheds. Loads did not change significantly at most
downstream sites as sediment was deposited in the main stem. Channel erosion and changes
in storage appear to be important mechanisms for explaining suspended sediment trends at
Caspar Creek. Ten years after logging, storm-event sediment yields at one clear-cut tributary
were near pretreatment levels, but were elevated again in year 12. At another, yields have
remained well above pretreatment levels in the 12 years since harvest.

Key words: clear-cutting, logging effects, peak flow, streamflow, suspended
sediment,

Introduction

In 1985, a multiple-basin watershed study was initiated in the North Fork of the
Caspar Creek Experimental Watershed, in north coastal California. The study is a
cooperative effort by the USDA Forest Service, Pacific Southwest Research Station
and the California Department of Forestry and Fire Protection to investigate the
impacts of harvesting second-growth redwoods under the Z’Berg-Nejedly Forest
Practices Act of 1973. Although the logging included large clear cuts (maximum
clear-cut size has since been reduced under California rules from 32 to 12 ha),
erosional impacts were limited by careful road design and greatly restricted use of

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.

2 Mathematical Statistician, USDA Forest Service, Pacific Southwest Research Station, 1700 Bayview
Drive, Arcata, CA 95521. email: jlewis01@fs.fed.us

3 Hydrologist, USDA Forest Service, Pacific Southwest Research Station, 802 N. Main St., Fort Bragg,
California, USA 95437. email: ekeppeler@fs.fed.us
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tractors. The Proceedings of the Conference on Coastal Watersheds: The Caspar
Creek Story (Ziemer, 1998) and Lewis and others (2001) reported results of the
North Fork study through HY 1996 (hydrologic year from August 1, 1995 to July 31,
1996). This paper extends the results through HY2003.

Methods

Study location

The Caspar Creek Experimental Watersheds are located about seven km from
the Pacific Ocean and about 10 km south of the town of Fort Bragg in northwestern
California. Elevation ranges from 37 to 320 m. Soils in the basin are well-drained
clay loams derived from Franciscan sandstone and weathered coarse-grained shale of
Cretaceous age.

The climate is typical of low-elevation coastal watersheds of the Pacific
Northwest. Winters are mild and wet, characterized by periods of low-intensity
(maximum 2.6 cm/hr) rainfall. Snow is rare. Average annual precipitation is 1170
mm. Typically, 95 percent falls during the months of October through April.
Summers are moderately warm and dry with maximum temperatures moderated by
frequent coastal fog. Mean annual runoff is 650 mm.

Like most of California's north coast, the watersheds were clear-cut and
broadcast burned largely prior to 1900. By 1985, the North Fork watershed supported
a 100-year-old second-growth forest composed of coast redwood (Sequoia
sempervirens (D.Don) Endl.), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco),
western hemlock (Tsuga heterophylla (Raf.).Sarg.), and grand fir (Abies grandis
(Dougl. ex D.Don) Lindl.).

Measurements

The North and South Forks of Caspar Creek (draining 473 ha and 424-ha,
respectively) have been gaged continuously since 1962 using 120° V-notch weirs
widening to concrete rectangular sections for high discharges. In 1985, three rated
sections were constructed on the main stem upstream of the North Fork weir, and 10
Parshall flumes were installed on North Fork subwatersheds with drainage areas of
10 to 77 ha. Two of the original redwood Parshall flumes were replaced with
fiberglass Montana flumes in HY 1999 and 2001.

Since HY'1986, stream discharge has been recorded at all gaging stations using
electronic data loggers equipped with pressure transducers. From HY1986 to
HY1995, suspended sediment was automatically sampled using real-time stage
measurements to control a pumping sampler (Thomas 1989). Since HY1996,
turbidity is recorded along with stage, and the sampling logic has been altered to use
real-time turbidity (Lewis and Eads 2001).

Treatments

Ten areas were designated for harvest in compliance with the California Forest
Practice Rules in effect in the late 1980s (fig. 1). Two of these areas (13 percent of
the North Fork watershed) were harvested in 1985 and 1986 with the intent of
excluding them from the study. However, this harvest affects all subsequent analyses
of North Fork weir data. After a calibration period between 1985 and 1989, clear-cut
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logging began elsewhere in the North Fork in May 1989 and was completed in
January 1992. These clear-cuts occupied 30 to 99 percent of treated watersheds and
totaled 162 ha. Between 1985 and 1992, 46 percent of the North Fork watershed was
clear-cut, 1.5 percent was thinned, and two percent was cleared for road right-of-way.
Of the fourteen gaged watersheds in the North Fork, five were clear-cut, three were
left as unlogged controls, and six included mixtures of clear-cut and unlogged areas.
In HY1996, stream gaging was discontinued at all but two of the clear-cut
watersheds, two of the controls, and three of the partially clear-cut watersheds.

® Stream gaging station
Clearcut harvest
I Selective harvest ey
MUN® ~,
b, ./
500m

Figure 1—North Fork Caspar Creek gaging stations and harvest units.

Harvest was conducted under stream-buffer rules that mandated equipment
exclusion and 50 percent canopy retention within 15 to 46 m of watercourses
providing aquatic habitat or having fish present. Most of the yarding (81 percent of
the clear-cut area) was accomplished using skyline-cable systems. Yarders were
situated on upslope landings constructed well away from the stream network. New
road construction and tractor skidding was restricted to ridgetop locations with slopes
generally less than 20 percent. Four harvest blocks, 92 ha total, were broadcast
burned and later treated with herbicide. Pre-commercial thinning in 1995, 1998, and
2001 eliminated much of the dense revegetation and reduced basal area in treated
units by about 75 percent.

Results

Storm peaks

Lewis and others (2001) analyzed peak flow response to clear-cutting in the
North Fork using 526 observations from HY 1986 to HY 1996, representing 59 storms
on 10 treated watersheds. After logging, eight of the 10 tributary watersheds
experienced increased storm peaks (p < .005) relative to those predicted on the basis
of the controls for an uncut condition. In clear-cut units, individual storm peaks
increased as much as 300 percent, but most increases were less than 100 percent. The
largest increases occurred during early season storms. As basin wetness increased,
percentage peak flow increases declined (fig. 4). In the larger, partially clear-cut
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North Fork watersheds, smaller peak flow increases were observed. Under the wettest
antecedent moisture conditions of the study, increases over the first five to seven
years after logging averaged 23 percent in clear-cut watersheds and 3 percent in
partially clear-cut watersheds. The average increase in storm peak with a two-year
return period was 27 percent in the clear-cut watersheds and 15 percent in the
partially clear-cut watersheds (Ziemer 1998) for this five to seven year period. While
variability is great, ongoing measurements clearly show a recovery to near pre-
treatment flow conditions 10 years post-harvest and the suggestion of a renewed
response to the pre-commercial thinning (fig. 2).
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Figure 2—Peak flows observed in North Fork clear-cut units C and E from HY1986
through HY2003. Expected undisturbed peak is based on log-log regressions of pre-
harvest peak flows at CAR and EAG on the mean of the corresponding peak flows at
control watersheds HEN and IVE.

Wetter soils resulting from reduced transpiration in logged units explain some of
the observed increases in streamflow. In addition, because of reduced canopy
interception, 28 percent more precipitation is delivered to the forest floor after clear-
cut logging in these second-growth redwood stands (Reid and Lewis 2006). Under
forested conditions, canopy interception is significant even during the wettest mid-
season storms. Loss of interception is therefore expected to maintain wetter soil
conditions in logged terrain throughout the rainy season.

Lewis and others (2001) fit an empirical model expressing the HY1986-1996
North Fork peak flows as a function of peaks in the control watersheds, antecedent
wetness, proportion of area logged, and time since logging. In this follow-up, a
slightly simplified version of that model was refit, using generalized non-linear least
squares, to all peak flows before pre-commercial thinning (HY1986-2001).

InCy;) =Boi + By In(¥;) + |:(1_Bz(tij _1))Cij +B30i'j:||:[34 +BsIn(¥e;) +Bs In(Wj):|+8ij @))
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where
yij = unit area peak flow at treated watershed i, storm j,
ycj = mean of unit area peak flows at control watersheds HEN and IVE in storm j,

tj = area-weighted mean cutting age (number of summers passed) in watershed i for
areas logged in water years preceding that of storm j,

cij = proportion of watershed i logged in water years prior to that of storm j,
¢; = proportion of watershed i logged in the fall prior to storm j (in the same water

year)

w; = wetness index at start of storm j, computed from daily streamflow (30-day half-
life) at South Fork weir

&ij = independent normally distributed errors with variance inversely proportional to a
power function of watershed area

Boi and PB4 are “location” parameters to be estimated for each watershed i, and
B2 B3, B4, Ps, and Pe are parameters describing the effects of the explanatory variables

The first two terms in the model predict the peak flow in the absence of
disturbance. The first bracketed term represents vegetation removal and regrowth,
and the terms in the second set of brackets are the main effect of vegetation change
(B4) and interactions of vegetation change with storm size and antecedent wetness.
The coefficient estimates and their standard errors are given in table 1. This model
fits the data well (r* = 0.95) and residuals are normally distributed with standard error
equivalent to 25 percent of the predicted peak.

Table 1—Parameter estimates for storm peaks and flow volume models.

—————————— Storm peak Storm flow volume-------
std std

Parameter Effect Estimate  error p Estimate error p

B2 Recovery 0101 00063 <0.0001 0110 00059  <0.0001

B il 0447 00965 <0.0001 0876 00926  <0.0001
ogging

B Vegetaton 4599 02506 <0.0001  2.824 02287  <0.0001
reduction

Bs SOMSIZe 5119 00363 00025 -0.140 00392 00004
Interaction

Be Wetness 0278 00177 <00001 -0.298 0.0178  <0.0001
Interaction

The fitted value of 0.101 for the coefficient 3, implies recovery of peak flows to
pretreatment conditions after 11 growing seasons, in concordance with figure 2. A 95
percent confidence interval for 3, implies recovery in 10 to 12 years. The fitted value
of 0.447 for B3 suggests that the effect on peak flows during the first winter was
reduced by about 55 percent because much of the harvest occurred late in the
growing season, after substantial transpiration had occurred. The storm size
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interaction indicates that the proportional increase in peak flows was smaller for
larger events, and the wetness interaction indicates that increases in peak flows are
greatest during low antecedent wetness conditions.

Model (1) was used to predict peak flows without accounting for the change in
cover following thinning. Figure 3 shows the departures from peak flows predicted
by this model for the two clear-cut watersheds, CAR and EAG, that are still being
monitored. Departures, e, are converted to percentage of predicted peak through the
transformation 100exp(e;;). The recovery trend depicted in figure 2 is not visible in
figure 3 because the model accounts for the recovery. However, the mean post-
thinning departure from the predicted peak is 26 percent (the 95 percent confidence
interval is 16 to 37 percent). These departures are greatest when antecedent wetness
is greatest (fig. 4), suggesting that mechanisms similar to those responsible for
increasing peaks after clear-cutting are involved in changing peaks after thinning.
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Figure 3—Departures from model (1) predictions of storm peak.

The thinning in watersheds CAR and EAG removed 68 and 84 percent of the
crown volumes, respectively. The peaks model permits a test of whether these
treatments were equivalent to clear-cutting the same percentage of the watersheds.
For the calculations of figures 3 and 4, the variable tj; was coded as 10 and 11 years,
respectively, for CAR and EAG in HY 2002, the winter following thinning. However,
if we treat the disturbance as if 68 and 84 percent of the areas were clear-cut in the
beginning of HY2002, the area-weighted mean cutting ages t;; should be coded 3.2
for CAR and 1.8 for EAG in HY2002; and the ages in HY2003 should be 4.2 and 2.8
years. Based on this recoding of t;j, the model predicts an average increase of 52
percent in peak flows, suggesting that thinning had half the impact on peak flows of
an equivalent harvest by clear-cutting. Such a result is expected if evaporation and
transpiration rates are elevated in a thinned stand because of lower aerodynamic
resistance to the transport of water vapor as suggested by Calder (1990).
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Figure 4—Relation to antecedent basin wetness of (a) clear-cut departures from
pretreatment regressions (BAN, CAR, EAG, GIB, and KJE through HY1996), and (b)
post-thinning departures from model (1) (CAR and EAG, HY2002-2003). Symbol
sizes denote relative storm sizes.

Storm flow volumes

Storm flow volumes were analyzed using the same methods as for peak flows.
The results through HY1996, reported by Lewis and others (2001) were similar to
peak flow results. In clear-cut units, storm flows increased as much as 400 percent,
but most increases were less than 100 percent. The largest increases occurred during
early-season storms. As basin wetness increased, percentage increases declined.
Under the wettest antecedent moisture conditions of the study, increases averaged 27
percent in clear-cut watersheds and 16 percent in partially clear-cut watersheds over
the five to seven year period following harvest. Annual storm runoff volume (sum of
storms) increased an average of 58 percent in clear-cut watersheds and 23 percent in
partly clear-cut watersheds (the mean percentage harvested was 38 percent). As with
peak flows, ongoing measurements show a return to pre-treatment flow volumes
approximately 10 years post-harvest, followed by a response to the pre-commercial
thinning (fig. 5).

Model (1) also the fits the flow data well (r> = 0.94) with normally-distributed
residuals and standard error equivalent to 21 percent of the predicted flow volume.
The estimated recovery coefficient (table 1) suggests return of storm flows to
pretreatment condition 10 years after logging, and is consistent with figure 5.

The flow model enabled quantification of the impact of pre-commercial thinning
at CAR and EAG for 18 events in the two post-thinning years. The mean post-
thinning departure from predicted flow volume was 26 percent (the 95 percent
confidence interval is 15 to 38 percent) and the total storm flow volume was 19
percent greater than predicted by the model.

When the variable t; was recoded (as described above for peaks) to represent
thinning as an equivalent harvest by clear-cut, the model predicts a mean increase of
53 percent and total increase of 44 percent in storm flow. Compared to an equivalent
clear-cut, the mean effect of thinning on storm flows was about half (26/53) and the
total effect on storm flows was 43 percent (19/44).
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Figure 5—Storm flow volumes observed in North Fork clear-cut units C and E from
HY1986 through HY2003. Expected undisturbed flow is based on log-log regressions
of pre-harvest flows at CAR and EAG on the mean of the corresponding storm flows
at control watersheds HEN and IVE.

Sediment Loads

Suspended sediment loads, summed over post-logging years through HY1996
increased 89 percent at the North Fork weir, primarily due to one landslide that
occurred in the 1986 harvest area in 1995. Annual (sum of storms) suspended
sediment loads in the years following logging decreased by 40 percent in one clear-
cut watershed (KJE) and increased 123 to 238 percent in the other four clear-cut
watersheds. Loads did not change significantly at most downstream sites, but at DOL
increased by 269 percent. The median estimate of change in annual sediment load
was +132 kg ha™yr? for five clear-cut watersheds and —19 kg halyr* for five
partially clear-cut watersheds. Increases in sediment loads were greatest during those
events with increased storm flows. In clear-cut watersheds where sediment loads
increased, the correlations between departures from pretreatment sediment load and
storm flow models were 0.66 (BAN to HY1995), 0.70 (CAR to HY2003), 0.62 (EAG
to HY2003), and 0.86 (GIB to HY1995). Sediment increases at EAG have been
greater than at CAR due to near-channel tunnel collapses. Storm event loads in EAG
remained elevated a decade after harvest, while, at CAR, yields were close to the
pretreatment level in year 10 (fig. 6). Suspended sediment levels from both
subwatersheds, especially EAG, increased sharply in year 12 (HY2003), the first
above-average runoff year since HY1999. Although sediment levels did not increase
the first year after thinning, they certainly may have been influenced by the larger
enhanced flows of HY2003. Prolonged impacts from logging in the South Fork
(Keppeler and others, 2003) suggest that the episodic nature of sediment releases
requires patience regarding conclusions about recovery.
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Figure 6—Sediment loads observed in North Fork clear-cut units C and E from
hydrologic year 1986 through 2003.

Discussion and Conclusions

Although the variability is great, the impacts of clear-cut logging and forest
regrowth on peaks and flows in the North Fork of Caspar Creek are fairly clear and
guantifiable. Earlier analyses of selective logging in the South Fork of Caspar Creek
(Ziemer 1981) had failed to show significant changes in peak flows, except in the
smallest events at the beginning of the rainy season. Those results are not necessarily
at odds with the North Fork study and may be attributable in part to differences in
silvicultural methods (selective versus clear-cut logging). If thinning is a valid analog
for selection cutting, our analysis suggests that the South Fork response should have
been smaller than that in the North Fork. In addition, the North Fork analyses were
more sensitive because multiple unlogged subwatersheds of the North Fork were
available for use as controls. Low variability in the pretreatment relationship is
critical to an effective watershed experiment, and the responses in North Fork
watersheds slated for treatment were more closely related to North Fork
subwatershed responses than to the South Fork response. In fact, the mean of two
unlogged subwatersheds provided a better control than any individual subwatershed.

An empirical statistical model describes impacts on flow peaks and volumes in
terms of antecedent basin wetness, proportion of area cut, time since logging, and
event size. The effect of vegetation removal is greatest when the wetness index is low
and diminishes as basin wetness increases. However, no conditions were observed
under which the impacts were reduced to zero. The result is not unexpected given
that effective rainfall is increased substantially by the loss of canopy interception
throughout the rainy season (Reid and Lewis 2006).

A somewhat surprising result is that flow peaks and volumes 10 years after
logging were similar to those in 100-year-old redwood forest. Further research will
be necessary to understand this result, but it suggests that leaf area recovers very
rapidly after harvest, and/or that evapotranspiration rates per unit leaf surface are
much greater in younger forests. In fact, evidence suggests both may be true. Crown
closure and maximum leaf area in one redwood plantation was attained within 15

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 103



Session 3—Trends in Streamflow and Suspended Sediment After Logging—Lewis and Keppeler

years.* In riparian Douglas-fir forests of western Oregon, Moore and others (2004)
found that a 40-year-old, rapidly growing stand used 3.3 times more water during the
growing season than an old-growth stand.

Pre-commercial thinning resulted in smaller flow changes than would have been
expected from equivalent clear-cuts. This may be partly related to the influence of
canopy structure on evaporation rates. Calder (1990) reported that interception rates
in mature spruce forest were almost unchanged after thinning one-third of the stand.
He speculated that increased ventilation to lower levels of the canopy could increase
evaporation rates. Reduced competition for soil water could also permit increased
transpiration by vegetation that remains after thinning.

Variability in suspended sediment yield is much greater than variability in flow.
Results are less consistent among clear-cut subwatersheds and much less predictable
in downstream watersheds. One North Fork subwatershed that was clear-cut (KJE)
experienced a decrease in sediment loads. The others experienced substantial
increases. Of the two that are still being measured, neither has returned to
pretreatment levels, and one (EAG) is yielding significantly more sediment than the
other (CAR). One downstream site (DOL) had larger than expected sediment yields,
apparently because of increased channel erosion, while those on the main stem have
not experienced elevated sediment yields, apparently because of increased sediment
storage. Unusual windstorms in combination with increased wind exposure in stream
buffer zones resulted in blowdown that created many new sediment storage sites in
the formerly wood-deprived main stem.

The sediment results are less directly extensible to other watersheds than the
flow results, because they depend on events and conditions unlikely to be repeated in
every coastal watershed. This is especially true as one moves downstream from first
and second order streams to locations where channel complexity is greater. The
results of the Caspar Creek sediment studies are probably not useful for making
guantitative predictions, but they have helped us to understand many controlling
factors and links among erosion, sediment delivery, and sediment transport. It has
become clear that sediment impacts from regulated logging in the North Fork have
been less severe than those from the tractor logging that took place in the South Fork
(Keppeler and others 2003), and the research suggests opportunities for further
reducing impacts. For example, limiting the rate of harvest in a given watershed
would clearly limit increases in peak flows and flow volumes. Sediment yield
increases in the North Fork were related to flow increases, so limiting harvest rates
should also be effective in limiting sediment impacts. To further limit sediment yields
in the North Fork would have required extending streamside protection zones farther
upstream, but the incremental benefit of doing so is difficult to quantify, and it
probably would not have greatly reduced sediment yields in DOL where much of the
channel and bank erosion occurred downstream from the logged watershed (EAG).

Today much of the managed timber-producing area of north coastal California
has been logged at least twice and may have experienced heavy impacts from tractor
logging and road construction. The condition of the South Fork of Caspar Creek is
probably more typical of areas being logged today than was the North Fork. It is
becoming crucial for landowners, regulatory agencies, and the public to understand

4 O’Hara, K.L.; Stancioiu, P.T.; Spencer, M.A. Manuscript in review. Understory stump sprout
development under variable canopy density and leaf area in coast redwood. Canadian Journal of Forest
Research.
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the interactions between proposed future activities and prior disturbances. A third
phase of Caspar Creek research is being initiated in the South Fork to examine the
effects of re-entry on runoff and sediment production from previously tractor-logged
redwood forests. Much remains to be learned about restoring impacted ecosystems
and mitigating impacts from future harvests.
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Rates and Implications of Rainfall
Interception in a Coastal Redwood Forest*

Leslie M. Reid? and Jack Lewis?

Abstract

Throughfall was measured for a year at five-min intervals in 11 collectors randomly located
on two plots in a second-growth redwood forest at the Caspar Creek Experimental
Watersheds. Monitoring at one plot continued two more years, during which stemflow from
24 trees was also measured. Comparison of throughfall and stemflow to rainfall measured in
adjacent clearings indicates throughfall and stemflow accounted for 75.1 and 2.5 percent,
respectively, of annual rainfall, while 22.4 percent was intercepted and evaporated by the
forest canopy. Average interception loss remains above 20 percent even for the largest storms
monitored. Models that predict pre-logging peakflows from below-canopy rainfall suggest
that altered interception and transpiration could account for the 54 to 70 percent average
increases in peakflow observed in five gauged watersheds for two years after clearcutting.
Results such as these can be used to estimate the influence of interception loss on landslide
frequency at sites for which relationships between landslide frequency and storm rainfall have
been defined.

Key words: evapotranspiration, interception, landslides, peakflow, water budget

Introduction

The extent to which logging might influence flood frequencies and erosion rates
has long been a focus of concern, but analytical methods for reliably predicting
potential impacts are not well-developed because the influence of forests on
hydrologic and erosional processes is not fully understood. For example, logging has
been assumed to affect peakflows in rain-dominated areas primarily through changes
in transpiration, so only the smaller, early-season peaks—those for which post-
logging changes in antecedent soil moisture are likely to be largest—are expected to
change after logging. However, recent studies in northwest California indicate that
even mid-winter peakflows with two-year recurrence intervals increase after logging
(Lewis and others 2001, Ziemer 1998).

Recent landslide surveys also provide unexpected results: data provided by
Pacific Watershed Associates (1998) show landsliding rates in some recently clearcut
redwood lands to be almost an order of magnitude higher than in adjacent second-
growth forests. Logging had not been expected to increase landsliding markedly in
these areas because trees were thought to influence stability primarily through root
cohesion, and root cohesion was thought to remain substantially intact after logging
of second-growth redwoods because most stumps remain alive and resprout. If
altered cohesion indeed were not a major influence, some other mechanism for

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 150
17, 2004, Rohnert Park, California

2 USDA Forest Service Pacific Southwest Research Station, Redwood Sciences Laboratory, 1700
Bayview Drive, Arcata, CA 95521. email: Ireid@fs.fed.us and jlewis@fs.fed.us, respectively.
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destabilization must accompany logging.

A mechanism that might explain both observations is increased effective rainfall
produced by a decrease in the amount of rain intercepted by and evaporated from
foliage after logging. Such changes are appreciable elsewhere: annual interception of
22 to 49 percent was measured in New Zealand forests (Fahey 1964, Pearce and
Rowe 1979), and losses of 20 to 45 percent were found in mature coastal forests of
the Pacific Northwest (McMinn 1960, Spittlehouse 1998). We implemented a study
at the Caspar Creek Experimental Watersheds to measure interception in a 120-year[’
old redwood forest, and to determine whether the process might be capable of
influencing peakflow discharges and landsliding. The study is described in more
detail by Lewis (2003), Reid and Lewis (in review), and Steinbuck (2002).

Methods

Six 1.2 m x 1.2 m rainfall collectors were distributed randomly across each of
two forested 1-ha plots in North Fork Caspar Creek watershed, Mendocino County,
California. The I'VE site is in Iverson catchment on a southeast-facing slope at 220 m
elevation. The stand at IVE has coastal redwood (Sequoia sempervirens) and
Douglas-fir (Pseudotsuga menziesii) as the primary canopy components, a patchy
understory dominated by tanoak (Lithocarpus densiflora), and a basal area of 97
m*/ha. The second site (MUN) is located at an elevation of 270 m on a north-facing
slope in the Munn catchment, 1.5 km from IVE; here the canopy of redwood and
Douglas-fir is more uniform, basal area is 108 m*/ha, and the understory is sparse.

Each throughfall collector channeled water into a 150-1 barrel suspended from a
load cell, and data loggers recorded readings from load cells at five-minute intervals.
At each plot, an identical control collector and a standard eight-inch tipping-bucket
rain gauge were located in an adjacent clearcut. The analysis is based on data
recorded between December 1, 1998 and November 8, 1999 at MUN and between
December 5, 1998 and May 27, 2001 at IVE. One load cell failed after the 24™ event
at IVE, but that gauge had consistently reflected the plot average so its loss did not
influence study results. Other missing data were filled in using relationships defined
between readings at the various gauges.

At the long-term site, 24 trees (12 redwood, eight Douglas-fir, and four tanoak)
were selected randomly and equipped with collars to divert stemflow into containers
(Steinbuck 2002). Water depths were measured with a dipstick at two-day to four-
week intervals between December 2, 1999 and April 20, 2001. Flows from six of the
trees were routed through tipping-bucket gauges to record stemflow timing.

Results

Annual rainfall totals from standard rain gauges were four to seven percent
higher than those from control collectors, so throughfall was calculated by
comparison to control collectors instead of rain gauges, on the assumption that trap
efficiency would be similar in forest and clearing. Sub-canopy collectors indicated
that more than 98 percent of the post-event drip occurs within three hr of rainfall's
end, but stemflow can continue to drain from the largest trees for 48 hr after major
storms. Events were thus defined to be bounded by dry periods of at least 48 hr at the
tipping bucket gauges.
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Collectors operating during the first year showed total throughfall of 79 + 6
percent (95 percent CI), with IVE having a slightly lower average (78 percent) than
MUN (80 percent). The IVE plot, with a denser sub-canopy and less uniform canopy,
showed higher variability among collectors (standard deviation of 0.16 compared to
0.04 at MUN). Annual throughfall ranged from 78 to 72 percent over three years of
measurement at IVE and averaged 75.1 percent.

Lewis (2003) found that stemflow at IVE accounts for 2.5 percent of annual
rainfall, leaving 22.3 percent to be trapped by foliage interception. For each species,
event-based stemflow data show linear relations between event size and stemflow
volumes, and this information was combined with Lewis’ (2003) relations between
tree diameter and annual stemflow to estimate stemflow for the plot for each event.

Stemflow was added to event-based throughfall and the result subtracted from
rainfall to estimate interception loss for each event. Average interception rates are
highest and most variable for the smallest storms and decrease with event size (fig.
1), approaching an asymptote of about 21 percent for events larger than 70 mm.
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Figure 1-Variation of interception loss with storm rainfall.

Effective rainfall (R, mm, calculated as throughfall + stemflow) is strongly
correlated with rainfall measured in the control collector (R, mm) for events defined
by 48-hr dry periods at IVE:

for Ree > 0.7 mm Re = -0.548 + 0.786 Ry =0.99 (1a)
for Ree < 0.7 mm Re=0 (1b)
Discussion

Mechanisms of interception loss

The difference between cumulative rainfall and cumulative throughfall was
plotted at five-min intervals for each storm to identify the temporal distribution of
interception loss during the storm (for example, fig. 2). Results show that loss rates
during rainfall are appreciable; summed through the season, in-storm loss accounts
for about half the overall loss, and the remainder evaporates after rainfall ceases.
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Although clouds are saturated during rainstorms, the air below usually is not, so some
water can evaporate (for example, Gash 1979). Because the surface area of foliage in
a forest canopy is large, even low evaporation rates (in terms of loss per unit area of
water surface) can evaporate large volumes of water (in terms of loss per unit area of
ground surface). Similar stands nearby have a ratio of one-sided leaf area to ground
area of about 14 (Kevin O’Hara, UC Berkeley, pers. comm.), implying that the actual
evaporation rate per unit area of ground surface could be 28 to 44 times the rate per
unit area of leaf surface, depending on the cross-sectional shape of the needles, if all
surfaces are wet.
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Figure 2—Cumulative intercepted rain and rainfall intensity versus cumulative rainfall
at the control collector for Event 24 at IVE. The slope of the intercepted-rain curve
defines the in-rain interception rate.

As an example, standard open-pan evaporation data from an area with similar
climate 90 km north of Caspar Creek suggest that winter in-rain evaporation might
average about 0.006 mm®/hr (95 percent CI: 0.0005 to 0.012 mm®/hr) per mm® of
wetted surface, leading to an estimated loss of 0.17 to 0.26 mm’/hr per mm” of
ground surface for the Caspar canopy. This rate would produce about 7 to 10 mm of
interception loss during the 40-hour event shown in figure 2. Canopy evaporation
rates may be higher than open-pan rates because of increased airflow and turbulence.
Some water may also be absorbed by leaves and bark for later evaporation. However,
the relatively uniform loss rate during storms, as well as results of isotopic studies
(Dawson 1996), suggest that absorption by leaves is less important than evaporation.

Interception and the seasonal water balance

We carried out a monthly water balance calculation, as described by Dunne and
Leopold (1978 p. 238), for the North Fork Caspar Creek watershed. Rainfall and
runoff have been measured in the watershed since 1963, soil moisture storage
capacity can be estimated from information provided by Wosika (1981), and the
present study provides estimates of interception loss. The forest-floor litter layer is
also expected to intercept and evaporate rainfall, but this component was not
measured during the study. Interception losses of two to five percent have been
measured for litter in deciduous forests of eastern North America (Helvey and Patric
1965), and we assume a loss of three percent for these calculations.

The Thornthwaite equation for evapotranspiration implicitly considers both
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transpiration and interception but incorporates only solar input and temperature as
driving variables, so the equation characterizes transpiration more effectively than
interception. We assumed that the equation could provide the seasonal distribution of
potential transpiration but would not accurately reflect its magnitude, so we rescaled
the calculated monthly values using the water balance calculations to find a total
annual potential transpiration that best predicts the measured mean annual runoff
from North Fork Caspar Creek prior to second-growth logging.

Results suggest that interception accounted for about 70 percent of wet-season
evapotranspiration before logging (fig. 3). Transpiration may be partially suppressed
during rain because water films can block stomatal openings. However, application
of the estimated potential transpiration for each month to the average duration of rain
in the month suggests that suppressed transpiration can compensate for no more than
13 percent of interception loss. Actual compensation is likely to be less because
stomata are most concentrated on the parts of leaves most likely to remain dry.
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Figure 3—Average annual distribution of components of the North Fork Caspar
Creek water budget for pre-logging conditions.

Modeling the effect of altered interception on peakflows

Reduced rainfall interception after logging would increase effective rainfall,
thereby increasing both storm runoff and soil moisture recharge. Such changes tend
to increase peakflow discharge, as does the accompanying decrease in transpiration.
The expected peakflow response to such changes can be estimated by developing a
model to predict peakflow from effective rainfall under forested conditions, and then
reapplying the model to the same events after modifying effective rainfall to reflect
canopy removal from logging (table 1). Predicted changes can then be compared to
those observed in the treated watersheds. The remainder of this section describes this
modeling strategy in more detail and presents modeling results.
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Table 1—Strategy for modeling the influence of interception on peakflows.

1 Develop equations to predict peakflows in control watersheds from antecedent and in-
storm effective rainfall under forested conditions

2 Calculate antecedent and in-storm effective rainfall for each post-treatment storm to
reflect conditions after logging at each treatment watershed

3 Apply equations from step 1 to effective rainfalls from step 2 to estimate peakflows for
each control watershed, had each been logged similarly to each treated watershed

4 Regress pretreatment peakflows in each treated watershed against mean of peakflows at H
and I for the same storms (the “H-I mean”), producing five calibration relations

5 Apply calibration relations to the H-I mean for each post-treatment storm to estimate the
expected peakflow for the storm in each treated watershed under forested conditions

6 Apply calibration relations to the results of step 3 to estimate peakflows in each treated
watershed on the basis of expected interception and transpiration after logging

Models to predict peakflows from daily rainfall records at Caspar Creek (table
1, step 1) were constructed for the control watersheds because the controls have the
longest record of peakflows for forested conditions. Three general runoff modes may
be important in the area: surface quickflow, rapid subsurface stormflow, and
groundwater-fed flow. These components respond at different time scales and so
would be associated with different descriptors of rainfall. The most useful predictor
found for peakflow at the Henningson control watershed (Py, m’ha’'s™) indeed
incorporates three measures of rainfall (fig. 4a):

In Py =-10.9 + 1.42 In AOgs + 0.00448 A2 — 151 A2gs™ — 1.67x10° A24>  (2)

with r* = 0.84, and where AQgs is calculated as the rainfall on the day of the peak plus
0.85 times that of the previous day, A2y is a standard antecedent precipitation index
calculated for the second day before the peak with a recession coefficient of 0.90, and
A2q is an equivalent index having a recession coefficient of 0.99; in both cases, daily
transpiration estimated from the water budget is subtracted from rainfall before the
index is calculated. The AQgs index reflects rain falling during the rise to peak and is
likely to be associated with quickflow. A2g,, which has a half-life of eight days, is set
to 0.0 for calculated negative values; this index may be most relevant to subsurface
stormflow. In contrast, A2y is allowed to accumulate negative values, and, with a
half-life of 70 days, is expected to reflect a dominant control on groundwater-fed
flow. The short- and long-term indices most strongly influence results.

B. IVE

0.01 0011 p=55 ’

0.001 0.001

Observed peakflow (m°ha?’s™)

L]
L)
[}
..
0.001 0.01 0.001 0.01
Modeled peakflow at H (m®hals™) Modeled peakflow at | (m3ha™s™)

Figure 4—Observed and modeled peakflows at control watersheds A. Henningson
and B. Iverson.
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Peakflows at a second control watershed, Iverson, are characterized by longer
lags and lower unit-area discharges than at Henningson, suggesting that the influence
of groundwater may be greater there. The most effective peakflow predictor for
Iverson indeed shows a different form than that found for Henningson:

InP,=-11.0 + 1.31 In AOgg + 0.00520 A2g5 — 146 A24s*  1°=0.77 (3)

In this case (fig. 4b), the index associated with quickflow (AQgg) is nearly equivalent
to the two-day effective rainfall preceding the peak, and the intermediate index has a
recession coefficient of 0.88.

The effect on peakflows of hypothetical logging in each control watershed was
then predicted using equations (2) and (3) and incorporating effective rainfall
calculated for each post-treatment storm in each treated watershed (table 1, steps 2
and 3). Estimates of effective rainfall must take into account interception by both
foliage and forest floor litter; after logging, the litter layer is augmented by logging
debris, which sometimes is burned. Kelliher and others (1992) found that interception
per unit leaf area on live trees is about 3.6 times greater than on slash in a Pinus
radiata plantation in New Zealand, and this value is assumed for the present analysis.
Calculations for clearcut conditions incorporate decreased canopy interception and
transpiration, increased litter interception for unburned watersheds, and no increase
in litter interception for burned watersheds.

The modeled results for hypothetically clearcut control watersheds must then be
converted to apply to the watersheds that were actually logged. This conversion is
possible using relations calibrated before treatment between peakflows in control and
treatment watersheds. These calibration relations are also used to estimate peakflows
that would have occurred in treated watersheds, had they not been logged. Here we
use the calibration relations first to quantify the observed changes in peakflow after
logging (table 1, step 5), and then to calculate the effects of altered interception on
peakflows in the treated watersheds (table 1, step 6).
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Figure 5—A. Percent deviation of observed and modeled peakflows from expected
peakflow before and after logging at five clearcut watersheds as a function of mean
peakflow at two control watersheds. B. Comparison of modeled and observed
peakflows for two years following logging in the five clearcut watersheds.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 113



Session 3—Rainfall Interception in Coastal Redwood Forest—Reid and Lewis

More than 95 percent of the canopy was removed in five gauged watersheds at
Caspar Creek between 1989 and 1992. Peakflows in each watershed during the five
to sever yr preceding logging correlate closely to the average of corresponding
peakflows at the control watersheds (table 1, step 4), allowing estimation of expected
peakflows in the treated watersheds under forested conditions for events taking place
after logging (table 1, step 5; fig. 5a). Results using these calibration relations
suggest that the five watersheds experienced a 54 to 70 percent increase in average
peakflow for flows with a greater than 0.15-yr recurrence interval in the first two
years after logging (table 2); the average peak in this period corresponds to about a
0.37-yr recurrence interval flow. Small peakflows increase the most, but a loess
regression suggests that the proportional increase approaches an asymptote of about
1.34 for flows with recurrence intervals greater than 0.3 yr; the largest peakflow
(estimated recurrence interval of 13 yr) in the two years following logging increased
an average of 26 percent. These data are also presented by Ziemer (1998, his Figure
3) but our analyses differ: we exclude data from more than two years after logging
and calculate recurrence intervals using the 17-yr record now available.

Table 2—Observed and modeled peakflow changes for two years following logging.

Observed Modeled increase
peakflow Modeled increase  from interception and
Area  Percent increase from interception transpiration

Gauge (ha) logged (percent) (percent) (percent)

Ban 10 95.0 56 44 58

Car 26 95.7 54 50 67

Eag 27 99.9 58 40 64

Gib 20 99.6 70 45 69

Kje 15 97.1 67 35 78

Mean 97.5 61 43 67

The calibration relations between peakflows in treated and control watersheds
were next used to convert the peakflows predicted for hypothetically logged control
watersheds to corresponding peakflows in each treated watershed (table 1, step 6).
For the two years after logging, modeled average peakflows for treated watersheds
are 58 to 78 percent higher than expected under forested conditions, compared to the
observed increases of 54 to 70 percent (table 2). Modeled results tend to overestimate
changes for small peaks and underestimate them for large peaks (fig. 5b; dashed
curve on fig.5a), but, overall, changes in interception and transpiration appear to be
sufficient to account for observed increases in peakflow.

Finally, modeled results were recalculated assuming no change in transpiration
after logging. The resulting mean increase in average peakflow is 43 percent (table
2), suggesting that about two-thirds of the observed peakflow increase may be due to
altered interception and the rest to altered transpiration.

Potential effects of interception on landslide frequency

Increased effective rainfall after logging is expected to contribute to increased
sediment production from erosion processes associated with rain or wet conditions,
such as bank erosion, gullies, shallow landslides, and earthflows. The potential
influence of altered interception on rates of shallow landsliding can be calculated for
areas where relationships between storm rainfall and landslide rates have been
identified.
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A relationship between areal density of landslides and storm rainfall has been
defined for deforested lands in a New Zealand watershed (Reid and Page 2003). Pine
plantations in the same watershed show canopy interception rates of 35 percent
(Pearce and others 1987), but we carry out calculations assuming that the asymptote
of 21 percent interception loss for the largest storms at Caspar Creek applies for
forested conditions in order to test the potential influence of the Caspar Creek rates.
The original landslide relationships for the New Zealand site were defined using
gauge rainfall, which does not account for interception by grass. If grasses are
assumed to intercept four percent of rainfall, gauge rainfall can be transformed to
effective rainfall in the grassland areas, and the relationships can be recalculated to
reflect only effective rainfall. The long-term rainfall records for the area can then be
modified to reflect effective rainfall under forested conditions. Long-term landsliding
rates for forested conditions were estimated by applying the recalculated landslide
relationships to the modified long-term rainfall records to predict landslides
generated by each storm. Results suggest that reforestation of grasslands at the New
Zealand site would decrease landslide frequency by about 50 percent due to altered
storm interception alone if interception rates were similar to those at Caspar Creek.
Increased root cohesion would further reduce landsliding after reforestation, as would
decreases in seasonal soil moisture caused by increased transpiration and foliar
interception loss during smaller, non-landslide-generating storms.

Conclusions

Measurements in a second-growth redwood forest indicate that about 22.4
percent of the incoming rainfall does not reach the ground because it is intercepted by
foliage. Foliage interception is expected to decrease after logging and then to
gradually increase as vegetation regrows. Given the interception rates measured
under forested conditions, the expected changes in interception and transpiration after
logging are sufficient to account for the observed increases in peakflow in clearcut
tributaries of the North Fork Caspar Creek watershed. Rainfall-peakflow models
suggest that, on average, about two-thirds of the change is due to decreased
interception and the rest to reduced transpiration.

Decreased interception after logging also holds implications for sediment
generation. For example, a rainfall-landslide model developed for a deforested site in
New Zealand suggests that shallow landslide rates would have doubled due to loss of
canopy interception alone if rainfall interception rates had been equivalent to those
measured at Caspar Creek.
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Use of Streambed Characteristics as
Ecological Indicators of Long-Term Trends
in Sediment Supply Associated With Forest
Management on PALCO Lands"*

Kate Sullivan? and Matt O’Connor?3

In recent years, PALCO has significantly advanced ecological protections on its
lands at the as it manages according to provisions in its Habitat Conservation Plan
Agreement with federal agencies. This includes the use of watershed assessments and
extensive monitoring. A key element of watershed management includes ecological
goal-setting and monitoring over time to determine if objectives are achieved.
Streambed sediment characteristics have become widely used as indicators of stream
conditions relevant to the productivity of fish and aquatic organisms. It is
hypothesized that practices in use on PALCO lands will reduce sediment supply from
past historical levels with a corresponding change in defined streambed measures.
However, despite a basis in geomorphic theory and a robust scientific literature
regarding the measurement of parameters in a research context, there are few
examples and little discussion of the potential for trend detection in these
characteristics. In this paper we consider the use of sediment characteristics in a long-
term program monitoring trends in sediment-rich northern California streams.

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2PALCO, P.O. Box 712, Scotia, CA 95565, (707) 764-4492.

% O’Connor Environmental Inc., Healdsburg, CA 95448, (707) 431-2810.
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Watershed Analysis Results for Mendocino
Redwood Company Lands in Coastal
Mendocino and Sonoma Counties’

Christopher G. Surfleet?

Abstract

To assess the needs for conservation, restoration and condition of aquatic habitat within its
land Mendocino Redwood Company (MRC) has been conducting watershed analysis. From
watershed analysis completed to date, we estimate 73percent of the total sediment inputs over
the last 30 to 40 years are road and skid trail associated. Of that percentage 30 percent is road
and skid trail associated mass wasting, and 32 percent is road surface and point source
erosion, the remaining 11percent is surface and point source erosion from skid trails. Hillslope
mass wasting (not associated with roads or skid trails) represents 27 percent of the sediment
inputs. Using controllable erosion as an indicator of future sediment yield, MRC estimates
there is 2.2 million cubic yards of potential road sediment delivery to be controlled.

Watershed analysis has provided insights into aquatic habitat functions within coastal
Mendocino and Sonoma Counties. The following qualitative indices by percent of streams
demonstrate the quality of habitat functions: “on target” indicates habitat conditions that meet
published targets for well functioning conditions, “marginal” indicates functional habitat
conditions but not at optimal levels, and “deficient” indicates low habitat functions with need
for improvement. Instream large woody debris (LWD) condition is mainly marginal and
deficient with few streams being on target: one percent on target, 35 percent marginal, 35
percent deficient, and 29 percent no data. Stream shade conditions are mainly on target to
marginal with some streams being deficient: 29 percent on target, 35 percent marginal, 12
percent deficient, and 24 percent no data. Stream temperature conditions for salmonids are
found to be: 58 percent on target, 18 percent marginal, and 24 percent deficient. Salmonid
spawning habitats are predominantly on target and marginal (15 percent on target, 35 percent
marginal, three percent deficient, 48 percent no data). Salmonid rearing and over-wintering
habitats are mainly marginal and deficient, with few on target streams (rearing habitat: one
percent on target, 39 percent marginal, 13 percent deficient, 48 percent no data; over-wintering:
two percent on target, 37 percent marginal, 13 percent deficient, 48 percent no data).

Generally speaking low LWD levels and high sediment inputs affecting rearing and over-
wintering habitat for salmonids are the primary issues that need improvement, to a lesser
extent stream temperature and spawning habitat. MRC has developed policies for
improvement of riparian conditions for long term LWD recruitment needs of stream habitat.
In the short term MRC is promoting the restoration of LWD in streams to improve current
conditions. Sediment inputs are dominated by road issues. MRC has committed to upgrading
and modernizing its entire road network, a process that will take approximately 30 years. To
date MRC has made substantial headway in addressing road erosion and aquatic habitat
impacts. In the five years that MRC has owned this land; MRC has removed 11 salmonid
migration barriers, decommissioned approximately 10 miles of streamside logging roads, and
controlled at least 400,000 cubic yards of controllable erosion. Further, a comprehensive
monitoring program will test whether the MRC policies and restoration efforts are improving

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.

2 Hydrologist, 2535 NW Hayes Ave, Corvallis, OR 97330, (541) 738-2400. email: Surfleet@comcast.net
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aquatic habitat and resource conditions.

Key words: aquatic habitat, forestry, Mendocino County, redwood, watershed
analysis

Introduction

Mendocino Redwood Company, LLC (MRC) is a private landowner managing
232,000 acres of redwood and Douglas fir forest in Mendocino and Sonoma
Counties, California. To assess the needs for conservation, restoration and condition
of aquatic habitat within its land Mendocino Redwood Company (MRC) has been
conducting watershed analysis. This report presents the summarization of results
from watershed analysis efforts conducted by MRC. The results from the watershed
analysis are used to formulate strategies for restoration and conservation of aquatic
habitat in association with MRC’s forest management activities.

Methods

The watershed analysis by MRC is conducted following modified guidelines
from the Standard Methodology for Conducting Watershed Analysis (Washington
Forest Practices Board 1995). MRC’s approach to watershed analysis is to perform
resource assessments of mass wasting, surface and point source erosion (roads/skid
trails), hydrology, riparian condition, stream channel condition, and fish habitat. A
prescription that guides land management activities is developed when current
company policies do not address the issues and processes identified in the watershed
analysis.

This report presents information from watershed analysis for 8 separate
watershed analysis units’ (WAU) conducted from 1997 to 2003; representing
approximately 70 percent of MRC lands (fable ). From each of the resource
assessments of the watershed analysis key indicators of the watershed and aquatic
habitat conditions are developed; only select variables are presented in this report to
illustrate the general conditions observed regionally. These are:

e sediment input summaries for mass wasting, roads and skid trails;
e stream large woody debris (LWD) conditions;

e stream shade conditions;

e stream temperature conditions;

e fish habitat conditions for spawning, over-winter, and rearing life-
stages.

3 MRC land within major watersheds
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Table 1—Watersheds analyzed in this report.

Watershed analysis unit Watershed area (acres) MRC owned (acres)
Albion River 27,500 15,800
Noyo River 68,000 20,000
Garcia River 73,000 11,800
Hollow Tree Creek 44,400 21,100
Navarro River 201,000 54,600
Willow/Freezeout Creeks 7,500 5,400
Gualala River 42,100 7,900
Big River 75,300 34,000

Sediment inputs are presented as a percentage of road, skid trail and mass
wasting sediment inputs. The stream LWD, shade, temperature, and fish habitat
conditions are presented in qualitative indices that demonstrate the quality of habitat
functions: “on target” indicates habitat conditions that meet published targets for well
functioning conditions, “marginal” indicates functional habitat conditions but not at
optimal levels, and “deficient” indicates low habitat functions with need for
improvement. The levels of habitat condition quality are developed for major
tributaries and sections of major rivers within Calwater planning watersheds. The
results are presented as percent of number of stream or river segments that
demonstrate each habitat condition.

Stream and watersheds conditions are dynamic with natural disturbance
occurring stochastically both temporally and spatially. It should not be expected that
optimal habitat condition, at a regional scale, be “on target” everywhere at all times.
Rather a range of habitat conditions should be expected spatially and temporally.
Therefore interpretation of habitat condition is best considered through the
distribution of conditions. A distribution of habitat condition skewed toward “on
target” would be viewed more beneficial then a distribution skewed toward
“deficient.” Ultimately, the best indication of favorable habitat conditions should see
the regional distribution skewed toward “on target” conditions over time, with
deviations expected within watersheds following disturbances.

Sediment Inputs

Sediment input for each WAU is estimated from hillslope mass wasting, road
associated mass wasting, road surface and point source erosion, and skid trail surface
and point source erosion by Calwater planning watershed within each watershed
analysis. The sediment inputs are calculated as an average rate per unit area for the
entire time period assessed in each watershed analysis (typically the last three to four
decades of the 20™ century). From the sediment input rates by Calwater planning
watershed the average percentage of sediment input was calculated and presented in
this report.

The estimates of mass wasting sediment inputs are developed in watershed
analysis through the interpretation of two to five sets of aerial photographs spanning
a timeframe that varies from 30 to 40 years, depending on availability of aerial
photographs. In addition, there is reconnaissance field-checking of the results. Mass
wasting volumes and sediment delivery is estimated with a rate developed by aerial
photograph dates completed in the mass wasting inventory. Mass wasting features
associated with roads and skid trails are identified in the inventory. In this report the
road and skid trail associated mass wasting are combined and reported as road
associated mass wasting.
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Road associated surface and point source erosion is estimated from a
combination of field observations and use of a surface erosion model. Surface erosion
is sheet wash and rill erosion from the road prism and point source erosion are gullies
or wash-outs of fill material associated with watercourse crossings (excluding mass
wasting). A road inventory was conducted in each WAU. Observations of past point
source erosion and contributing road lengths for surface erosion sediment delivery is
collected. A road-surface erosion model is used to estimate the amount of surface
erosion from different road types and conditions observed from the road inventory.
The model is found in Standard Methodology for Conducting Watershed Analysis
(Version 4.0, Washington Forest Practices Board). Point source erosion observed in
the field is added to the surface erosion estimate within each Calwater planning
watershed to give a rate of road surface and point source erosion.

Future sediment yield is estimated by field observation of controllable erosion
volume during the road inventory. Controllable erosion, a term developed by the
North Coast Regional Water Quality Control Board for the Garcia River
(NCRWQCB 2002), is that soil that can deliver to a watercourse, is human created,
greater than 10 cubic yards in size and can be reasonably controlled by human
activity. However for our purposes we measure and account for all sites, not just
those over 10 cubic yards.

Sediment delivery from surface and point source erosion from skid trails was
determined primarily from aerial photograph interpretation with field observations
used to support the interpretation. The aerial photograph interpretation for skid trail
activity consisted of determining the area harvested by ground based yarding by skid
trail density (high, moderate, low) for each photo year. High skid trail density is
estimated to contribute 600 tons/square mile/year of sediment’. Moderate skid trail
density is estimated to contribute 400 tons/square mile/year of sediment, while low
skid trail density contributing 100 tons/square mile/year. Results from the South Fork
Caspar Creek in the early 1970s suggested that high density tractor logging, with
practices used at that time, generated approximately 600 tons/square mile/year (Rice
and others 1979) validating our skid trail delivery assumptions. The estimate was
then divided by the MRC ownership in each Calwater planning watershed to provide
a sediment rate (tons/square mile/year) for each planning watershed.

Stream LWD Condition

Through watershed analyses short-term (20 to 30 year) LWD-recruitment
potential from riparian areas is evaluated. In addition, LWD has been sampled from
stream segments throughout each WAU. Targets for number of Key LWD by stream
size (see table 6 “on target” category) have been derived to compare current LWD
loading. The combination of LWD recruitment potential of riparian areas and
instream LWD levels and consideration of the sensitivity of the stream channel to
LWD provides for the LWD demand of stream segments (table 2). Through the
development of LWD demand the habitat condition is represented (zable 3).

* This is double the high density skid trail sediment delivery estimates that were used in the watershed
analysis reports up to 2003. Therefore, the sediment estimates in this report were doubled from those
presented in watershed analysis.
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Table 2—In-stream LWD demand.

Riparian LWD Key LWD? Channel LWD sensitivity rating
recruitment Low Moderate High
potential’
LOW On Target Low Moderate High
Off Target High High High
MODERATE On Target Low Moderate Moderate
Off Target High High High
HIGH On Target Low Moderate Moderate
Off Target Moderate High High

"' Riparian LWD recruitment potential ranks large dense conifer stands as high, while hardwood or less
dense riparian areas as low, with moderate in between.
2 Large stable pieces of LWD, see Bilby and Ward (1989).

Table 3—LWD habitat condition descriptions.

On Target >80 percent of watercourses have low or moderate LWD demand, and
>80 percent of stream segments meet target number of key LWD pieces.
Marginal 50 to 80 percent of watercourses have low or moderate LWD demand,

and >80 percent of stream segments have at least half of the target key
LWD pieces desired.

Deficient <50 percent of watercourses have low or moderate LWD demand, and
low numbers of functional or key LWD.

Stream Shade Habitat Condition

Estimates of watercourse shading are derived from field observations and aerial-
photograph interpretation. MRC determines effective shade for all perennial
watercourses from curves that predict effective shade as a function of bankfull width
(EPA 1999, 2000). The habitat condition for stream shade is represented (table 4).

Table 4—Habitat condition quality for stream shade.

On Target >90 percent of perennial watercourses that are within or contribute to
the stream/river segment have on-target effective shade.
Marginal 70 to 90 percent of perennial watercourses that are within or contribute

to the stream/river segment have on-target effective shade or >70
percent canopy cover.

Deficient <70 percent of perennial watercourses that are within or contribute to
the stream/river segment have on-target effective shade or <70 percent
canopy.

Stream Temperature Habitat Condition

Stream temperature has been collected within MRC lands since 1992. The
MWAT value (annual maximum seven day average of the daily average temperature)
for temperature observations was calculated. Comparing these MWAT values to
optimal species-specific temperature ranges (EPA 2000) allowed us to rate water
temperature quality for cold water species within watercourses (fable 5). To
determine stream-temperature quality for individual streams or rivers, we selected the
lowest species-specific stream-temperature rating among the salmonid species
historically present in that particular watercourse.
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Table 5—Stream temperature habitat condition quality.

MWAT (°C) Species historically present
Coho only Steelhead only Coho and Steelhead
<15 On Target On Target On Target
15to0 17 Marginal On Target Marginal
17to 19 Deficient Marginal Deficient
>19 Deficient Deficient Deficient

Salmonid Habitat Condition by Life Stage

The quality of fish habitat for spawning, rearing, and over-wintering habitats
was rated based on targets derived from (Bilby and Ward 1989, Bisson and others
1987, CDFG 1998a, Montgomery and others 1995, Washington Forest Practices
Board 1995) (table 6).

The habitat data are combined into indices of habitat condition for the different
salmonid life stages. Measured fish habitat parameters were weighted and given a
numeric scale to develop a condition rating for individual life history stages.
Parameters were divided into subsets that correspond with individual life history
stages (spawning, summer rearing, and over-wintering habitat). Parameters were
scored as follows: 1 (deficient), 2 (marginal), and 3 (on target). Parameter weights
were applied to the total calculated score as shown below.
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Table 6—Fish habitat conditions.

Fish habitat Feature Fish habitat Fish habitat Feature
parameter quality parameter

Deficient Marginal On target
Percent Anadromous <25 percent 25-50 percent pools  >50 percent
Pool/Riffle/Flatwater ~Salmonid pools pools
(By length) Streams
(A)
Pool spacing (# Anadromous >6.0 30t05.9 <29
pools/bankfull/reach ~ Salmonid
length) Streams
(B)
Shelter rating Pools <60 60 to 120 >120
(shelter value x
percent of habitat
covered)
©
Percent of pools that  Pools <25 percent 25 to 50 percent >50 percent

are >3 ft residual
depth
(D)

Spawning gravel

(E)

Pool Tail-outs
Quantity

<1.5 percent

1.5 to 3 percent

>3 percent

Percent Pool Tail-outs >50 percent 25 to 50 percent <25 percent
embeddedness
()
Subsurface fines Pool Tail-outs 2.31t03.0 1.61t02.3 1.0to 1.6
(L-P watershed
analysis manual)
(&)
Gravel quality Pool Tail-outs 2.31t03.0 1.61t02.3 1.0to 1.6
Rating
(L-P watershed
analysis manual)
(H)
Key LWD Streams<40 ft. <4.0 4.0t06.5 >6.6
+Root wads/328 ft BFW
of stream Streams >40 ft.  <3.0 3.0t03.8 >39
) BFW
Substrate for All habitat <20 percent of 20 to 40 percent of ~ >40 percent of
over-wintering types Units Units Units
Q) Cobble or Cobble or Cobble or
Boulder Boulder Boulder
Dominated Dominated Dominated
SPAWNING HABITAT
E (0.25) + F (0.25) + G (0.25) + H (0.25)
SUMMER REARING HABITAT
A (0.20) +B (0.15) + C (0.15) + D (0.15) + F (0.15) + 1 (0.20)
OVERWINTERING HABITAT
A (0.20) + B (0.15) + C (0.15) + D (0.10) + 1 (0.20) + J (0.20)
USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 127



Session 3—Watershed Analysis for Mendocino Redwood Company Lands—Surfleet

We rate the overall habitat condition as follows:
1.00 - 1.66 = Deficient

1.67 - 2.33 = Marginal

2.34 - 3.00 = On Target

Results

Sediment Inputs

From watershed analysis completed to date, we estimate 73 percent of the total
sediment inputs over the last 3 to 4 decades are road and skid trail associated. Of the
total sediment inputs 30 percent is road associated mass wasting, 32 percent is road
surface and point source erosion, the remaining 11 percent is surface and point source
erosion from skid trails. Hillslope mass wasting (not associated with roads or skid
trails) represents 27 percent of the sediment inputs. Using controllable erosion as an
indicator of future sediment yield, MRC estimates there is 2.2 million cubic yards of
potential road sediment delivery to be controlled. The majority of this controllable
erosion, approximately 90 percent, is represented at watercourse crossings with
culverts installed.

Stream LWD, Shade and Temperature Habitat Condition

The habitat condition for Instream LWD, stream shade and stream temperature
conditions are presented in Figures I and 2. Figure I demonstrates that stream shade
and temperature conditions are generally favorable for the species present within the
MRC lands. The distribution of habitat condition quality for stream temperature
skews toward on target conditions, particularly stream temperature. However a large
portion of streams exhibit only marginal shade quality and deficient temperature
quality suggesting that although shade and temperature conditions are generally
favorable, improvements can be made. Figure 2 demonstrates that instream LWD
conditions are not favorable. The majority of the streams exhibit marginal or
deficient LWD conditions with few streams being on target. This distribution skews
toward deficient conditions.

Salmonid Habitat Condition by Life Stage

The quality ratings for salmonid habitat conditions by spawning, rear, and over-
wintering habitat conditions are presented in figure 3. Figure 3 demonstrates that
salmonid habitat conditions vary by life stage. Spawning habitat demonstrates a
distribution slightly skewed toward on target conditions however the majority of the
observations indicate marginal conditions. Rearing and over-wintering habitat
conditions skew slightly toward deficient conditions with the majority indicating
marginal conditions; only a few streams show on target conditions. The general trend
for all life stages demonstrates needs for improvement, particularly rearing and over-
wintering habitat conditions.
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Figure 1—Stream shade and temperature condition.
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Figure 2—Instream LWD condition quality.
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Figure 3—Salmonid habitat condition by life stage.

Discussion

The sediment input information directs our attention to the past effects of forest
roads in sediment inputs. Although tractor yarding and hillslope mass wasting has
created significant sediment inputs forest roads are highest. This suggests the single
most important process that will control significant sediment inputs is in the
appropriate design, placement and management of forest roads. This is further
substantiated when considering the magnitude of controllable erosion on roads to be
addressed (2.2 million yd®).

The high amount of road associated sediment inputs indicates that a greater
proportion of sediment, in the watersheds studied, is occurring from human activities.
This indicates an increase in sediment inputs compared to a natural background rate
that would not have road sediment associated with it. High sediment yield can be
exhibited in stream conditions through several of the variables that relate to salmonid
habitat quality such as decreased pool depths and frequency.

Stream shade and stream water temperature habitat condition quality shows a
distribution of conditions skewed toward on target and marginal conditions. The data
suggests that improvements in stream shade have the potential to improve stream
temperature quality. However the habitat conditions suggest a reasonable distribution
of stream temperature conditions.

Instream LWD and the riparian conditions to support LWD recruitment as
shown by the LWD habitat condition show a need for improvement. A combination
of forest harvest in riparian areas and extensive LWD clearing from streams in the
past have contributed to these conditions. Large woody debris (LWD) is widely
recognized as an important part of the aquatic ecosystem and a vital component of
high quality habitat for anadromous fish (for example, Bilby and Likens 1979, Bisson
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and others 1987, Swanson and Lienkaemper 1978). Improved instream LWD levels
and recruitment needs to be managed for.

The increased sediment inputs observed, primarily from roads, and low LWD
conditions are apparent in the salmonid habitat conditions within the MRC lands.
Salmonid rearing habitat quality requires cold water with deep and frequent pools,
over-winter habitat requires deep pools or structure (such as LWD) for aquatic
organisms to escape high water flows. Spawning habitat requires sufficient spawning
gravels with low levels of fine sediment. From the regional distribution of habitat
conditions the conclusion reached is that reduction of sediment inputs and increased
LWD are the major factors to improve aquatic habitat conditions and to a lesser
extent stream temperature and spawning habitat.

Efforts for Watershed and Aquatic Habitat
Improvements

MRC has developed policies for improvement of riparian conditions for long
term LWD recruitment needs of stream habitat. In the short term MRC is promoting
the restoration of LWD in streams to improve current conditions. Efforts by the
California Conservation Corp and the Department of Fish Game to place LWD in
streams is encouraged and supported on MRC lands. Further through efforts with
State and Federal agencies MRC is attempting to receive permission for greater
placement of LWD in streams.

Sediment inputs are dominated by road issues. MRC has committed to
upgrading and modernizing its entire road network, a process that will take
approximately 30 years. To date MRC has made substantial headway in addressing
road erosion and aquatic habitat impacts. In the five years that MRC has owned this
land; MRC has removed 11 salmonid migration barriers, decommissioned
approximately 10 miles of streamside logging roads, and controlled at least 400,000
cubic yards of controllable erosion.

A comprehensive monitoring program is being developed to test whether the
MRC policies and restoration efforts are improving aquatic habitat and resource
conditions. This monitoring will be conducted with the intention of informing
management decisions to reduce the effects of the forest management on aquatic
habitats. This adaptive management process should not only reduce effects on aquatic
habitats but work to improve aquatic habitat conditions over time.
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Detecting the Upstream Extent of Fish in
the Redwood Region of Northern California®

Aaron K. Bliesner? and E. George Robison?®

Abstract

The point at which fish use ends represents a key ecological and regulatory demarcation on
state and private forest land in the Redwood region. Currently, the end of fish use and other
key demarcations with stream classification are measured or estimated based on judgments of
Registered Professional Foresters and aquatic biologists with little guidance from empirical
study of the issue in this region.

This study establishes a standard protocol for the detection of the end of fish use in streams,
which reduces the effort required to produce quality data. During electrofishing the maximum
distance traveled between fish presence in delineated habitat units was 289 m. This distance
decreased as the slope of the channel increased. In 63 percent of the streams the distance was
less than 20 m and in 96 percent the distance was less than 100 m. Fish were found in all
habitat units the most abundant was pools at 56 percent of the time. This study has indicated
that a pool based method will not give an accurate indication of the end of fish use in streams.
A more accurate method should be based on distance were the all habitat units are shocked. In
streams with low gradient a minimum of 300 m should be surveyed during the study. In
streams were a gradient break of a minimum of eight tol2 percent exist this study has
indicated the 60 m is sufficient to survey to indicate the Class I, Class Il break.

Key words: channel gradient, Class I, Class 11, electrofishing protocol, headwater
streams

Introduction

Current regulations in California dictate the degree of riparian buffer zone
protection to be allocated based on the stream’s classification. In California there are
three categories, Class | (fish bearing), Class Il (aquatic life), and Class Il (without
aquatic life) (CDF 2004). In recent years the distinction between where Class | ends
and Class Il begins as you move upstream has become increasingly more contentious.
During the last five years the California Department of Fish and Game has refuted 85
percent of the watercourse classifications submitted in timber harvest plans during
pre-harvest inspections (BOF 2003).

Extensive research has been conducted on the critical habitat requirements for
salmonids in the Pacific Northwest Ecoregion (CDFG 1998, Spence 1996). However,
little work has been conducted with trout near the maximum upstream range. Work

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.
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has been conducted on the upper limits of fish in Washington, Oregon, British
Columbia and Alaska (Latterell and others 2003, MELP 2001, ODF and ODFE 1995,
Sullivan 1997). The upper extent of fish distribution remains poorly understood in the
redwood region of Northern California and a clear field tested methodology for
testing the upper limits of fish in headwater streams has yet to be designed for this
region.

The California Forest Practice Rules make no distinction of species of fish
required to deem a stream a Class I. In this region resident cutthroat trout
(Oncorhynchus clarki clarki) and rainbow trout (Oncorhynchus mykiss) are able to
maintain viable populations in rugged headwater environments (McPhail 1967,
Wydoski and Whitney 1979). The headwater environment can be affected by land
management practices. Biological factors such as sources of food, water quality,
biological interactions, flow regime, and habitat structure (Karr 1991), particularly in
managed systems may influence the distribution of fish in headwater streams
(Gordon and Forman 1983, Odum 1985, Rapport 1992, Steedman and Regier 1987).

Latterell and others (2003) found that timber harvest in the state of Washington
had very little effect on the upstream extent of resident trout populations unless
impassable culverts were present. Past management practices and current regulations
may in fact lead to an extension of the upstream limit of fish. The practice of
removing large woody debris obstructions and other barriers up until the late 1960s
may have allowed fish easier access to headwater regions (Narver 1971). This
coupled with hydraulic processes associated with timber harvest (for example,
reductions in evapotransporation leading to increased summer runoff and an increase
in the active channel up into the watershed) allow for increased opportunity for fish
to colonize headwater portions of the stream (Ziemer and Lisle 1998).

The protocol developed for Oregon requires a minimum of 45.7 m of stream to
be electrofished without fish present and a minimum of six pools before the end of
fish use can be determined (ODF and ODFE 1995), similar methods were used in
Washington. In British Columbia the distance of 100m electrofished was sufficient
without fish present to be classified as a Class Il stream MELP 2001. More recently
Latterell and others (2003) used 400 m minimum unless the gradient of the stream
exceeded 30 percent. In the state of California methods for determining the
presence/absence of coho salmon (Oncorhynchus kisutch) were developed by the
Department of Fish and Game (Preston and others 2002). These methods describe the
electrofishing of ten pools before absence determined.

Data are not yet available to ascertain whether or not these methods are accurate
in determining the end of fish use in Northern California. For this reason this protocol
has been designed to be the most detailed and comprehensive field investigation into
the end of fish usage in headwater streams. In this paper, a field sampling method is
developed and described that insures consistent comparable results and accurate
determination of the end of fish use. The objective of this paper is to examine the end
of fish use in streams under rigorous field examinations. Then develop a protocol that
will define the class I, class Il break in small headwater streams that is both accurate
and cost effective. The development of this protocol is a portion of a larger study
designed to correlate landscape features to the end of fish use for all tributaries within
the redwood region of Northern California.
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Methods

All data was collected within the 84,987 hectare land holdings of the Pacific
Lumber Company near Scotia, California. The tributaries within the major
watersheds sampled were Freshwater Creek, the Eel River, Elk River, Van Duzen
River, and Mattole River. The maximum inland extent of the study range follows
closely the inland extent of redwood in this region.

Electrofishing Protocol

The starting point for electrofishing was determined using maps and current
class 1, class 11 breaks. Moving upstream, habitat units were delineated as defined by
McCain and others (1990). Visual inspections were conducted until fish were no
longer visibly present. At this point electrofishing was started. During all field
operations there was one person electrofishing and one person netting to help insure
that fish were not missed. Each habitat unit was electrofished until the last fish was
documented. At this point a 20 pool electrofishing survey was started. The survey
consisted of shocking all habitat units but keeping only a tally of the number of pools
to indicate the point to stop the survey. None of the previously stated methods for
determining the last fish delineate the habitat units and few shock other units besides
pools. If a fish was encountered during the 20 pool survey, the survey was started
again. Pools were defined as per McCain and others (1990) and had a maximum
depth greater than 0.25 m. No streams were encountered that did not meet this
requirement (in other words, 20 pools with depths greater than 0.25 m).

Often in headwater streams portions of the active channel can become dry with
the majority of the water going underground. Large wood can also obstruct the active
channel completely making electrofishing impossible. In theses cases the unit codes
were subsurface or complex in the case of large wood and not electrofished. These
units were not used as part of the 20 pool count. Each unit was shocked for ample
time to achieve an adequate depletion and shock time reflected the quality of the
habitat. All shock times were recorded.

During the first year of this study additional units were shocked in streams were
suitable habitat appeared to test the protocol. If suitable habitat was found and there
were no blockages present above the 20 pool survey then a rapid 20 pool protocol
was conducted to test for resident populations of fish. In this method 20 pools were
electrofished and units in between were ignored.

Fish were identified to species and fork length was measured (mm). Amphibians
were removed from the shock field and identified to species. Fish and amphibians
were replaced in the units they were removed from during electrofishing.

Correlating Landscape Features

At each site three flow measurements were taken. In headwater streams it is
difficult to use the velocity area approach to quantify discharge because headwater
streams tend to be too shallow to obtain accurate readings. Instead, flow
measurements can be taken accurately with a bucket of a known volume. In this
method the bucket is placed at a drop where the water is funneled down to a width
less than the diameter of the bucket. The time that it takes the bucket to fill was
recorded. This procedure was repeated three times at each site and an average of the
three was recorded as the discharge.

Temperature (ambient and water), conductivity, pH and a turbidity sample were
taken at the start of each new reach to calibrate the electrofisher to water conditions.
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Step and fall vertical heights (m) were recorded from the water surface at the bottom
to the water surface at the top and the nature of the blockage was recorded (for
example; rock, wood, or bedrock). Three depth and three wetted width measurements
were taken when possible along with a max depth (m) and pool sill depth (m). The
total length (m) of each was also recorded. Several bank full depths (m) were taken
within the reach whenever possible. The substrate dominate and co-dominate of each
unit was estimated in terms of composition and competency.

Gradient measurements were taken 100 m below and 100 m above the last fish
documented. A water level was created and consisted of a 15 m hose filled with
water, with both open ends placed between two stadia-rods and held with a
temporary tie. The water level was calculated simultaneously at each rod and the
distance between the two rods was recorded to determine the overall gradient. Orange
flagging was left at the upstream location of measurement, enabling the downstream
surveyor to locate the upstream spot and maintain a continuous survey. This was
repeated throughout the entire reach until the survey was completed. To calculate
gradient the following equation was used g = (h-h?*d-1) *100 (Walkotten and Bryant
1980) where g is the gradient, h is the downstream measurement, h? is the upstream
measurement, and d is the distance between measurements. For streams where
instream complexity or location prevented surveys, gradient was calculated using
Terrain Navigator Pro®* (version 3.0 2004).

For each stream surveyed the total watershed area was calculated. The end of
fish use points collected were located with GPS equipment when possible and then
located on a map. The majority of the sites selected for this study were in steep
valleys and heavily wooded. At times these two factors made it impossible to receive
accurate GPS readings. At sites where GPS coordinates were not possible to obtain,
stream lengths were used to identify end of fish. This data was then entered into
mapping software (Terrain Navigator Pro®* version 3.0, 2004) and watershed areas
and slopes were delineated.

Results

A total of 37 tributaries in Freshwater Creek, the Eel River, EIk River, Van Duzen
River, and Mattole River watersheds were sampled during the early portion of
summer 2003 (May 16 to July 10) and 2004 (April 7 to July 16). Of these 37
tributaries, eight streams that were sampled contained no fish. The 29 remaining
steams with fish present were used for the development of the final end of fish this
protocol described earlier. Results from this extensive electrofishing survey show that
pools should be at least 0.25 m in depth to be counted as a pool for this protocol. The
minimum distance traveled during the 20 pool protocol was 104 m.

Every creek received at least the extended protocol detailed above, of electro-
fishing twenty pools and all habitat types in between. A total of 60 pools were
electroshocked on Cummings Creek West, the stream with the largest watershed area
above the end of fish use. In three streams, 40 pools were electroshocked. During
these extended efforts no fish were detected. This indicated that the 20 pool protocol

* The use of trade of firm names in this publication is for reader information and does not imply
endorsement by the U.S. Department of Agriculture of any project or service.
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was sufficient and after the first year the rapid protocol in addition to on top of the
original method was abandoned. In all cases the initial standard protocol was
sufficient in defining the end of fish presence.

At or near the end of fish in streams the only fish captured were either cutthroat
or rainbow trout. The average fork length of all trout collected at the upstream limit
of their distribution was 154 m with a (range of 102 to 254 m) (standard deviation =
53 mm). Only one trout demonstrated signs of being anadromous, displaying
standard signs of smoltification (change in body shape, silver color, and loss of parr
marks). This particular fish was captured in came from Graham Gulch, which has the
most direct rout to the ocean of any tributaries sampled in this study Young-of-the-
year fish were not present within a maximum of 57 m of the end of fish presence,
with the exceptions of two creeks, Dunlap Gulch and an unnamed tributary to
Lawrence Creek. At these two creeks the last fish present was a young-of-the-year
fish.

Stream gradient appeared to play a major role in excluding fish from reaches.
Stream gradient was obtained using the water level for all but eight streams, where
in-stream complexity and location made use of the water level impossible. Overall,
average gradient for all streams surveyed was 10 percent with a range of two percent
to 17 percent (standard deviation = 13 percent) (table 1). The average gradient where
fish were present was 53 percent (standard deviation = 4 percent) and the average
gradient where fish were not present was 11 percent (standard deviation = 16 percent)
(table 1). The maximum average stream gradient where fish were present was in
Devil’s Elbow Creek at 19 percent (standard deviation = 13 percent) (table 1).

Watershed areas ranged in size from 15 ha to 680 ha for all creeks (table 2).
Excluding the eight streams without fish present; the smallest watershed area was
Fox Creek at 26 ha (table 2). Graham Gulch covers the largest watershed area at 568
ha. The average watershed area for the streams with fish present was 177 ha
(standard deviation = 115 ha) (table 2).

A critical component in scrutinizing the electrofishing protocol was the number
of habitat units between fish present and the distance between these units. The
average number of units between fish was six (standard deviation = seven) (table 2).
The average distance between units with fish present was 33 m (standard deviation =
58 m) (table 2). Two creeks, Graham Gulch and Clapp Creek East, proved to have
inconsistent numbers of units between fish and subsequently large distances between
units with fish present, when compared to the other 35 creeks surveyed in this study.
In Graham Gulch, there were 36 units between fish, covering a total distance of 289
m (table 2; fig. 1), which is four times greater than the same distance measurement
for any other creek. Clapp Creek East had a maximum of seven units between fish,
which was not abnormal, but a distance of 68 m was covered between fish. As a
result of the anomalous natures of Graham Gulch and Clapp Creek East, data from
these creeks were excluded, and an additional analysis was performed.

When Graham Gulch is excluded, the highest number of units between fish was
12 units and the average was four units (standard deviation = three) (table 2; fig. 2).
Clapp Gulch East was very complex and most of the units that made up the distance
between fish were not electrofished. The average distance between fish present without
Graham Gulch and Clapp Gulch East, was 20 m (standard deviation = 19m) (fig. 2).
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Table 1—Average gradient (percent) taken for 36 creeks in Northern California using a
water level, unless otherwise stated. Values are geometric means (values in parentheses are

standard deviations).

Creek Gradient Gradient  Total stream
with fish without fish gradient
present present
Allen Creek --a 56.7 (120.7) 56.6 (120.7)
Balcom Creek --a 6.4 (5.3) 6.5 (5.3)
Bell Creek 7.4 (3.6) 4.3(3.24) 5.3(3.5)
Blanton Creek 3.3 (--b) 4.3 (--b) 3.8 (--b)
Browns Gulch 2.4 (2.5) 4.0 (4.5) 3.1(3.6)
Byron Creek --a (--b) 4.3 (--b) 4.2 (--b)
Clapp Creek East 8.8 (--b) 29.3 (--b) 19.0 (--b)
Clapp Creek West 5.1 (--b) 27.6 (--b) 16.4 (--b)
Corner Creek 11.2 (7.0) 27.0 (17.4) 20.9 (16.0)
Corrigan Creek 6.1 (11.6) 16.7 (12.1) 11.7 (12.7)
Cummings Creek East 5.4 (1.3) 40.5 (107.0) 21.3 (80.6)
Cummings Creek West 13.0 (4.8) 20.9 (28.4) 13.7 (16.6)
Dauphiny Creek 4.7 (3.0) 9.3(2.7) 7.0 (3.6)
Devil’s Elbow Creek 18.5 (13.0) 23.4(11.5) 20.6 (12.4)
Dunlap Gulch 4.0 (2.7) 4.2 (4.3) 41 (3.3)
Fish Creek 5.1 (2.8) 5.9 (5.0 55(3.9)
Fox Creek 35(3.1) 3.5(2.6) 35(2.7)
Graham Gulch 5.9 (2.0) 12.8 (7.0) 9.5(6.2)
Mardell Creek 5.4 (3.8) 6.1(3.2) 5.8 (3.4)
McCann Creek 19.4 (29.1) --C 19.4 (29.1)
Poison Oak Creek East 6.1 (4.5) 15.3 (6.7) 16.2 (6.8)
Poison Oak Creek West 6.1 (4.5) 14.1 (6.6) 10.4 (6.8)
Root Creek East 6.9 (4.2) 76.3 (144.0) 56.8 (125.4)
Root Creek West --a (--b) 11.9 (--a) 11.9 (--a)
Shively Creek East 3.0(21) 5.5 (4.6) 4.2 (3.7)
Shively Creek West 3.5(24) 8.0 (16.9) 6.2 (13.0)
Strawberry Creek 39(3.3) 8.2(7.1) 6.3 (6.0)
Strongs Creek Main 5.2 (--b) 19.5 (--b) 12.4 (--b)
Strongs Creek East 1.0 (--d) 5.7 (27.5) 2.4 (27.3)
Strongs Creek West --a 44.6 (73.5) 44.4 (73.5)
(L:Jnnamed Paired Creek to Van Duzen River East, 2.6 (2.5) 11.5 (10.9) 6.4 (8.4)
onfluence
Unnamed Paired Creek to Van Duzen River West --a 3.8(4.2) 3.8(4.2)
Unnamed Tributary to Van Duzen River East 9.6 (3.0) 5.8 (4.2) 6.5(4.2)
Unnamed Tributary to Van Duzen River West --a 18.4 (15.6) 18.4 (15.6)
Unnamed Tributary to Lawrenece Creek (Road 8) 10.0 (6.3) 17.2 (23.5) 13.4 (16.7)
Unnamed Tributary to Yager Creek 3.6 (18.8) 36.0 (12.1) 33.6 (22.8)
West Fork EIk River 0.7 (--b) 18.1 (--b) 9.4 (--b)
Total 4.8 (4.5) 17.7 (16.2) 14.1 (13.4)
# No fish present in creek
® Gradient calculated using Terrain Navigator Pro®
¢ Culvert blocking fish passage
9 One gradient measurement taken
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Figure 1—Histogram showing the maximum distance between units with fish present
during electrofishing surveys of 24 headwater streams in Humboldt County.
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Figure 2—Histogram showing the maximum distance between units with fish present
during electrofishing surveys of 24 headwater streams in Humboldt County, excluding
two inconsistent creeks, Graham Gulch and Clapp Gulch East.

Fish at or near the upstream limit of their distribution were found in each kind of
habitat unit encountered (fig. 3). Fifty-six percent of the trout captured were found in
pools, followed by 21 percent in riffles. Only two percent of the trout were captured
in runs, which were also the least encountered habitat unit in these headwater

streams.
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Figure 3—The distribution of fish in habitat units at or near the upstream limit of their
distribution in 24 creeks in Northern California.

Discussion

In the absence of a clear barrier to upstream migration (for example, waterfall or
impassible chute) a method is required for determining the end of fish use in streams.
Methods in the past (Latterell and others 2003, MELP 2001, ODF and ODFE 1995,
Sullivan 1997) have not provided a thorough explanation for choosing the set
protocols for defining the end of fish use points in streams. This is critical to
accurately define the end of fish presence in headwater streams. This does not
include vertical units (for example, cascades and steps). Current protocols in Oregon,
Washington and British Columbia stipulate the electroshocking of only pools during
an end of fish survey. Data collected for this study has indicated that methods based
solely on pools is inadequate for documenting the last fish present almost 50 percent
of the time. For this reason all habitat units should be eletrofished for accurate
placement of the Class | Class Il break. Therefore, methods should not be based on
pools but on the distance covered in the survey. Graham Gulch had the largest span
of units surveyed between the last two fish detections (36) covering a total distance
of 289 m. For this creek, 300m would be an acceptable distance to survey to define
the Class I, Class Il break. Graham Gulch happened to be a lower gradient reach.
However the majority of streams with steeper gradients surveyed during this study
required far less distances to be covered to define the point were fish end (with 63
percent of the streams being under 20 m and 96 percent being less than 100m).

This study has indicated that the presence/absence of rainbow and cutthroat trout
in head water streams is dependent on gradient and the presence of large vertical
steps in headwater streams; which is similar to results found in Washington by
Latterell and others (2003). Unlike Latterell and others (2003), data from this study
indicates that fish due inhabit other habitat units at or near the end of fish presence,
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other than pools. For this reason we suggest that all stream units should be
electroshocked at or near the end of fish presence. As the survey moves closer to the
last fish, more electrofishing was required to find fish present in each unit. This is an
indication that reaches close to the Class I, Class Il break are less populated with fish.
Abrupt changes in average channel gradient (for example, 13 percent) can be
attributed to the end of fish presence for the majority of streams used in this study.
Using this information in concert with the distance covered, survey protocol effort
can be greatly reduced. The maximum distance between the last two fish detections
covered in streams where a change in gradient occurred was 60 m.

Because of the diversity of watershed sizes encountered (15 ha to 680 ha),
methods based on map based criteria, such as watershed area, are problematic.
For this reason the watershed area dataset is not useful in determining the Class
I, Class Il breaks.

The existing 20 pool protocol presented above has proven to be more than
sufficient at defining the last fish present within the stream. A streamlined protocol,
of 300 m should be electrofished in stream systems were there is not an apparent
change in stream gradient greater than a minimum eight to 12 percent and 60 m
should be electrofished when this threshold is exceeded. These two methods in
combination should be precise enough to define fish absence in headwater streams
and robust enough to capture end of fish points in streams where fish populations are
low and where distances between habitat units containing fish are high, while
decreasing the work load.
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Abstract

Conservation of avifauna in coastal redwood (Sequoia sempervirens) and Douglas-fir
(Pseudosteuga menziesii) managed forestlands has historically involved two opposing goals.
First, landowners want to minimize restricted acreage in order to maximize commercial
utilization of forest products. Second, poor scientific understanding of species habitat needs
has often led to conservation strategies that are overly conservative, and therefore restrictive.
One solution to this conundrum is to better define critical species habitat needs. The Pacific
Lumber Company (PALCO) has been collecting data on a variety of avian species that
require different levels of protection based on their conservation status and habitat needs. In
this paper, we report on the specific habitat requirements of marbled murrelets
(Brachyramphus marmoratus), golden eagles (Aquila chrysaetos), and Cooper’s hawks
(Accipiter cooperii). For each species, we examined the habitat characteristics surrounding
nesting areas and compared them to random locations. We discuss how this research can be
used in modifying species-specific conservation strategies.

Key words: avifauna, conservation, Cooper’s hawk, Douglas-fir, golden eagle, habitat,
marbled murrelet, redwood

Introduction

Land management and conservation of species has traditionally involved
resource managers attempting to find compromise between competing, and even
opposing interests. For threatened, endangered, or other critical species, management
solutions often involve land restrictions or set-asides on public or private land, for
example the Late Seral Reserves of the Northwest Forest Plan (USDA and others
1993), or the Marbled Murrelet Conservation Areas (MMCAs) of the PALCO
Habitat Conservation Plan (HCP) (PALCO 1999).

Conservation solutions involving land restrictions or set-asides can result in the
loss of economic use of private lands. As a result, the development, or negotiation of
restrictions on the use of land for the benefit of species can be contentious. Decisions

1 This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.

2 PALCO, P.O. Box 712, Scotia, CA 95565. email: schinnici@scopac.com

3 PALCO, P.O. Box 712, Scotia, CA 95565. email: lbradley@scopac.com

4 PALCO, P.O. Box 712, Scotia, CA 95565. email: email: ddill@scopac.com

5 Sustainable Ecosystems Institute, 2100 SW River Parkway, 4th Floor, Portland OR 97280. email:

bigger@sei.org
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involving land use restrictions should be based on the best available scientific
information (National Research Council 1995).

Unfortunately, there is often little scientific information available relevant to the
specific habitat needs, or potential for disturbance to an individual species. Thus,
habitat retention or seasonal buffers for species protection may be extremely
conservative and restrictive for the landowner and may also be an inefficient
conservation strategy. In addition, it is difficult to assess the efficacy of mitigation
without feedback through effectiveness monitoring, or enhanced knowledge of a
species habitat needs through surveys and habitat investigations. Therefore, in an
attempt to address this ongoing conundrum, we conducted surveys, monitoring, and
research on the habitat needs of various listed and other sensitive species over the last
several years. In this paper we report on our research of the specific habitat
requirements of marbled murrelets, golden eagles, and Cooper’s hawks, and discuss
how that research can be used to modify species-specific conservation strategies.

Study area and species

PALCO lands encompass approximately 87,817 ha, and are located in coastal
Humboldt County, California. These lands are characterized by mountainous terrain,
a maritime climate, and dense coniferous forests, primarily dominated by coastal
redwood and Douglas-fir, with an understory typically composed of tanoak
(Lithocarpus densiflorus), Pacific madrone (Arbutus menziesii), salal (Gaultheria
shallon), and sword fern (Polystichum munitum). For this study, we examined site-
specific habitat information for species primarily associated with late successional
habitat (marbled murrelet), mid-successional habitat (Cooper’s hawk), and young
successional habitat (golden eagle).

The marbled murrelet is a small seabird that nests in large trees. The marbled
murrelet is listed federally as a threatened species in Washington, Oregon, and
California, and is a California state endangered species. Within the study area,
marbled murrelets have been primarily associated with old growth or late seral
habitat and were most likely to be detected near old growth dominated by redwood
(Meyer and others 2004, Stauffer and others 2004).

In 1999, PALCO entered into an agreement with the federal and state
governments that included the sale of the Headwaters Forest, a large, un-entered old
growth stand of murrelet habitat. This agreement also set-aside for 50 years
approximately 3,237 ha of habitat and buffers in a series of MMCAs (PALCO 1999).
The MMCAs not only included most of the remaining old growth murrelet habitat on
PALCO lands, but also included large buffers of young growth with scattered old
growth trees as a conservative measure for habitat retention. Murrelet nesting habitat
in the MMCAs is currently protected from disturbance during the nesting season by
0.40 km radius buffers, containing approximately 36.4 km in which timber harvest
operations and other land management is restricted for six months each year.

Golden eagles are a California Fully Protected Species, a California Species of
Special Concern, and are federally protected under the Bald Eagle Protection Act. In
the study area they are inhabitants of the interface of the Douglas-fir, hardwood, and
prairie ecotypes. In these mountainous zones, they find suitable nesting substrate in
predominant Douglas-fir trees, juxtaposed with large areas of suitable foraging
habitat in prairies and young seral stage forest.
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Although golden eagles have been extensively studied throughout much of their
distribution, (for example, Watson 1997), relatively little is known about golden
eagles in north coastal California. We started to extensively survey for golden eagles
in 2002. During the breeding season (January to May or June), we conducted
intensive stand searches covering >9,308 ha. Stand searches consisted of from four to
five biologists traversing forest stands in a transect pattern, searching the forest floor,
trees, and canopy for any sign of raptors and their nests. We also conducted ocular
surveys from 178 observation stations covering >34,803 ha. Ocular surveys consisted
of biologists positioned at prominent viewpoints on ridges and in watersheds
conducting stationary surveys of the surrounding landscape with binoculars and
spotting scopes. As a result of these efforts, we found eight previously unknown
golden eagle nests on or near PALCO lands.

The Cooper’s hawk is listed as a California Species of Special Concern whose
breeding numbers are thought to have declined in recent decades. Nest site
characteristics of Cooper’s hawks in the coastal redwood region of mnorthern
California are not well known due to the scarcity of nests recorded in the region
(Harris 1996). To our knowledge, our work is the first to explore Cooper’s hawk nest
site selection in the coastal redwood region. PALCO’s surveys for other species (for
example, northern spotted owls [Strix occidentalis caurina]), as well as follow-up
stand searches conducted in response to incidental sightings, have led to the
discovery of 27 Cooper’s hawk nests representing 14 nesting territories, between
1999 and 2003.° Because little is known about the ecology of Cooper’s hawks in our
region there has been little information available on which to base nest protection
measures.

Methods

For marbled murrelets, we used 21 confirmed nesting locations. These included
17 sites with eggshells on the ground, three actual nest sites, and one downed chick
site. Across the landscape, we randomly selected 63 sites within old growth redwood
forests to compare with habitat attributes of murrelet nesting locations. We used
Geographic Information System (GIS) technology to describe the type and amount of
old growth near each site, distance to nearest stream, and percent canopy closure at
each site. We then conducted t-tests to compare habitat features between murrelet
nesting sites and random sites.

For golden eagles, we collected plot information at eight nests at four spatial
scales: 16 m, 0.85 km, 1.6 km, and 3.0 km radius plots. We measured diameter at
breast height (d.b.h.) and tree height at the six 16-m plots. For the remaining spatial
scales, vegetative types were grouped into foraging and non-foraging habitat, or
nesting habitat. The foraging habitat included open ground, prairies, brush lands,
scattered oak woodlands, and young forests <10 years old (Madders and Walker
2002, Watson and Whitfield 2002). Forests >10 years old were classified as nesting
habitat. We then compared nest plots to 31 random plots. Each random plot was
within potential golden eagle nesting habitat and > 3.0 km from a known nest.
There was no plot overlap. We conducted independent t-tests to compare nest and
random plots.

® This information was gathered as a result of wildlife surveys of PALCO’s forested stands from 1999 to
2003.
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For Cooper’s hawks, habitat variables were recorded at the most recently used
nests in each nesting territory (n = 14). The nest site was defined as an 11.3 m radius
(0.04 ha) plot centered on the nest tree. Variables recorded at the nest tree included:
tree species, d.b.h., tree height (m), and crown percent (crown depth/tree height).
Habitat variables recorded at nest sites included: mean canopy cover, tree height,
crown percent, tree density, and understory height (m). Random points were selected
that were within forested habitat containing trees > 20.5 cm in diameter. Fifty points
were generated and a subset of 14 were selected as site level vegetation plots for
comparison as paired sites with the most recently used nest in each territory. A paired
random site was between 1.6 and 3.2 km, from a nest site.

Again using GIS, we examined habitat level features surrounding the nest and
random sites. These variables included: distance to water, edge, and road, stand area,
and approximate stand age. We also examined the amount of habitat within different
stand types and size classes within 61 m. This is the protection buffer required by
CDFG during the breeding season (1 March to 31 August). We used t-tests to
compare different structural characteristics and habitat features between nest and
random sites.

Results

Several marbled murrelet nest site attributes differed significantly from random
sites, suggesting that marbled murrelet preference for nesting habitat may be more
specific than previously thought (for example, Evans Mack 2003). First,
approximately twice as much un-harvested old growth forest surrounded nest sites
than random sites (table 1). Further, proportionally more nest sites (0.857 + 0.076
s.e.) were within 500 m of residual old growth stands compared to 0.619 = 0.061 of
the random sites (G; = 4.54, P = 0.03). Proportionally more nest sites (0.714 £ 0.099)
were in stands with > 75 percent canopy closure than random sites (0.429 £ 0.062; G,
=5.28, P = 0.02), and nest sites were closer to a perennial stream (67 m) than random
sites (121 m, tg, = 1.894, P = 0.006).

Table 1—Mean (s.e.) ha of un-harvested old growth near marbled murrelet nesting and
random sites.

Distance from site Nest Random t P-value
100 m 22(02) 1.3 (0.3) -2.598 0.012
500 m 35.8 (3.8) 15.1 (7.1) 2.752 0.008

All golden eagle nest trees were in live large Douglas-fir trees. On average, the
d.b.h. of nest trees were greater (182.5 cm + 18.1) than trees in random plots (27.1 £
11.3, paired-t = 8.857, P = 0.000). Nest trees were also taller (67.9 m £ 5.1) than trees
in random plots (19.4 £ 4.0, paired-t = 6.408 P = 0.001). Finally, across different
spatial scales, nest plots on average contained 31 percent more foraging habitat than
the random plots (table 2).

New Cooper’s hawk nests were within 125 m of the previous year’s nest and all
nine nesting territories receiving more than one visit in the years following nest
discovery were reoccupied in subsequent years. All Cooper’s hawk nests were in live
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trees, 57 percent in hardwood, 29 percent in Douglas-fir or Grand fir (Abies grandis),
and 14 percent in redwood. The d.b.h. of nest trees ranged from a 25.4 cm grand fir
to a 116.8 cm redwood with a mean of 51.1 cm. The mean d.b.h. and height of
hardwood nest trees was significantly greater than random, and nest trees also had
significantly shallower crowns than random trees (table 3). At the nest site scale
(11.3 m from nest tree), Cooper’s hawks selected even-aged, mid-seral sites
containing larger diameter hardwoods, taller trees with shallow crowns, and a tall
understory (table 4). The nest sites were also twice as far from roads as random sites
(table 4). Within 61 m of a Cooper’s hawk nest, there were three times more
hardwood (0.55 ha) than random sites (0.17 ha, U =-2.719, P = 0.007) and there was
significantly less conifer-dominated habitat (0.61 ha) compared to random sites (1.00,
U=-2.699, P =0.007).

Table 2—Mean (s.e.) ha of foraging habitat around golden eagle nest (n = 6), and random
sites (n = 31).

Distance from site Nest Random t P-value
0.85 km 81.6 (10.1) 52.9 (5.7) 2.325 0.026
1.60 km 324.7 (44.7) 220.0 (19.2) 2.386 0.022
3.00 km 1072.3 (87.2) 811.1 (45.8) 2.599 0.013

Table 3—Mean (s.e.) values of tree characteristics at Cooper's hawk nests (n = 14) and
random trees (n = 14).

Characteristic Nest Random t P-value
Nest tree height - hardwood (m) 25.0 (1.0) 12.1 (1.4)  7.698" 0.000
Nest tree height - conifer (m) 29.0 (3.9) 332 (5.8) -0.551" 0.564
d.b.h. - hardwood (cm) 46.7 (2.8) 274 (8.1) 2.523! 0.027
d.b.h. - conifer (cm) 572 (13.5)  49.0 (89) 0.505' 0.623
Crown percent 29.1 (3.4) 492 (5.3) -3.322%  0.006

"Independent sample t-test
? Paired t-test

Table 4—Mean (s.e.) values of habitat characteristics at Cooper's hawk within 11.3 m of nest
sites (n = 14), and random sites (n = 14).

Characteristic Nest Random t  P-value
Tree height (m) 27.8 (2.0) 21.7(2.5) 2.635 0.021
Crown percent 34.3 (3.6) 53.97 (6.1) -2.743 0.017
Understory height (m) 8.7(1.5) 5.6 (1.0) 2.077 0.062
Hardwood density (trees/ha >28-cm d.b.h.) 266.4 (128.4) 61.8(21.8) 2.164 0.050
Distance to road (m) 191.4 (41.4) 87.1 (19.3) 2.159 0.050
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Discussion

Due to the extreme difficulty in locating marbled murrelet nests, most of the
information on marbled murrelet inland nesting habitat is based on presence/absence
information obtained from audio-visual surveys in old growth and residual old
growth forests. However, these surveys are designed simply to categorize old growth
forests as ‘nesting’ or ‘non-nesting’ murrelet habitat (Evans Mack and others 2003),
and not designed to assess relative suitability of old growth forests for nesting
(reviewed by Lank and others 2003).

Clearly, not all old growth forests are equally suitable for nesting marbled
murrelets. In southern Humboldt County, marbled murrelets selected nesting habitat
that had proportionally more un-harvested old growth, a closed canopy, and near
streams. In contrast, scattered residual old growth was not selected. These results
were consistent with the findings of other studies that compared nesting sites (located
by radio telemetry) to randomly generated points on the landscape (reviewed by Lank
and others 2003). Although radio telemetry has been considered the most rigorous
and unbiased method for locating murrelet nest sites, our results demonstrate the
value of using data from opportunistic nest and eggshell findings to investigate
habitat selectivity.

These results have important implications for the conservation and management
of marbled murrelet nesting habitat in the region. Relative to landowner regulation,
murrelet habitat is categorized as nesting or non-nesting habitat based on the results
of audio-visual surveys. Those stands classified as nesting, or “occupied” have
essentially been given equal conservation value when, in reality, scattered residual
old growth stands appear to actually have less nesting value. Results from this study
support ranking old growth forest stands in terms of nesting suitability, thereby
providing a scientific basis for development of a range of conservation strategies. For
instance, an un-harvested old growth stand with a dense canopy near perennial
streams may be more suitable for nesting than an open canopy residual old growth
stand relatively far from a stream. The un-harvested stand may justify a high level of
protection, while more permissive strategies may be appropriate for the scattered,
open canopy stand. Interestingly, such a ranking is consistent with regulatory
approaches for riparian management, and in some cases may reduce the complexity
associated with selecting lands to set aside for murrelet conservation.

Although much is known about golden eagles in other regions or countries this
is the first study to investigate habitat relationships in coastal northern California. We
found that golden eagles need a large, predominant tree for a nest platform. Similar to
our results, Menkens and Anderson (1987) found that tree nesting golden eagles
selected one of the largest trees in the stand in both d.b.h. and height.

In terms of foraging habitat, we found that golden eagles select nesting sites
that have ample foraging habitat within their nest territory to provide prey for eaglets
(table 2). Our results are similar to those in other golden eagle studies, where others
have found that open ground for foraging can be a limiting factor, especially in
managed forests. For example, McGrady and others (2002) and Madders and Walker
(2002) found that eagles prefer areas that are open rather than timbered, and some of
their research has shown a correlation between a decrease in breeding success with an
increase in afforestation (Watson 1997, Whitfield and others 2001). McGrady and
others (1997) noted that golden eagles generally avoid plantation forests because they
were probably unable to hunt prey amongst the closely spaced trees. In fact, Bruce
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and others (1982) found that all 21 nests studied in western Washington were located
within 500 m of a clearcut or open field.

In summary, we found: 1) several previously unknown nests of this species, 2)
nesting on managed forestland, and 3) extensive foraging habitat surrounding the
nests. Thus, considering our results, and the findings of others, we conclude that
timber harvesting can be compatible with golden eagle habitat management, as long
as seasonal disturbance minimization measures are used during the critical period for
nesting golden eagles, and scattered predominant trees are retained for nest
structures. Furthermore, given the importance of early seral patches to golden eagle
foraging, a decreased timber harvest cycle, and/or an aggressive afforestation policy
could actually decrease the overall suitability of habitat for golden eagles on
managed lands.

In the coastal redwood region Cooper’s hawks selected densely vegetated, even-
aged, mid-seral stands that contained tall trees with shallow crowns and a relatively
open understory. Most were located in areas where hardwood (for example, tanoak)
was the dominant component or comprised a large portion of the stand. Similar nest
site structural characteristics have been reported by others (for example, Bosakowski
and others 1992, Garner 1999, Reynolds and others 1983). Interestingly, in the
redwood-dominated nest stands that did not contain many hardwoods, the birds
usually selected either grand or Douglas-fir, rarely selecting redwood as the actual
nest tree (2 of 27 nests). Three nests (all in different territories) were located within
timber harvesting plans. The CDFG recommends that a 61 m disturbance buffer be
established around nest trees during the breeding season. However, after site-specific
evaluations of two of the nesting territories it was decided to establish larger buffers
around the nest trees to ensure that the core nesting territories were protected. Habitat
buffers established included key elements such as the current and previous year’s
nest trees, roost trees and plucking areas. We also utilized riparian management
zones and other species (for example, northern spotted owl) protection buffers to
ensure that the nest area was not isolated from adjacent forested habitat.

As found in this and other studies (Jones 1979, Rosenfield and Bielefeldt 1996,
Rosenfield and others 1995), Cooper’s hawks exhibit strong nest stand reoccupancy.
Our results indicate that the establishment of small, yet well-defined habitat buffers
should enable the Cooper’s hawk to return to their nesting territories in subsequent
years, maintaining a balance between timber harvesting and protection for this non-
listed species across the managed landscape.

Conclusions

This study is based on habitat associations, and not on cause and effect data.
However it does demonstrate important considerations for management of marbled
murrelets, golden eagles, and Cooper’s hawks that could lead to further testing of
habitat hypotheses. For example, based on direct evidence of nesting, murrelets
appear to select old growth forest stands with high amounts of canopy closure. The
conservation strategy of the PALCO HCP to include in set-asides virtually all occupied
murrelet stands based on audio-visual surveys, whether old growth or residual old
growth, may have been overly conservative. In addition, this strategy has resulted in
hardship to the landowner in terms of restrictions on activities during the harvest
season, and lost opportunities for harvest in stands of marginal or non-nesting habitat.
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For golden eagles, our investigations into the habitat needs of the species led to
a modification of survey area and strategy. The development of the modified
strategy has resulted in a more reasonable approach for the landowner in terms of
resources involved in surveys, and a reduction in areas seasonally restricted for
harvesting activities. Lacking good data, the original conservative survey area was
too broad-based, and overly restrictive. Data from this study are useful in refining
management guidelines for this species, including information for maintenance of
suitable nesting habitat.

For the Cooper’s hawk, our results indicate that a conservation strategy for this
species can be compatible with timber management. Based on our observations, site-
specific protection can be developed by including key elements of nest territories in
habitat buffers that incorporate riparian management zones and possibly other species
buffers. In addition, retention of habitat components such as large hardwood trees
appears important to maintaining Cooper’s hawks on the managed landscape.

Finally, the results of this study also have implications for further research
and monitoring for these and other species. For example, predictive modeling of
habitat using GIS and forest growth models may be based on the habitat
information provided in this study so that land managers can evaluate future
harvest planning for the potential to impact species, and to develop methods to
conserve important habitat areas.
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Ecology and Management of Northern
Spotted Owls on Commercial Timberlands
in Coastal Northern California’

Lowell Diller,? Keith Hamm,? Joel Thompson,? and Trent
McDonald?

Northern spotted owls (Strix occidentalis caurina) have been studied on
Simpson Resource Company’s (formerly Simpson Timber Company) approximately
450,000 acres in coastal Del Norte and Humboldt Counties for the last 14 years. With
the exception of a few small isolated old growth stands representing less than
1percent of the ownership, Simpson’s land base is made up of a mosaic of second
and third growth forests. The primary silvicultural technique has been and continues
to be even age management with clearcutting.

Surveys for spotted owls on Simpson’s ownership have occurred continuously
since 1989 when the first “hooting transects” were established. The following year in
1990, mark-recapture demography and population density studies were initiated.
Since then, a Habitat Conservation Plan (HCP) was developed for the species in 1992
and two master’s studies were completed in 1993 and 1997. The first master’s study
was done by Lee Folliard from the University of Idaho and focused on the nesting
habitat associations of spotted owls. The data from this study provided much of the
basis for the conservation strategy of the HCP. The second master’s study, which
quantified the habitat associations of spotted owls with low versus high nesting
success, was done by Darrin Thome from Humboldt State University (HSU). An “in-
house” radio telemetry study was conducted from 1998 to 2000 to quantify night-
time (“foraging™) habitat associations of spotted owls. As a corollary to the spotted
owl studies, two master’s studies out of HSU were conducted on dusky-footed
woodrats (Neotoma fuscipes); the primary prey of spotted owls in this region. Both of
these studies estimated the abundance of woodrats in different aged stands. However,
the first by Keith Hamm was conducted in coastal redwood (Sequoia sempervirens)
forests, while the second thesis by Kevin Hughes was in the Douglas-fir
(Pseudotsuga menziesii) zone.

During the course of these studies, 783 nests have been located, 1,428 owls have
been captured and banded, and movement and foraging data have been obtained
using night vision scopes and telemetry on 35 owls. Some of the most important
conclusions generated to date from the extensive dataset are as follows:

1. Despite extensive past and current timber harvesting activities, portions of
the study area have the highest densities of spotted owls reported in the northwest.
Landscapes with the highest densities of spotted owls are a mosaic of mature second
growth and recently harvested clearcuts (Diller and Thome 1999).

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 stillman Resource Company, PO Box 68 Korbel, CA 95550, (707) 668-4428. email:Ldiller@simpson.com

% Western EcoSystems Technology, Cheyenne, WY.
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2. Survival rates of adult owls have been high (mean annual rate = 0.85) and the
owl population was relatively stable throughout the early 1990s. However, consistent
with range-wide trends, presumably mostly due to unfavorable spring weather
conditions and reduced fecundity, spotted owl numbers have declined in recent years.

3. Structures used for nesting by spotted owls were approximately equally
divided between “enclosed” structural nests (for example, broken tops, cavities and
lateral platforms) and “open” nests (for example, abandoned small mammal and bird
stick nests and debris platforms) (Folliard and others 2000). Success of nests did not
appear to be influenced by the type of nest, but turnover in the pair did have a
negative influence on nesting success (Thome and others 2000).

4. Based on a habitat selection model developed using telemetry locations,
night-time activity and foraging of spotted owls was associated with sites that were
low on the slope, had relatively large trees, but also consisted of a mosaic of stand
ages six to 20, 21 to 40 and >41 years of age. Direct observations of spotted owls at
night indicated that they did forage in recent clearcuts, but the greatest amount of
time was spent in 10 to 20 and >60 year old stands.

5. Both master’s studies on spotted owls indicated that residual older trees
(trees left from the initial entry) were an important element associated with nesting
habitat for spotted owls (Folliard and others 2000, Thome and others 1999). In
addition, a habitat selection model developed for successful spotted owl nests in
second growth forests indicated nests were most likely to occur low on the slope in
mature second growth (60 to 100 years) with substantial amounts of residual basal
area. However, in an area around the nest stand, a high amount of edge and good
foraging habitat suitability were also included in the model to predict a high
probability of locating a successful nest.

6. A mosaic of young and older forest stands provide ideal habitat for spotted
owls in coastal northern California, because the owls roost and nest in the older
forests, while the young forests provide habitat for their primary prey, dusky-footed
woodrats.

In addition to the conclusions described above, there are other factors not
specifically addressed in any of the studies on Simpson’s ownership that we believe
contribute to the occurrence of spotted owls on commercial timberlands. The mild
climate and abundant rainfall provide ideal growing conditions, and forest structure
regenerates in a fraction of the time that may be required in harsher regions with
poorer forest site classes. In addition, the region has an abundance of hardwoods (for
example, tanoak, Lithocarpus densiflorus, madrone, Arbutus menziesii and California
Bay Umbellularia californica) whose coppice growth insures a significant hardwood
component in most managed stands despite efforts to control them. The hardwood
component maintains vegetative diversity that is important to promote structural
complexity in managed forests.

Our current knowledge of the ecology of spotted owls is sufficient to provide a
high level of confidence in knowing how to provide for the future habitat needs of the
species on managed timberlands lands. However, it is obviously essential that timber
management be implemented in a manner consistent with the needs of spotted owils.
The important habitat heterogeneity created by a mosaic of young and old stands is
virtually assured by the current California forest practice rules (FPR) regulating even-
age silvicultural systems. This habitat component could become problematic if
extensive uneven-age management were practiced in coastal northern California.
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Probably the single most critical factor in any silvicultural system is the retention and
future recruitment of residual structure with late seral habitat elements (e.g. large
green wildlife trees and snags). Under Simpson’s spotted owl HCP, this type of
structure is being retained and recruited as individual tree clumps (10 to 20 trees) or
habitat retention areas of 0.5 acre or greater in size. However, the majority of future
residual structure will likely be associated with Class | and Il riparian management
zones that will be the product of current water and lake protection zones required by
California FPR and Simpson’s aquatic conservation planning.

Although we may be able to provide for the future habitat needs of spotted owls,
other threats may exist that are beyond our control. The invasion of northern barred
owls (Strix varia varia) into northern California, although still a minor component on
Simpson’s ownership, creates a future unknown factor in the long-term persistence of
spotted owls in coastal northern California.
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Structural Characteristics of an Old-Growth
Coast Redwood Stand in Mendocino
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Abstract

This paper compares stand characteristics of Old Growth coastal redwood stand densities and
forest structure found throughout the northern tier of the range of coast redwood (Sequoia
sempervirens). Tree densities are relatively low compared to commercially managed stands of
coast redwood. Tree size classes distributions vary from <5cm to >254cm (2" dbh to >100").
Dominant tree species include tanoak (Lithocarpus multiflora), Douglas-fir (Psuedotsuga
menzisii) and Coast Redwood (Sequoia sempervirens). Snag densities are given for a stand of
old-growth redwoods in Mendocino County.

Introduction

Forestry practices have historically tended to simplify the structural components
of coast redwood forests (O’Dell 1996). However, recruitment of the structural
elements commonly found in older forests is increasingly recognized as an important
management objective in younger forest stands to address issues of biological
diversity and forest integrity (Mladenoff 1993, Spies 2003). Obviously, old forest
features develop as a function of time; as such they often include stand characteristics
not associated with younger stands. Old forest characteristics are often the result of
stochastic disturbance events—for example, storms, fire, and landslides, whose
legacies shape forest structure and composition and which may be difficult to mimic.

The management for old forest characteristics in coastal redwood forests is a
topic of concern and often-heated debate among managers and policy leaders in
California. Unfortunately, there exists a limited knowledge base regarding the
structure and composition of older forests from which to make sound management
decisions. This has lead to the reliance on data sources from other forests in the
Pacific Northwest to help guide management decisions across the redwood region.
Much of the scientific inquiry investigating the characteristics of redwood forests is
relatively new and promises to provide useful and enlightening information in the
years to come.

Study Site

Many of the sites that are now redwood parks along the north coast were
recognized for their splendor even during a time when old growth forests were still
relatively common. Montgomery Woods State Reserve is no different in this regard
from the other impressive stands in the California State Park system.

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 150
17, 2004, Rohnert Park, California.

2 University of California Cooperative Extension, 890 N. Bush Street, Ukiah, CA 93637, 707-463-4495.
email: gagiusti@ucdavis.edu
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The site is located in a narrow canyon in the headwaters of Big River. It
represents one of the few stands of uncut redwoods remaining in Mendocino County.
The Reserve is 456 ha (1,142 acres) located on the Comptche-Ukiah road about 24
Km (15 miles) west of Ukiah and 48 Km (30 miles) east of the town of Mendocino.
The Reserve was originally acquired in the 1940s through the efforts of the Save-the-
Redwoods League. From an original gift of 9 acres, donated by the landowner Robert
Orr in 1945, the grove has grown to its present size. The uniqueness of this particular
site is the fact that beyond the original nine acre gift the surrounding acreage could be
described as “common ground” that was the mainstay of the logging industry in
Mendocino county. Most of the Reserve is very steep, inaccessible to the public and
sparsely covered by trees. It represents an example of the type of redwood stands that
would have extensively covered this part of the coast redwood range. The fact that
this site was spared the loggers ax makes it unique.

Montgomery Woods, has the expected assemblage of associated flora including
tanoak (Lithocarpus densiflora), big-leaf maple (Acer macrophyllum), California bay or laurel
(Umbellularia californica), red alder (Alnus rubra), sword fern (Polystichum munitum),
redwood sorrel (Oxalis oregana), rhododendron (Rhododendron macrophyllum), huckleberry
(Vaccinium ovatum), salal (Gaultheria shallon), and azalea (Rhododendron occidentele).
Sholars (in Sawyer and others 2000) has cataloged 47 species of lichens as part of the
Bryophytic component for Montgomery Woods.

The study site is adjacent to the Big River. The sites parallel to the river are
relatively flat. Transects that are perpendicular to the river vary from 0° to 45° slope.
The average slope across the study area is 31.5°.

Methods

Currently, the study site includes 14 parallel transects spaced at 35 m intervals
perpendicular to the river. Plot spacing is 30 m, with an average of four
plots/transect. The sampled area is 5.46 ha (13 acres). By design, each transect
includes sites in the alluvial plain and the adjacent upland. A total of 46, permanent,
0.04 ha (1/10 acre), circular plots have been established. Each plot is surveyed for
slope, tree species, tree size, and habitat elements. Habitat elements include snags,
down wood, rock outcroppings, leaf litter, and ground cover.

Results
Stand Density Characteristics

Tree density is relatively low with relatively few; very large individuals
occupying the stand. A total of 1,313 trees were tallied within the plots. Of these 13
percent are coast redwood, seven percent Douglas-fir and 80 percent tanoak. The
dominance of tanoak, in the smaller size classes is obvious in figure 1. Nearly 80
percent of all stems under 25.4 cm (10”) dbh are tanoaks. Conversely, all of the stems
>203 cm (80") dbh are redwood with the dominant Douglas-fir cohorts found
between 101 to 152 cm (40 to 60") dbh.
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Figure 1—Size class distribution of old-growth coastal redwood stand (Montgomery
Woods State Park, Mendocino County).

Trees diameters varied from <5.0cm to 254 cm (<2" to >100") dbh (fig. 1).
Tanoaks dominated the smaller sizes between 5 to 25.4cm (2 to 10”) with dominance
inversely proportion to size class. The largest tanoak measured 91.4cm (36”) dbh.
Douglas-fir was represented in the small and moderate sizes from <5.0 to 167.6cm
(<2" to 66" dbh) and redwood was present in all sizes from <5.0 to 269.25cm (<2" to
106" dbh).

Size Class Distribution Characteristics

Redwood densities by size class varied from 62 trees/ha <25.4 cm (26 tpa <10")
to 2.4 trees/ha >203 cm (1 tpa >80") (table 1). Overall, redwood averaged 105
trees’ha (44 tpa) when all size classes are considered. DF density on the site,
averaged 74 trees/ha (31 tpa) and varied between 43 trees/ha (18 tpa <10”) to 12
trees/ha (5 tpa) for the largest cohorts. Tanoak was both heavily dominant and limited
in its size distribution being skewed toward the smaller size classes. Tanoak stems
varied between 595 stems/ha (248 stems/acre) for trees <25.4 cm dbh (10”) to
approximately 5 trees/ha (2 tpa) of those >51 cm (20"”). Tanoak densities averaged
677/ha (282 tpa). The largest tanoak measured 91.44 cm (36 inches).

Table 1—Distribution of trees size classes by species per acre, Montgomery Woods State
Reserve.

Species <254  279-51 53-101 101-104cm 154-203cm  >203cm _Total/ac

redwood cm cm cm (41-60") (61-80") (80™) 105 t/ha
(10m  (11-20") (21-40") dbh dbh dbh (44 tpa)
dbh dbh dbh 17 t/ha 9 t/ha 2.4t/ha
62 t/ha 5 t/ha 9 t/ha (7 tpa) (4 tpa) (1 tpa)
(26 (2 tpa) (4 tpa)
tpa)

Douglas-fir ~ 43t/ha St/ha St/ha 9t/ha 12t/ha 0 74t/ha
(18 (2 tpa) (2 tpa) (4 tpa) (5 tpa) (31 tpa)
tpa)

tanoak 595ttha  77t/ha St/ha 0 0 0 677t/ha
(248 (32tpa) (2tpa) (282
tpa) tpa)

This data illustrates a relatively flat inverse “J” curve suggesting that tree
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recruitment is limited on the site (fig. 2). Many of the smallest seedlings of all three
species have very little live crown and are showing outward signs of senescence.
Some of the redwood stems in the intermediate size classes (<51 cm (20") appear to
be the sprouts from the “fairy ring” from a nearby maternal tree unique to coast
redwood regeneration.

Fig. 2.Size class distribution for redwood, Douglas fir and tanoak.
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Figure 2—Size class distribution for redwood, Douglas fir and tanoak.

Snags

Snags, though present are relatively scarce. Because of the high density of
tanoak stems, they represent the highest density of snags present (this site is not
known to be infected with Phytophthora ramorum, the causative agent for Sudden
Oak Death disease). Of tanoak snags, 18 percent of stems >25.4 cm (n = 115) exhibit
characteristics commonly associated with age including: broken branches, tops, trunk
hollows, fire scarring, and standing dead trees. Within this sample, 15 percent are
true snags (fig. 3), while three percent have trunk hollows potentially suitable for
cavity use by several species. Snag size class distribution of tanoak is directly
proportional to the ratio of stem size class availability with the most snags found in
the smaller cohort class. Tanoak snag density of trees >25.4 cm (10”) = 21 trees/ha (9

tpa).
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Figure 3—Size distribution of tanoak stems >10" dbh having old forest
characteristics, Montgomery Woods State Reserve.

Douglas-fir snag density is low. Of the 22 stems >51 c¢cm (20”) only three snags
were found. In all cases, each snag is >76¢m (30”) dbh. This translates to a density of
.5 snag/ha (.2/acre) suggesting a relatively few number of DF stems are readily
accessible for snag habitat in older coastal redwood/Douglas-fir forests.

True snags of coast redwood were not observed within the transects. However,
unique habitat characteristics often associated with standing snags are prevalent on
living trees in the form of fire scars with trunk hollows. Virtually every large
redwood on site has evidence of fire scarring visible on the trunk. Of those trees >76
cm (30") dbh, 31 percent have trunk hollows of various sizes and shapes. Of those
trees >101 cm (40") nearly 29 percent have trunk hollows and 35 percent of those
trees >152 cm (60") have hollows. Coast redwood trees with trunk hollows are
distributed at densities equaling .4/ha (.16 tpa) for all sizes.

Discussion

Forest Distribution and Characteristics

The coast redwood forest, being dispersed along a north-south axis, has
characteristics affected by geographic location and localized climate and edaphic
conditions (Sawyer and others 2000). Any comparison between redwood stands from
differing geographic locations should be viewed as reference points and not as
absolute factors. Furthermore, any numerical comparison between stands should also
recognize that differences exist in structural attributes between trees growing on
upland sites vs. trees growing on alluvial flats with alluvial deposits generally having
higher tree densities then those stands on adjacent upland sites. Table 2 compares
stand characteristics of old growth coast redwood stands from the northern tier of its
range illustrating the variation in the structural elements of any particular site.
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Table 2—Stand density comparison between Old Growth coastal redwood stands from
different geographic locations with differing climatic and edaphic conditions.

Stand Age 0Old Growth 0Old Growth Old Growth Old Growth

Location Redwood Creek  Little Lost Man Bull Creek Montgomery
Creek Woods State
Reserve

County Humboldt Humboldt Humboldt Mendocino
Tree Size TPA TPA TPA TPA

> 24" dbh No data 20 40 16

> 32" dbh No data 15.7 40 —

> 40" dbh 11.3 12 35 15

Structural Characteristics of Older Forests in the Northern Tier of
the Redwood Range

In 1969, the U.S. Department of Interior initiated a project to identify and
purchase what is now known as Redwood National Park in the northwestern corner
of California. As a result, stand structure data were collected for a number of
properties in old growth redwood stands that were being proposed for acquisition
(HIW 1969a, 1969b, 1969¢c, 1969d). The information provides an opportunity to
compare size class distributions on un-logged sites from another portion of the
northern tier of the redwood region with that obtained at Montgomery Woods.

The resultant data from the approximately 9,000 aggregated acres cruised
demonstrates a relatively similar size class distribution of conifers as witnessed in
Montgomery Woods, though the northern sites had some larger cohorts.
Unfortunately, hardwoods are not part of the data set. Given the acreages of the
cruised parcels, one can surmise that both upland and riparian sites were sampled.
The average conifer density of the three ownerships for coast redwood was 32
trees/acre, with tree sizes below 50” dbh dominating in each case, trees >50" dbh
were common and averaged >2 trees/acre. Similarly, each property averaged
approximately one tree >90" dbh per acre. A comparison of the three property cruise
reports demonstrates a similarity of size class distribution across each of the
ownerships (fig. 5).

Comparison between this data and the information obtained from Montgomery
Woods (table 2) on relative redwood densities suggests that the sites are different.
This is consistent with Sawyer (2000, see chapter 3) who suggests that within the
central portion of the coast redwood range steep, friable Franciscan formation soils
affect both density and composition of the redwood site being evaluated. This
characterization is accurate for Montgomery Woods.

166 USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007.



Session 4—Characteristics of Old-Growth Redwood—Giusti

ST
7
6
& ~
‘g 5
g4
o mA
£ 3 I
2 HS
: I 1| I\ -
0 I I ll |1 | I
0 [R] =Y o)) — — —
Ly l;J l;-J l.‘J ;-J o 12 e
@ W Gty 4 g K B B
— ) Lh
o o o

Size Class (dbh)

Figure 5—Size distribution of OG redwood trees ARCO, Simpson and Rellim Timber
Companies. Del Norte County. 9,378 acres = 32 trees/acre. (HJW 1969)

Habitat Relationships

The faunal component of the redwood type is not well studied (Cooperrider and
others 2000) and those few examples of redwood-habitat interactions are exhaustedly
cited (Gellman and Zielinski 1996, Zielinski and Gellman 1999) since so few works
exist to guide decision-making.

The alteration of vast acreages of redwood forest, the result of commercial
logging, makes it difficult to determine the extent and importance of many of the
relationships between various habitat elements and dependent species. The
Montgomery Reserve site suggests that the formation of a “true snag” from a
redwood may be a rare occurrence with other species providing the necessary
elements for snag dependent behaviors. However, those snag-like elements, for
example, trunk hollows, found in older stands, are not easily recruited through
conventional forestry management practices thereby necessitating the need to
maintain those elements when they are found in a managed stand. A need exists to
explore managerial alternatives to evaluate strategies to recruit unique habitat
elements into redwood stands that have been simplified by past logging.
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Abstract

Redwood forests are not traditionally known for a diverse vascular plant flora or a large
number of sensitive plant taxa. Approximately 90 percent of redwood forests are privately
owned and most are managed for timber production. Historically, information on sensitive
plants in the redwoods has been scarce because few sensitive plant surveys were conducted on
public lands, botanists have typically not had access to private lands, and no botanical survey
data was requested in the permitting process for projects on managed timberlands. Prior to
1999, most of the information available on sensitive plants in redwood forests was based upon
early twentieth century herbarium specimens. In the late 1990s, state agencies began
requesting sensitive plant survey data for projects conducted in managed redwood stands.
Five years of plant surveys have resulted in an improved understanding of the ecology and
distribution of many sensitive plant taxa. For taxa whose distribution and ecology have
become better understood, landscape-level approaches to conservation are being developed.
This paper presents an overview of the sensitive plant flora and management strategies used
to conserve sensitive plants on privately-owned redwood forests.

Key words: managed timberlands, redwood flora, sensitive plant conservation

Introduction

Redwood forests (Sequoia sempervirens) are the dominant forest type of the
Northern California Coastal Forest Ecoregion. These forests are considered “globally
outstanding” for their biological distinctiveness and have “critical” conservation
status because intact habitat is restricted to isolated small fragments and land use of
the remaining habitat is often incompatible with maintaining most native species and
communities (Ricketts and others 1999). Less than five percent of all redwood stands
are un-entered old-growth (Noss 2000) with the majority of the remaining 95 percent
managed for short rotation commercial timber production. Humboldt and Del Norte
counties, for instance, have over 648,000 acres (262,000 hectares) of commercial
redwood timberlands, compared with 57,000 acres (23,000 hectares) of old-growth
forest in federal and state parks (Fox 1989).

California is famous for its floristic diversity and high percentage of endemic
plants. Northwestern California, which includes the redwood region, is especially

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.
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renowned for its plant diversity and sensitive species (DellaSala and others 1999,
Smith and Sawyer 1988). Yet despite the dominance and biological distinctiveness of
redwood forests in the region, there is no landscape-level account of their sensitive
plant flora.

Historically, information on sensitive plants in redwood forests on commercial
timberlands has been scarce because few floristic plant surveys were conducted and
botanists have typically not had access. Prior to 1999, most of what little information
there was on sensitive plants was based upon early Twentieth Century herbarium
specimens and limited occurrence information in databases such as California
Natural Diversity Database (CNDDB) and California Native Plant Society’s (CNPS)
Inventory of Rare and Endangered Plants of California. No studies have assessed the
abundance, diversity, ecology, and management impacts to sensitive plants in
redwood timberlands. Stuart (1996) identifies one plant, Santa Cruz Cypress
(Cupressus abramsiana) on a list of “threatened and endangered species found in
redwood forests.” Sawyer and others (2000) presents a regional assessment of the
rare plants of Mendocino, Humboldt, and Del Norte County redwood forests,
however all habitats of the region are considered, including taxa restricted to coastal
sand dunes and montane serpentine habitats.

With so little information on sensitive plants in the redwoods, assessing status
and distribution, analyzing potential threats from timber operations, and developing
appropriate mitigation and conservation strategies is difficult. An understanding of
the sensitive plants occurring in redwood timberlands is especially important given
the large percentage of redwood stands in timber production and because timber
operations can have significant adverse impacts on sensitive species. Schemske and
others (1994) for instance, attributed logging as the primary cause of endangerment
for over seven percent of plants listed as threatened or endangered by the U.S. Fish
and Wildlife Service. Equally as important is information on life history and
population demographics of sensitive taxa.

Beginning in the late 1990s, the California Department of Forestry and Fire
Protection (CDF) and the California Department of Fish and Game (DFQG), in
conjunction with other stakeholders, began evaluating the presence of, and impacts
to, sensitive plants during the preparation of Timber Harvesting Plans (THPs). Under
the THP preparation and review process, land managers began conducting surveys
for sensitive plants in potential habitats, disclosing occurrences to CDF and DFG,
and developing mitigation measures to avoid or minimize impacts to these
occurrences. This survey, disclosure, and mitigation process was conducted pursuant
to the California Forest Practice Rules, Fish and Game Code Title 14 California Code
of Regulations, and the California Environmental Quality Act (CEQA). DFG has
three key objectives for conserving sensitive plants (Morey and Ikeda 2001):

e Maintenance of viable populations within vegetation and habitat types
representing the range of conditions throughout which a species occurs.

e Protection of habitat and populations.
e Maintenance of genetic variability and integrity.

For a number of species, when a sensitive plant population is found in a THP
area, DFG and other stakeholders have been monitoring these populations for
response to timber management activities. Many of these THP-based monitoring
programs involve the collection of simple census data—counting the number of
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plants in a site before operations and recounting the individuals at certain intervals
after management activities. Other monitoring activities have a landscape-level focus
that attempt to assess what the overall trend of a species is across an ownership or the
region.

The sensitive plant surveys conducted for THPs in the past five years have
surveyed less than 10 percent of the study area, yet this effort has resulted in the
discovery of hundreds of rare plant occurrences. Based upon survey, mitigation, and
monitoring data developed by DFG and other stakeholders since 2000, there now
exists a much greater understanding of the distribution and composition of the
redwood sensitive plant flora.

Method

The study area is redwood forests in Del Norte (DNT), Humboldt (HUM), and
Mendocino (MEN) counties (fig. 7). This area was chosen because the majority of
commercial timber harvesting operations, as well as corresponding botanical survey
effort, documented sensitive plant occurrences, and monitoring, are found within
those counties.

Within the study area, redwood forests are defined as described in the redwood
series by Sawyer and Keeler-Wolf (1995). In addition, associated vegetation types
found wholly within or commonly interfacing with redwood forest are also
incorporated. This includes coastal prairie, coastal scrub, chaparral, oak and pine
woodland, grasslands, wetlands, and mixed evergreen forest.

We define sensitive plants as all vascular plants listed as endangered, threatened
or rare”, or those meeting the definitions of rare or endangered provided in Section
15380 of the CEQA Guidelines. Taxonomic nomenclature follows Hickman (1993).
The documented sensitive plants of redwood forests in Del Norte, Humboldt, and
Mendocino counties (hereafter northern redwood forest) were determined by the
following means:

1. Analysis of the sensitive plant occurrence data in CNDDB (CNDDB 2005) and
the Inventory of Rare and Endangered Plants of California (CNPS 2005);

2. Review of location and habitat data from herbarium specimens at Humboldt State
University (HSC), California Academy of Sciences (CAS), University of
California, Berkeley (UC), and the Jepson Herbarium (JEPS);

3. Assessment of the habitat and location information provided in the literature and
regional floras (Hickman 1993, Hitchcock and others 1955-1969, Mason 1957,
Munz and Keck 1970, Smith and Wheeler 1992); and

4. Review of the unpublished data such as DFG sensitive plant consultations,
sensitive plant survey reports, and reports from timberland owners.

4 Pursuant to Section 670.2, Title 14, California Code of Regulations; Section 1900, Fish and Game
Code; Endangered Species Act, Section 17.11, Title 50, Code of Federal Regulations
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Data Source: Coastal Redwood Vegetation
California Department of Forestry and Fire Protection, 1998

Figure 1—The northern redwood region study area.

Results

Forty-five sensitive plant species are documented as occurring in or closely
associated with redwood forests of northwestern California (appendix 1).
Representation within major groups includes one fern, one club-moss, one
gymnosperm, 17 monocotyledons, and 25 dicotyledons. The majority of the taxa are
perennial herbs. There are four annuals, one shrub, and one tree. Families with the

172 USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007.



Session 4—Conservation of Sensitive Plants—Golec, LaBanca, and Leppig

most taxa include Cyperaceae (eight taxa), Malvaceae (five), Asteraceae (five), and
Poaceae (four). Carex is the largest genus with seven taxa.

The number and percentage of the sensitive plants of the redwood region’ are
presented in table 1. Of the 123 sensitive plants within the northern redwood region
37 percent are found in redwood forests. There are no documented federally listed
species within the study area; however, four species are state listed. Forty-two
percent of the sensitive taxa in northern redwood forests are CNPS Listed 1A or 1B
(CNPS 2005) and 24 percent are considered to be globally restricted (G-rank 1 and
2).

Table 1—Number and percentage of sensitive plants in the redwood region.

Region/status Number of Percentage
taxa

Redwood Region* 301 20 percent
(USGS quadrangle query) (of 1,518 sensitive taxa in CA)
Northern Redwood Region* 123 73 percent
(USGS quadrangle query for DNT, HUM, (of 168 sensitive taxa in DNT, HUM,
MEN cos.) MEN cos.)
Redwood Forest* 45 3 percent
(in the Northern Redwood Region) (of 1,518 sensitive taxa in CA)

27 percent

(of 168 sensitive taxa in DNT, HUM,
MEN cos.)
37 percent
(of 123 sensitive taxa in northern
redwood region)
Federal Listed Endangered and 0 N/A
Threatened/Redwood Forest
State Listed Endangered, Threatened and 4 9 percent
Rare/Redwood Forest (of 45 sensitive taxa in redwood forest)
State Rank S1/Redwood Forest 14 31 percent
(of 45 sensitive taxa in redwood forest)
Global Rank G1 and G2/Redwood Forest 11 24 percent
(of 45 sensitive taxa in redwood forest)

CNPS 1A and 1B/Redwood Forest 18 40 percent

(of 45 sensitive taxa in redwood forest)

* See text for complete description. See Appendix 1 for State/Global rank and CNPS listing definitions.

A habitat analysis of the 45 sensitive taxa shows finer scale affinities to the
redwood forest and associated adjacent vegetation (fable 2). Eighteen taxa (40
percent) occur in wetlands in California with indicator status of “facultative wetland”
(estimated probability 67 percent to 99 percent), or “obligate” (estimated probability

® The redwood region is defined as all U. S. Geological Service 7.5 minute topographic quadrangles that
overlap the coast redwood range as depicted by Fox (1989).
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>99 percent) (Reed 1996). Nine species (20 percent) are forest generalists which can
occur in various micro-habitats. The remaining 18 taxa reside in habitats that occur
within or interface with redwood forests such as grassland, shrubland, and rock outcrops.

Table 2—Number and percentage of sensitive plants in the redwood forest by general
habitat.

Generalized habitat Number of taxa Percentage
Wetland 18 40 percent
Forest/Grassland Interface 10 22 percent
Forest Generalists 9 20 percent
Forest/Shrubland Interface 4 9 percent
Forest/Rock Outcrops (mesic & xeric) 4 9 percent

The geographic distribution of sensitive plants occurring in redwoods is diverse,
with species ranging from narrowly restricted to sub-cosmopolitan. Seventeen taxa
(38 percent) are endemic to the California Floristic Province as described by Raven
and Axelrod (1978), which includes southwestern Oregon. Pygmy cypress
(Cupressus goveniana ssp. pigmaea), North Coast semaphore (Pleuropogon
hooverianus), and the swamp harebell (Campanula californica) are endemic taxa
restricted to the southern portion of this study area.

Sixteen taxa (36 percent) have distributions restricted to western North America,
defined here as the area west of and including the Rocky Mountains and north to
Alaska. Many of these taxa, such as the hair-leaved rush (Juncus supiniformis), small
groundcone (Boschniakia hookeri), and Howell’s montia (Montia howellii) have
coastal Pacific Northwest distributions that extend from Alaska or British Columbia
in the north to a southern terminus in northern California.

Eleven taxa (24 percent) are widespread, occurring either across North America,
or in the case of running-pine (Lycopodium clavatum), are sub-cosmopolitan. Many
widespread taxa have regional distributions that follow the Pacific Northwest coast,
with their southern terminus in northern California. Widespread species with
California distributions restricted to the redwood region include livid sedge (Carex
livida), and Indian-pipe (Monotropa uniflora).

In summary, the redwood forest sensitive plant flora is comprised of a diverse
mixture of locally restricted endemics, Pacific Northwestern taxa, and plants with
wide global distributions. While some taxa are endemic to the redwood region, no
sensitive species, indeed no plant species with the exception of redwoods, are
endemic to redwood forests.

Discussion

The specific reasons for the rarity of many sensitive taxa of the redwood forest
are unclear and little information exists on the full range of their “preferred” habitat
attributes. How timber management activities affect sensitive plants is not fully
understood. However, for most of these taxa the reasons for their rarity is likely a
combination of being; 1) naturally scarce on the landscape; and 2) populations and
habitats are adversely effected or eliminated by land management activities (Fiedler
2001, Fiedler and Ahouse 1992). Landscape alterations such as changes in average
stand age and composition, soil structure, chemical and microbial ecology, pollinator
communities, microclimate, and fire ecology, as well as the introduction of invasive
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non-native species are known to adversely affect sensitive plant species and
ultimately their persistence on the landscape (Halpern and Spies 1995, Harper 1981,
Schemske and others 1994).

DFG’s general conservation approach is, as more data are available on a
species’ ecology and response to management activities, the greater the array of
options available for managing the species. For instance, if a species is extremely rare
and little is known about its response to timber management, the principle mitigation
strategy will be avoidance (fig. 2). If a species is more widespread, abundant locally,
and data clearly indicate a positive response to certain management activities, then a
broader range and intensity of impacts could be employed.
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Figure 2—Sensitive plant conservation strategy model used by DFG on timberlands
within the northern redwood region.

It is important to recognize that not all timber management activities are harmful
to all sensitive plants, and indeed, some timber management activities can be
beneficial to certain species. However, direct impacts that result in mortality are not
beneficial to the species. Clearly, the sensitive plant flora now present on managed
redwood timberlands is, in part, a result of over 100 years of intensive timber
management. Certain sensitive plants appear to persist in managed timberlands
because timber management activities, such as canopy removal, ground disturbance,
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and site preparation, can in some ways emulate natural disturbance and create habitat
for certain taxa.

However it is critical to understand that almost no data exist on the long-term
regional trends for the majority of sensitive species occurring in redwood forests,
whether in managed timberlands or old growth stands. While some taxa may have
always been uncommon, other taxa are sensitive to disturbance and may have been
much more common prior to timber management practices. These taxa may be
regionally declining in range or abundance, but we simply lack the data to detect it.
Therefore, the commonly held view that if a species persists in managed timber
lands, then timber management activities must not be harmful, or are even beneficial,
is not generally substantiated by data. Extant occurrences may be remnants of a
species’ continuing regional demise.

Range contraction and the loss of historic occurrences in redwood forests are
documented for some taxa. The livid sedge has not been seen in California since
1866 (CNDDB 2005) and is presumed extirpated. CNDDB data, combined with
recent reconnaissance work, indicate that the coast fawn lily may have been more
common in redwood forests than at present and may not persist in a managed
redwood landscape. The disjunct and southern-most occurrence of Indian pipe in
California appears to have been extirpated, though it is unclear if forest management
or urbanization contributed to the presumed disappearance of this occurrence
(LaBanca 2005).

The presence of a sensitive plant occurrence in a managed redwood stand is by
no means substantial evidence to presume the continued existence of the occurrence
after proposed timber management activities. Extrapolating a sensitive plants’
response to proposed timber management activities is complex and not easily
predicted based on previous disturbance history. We cannot solely use the current
presence of a population as an inference that it has responded positively to past
management because; 1) the occurrence may have not have been present during past
operations, 2) it may not have been directly or fully impacted by past operations, and
3) there is typically little specific data on what was the previous management regime.
Also, it is often difficult to construct an accurate assessment of the trends of a given
population. For instance, a sensitive plant population that currently has 500
individuals may have had 50,000 individuals prior to the last stand entry, or it may
not have been present at all.

Conclusion

A lack of solid distribution, life history, and population-response data have
resulted in DFG being cautious in applying untested assumptions about how specific
timber management may affect a given species. The lack of data highlights the need
for land managers to report sensitive plant occurrences to CNDDB and the greater
need, and greater benefit to land managers, of meaningful monitoring and ecological
data that elucidates how best to manage for a given species.

For species that have a sufficient number of occurrences, strong inferences can
be made about habitat characteristics and a plants’ association with certain forest
stand and land-use histories. For species with a larger number of occurrences and
with useful data on response to environmental changes, DFG has worked with large
industrial timberland owners to develop property-wide mitigation strategies that can
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be employed when occurrences are detected. As more information becomes
available, DFG will continue to develop regional and state-wide management plans
for sensitive taxa.

A landscape-level conservation strategy that maintains viable sensitive plant
populations in habitat types representing the range of conditions throughout which a
species occurs is the ultimate goal of the DFG sensitive plant program. In addition,
the landscape-level strategy is far more comprehensive and flexible then a project by
project approach. With the help of timberland owners and other stakeholders,
conservation of sensitive plants in managed redwood stands will become more
effective and easier to implement. Ultimately, a landscape-level conservation strategy
based upon sound science will best protect this unique and diverse component of the
region’s flora.
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Rare Plants of the Redwood Forest and
Forest Management Effects’

Teresa Sholars? and Clare Golec®

Abstract

Coast redwood forests are predominantly a timber managed habitat type, subjected to repeated
disturbances and short rotation periods. What does this repeated disturbance mean for rare
plants associated with the redwood forests? Rare plant persistence through forest management
activities is influenced by many factors. Persistence of rare plants in a managed landscape is
not in itself an indication of viability, but may reflect an overall increase, equilibrium, or
decline in numbers. Although the persistence of some species can seemingly mimic weedy
behavior, it is important to distinguish pioneer species behavior from the weedy behavior of
invasive exotics. Individual species will have different responses to disturbance based on their
life history and habitat requirements, as well as the type, intensity, and frequency of
disturbance. Human disturbance and natural disturbance regimes are frequently and
mistakenly viewed as equivalent. In addition, human disturbance regimes commonly create
habitat opportunities for invasive exotics that readily out-compete rare plants for habitat.
Knowing why rare plants persist in the managed redwood forest is dependent on
understanding their distribution, habitat, life history, and sensitivity to disturbance. This paper
will examine forest management effects on 10 rare species of the redwood forest.

Introduction

Coast redwood forests are a relic vegetation type closely associated with a
narrow ecological region that provides a humid and temperate environment. The
redwood forest does not have a unique flora but does have many closely associated
species and habitats. There are approximately 1,518 rare plants in California of which
86 percent are herbaceous plants, 12 percent shrubs, and 2 percent trees (CNPS
2003). In the northern redwood forest there are 45 rare vascular plant species that are
closely associated with redwoods (Leppig and others in press), and 94 percent are
herbaceous plants. The rare flora of the redwood forest is largely herbaceous in
nature and diminutive in habit. Redwood forests are predominately a timber managed
habitat type with over 80 percent privately owned (primarily industrial timberlands),
and are subjected to repeated disturbance events and short rotation periods (Noss
2000). What does this repeated disturbance mean for rare plants associated with the
redwood forests?

The redwood forest is subject to both natural and anthropogenic disturbances;
however, in the last century the anthropogenic impacts have greatly increased with
timber management. Disturbance is defined here as a “relatively” discrete event in

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.

2 Professor of Biology, Mendocino Coast Campus, College of the Redwoods, 1211 Del Mar Drive, Fort
Bragg, CA 95437. email: teresa-sholars@redwoods.edu

3 Environmental Scientist/Botanist, California Department of Fish and Game, 1031-A South Main
Street, Fort Bragg, CA 95437. email: cgolec@dfg.ca.gov
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time that is ecologically disruptive at a localized or landscape level and changes
resources, substrates, or the physical environment (Imper 2001). Rare species are of
particular concern given their greater risk of extinction and potential loss of their
economic, medicinal, and ecological function (Kaye and others 1997). This higher
risk of extinction coupled with scattered and localized distribution, diminutive habit,
and physical immobility of rare plants increases their vulnerability to disturbance.
Especially with landscape disturbance regimes such as timber harvesting, which
involves large tree felling and yarding, heavy equipment use, and road building.

Forest management activities have been perceived as mimicking “natural”
disturbance regimes such as fire, windthrow and flooding by providing forest
openings and mineral soil exposure. However, forest management activities are more
frequent, and less variable in size and intensity than natural disturbance regimes.
Timber harvesting often consists of concentrated impacts over a localized and
uniform area, which may not provide the necessary mosaic of undisturbed refugia for
native plants, and sources for recolonization (Halpern and Spies 1995).

Timber Harvesting Plans every so often include comments such as: 1) rare
species thrive in disturbance regimes; 2) timber harvesting encourages the spread and
diversity of native plants; and 3) timber harvesting has little to no significant impacts
on rare plants (CDF 2003, CDF 2004). These comments often do not address the fact
that not all rare plants belong to one type of disturbance response group (such as
early successional), and that while many rare plants may persist through disturbance
regimes, they may not all thrive.

It is our premise that forest management activities may do one of two things.
They either significantly reduce the viability and persistence of rare species, or they
may create rare plant habitat. The heart of this paper is that it is important to
differentiate between timber management activities that have negative affects on rare
plants and activities that can have positive affects. Another important point is to
recognize the difference between rare plants that are truly early successional species
and those that are associated with forest understories or openings. Early successional
species have evolved with landscape disturbance events such as fire, landslides and
flooding. These types of events deforest portions of the landscape and expose mineral
soil. Forest openings species are associated with open areas within the forest created
by poor soils or small scale disturbances such as tree gaps. The habitat in forest
openings has increased light exposure without significant changes to the forest
microclimate or soil. Forest understory species have evolved beneath the forest
canopy that provides a shady, moist, and sheltered habitat with a well-developed duff
layer.

Methods

A subset of ten rare plants associated with the northern redwood forest region
(Del Norte, Humboldt and Mendocino counties) were identified for this study, and
were selected to include various habitat and life history requirements. The selected
rare plants are as follows:

1. Humboldt milk-vetch (4stragalus agnicidus Barneby)
2. swamp harebell (Campanula californica (Kell.) Heller)

3. coast fawn lily (Erythronium revolutum Sm.)
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thin-lobed horkelia (Horkelia tenuiloba (Torr.) Gray)
running-pine (Lycopodium clavatum L.)

leafy-stemmed mitrewort (Mitella caulescens Nutt.)

NS e

North Coast semaphore grass (Pleuropogon hooverianus (L. Benson)
J.T. Howell)

8. seacoast ragwort (Senecio bolanderi (Gray) var. bolanderi)
9. maple-leaved checkerbloom (Sidalcea malachroides (H. & A.) Gray)
10. long-beard lichen (Usnea longissima Ach.)

These ten rare plants were analyzed in terms of available ecological information
and potential forest management impacts. The analysis was conducted through the:
1) utilization of sensitive plant occurrence data in California Natural Diversity Data
Base RareFind3 (CNDDB 2003) and California Native Plant Society’s Electronic
Inventory of Rare and Endangered Plants of California (CNPS 2003); 2) compilation
of habitat and life history information provided in literature and flora treatments such
as The Jepson Manual (Hickman 1993); 3) review of reports such as Timber
Harvesting Plans, sensitive plant surveys, and sensitive plant monitoring and annual
summaries; and 4) field observations of the authors.

Results

The subsequent two tables summarize the ecology (table 1) and responses to
disturbance (table 2) of these ten redwood forest rare plants.
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Table 2—Positive and negative disturbance impacts to selected redwood forest rare plants.

Scientific name

Positive disturbance impacts

Negative disturbance impacts

Astragalus agnicidus
Humboldt milk-vetch

Canopy removal increases light and
improves habitat

Reduced vegetation competition and
shading

Seed scarification via soil disturbance and
sun exposure/temperature

Creation of seasonal road bank and fill
habitat

Potential dispersal through mechanical soil
movement such as seasonal road grading

Plants crushed or uprooted

Soil disturbance buries seed bank too
deeply for germination (> 3")

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Displacement and loss of habitat with
introduction and proliferation of invasive
exotics

Canopy closure with reforestation creates
unsuitable habitat

Mortality from herbicide application

Campanula californica
swamp harebell

Partial canopy removal increases light and
improves habitat

Seasonal road drainage creates mesic to
hydric habitat

Plants crushed or uprooted

Desiccation from changes in hydrology
and full light exposure,

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Displacement and loss of habitat with
introduction and proliferation of invasive
exotics

Mortality with soil compaction

Mortality from herbicide application

Erythronium
revolutum
coast fawn lily

Partial canopy removal increases light and
improves habitat

Plants crushed or uprooted

Desiccation from canopy removal and full
light exposure

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Mortality with soil disturbance or
compaction

Mortality from herbicide application

Horkelia tenuiloba
thin-lobed horkelia

Canopy removal increases light and
improves habitat

Reduced vegetation competition and
shading

Plants crushed or uprooted

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Displacement and loss of habitat with
introduction and proliferation of invasive
exotics

Mortality with soil compaction

Mortality from herbicide application
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Scientific name

Positive disturbance impacts

Negative disturbance impacts

Lycopodium clavatum
running-pine

Partial canopy removal increases light and
shading

Plants crushed or uprooted

Greater then 50% canopy removal
decreases habitat quality through
desiccation and full light exposure

Dense canopy closure with reforestation
creates unsuitable habitat

Frequent disturbance inhibits establishment

Mortality from herbicide application

Mitella caulescens
leafy-stemmed
mitrewort

Partial canopy removal increases light and
improves habitat

Plants crushed or uprooted

Desiccation from changes in hydrology
and full light exposure,

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Mortality with soil disturbance or compaction

Mortality from herbicide application

Pleuropogon
hooverianus
North Coast
semaphore grass

Canopy removal increases light and
improves habitat

Seasonal road drainage creates mesic to
hydric habitat

Plants crushed or uprooted
Desiccation from changes in hydrology

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Displacement and loss of habitat with
introduction and proliferation of invasive
exotics

Canopy closure with reforestation creates
unsuitable habitat

Mortality from herbicide application

Senecio bolanderi var.
bolanderi
seacoast ragwort

Partial canopy removal increases light and
improves habitat

Plants crushed or uprooted

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Desiccation from changes in canopy
removal and full light exposure

Mortality from herbicide application

Sidalcea malachroides
maple-leaved
checkerbloom

Canopy removal increases light and
improves habitat

Reduced vegetation competition and shading

Creation of seasonal road bank and fill
habitat

Seed bank germination with soil
disturbance and sun exposure/temperature

Dispersal with mechanical soil movement
such as seasonal road grading

Plants crushed or uprooted

Heavy slash deposition obstructs light to
herbaceous layer limiting
germination/growth

Desiccation from changes in canopy
removal and full light exposure

Dense canopy closure with reforestation
creates unsuitable habitat

Displacement and loss of habitat with
introduction and proliferation of invasive
exotics

Mortality from herbicide application
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Scientific name Positive disturbance impacts Negative disturbance impacts
Usnea longissima Partial canopy removal (non-host tree) Loss of habitat with removal of host tree
long-beard lichen increases light and improves habitat or snag

Mortality from broad scale herbicide
application and smoke from prescribed
burning

Discussion

The results indicate the response of these ten redwood forest rare plants to
disturbance is correlated to the ecology and life history of the species. Important
ecological results were: 1) forest understory species were dependent on shade and the
moist forest microclimate, and were sensitive to soil disturbance and compaction
(running-pine, coast fawn lily, and seacoast ragwort); 2) early successional species in
some cases but not all increased with canopy removal and soil disturbance but not
soil compaction (Humboldt milk-vetch and maple-leaved checkerbloom); and 3)
forest openings species benefit with full light exposure but not necessarily with soil
disturbance and compaction (North Coast semaphore, swamp harebell, and thin-lobed
horkelia). Potential impacts to these species as a result of disturbance associated with
timber management activities are strongly weighted toward having negative effects.
Direct impacts (crushing or uprooting plants), heavy slash deposition (obstruction of
light to herbaceous layer), and herbicide application are the primary negative
impacts. Other secondary impacts are changes in hydrology or forest microclimate,
soil disturbance and compaction, and introduction and proliferation of invasive
exotics. The primary positive impacts were increase in light exposure with canopy
removal, and augmentation of habitat and hydrology associated with seasonal roads.
Overall, the most significant conclusion from the results is the paucity of
comprehensive and published ecological data on redwood forest rare plants, and their
response to disturbance regimes such as timber harvesting.

Clearly many rare plants are dependent on environmental factors like hydrology
and amount of light exposure. Swamp harebell and North Coast semaphore grass
need partial to full light exposure and at least seasonal hydric conditions. Thin-lobed
horkelia benefits from full light exposure. Long-beard lichen requires full sun but is
dependent on large tree structure, and may require decades to recover from canopy
removal (Halpern and Spies 1995). Forest understory species such as leafy-stemmed
mitrewort, coast fawn lily, running-pine, and seacoast ragwort are dependent on the
shady and moist forest microclimate, and generally are affected by management
activities that significantly alter these forest attributes. Swamp harebell and running-
pine are shallowly rooted and are more sensitive to soil disturbance, compaction, and
changes in hydrology (Halpern and Spies 1995). Humboldt milk-vetch and maple-
leaved checkerbloom are early successional in nature, and these species’ habitat
requirements were the most compatible with timber harvesting activities such as
canopy removal and exposure of mineral soil.

Persistence of rare plants in a managed landscape is not in itself an indication of
viability, but may reflect an overall increase, equilibrium, or decline in numbers over
time. Rare plant persistence is influenced by many factors as well as how
management impacts affect these factors singularly or cumulatively. These factors
can be abiotic or biotic in nature. Abiotic factors include topography, aspect, shade
and light exposure, hydrology, forest microclimate, and soil type, chemistry and
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structure. Biotic factors include population size, number of reproductive plants, seed
set, dispersal and seed banking, canopy cover, vegetation competition, invasive non-
native displacement, organic layer and large woody debris, predation, pollinators and
microbial relationships such as such as mycorrhizae and nitrogen fixation.

Rare plant persistence in a managed forest is also influenced by the species rate
of establishment (fast vs. slow). The establishment of a reproducing individual can
take one season or years. For example, Humboldt milk-vetch and maple-leaved
checkerbloom have much faster rates of establishment than coast fawn lily and
running-pine. Under appropriate habitat conditions, Humboldt milk-vetch and maple-
leaved checkerbloom can develop into robust reproducing plants within several years
unlike coast fawn lily that takes over five years to flower (Schmidt 1980). Running-
pine has a lengthy and complex maturation. The spores of running-pine first develop
into a subterranean gametophyte prior to developing into the familiar mat-forming
sporophyte, and this maturation of the gametophyte can take over 10 years and is
mycorrhizal dependent (Leppig 2004). In addition, slow establishers like lilies [fairy
bells (Disporum spp.), western trillium (77illium ovatum Pursh), and single-flowered
clintonia (Clintonia uniflora (Schultes) Kunth)] and orchids [rattlesnake plantain
(Goodyera oblongiflora Raf.), heart-leaved twayblade (Listera cordata (L.) R.Br.),
and western coralroot (Corallorhiza mertensiana Bong.)] are more susceptible to
local extirpation (Halpern and Spies 1995, Jules 1997). Bryophytes and lichens such
as long-beard lichen are often lacking in younger stands due to slow growth rates as
well as dependency on large tree structure, moist microclimatic requirements, and
limited dispersal (Halpern and Spies 1995)

Timber management activities can alter factors influential in the persistence of
rare plants. Alteration of these factors can result in direct, indirect, and cumulative
impacts to rare plants. Whether negative or positive and to what degree, is based on
the type, intensity, size and frequency of disturbance, and the individual species
habitat and life history requirements. Potential direct impacts (“take”) can result from
timber felling and yarding, road construction and maintenance, log decking, and
other staging area activities. Indirect impacts can include canopy alteration (change
in shade and light exposure), change of hydrology, disruption of symbiosis (such as
mycotropic or mycorrhizal relationships), disturbance of root systems, burial of seeds
below germination depths, exposure of mineral soil, reduction of vegetation
competition, and slash accumulation. Lastly, cumulative impacts can result with
frequent disturbance regimes (especially with slow establishing species), selective
pressure toward a certain type of habitat or taxa, and increase habitat opportunities
for invasive exotics.

To avoid negative impacts and ensure positive effects to rare plants within
timber managed landscapes, it is important to understand the specific niche
requirements. Understanding specific niche requirements increases the probability of
finding rare species and effectively mitigating impacts (Sholars 2004). However,
distribution of a rare plant and its dispersal mechanisms are equally important. Not
all plants are limited by available habitat; dispersal limitation and regional speciation
can be stronger factors for determining occurrence. Understanding rare plant
distribution, habitat, and life history requires developing good inventory and
ecological data collection methods. Rare plants distribution is often determined by
forest managers solely through the use of electronic databases such as CNDDB
RareFind or CNPS’s Electronic Inventory of Rare and Endangered Plants of
California. The problem is that these are positive occurrence databases that contain
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only known locations of species that have been observed and documented. Absence
of data in these sources does not mean that a rare species is not present (Jirak 1998).
Known occurrence data needs to be used by forest managers in conjunction with
inventories and monitoring in order to better manage the forest and not contribute to
the further decline of rare plants.

Although the persistence of some species can seemingly mimic weedy behavior,
it is important to distinguish pioneer species (early successional) behavior from the
weedy behavior of invasive exotics. Pioneer species will have different responses to
impacts from disturbance based on their early successional role. Humboldt milk-
vetch likely evolved and benefited with fire disturbance events, as indicated by
observations of increased seedling expression at burned sites (Golec 2004). Slash is,
however detrimental to its establishment and growth. Prior to fire suppression, forest
fires were significant disturbance events in generating large forest openings and
exposure of mineral soil. Fire history of the redwood forest shows surface fires
created frequent disturbances in coast redwood forests of Mendocino County prior to
the early 20th century. Average fire frequency varied between 6 and 20 years in one
study (Brown and Baxter 2003). With fire suppression timber harvesting has for the
most part replaced these prehistoric disturbance events in generating forest openings
and exposing mineral soil.

Lastly, invasive exotics are often introduced or proliferate with repeated
disturbance. Invasive non-native species are a worldwide threat to biodiversity, and
this threat is second only to direct habitat loss and fragmentation. Their effects are
severe, complex, and extensive to the environment, and include displacement of
native plants and animals. Rare plants are particularly vulnerable to invasive exotics
and every rare plant can be readily displaced by invasive exotics such as the early
successional species purple pampas grass (Cortaderia jubata (Lemoine) Stapf), or the
shade tolerant forest understory species English ivy (Hedera helix L.). In addition to
natural dispersal through wind, water and wildlife, the spread of non-native invasive
plants on forest lands are often facilitated by heavy equipment and vehicle traffic,
road construction and maintenance, erosion control seeding and mulching, and
vegetation and soil disturbance associated with management activities. Some of the
problematic non-native and invasive plants associated with redwood forests are bull
thistle (Cirsium vulgare (Savi) Ten.), purple pampas grass, Scotch broom (Cytisus
scoparius (L.) Link), French broom (Genista monspessulana (L.) L. Johnson),
English ivy and Himalayan blackberry (Rubus discolor Weihe & Nees).

Conclusions

The concept of “disturbance” as used in forest ecology is subjective, often complex,
and oversimplified. Many rare plants are not necessarily benefited by disturbance
from forest management activities. Forest management activities may create what
appears to be potential habitat; however, census and monitoring data do not always
indicate an increase in rare plants. This may be due to unapparent niche requirements,
poor viability (such as small populations, or pollination and dispersal limitations),
and proliferation of invasive non-native plants.

To ensure the persistence of rare plants, forest managers need to take into
account the distribution, habitat, and life history of each individual rare plant in their
management area. A great deal of positive effect can take place given care to both the
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direct and indirect impacts of management activities. With increased knowledge of
the biology and ecology of rare species, forest management activities can have a
positive effect on rare plant viability and survival. Without this knowledge and the
interest in fostering rare plant conservation, forest management activities are sure to
continue to play a role in the increase of rare plant extirpation and extinction.

References

Baker, H.G. 1989. Some aspects of the natural history of seed banks. In: Leck, M.A;
Parker, V.T.; Simpson, R.L., eds. Ecology of soil seed banks. San Diego, CA: Academic
Press; 9-12.

Barneby, R.C. 1957. Astragalus agnicidus, a new locoweed form Humboldt County,
California. Madrono 14(14): 37-40.

Bencie, R. 1995. A preliminary investigation of the seed bank of Astragalus agnicidus.
Unpublished paper for The Nature Conservancy of California; 10 p.

Bencie, R. 1997. Genetic variation and inbreeding depression in the rare California
endemic, Astragalus agnicidus (Leguminosae). Arcata, CA: Humboldt State
University; 46 p. M.A. thesis.

Bittman, R. 2003. Rare plant status review: Usnea longissima. Sacramento, CA: California
Department of Fish and Game; 3 p.

Brown, P.; Baxter, B. 2003. Fire history in coast redwood forests of the Mendocino Coast,
California. Northwest Science 77(2): 147-158.

California Department of Forestry and Fire Protection. 2003. Timber harvesting plan 1-03-
034 MEN. Santa Rosa, CA.

California Department of Forestry and Fire Protection. 2004. Timber harvesting plan 1-04-
027 MEN. Santa Rosa, CA.

California Native Plant Society. 2003. Electronic inventory of rare and endangered plants
of California. Sacramento, CA: California Native Plant Society.

California Natural Diversity Data Base. 2003. RareFind version 3.0.3 [Computer program].
Sacramento, CA: California Department of Fish and Game.

Enberg, A.W. 1990. The effects of shading on the emergence, growth, and development of
the rare and endangered California plant species, Astragalus agnicidus. Arcata, CA:
Humboldt State University, Department of Biology; 15 p. Senior project.

Golec, C.T. 2001. Simpson Timber Company’s running-pine assessment and survey.
Eureka, CA: Natural Resources Management Corporation; 32 p.

Golec, C.T. 2004. Humboldt Milk-vetch (Astragalus agnicidus) occurrences notes,
Mendocino County. Unpublished notes on file, California Department of Fish and
Game, Fort Bragg, CA.

Golec, C.T. 2004. Campbell Timberland Management, LLC summary of sensitive and
uncommon plants with known occurrence on ownership; 2001 through 2003.
Unpublished notes on file, California Department of Fish and Game, Fort Bragg, CA.

Golec, C.; Labanca, T.; Leppig, G. 2006. The conservation of sensitive plants on private
redwood timberlands in northern California. In: Standiford, R.B.; Giusti, G.A.;
Valachovic, Y.; Zielinkski, W.J., technical coordinators. Proceedings of the Redwood
Region Forest Science Symposium. 2004 March 15-17; Rohnert Park, CA. Gen. Tech.
Rep. PSW-GTR-194. Albany, CA: Pacific Southwest Research Station, Forest Service,
U.S. Department of Agriculture [this volume].

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 197



Session 4—Redwood Forest Rare Plants and Management Effects—Sholars and Golec

Halpern, C.B.; Spies, T.A. 1995. Plant species diversity in natural and managed forests of
the Pacific Northwest. Ecological Applications 5(4): 913-934.

Hickman, J.C. 1993. The Jepson manual: higher plants of California. Berkeley, CA:
University of California Press; 1400 p.

Imper, D. 2004. The role of disturbance in the ecology of rare plants in northwestern
California; 2002 symposium of the ecology and management of rare plants of
northwestern California. Unpublished draft supplied by the author.

Imper, D. Ecologist/Botanist, United States Fish and Wildlife Service at Arcata Office.
[Telephone conversation with Clare Golec]. 15 December 2003.

Jepson, W.L. 1925. A manual of the flowering plants of California. Berkeley, CA:
University of California Press; 1238 p.

Jirak, G.A. 2001. Impact of timber harvesting on rare, threatened, and endangered
native plants. Fremontia 29(3-4): 38-50.

Jules, E.S. 1997. Consequences of forest fragmentation for the understory plant, Trillium
ovatum (Liliaceae). In: Proceedings of the conservation and management of native
plants and fungi symposium; 1995 November 15-17; Corvallis, OR. Corvallis, OR:
Native Plant Society of Oregon; 201-206.

Kaye, T.N.; Meinke, R.; Kagan, J.; Virlakus, S.; Chambers, K.; Zika, P.; Nelson, J. 1997.
Patterns of rarity in the Oregon flora: implications for conservation and
management. In: Proceedings of the conservation and management of native plants and
fungi symposium; 1995 November 15-17; Corvallis, OR. Corvallis, OR: Native Plant
Society of Oregon; 1-10.

Keon, D.B. 2001. Factors limiting the distribution of the sensitive lichen Usnea
longissima in the Oregon coast range; habitat or dispersal? Corvallis, OR: Oregon
State University. M.S. thesis.

Leppig, G. 2004a. The rare California club-mosses. Fremontia 32(4): 20-22.

Leppig, G. 2004b. PALCO rare plant program assessment of 2003 survey and
monitoring results and proposed 2004 program recommendations. Unpublished
report, California Department of Fish and Game, Eureka, CA.

Lundby, D.M. 2003. Monitoring report 2001-2002 Humboldt milk vetch (Astragalus
agnicidus), Bald Hill THP (#1-01-197 MEN), Baptiste THP (#1-01-416 MEN). Fort
Bragg, CA: Campbell Timberland Management, LLC; 34 p.

Lundby, D.M. 2003. The Shack THP (#1-01-062 MEN) monitoring report. Fort Bragg,
CA: Campbell Timberland Management, LLC.; 17 p.

Lundby, D.M.; Gragg, J.E. 1998. Experimental transplantation of Campanula californica,
Sandhill Lake Timber Harvest Plan 1-95-505 MEN. Unpublished manuscript,
California Department of Fish and Game, Yountville, CA.

Massicotte, H.B. 1996. Mycorrhizal landscapes. http://www.ou.edu/cas/botany-
micro/ben/ben145.html

McCune, B.; Geiser, L. 1997. Macrolichens of the Pacific Northwest. Corvallis, OR:
Oregon State University Press; 386 p.

Molina, Randy; Massicotte, Hugues; Trappe, James M. 1992. Specificity phenomena in
mycorrhizal symbioses: community-ecological consequences and practical
applications. In: Allen, M.F., ed. Mycorrhizal functioning: an integrative plant fungus
process. New York: Chapman and Hall; 358-423.

Munz, P.A.; Keck, D.D. 1959. A California flora and supplement 1968. Berkeley, CA:
University of California Press; 1681 p.

198 USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007.


http://www.ou.edu/cas/botany

Session 4—Redwood Forest Rare Plants and Management Effects—Sholars and Golec

Nauertz, E.A. 1999. Impact of various silvicultural practices on the abundance and
frequency of Lycopodium species in northern hardwood forests. Houghton, MI:
Michigan Technological University; 164 p. M.S. thesis.

Nauertz, E.A. 2002. Lycopodium management. USDA Forest Service and Colleen Matula,
Wisconsin  Department of Natural Resources. http://www.extension.umn.edu/
specializations/environment/components/lycopodium1.html

Neitlich, P.N.; McCune, B. 1997. Hotspots of epiphytic lichen diversity in two young
managed forests. Conservation Biology 11(1): 172-182.

Noss, R.F.; Strittholt, J.R.; Heilman, Gerald G.E., Jr.; Frost, P.A.; Sorensen, M. 2000.
Conservation planning in the redwoods region. In: Noss, Reed F., ed. The redwood
forest: history, ecology, and conservation of the coast redwoods. Washington DC: Island
Press; 201-228.

Parsons, L. 2003. Western Erythronium species from seed. http://www.peak.org/
~parsont/rockgard/erythrseed.htm.

Pickart, A.J.; Hiss, A.E.; Enberg, A.W. 1992. Return from extinction: recovery of the
Humboldt milk-vetch. In: Proceedings of the symposium on biodiversity of northwest
California; 1991 October 28-30; Santa Rosa, CA.

Reed, P.B., Jr. 1988. National list of plant species that occur in wetlands: California
(Region 0). Biol. Rep. 88 (26.10). Washington DC: USDI Fish and Wildlife Service;
135 p.

Rice, K. 2000. Professor of Agronomy and Range Science, University of California at Davis.
[Letter to Mary A. Showers] in Showers, Mary A. 2002. Report to the Fish and Game
Commission on the status of the North Coast Semaphore Grass Pleuropogon
hooverianus: California Department of Fish and Game; 49 p.

Schmidt, M.G. 1980. Growing California native plants. Berkeley, CA: University of
California Press; 366 p.

Sholars, T.A. 2004. Searching for rare plants through niche definition. In: Proceedings
of the 2002 symposium of the ecology and management of rare plants of northwestern
California; 2002 February 6-8; Arcata, CA. Calif. Native Plant Society; 73-76.

Showers, M.A. 2002. Report to the Fish and Game Commission on the status of the
North Coast Semaphore Grass Pleuropogon hooverianus. Sacramento, CA:
California Department of Fish and Game; 49 p.

Smith, G.L.; Wheeler, C.R. 1992. A flora of the vascular plants of Mendocino County,
California. San Francisco, CA: University of San Francisco; 367 p.

Whittier, D.P. 1998. Germination of spores of the Lycopodiaceae in axenic culture.
American Fern Journal 88(3): 106-113.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 199


http:http://www.peak.org
http:http://www.extension.umn.edu

SESSION 5

Forest E




Environmental Control of Microbial N
Transformations in Redwood Forests?

Damon Bradbury and Mary Firestone?

Scenarios of global change predict alterations in patterns of temperature, rainfall
and oceanic fog impacting continental margins. The response of redwood (Sequoia
sempervirens) forests to climatic changes will be, in part, predicated on the response
of soil N dynamics to the altered environment. Our research focuses on how patterns
in climate affect microbial community composition and rates of soil N
transformations in redwood forests. Rates of gross N-mineralization are a primary
controller of N availability to the plants in these ecosystems and rates of nitrification,
denitrification, and nitrous oxide production control important N-loss mechanisms
from these episodically wet soils. Rates of all of these N-cycling processes were
determined in soils from two northern California redwood forests, incubated at field
and lab temperatures under aerobic and anaerobic conditions. Gross rates of
nitrification were high in these redwood forest soils, a result contrary to older studies
that quantified simple rates of nitrate accumulation. High rates of gross nitrification
under anaerobic conditions suggest the possibility of heterotrophic nitrification.
Although higher temperature incubations did generally tend to increase the rates of
all processes, the impacts of warming on the anaerobic processes of denitrification
and dissimilatorynitrate reduction to ammonium (DNRA) suggest unanticipated
interactions between temperature and water in controlling these important anaerobic
processes. Warmer temperatures increased DNRA more than denitrification
suggesting that increasing temperatures may promote nitrogen conservation by
DNRA in these wet forests. We are currently exploring the impacts of climate on the
abundance, composition, and activity of the nitrifying and denitrifying communities
in old-growth redwood forests. The relationship between microbial community
composition and rates of soil N transformations may provide insights that help
predict the response of the N dynamics in these forests to future changes in
temperature and precipitation.

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 University of California at Berkeley, Department of Environmental Science Policy and Management,
Ecosystem Sciences Division, 151 Hilgard Hall, Berkeley, CA 94720, (510) 642-3677. email:
mkfstone@nature.berkeley.edu
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Redwood Trees, Fog Water Subsidies, and
the Hydrology of Redwood Forests®

Todd Dawson,? Stephen Burgess,® Kevin Simonin,”> Emily Limm,?
and Anthony Ambrose?

Fog is a defining feature of the coastal California redwood forest and fog inputs
via canopy drip in summer can constitute between 10 to 45 percent of the total water
input each year. Furthermore, between four to eight percent of fog-water can be
directly absorbed by the tree crowns following heavy fog events. Site-to-site and
inter-annual variation in fog inputs is significant and has a marked influence on a
host of tree and forest processes. Together, root water uptake from canopy drip and
direct fog uptake by foliage has a significant and positive influence on several aspects
of redwood tree water relations including the degree of water stress and how water
stress determines tree distribution, growth, size as well as stand water balance. How
the spatial and temporal variation and dynamics of fog inputs influences hydrological
processes from the stand to the region scale is an issue in need of further research; it
is a neglected, yet we believe pivotal part of redwood forest ecology and hydrology.
Our goal is to use our ecological and physiological knowledge of plant and stand
water relations to inform research and eventually management issues linked to the
hydrology of the redwood region. We believe that armed with some basic
understanding of redwood’s water requirements and water use patterns, particularly
in relation to the water subsidies provided by fog in summer, that more sound and
sustainable water resource management policies could be achieved. As we look to the
future of the redwood region, how water resource issues are dealt with must be part
of any successful and sustainable management framework. We propose a framework
based on the research we are currently involved in.

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 Department of Integrative Biology, Valley Life Science Building, University of California, Berkeley,
CA. email: tdawson@berkeley.edu

% School of Plant Biology, University of Western Australia, 35 Stirling Highway, Nedlands WA 6009,
Australia.
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Status of Vegetation Classification in
Redwood Ecosystems®

Thomas M. Mahony? and John D. Stuart?®

Abstract

Vegetation classifications, based primarily on physiognomic variability and canopy
dominants and derived principally from remotely sensed imagery, have been completed for
the entire redwood range (Eyre 1980, Fox 1989). However, systematic, quantitative, floristic-
based vegetation classifications in old-growth redwood forests have not been completed for
large portions of redwood’s range. Quantitative classifications have been completed in
portions of the northern (Atzet and Wheeler 1984, Becking 1967, Jimerson and Jones 2000,
Lenihan 1986, Mahony 1999a, Mahony and Stuart 2000, Matthews 1986, Mendonca®), and
extreme southern portion of redwood’s range (Becking 1971, Borchert and others 1988). With
the exception of very limited sampling in Marin and San Mateo Counties by Keeler-Wolf and
others (2003), no quantitative classifications have been published for the central and much of
the southern portion of redwood’s range. Vegetation classifications are most useful if
classification units are spatially represented on maps, but this is often difficult using standard
remote sensing techniques. Vegetation modeling is one technique which may allow vegetation
classification units to be mapped. Mahony (1999b) developed a predictive model for a portion
of the northern redwood range based on a quantitative, floristic-based vegetation
classification, discriminant analysis, and a Geographic Information System. Based on field
verification, the model was 75 percent accurate.

Key words: old-growth, redwood, vegetation classification, vegetation modeling

Introduction

Redwood5 forests are endemic to a narrow coastal belt, one to fifty kilometers
wide, from central California to southwestern Oregon (Fox 1989, Griffin and
Critchfield 1972, Roy 1966). Temperature, precipitation, substrate, and other abiotic
variables differ throughout redwood’s range, producing tremendous diversity in
species composition, stand structure, and stand dynamics.

Vegetation classification is a tool used to simplify highly complex natural
ecosystems into repeatable, relatively homogeneous vegetation units for the purpose
of management and communication. While there are many ways to describe and
classify vegetation, systematic, quantitative, floristic-based classifications are most

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.

2 Plant Ecologist, Albion Environmental, Inc., 1414 Soquel Avenue, Suite 205, Santa Cruz, CA 95062.
email: tmahony@albionenvironmental.com

% Professor, Department of Forestry and Watershed Management, Humboldt State University, Arcata,
CA 95521. email: jds2@humboldt.edu

4 Unpublished data on file, Humboldt State University, Arcata, California.

®> Common names are used throughout the text. Corresponding scientific nomenclature follows Hickman
(1993) and is included as Appendix A.
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effective for vegetation conservation and management (Sawyer and Keeler-Wolf
1995). Quantitative, floristic-based classifications, such as those used by the
California Native Plant Society (Sawyer and Keeler-Wolf 1995) and the California
Department of Fish and Game (California Department of Fish and Game 2003),
classify vegetation based on the dominant overstory species (series or alliance), in
conjunction with the dominant understory species (association).

Despite the importance of classification to understanding and managing
redwood ecosystems, large portions of the redwood range have not been
guantitatively classified and described. Most redwood forests have been logged
(Evarts and Popper 2001, Fox 1989, Sawyer and others 2000). Classification of
remaining old-growth redwood is particularly important because old-growth forests
are in greater equilibrium with site variables compared to rapidly changing logged
forests, and represent conditions generally present prior to large scale human
disturbance. Information gleaned from old-growth classification can, in addition to
assisting in management and conservation of old-growth forests themselves, provide
baseline data essential to restoring logged redwood ecosystems to old-growth
conditions.

Classifications Conducted in Redwood Ecosystems

Vegetation classifications, based primarily on physiognomic variability and
canopy dominants and derived principally from remotely sensed imagery, have been
completed for the entire redwood range (Eyre 1980, Fox 1989). These efforts are
crucial to understanding the geographic extent, canopy physiognomy, and ecological
dynamics of redwood forests at coarse scales. However, systematic, quantitative,
floristic-based vegetation classifications in old-growth redwood forests have not been
completed for large portions of redwood’s range.

Quantitative, floristic-based classifications have been completed in portions of
the northern (Atzet and Wheeler 1984, Becking 1967, Jimerson and Jones 2000,
Lenihan 1986, Mahony 1999a, Mahony and Stuart 2000, Matthews 1986,
Mendonca®), and extreme southern portion of redwood’s range (Becking 1971,
Borchert and others 1988). With the exception of very limited sampling in Marin and
San Mateo Counties by Keeler-Wolf and others (2003), no redwood classifications
have been published for the central and much of the southern portion of the range.
The three redwood range divisions described here generally follow Sawyer and
others (2000).

Based on completed classifications, it is clear that redwood forests are highly
variable in terms of stand structure, floristic composition, and ecosystem dynamics.
Redwood forests, therefore, are not a uniform vegetation type but a highly diverse
assemblage of forest associations that, with the exception of redwood trees
themselves, have few floristic and structural attributes in common. This variability
underscores the importance of classifying all redwood stands, particularly old-growth
stands, in order to develop a complete catalogue of redwood forest associations
occurring throughout the range. Moisture availability, represented by abiotic
variables such as elevation, topographic position, aspect, slope angle, and coastal
proximity, appears to be a dominant factor determining composition of redwood

6 Unpublished data on file, Humboldt State University, Arcata, California.
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forests both within a particular region and throughout the range as a whole.

Northern Range

Northern redwood forests are the most extensively classified redwood forests.
Becking (1967) classified redwood into alliances (=series): the Redwood-redwood
sorrel alliance and Redwood-sword fern alliance. He indicated that the moist
Redwood-redwood sorrel alliance occurred on lower slopes and alluvial flats, and the
drier Redwood-sword fern alliance was generally found on middle and upper slopes
and ridges.

Lenihan (1986) described three old-growth redwood associations occurring
along a moisture gradient in the Little Lost Man Creek Research Natural Area in
Redwood National Park, California: Redwood/deer fern, Redwood/little Oregon-
grape, and Redwood/madrone. He considered the associations as moist, mesic, and
xeric habitats, respectively.

Matthews (1986) described four series, five associations, and one phase in the
Bull Creek watershed, Humboldt Redwoods State Park, California: Redwood/
redwood sorrel, Redwood-Douglas-fir/salal, Redwood-Douglas-fir/evergreen huckle-
berry, Redwood-Douglas-fir/madrone, and Douglas-fir/tanoak-madrone. He suggest-
ed these associations were arranged along a complex environmental gradient control-
led primarily by soil moisture.

Mahony (1999a) and Mahony and Stuart (2000) classified and described six
associations within the redwood series throughout the northern range of redwood in
Jedediah Smith Redwoods State Park, Del Norte Coast Redwoods State Park, and
northern Redwood National Park in northwestern California, and the Siskiyou
National Forest in southwestern Oregon: Redwood/sword fern, Redwood-Douglas-
fir/rhododendron, Redwood-western hemlock/evergreen huckleberry, Redwood-
western hemlock/sword fern, Redwood-western hemlock/salmonberry, and Redwood-
red alder/salmonberry. They suggested that moisture was the primary environmental
variable controlling the distribution of forest associations. Discriminant analysis
revealed that the physiographic factors influencing floristic associations, in
decreasing order of importance, were elevation, coastal proximity, and a combination
of aspect and topographic position called a Moisture Equivalency Index.

Jimerson and Jones (2000) described ten redwood associations in both old-
growth and logged portions of the Headwaters Forest Reserve in central Humboldt
County: Redwood-tanoak/evergreen huckleberry-salal, Redwood-tanoak/sword fern,
Redwood-Douglas-fir/salal-evergreen huckleberry, Redwood-Douglas-fir/sword fern,
Redwood-red alder/salmonberry, Redwood-western hemlock/evergreen huckleberry-
salal, Redwood-western hemlock/salmonberry/sword fern, Redwood-western red-
cedar/sword fern, Redwood-Sitka spruce/thimbleberry, and Redwood-grand fir/salal/
sword fern. Redwood associations in the Reserve were correlated with abiotic factors
generally indicative of moisture availability, such as elevation, aspect, slope angle,
slope position, and coastal proximity, with elevation the strongest correlated variable.

Mendonca’ described four old-growth forest associations and two cutover forest
associations in the forested portion of Prairie Creek Redwoods State Park in northern
Humboldt and southern Del Norte Counties. The old-growth forest associations are:
Redwood/sword fern-evergreen huckleberry-redwood sorrel, Redwood-Douglas-
fir/tanoak-rhododendron/evergreen huckleberry-sword fern, Redwood-western hem-

7 Unpublished data on file, Humboldt State University, Arcata, California
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lock-Sitka spruce/sword fern, and Red alder-Sitka spruce/salmonberry-sword fern.
The associations described for cutover stands are: Sitka spruce/sword fern-
salmonberry and Redwood-Sitka spruce/evergreen huckleberry-sword fern. The
distribution of associations throughout the park was correlated with logging
disturbance and abiotic variables such as elevation, topographic position, aspect, and
coastal proximity.

Central Range

Keeler-Wolf and others (2003) described two associations in the redwood
alliance (=series) in portions of Marin and San Mateo Counties based on thirteen
plots: Redwood/tanoak/evergreen huckleberry and Redwood-Douglas-fir-California
bay. The associations occurred throughout a variety of environmental conditions, and
most showed signs of past logging disturbance.

Southern Range

Becking (1971) sampled 26 plots in Monterey County, California, which he
placed in the Redwood-tanoak-Coulter pine association and the Redwood-tanoak-
redwood sorrel association. He suggested that the redwood forest distribution in the
area was primarily a result of soil moisture, with the former association occurring on
drier sites and the latter on moister sites.

Borchert and others (1988) classified redwood in the southern part of the range
in southern Monterey County, California using the USDA Forest Service ecological
type classification system. They devised six associations (“ecological types™) using
biophysical factors such as landform and soil series: Redwood/western bracken-chain
fern//Streamsides, Redwood/sword fern-western trillium//Gamboa-Sur, Red-
wood//Gamboa-Sur, Redwood/common man-root-common vetch//Gamboa-Sur, Red-
wood-bigleaf maple/California polypody//Gamboa, and Redwood-tanoak/round
fruited carex-Douglas iris//Gamboa.

Vegetation Classification Modeling

Vegetation classifications are most useful if classification units are represented
on maps, since management and conservation activities can then be spatially
correlated and quantified. While vegetation maps exist for many redwood forests, the
vegetation mapping units are not necessarily related to classification units.
Vegetation maps depict visually distinct groupings of plants at some scale, but a
vegetation classification lacks scale and can involve much more complex floristic or
structural detail compared to what can be effectively mapped. However, the best
maps are presented in the form of a classification (Sawyer and Keeler-Wolf 1995,
Sawyer and others 2000), and vice-versa.

Classification units, particularly at the association level, can be difficult to map in
redwood forests because: (1) classification unit boundaries are often diffuse and
spatially patchy; (2) classification units may be too small to be shown at a designated
map resolution; and (3) floristic variability at the series (=alliance) level is often
difficult to identify from remotely sensed imagery (Sawyer and others 2000), and
virtually impossible to identify at the association level in redwood forests due to dense
canopy cover. Since much redwood forest variability is found at the association level,
the ability to map associations can be extremely beneficial for redwood conservation
and management.
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Vegetation modeling is one technique which may allow vegetation classification
units to be mapped across the landscape. Predictive vegetation modeling using
guantitative vegetation classification and Geographic Information System (GIS)
technologies is emerging as an effective method of mapping and predicting
vegetation at landscape scales (Brzeziecki and others 1993; Franklin 1995, 1998;
Lowell 1991).

Mahony (1999b) developed a prediction model for a portion of the northern
redwood range in Jedediah Smith Redwoods State Park in Del Norte County based
on a quantitative floristic classification developed by Mahony (1999a) and Mahony
and Stuart (2000). The classification described three old-growth redwood forest
associations in the park, and discriminant analysis correlated each forest association
with abiotic variables, including elevation, coastal proximity, slope position, and
aspect. Discriminant analysis is a statistical technique assessing differences between
two or more groups and a set of discriminating variables (Klecka 1980). The
eigenvalue (expressed in individual percentages relative to total percent) indicates
how much discriminatory power each function has.

The prediction model used the following assumptions: (1) all old-growth
redwood vegetation in the park consists of one of three classified associations; (2)
each association has distinct correlations with the abiotic variables of elevation,
coastal proximity, slope, and topographic position/aspect (in the form of a moisture
equivalency index (MEI), an index of soil moisture); (3) abiotic variables can be
identified on a ten-meter Digital Elevation Model (DEM); and (4) equations can be
developed predicting the most likely association occupying each DEM pixel.

Equations were developed that predicted, based on an association’s affinity for
each abiotic variable derived from discriminant analysis, which pixel in a DEM had
the strongest correlation with a particular association. After the equations were run in
Arc/Info GRID, the association with the highest score for a particular pixel (the
higher the score, the greater the affinity for abiotic variables found in the pixel) was
the association to which the pixel was classified. With each pixel classified, a vector
map was created depicting predicted associations as polygons.

To determine model accuracy, the map was field verified. Based on 296 ground
samples, the map was determined to be 75 percent accurate. Using similar methods,
additional models were developed for other portions of Redwood National and State
Parks, with similar, though slightly less accurate, results.

While vegetation modeling has limitations, it offers a technique to depict
classification units in mapped form. When classification units are mapped, they can
be quantified and defined for the purposes of conservation planning and resource
management. Prediction models developed over the entire redwood range can help
resource managers, scientists, and conservation professionals quantify, compare, and
conserve the diversity of redwood ecosystems found throughout the entire range.
Since modeling predicts potential vegetation (Brzeziecki and others 1993), it can be
used for second-growth management to approximate old-growth forest associations
which existed prior to harvesting, and subsequently guide restoration efforts. Finally,
since wildlife habitat modeling is essentially identical to vegetation modeling
(Franklin 1995), wildlife managers can utilize forest association models to predict
suitable wildlife habitat.
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Conclusions and Recommendations

Vegetation classification offers important baseline information that can be used
to understand, conserve, and manage redwood forests. Quantitative, floristic-based
classifications have been completed in portions, most notably the northern part, of
redwood’s range, but large sections of the range have not been adequately classified
and described. Unclassified old-growth redwood forests should be prioritized for
quantitative, floristic-based classification in order to develop a complete redwood
forest baseline. Classification information can be incorporated into vegetative models
to map existing old-growth forest associations, as well as approximate pre-logging
conditions in cutover forests to aid in restoration and management.
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Appendix A. Common and scientific names for species mentioned in the text.
Nomenclature for scientific names follows Hickman (1993).

bigleaf maple Acer macrophyllum
California bay Umbellularia californica
California polypody Polypodium californicum
chain fern Woodwardia fimbriata
common man-root Marah fabaceus

common vetch Vicia sativa ssp. nigra
Coulter pine Pinus coulteri

deer fern Blechnum spicant
Douglas-fir Pseudotsuga menziesii var. menziesii
Douglas iris Iris douglasiana

evergreen huckleberry Vaccinium ovatum

grand fir Abies grandis

little Oregon grape Berberis nervosa

madrone Arbutus menziesii

red alder Alnus rubra

redwood Sequoia sempervirens
redwood sorrel Oxalis oregana
rhododendron Rhododendron macrophyllum
round fruited carex Carex globosa

salal Gaultheria shallon
salmonberry Rubus spectabilis

Sitka spruce Picea sitchensis

sword fern Polystichum munitum

tanoak Lithocarpus densiflorus
thimbleberry Rubus parviflorus

western bracken Pteridium aquilinum var. pubescens
western hemlock Tsuga heterophylla

western redcedar Thuja plicata

western trillium Trillium ovatum ssp. ovatum
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What Was the Role of Fire in Coast
Redwood Forests??

Peter M. Brown?

Fire has long been recognized as an important disturbance in coast redwood
(Sequoia sempervirens) forests (Fritz 1931), but the exact nature of historical fire
regimes in many areas is uncertain. Coast redwood grows in relatively mesic, often
fog-shrouded coastal locations not usually associated with widespread or frequent
fires. Past reviews of coast redwood fire ecology have concluded that over much of
its range fires were typically infrequent and that effects on forest composition and
structure varied depending primarily on fire severity (for example, Sawyer and others
2000). However, a growing body of evidence from fire scars documents that
frequent, episodic surface fires were a dominant fire regime in many coast redwood
forests, and that loss of surface fires has occurred over the recent century in response
to loss of Native American ignition sources, active fire suppression, and other
changes brought about by Euro-American settlement and land use (Brown and Baxter
2003; Brown and others 1999; Brown and Swetnam 1994; Finney 1990; Finney and
Martin 1989, 1992). This fire-scar evidence is usually poorly preserved as a result of
both the nature of the preservation of fire-scar records on coast redwood trees and
past harvest practices—especially broadcast burning of slash—that has tended to
remove the record from many locations.

In this talk, I described results from fire history reconstructions in coast redwood
and coast redwood/Douglas-fir forests at Point Reyes National Seashore, Jackson
State Forest in the Mendocino area, and Redwood National Park. Fire chronologies
based mainly on fire scar evidence from these locations span the past two to four
centuries, and average pre-20th century intervals between fires varied from seven to
20 years (table 1, fig. 1). Although the tree-ring evidence is fragmentary and—as
with all historical reconstructions—an imperfect model of past conditions, these data
document that coast redwood forests in these areas experienced fire regimes of
frequent, recurrent surface fires. Many of the past fires were likely set by humans
because of a general lack of lightning in forests along the coast.

Loss of surface fires from coast redwood forests has led to changes in associated
ecosystem patterns and processes that are analogous to those in ponderosa pine and
other low-elevation forests of the western North America. Frequent surface fires
promote open, low-density stand structure by killing a majority of tree regeneration
before it has a chance to reach canopy status. Fire-intolerant species, such as grand
fir, western hemlock, and hardwoods, would have had less opportunity to establish
between fires and likely were not as abundant in pre-fire exclusion forests as they are
today. Biomass of shrubs also would have been reduced because of recurrent
mortality during episodic burns. Duff and woody litter would have been reduced, and

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.

2 Director, Rocky Mountain Tree-Ring Research, 2901 Moore Lane, Ft. Collins, CO 80526. email:
pmb@rmtrr.org
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diversity and biomass of grass and herbaceous vegetation likely were
correspondingly greater. Increases in fuel loads, tree density, canopy coverage, and
formation of ladder fuels result in feedbacks to the fire regime, with the result that
crown fires replace surface fires as the dominant fire behavior when fires occur.
Although fire exclusion on the California Coast occurred later in the 20th century
than many other low elevation forests in North America, coast redwood forests are
often nearly twice as productive as pine or mixed-conifer forests of the central
mountains or Sierra Nevada in California. Because of higher productivity in these
relatively warm, wet coastal forests, changes in community composition and fuels
structure may be as pronounced as in other forests that experienced earlier loss of
surface fire regimes.

Table 1—Fire frequencies in coast redwood stands at Jackson Demonstration State Forest.

Intervals per stand Intervals per tree
Period MFI + WMPI Range No. of MFI +
Site analyzed 1 SD (yr) (yr) (yr) trees  1SD (yr)
PYG  1700s - - - - -
1750 - 1850 17.4 +12.3 158 6-34 5 245+59
1800s 132+ 6.3 129 6-23 6 18.8 + 7.7
NSF  1700s 218+ 46 22.1 16 - 27 3 216+0.1
1750 - 1850 129 + 6.7 124 5-23 3 144 + 5.1
1800s 98 +4.4 9.6 5-19 4 13.0+5.1
TCR  1700s 94 +74 8.3 3-28 2 99+23
1750 - 1850 9.3+53 8.8 3-19 3 12.4 + 0.9
1800s 10.0 + 5.2 9.6 4-19 3 11.1 + 0.7
HLT 1700s 71+49 6.5 3-18 8 11.6 + 6.2
1750 - 1850 6.0 + 3.3 5.7 2-15 10 13.0 + 4.9
1800s 8.6 + 4.6 8.1 2-17 14 145+ 2.6
WTF  1700s - - - 2 14.7 + 3.3
1750 - 1850 10.0 + 34 10.1 5-15 5 127+ 15
1800s 134+ 24 13.6 10- 17 8 149 + 2.3
CHG  1700s 10.8 + 3.3 109 6-16 8 122+ 2.0
1750 -1850 116 + 4.7 115 6-21 8 13.7 + 2.0
1800s 9.8 +31 9.8 7-14 7 14.1 + 3.7
DRG  1700s 140+ 5.1 140 10-22 3 15.0 + 4.3
1750 - 1850 152+ 6.2 151 9-23 4 179 + 3.2
1800s 155+5.0 156 9-22 5 241+7.0
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Figure 1—Fire chronologies along an ocean (top) to inland (bottom) gradient at
Jackson Demonstration State Forest on the Mendocino Coast (Brown and Baxter
2003). All samples are from coast redwood. Time spans of individual trees are
represented by horizontal lines with inverted triangles marking dates of fire scars.
Pith or bark dates refer to pith or bark present on cross sections while inside or
outside rings refer to cross sections with unknown numbers of rings to pith or bark.
Inside dates on several trees extend earlier than 1500. Dashed segments on trees
are decayed segments where fire scars are likely missing from the fire-scar record.
These segments were not used to calculate point (tree) fire frequencies in table 1.

The probable role of Native-Americans in fire ignitions leads to questions
concerning the appropriate approach to management of coast redwood ecosystems. In
the absence of human ignitions, it is likely that fires would not have been as common,
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and historical forest composition and structure may have been quite different under
such altered fire regimes. Historical data are meant to provide restoration ecologists
and land managers with descriptions of ecosystem conditions over long time scales,
regardless of whether they were influenced by human or natural factors (for example,
Landres and others 1999). How these data are used in management decisions is then
as much a societal as it is an ecological question. Do we attempt to restore these
forests to historical conditions, or let them return naturally to a fire regime that would
have likely been present in the absence of Native American influence?

In my experience, | have found fire-scar records in coast redwood forests to be
rare because of poor preservation. But in those locations where fire-scar records have
been compiled, fire histories document these forests are not burning today nearly as
often as they did in the past. Recognition of changes caused by loss of surface fires
has resulted in efforts to restore historical processes in many low-elevation forests
throughout western North America. Fire histories reconstructed by these studies
provide both guidelines and justification for ecological restoration efforts in coast
redwood forests throughout much of its range.
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Fire History in Coast Redwood Stands in
San Mateo County Parks and Jasper Ridge,
Santa Cruz Mountains®

Scott L. Stephens? and Danny L. Fry®

Abstract

Fire regimes in coast redwood forests in the northeastern Santa Cruz Mountains were
determined by ring counts from 46 coast redwood stumps and live trees. The earliest recorded
fire from two live samples was in 1615 and the last fire recorded was in 1884, although
samples were not crossdated. For all sites combined, the mean fire return interval (FRI) was
12.0 years; the median FRI was 10 years. There was a significant difference in mean FRI
between the four sampled sites. Past fire scars occurred most frequently in the latewood
portion of the annual ring or during the dormant period. It is probable that the number of fires
recorded in coast redwood trees is a subset of those fires that burned in adjacent grasslands
and oak savannahs. The Ohlone and early immigrants were probably the primary source of
ignitions in this region.

Key words: fire return interval, seasonality

Introduction

Evidence of past fires is common in California’s coast redwood (Sequoia
sempervirens (D. Don) Endl.) forests. Redwood trees and stumps commonly exhibit
fire scars in their annual growth rings, charred bark, and burned-out basal cavities.
Recent research has documented the ecological role of fire in coast redwood forests
(Brown and Baxter 2003; Brown and others 1999; Brown and Swetnam 1994; Finney
and Martin 1989, 1992; Jacobs and others 1985; Stuart 1987).

The objective of this study is to determine the fire history of four coast redwood
stands in the northeastern Santa Cruz Mountains of California. This is only the
second fire history study done using fire scars in the southern portion of the coast
redwood range, the first (Greenlee 1983) was a small study that analyzed samples
from two stumps to estimate past fire frequency.

' This paper was presented at the Redwood Science Symposium: What does the future hold? March 150
17,2004, Rohnert Park, California.
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Methods

Fire scars were collected from the east-side of the northern Santa Cruz
Mountains in San Mateo County, California. Three locations were included in this
study, Stanford Universities Jasper Ridge Biological Preserve (Jasper Ridge), and
two San Mateo County Parks, Huddart and Wunderlich. The three areas were
reconnoitered to determine where clusters with fire-scarred materials were located.
Each cluster that contained a minimum of seven fire scarred samples over an area <5
ha was selected for sampling. Partial cross sections were cut with a chainsaw from all
fire-scarred snags, downed logs, and live trees with visible fire scars within the four
fire scar sampling areas.

To determine the FRI’s, annual rings between successive fire scars were counted
for each sample and summarized for samples within each cluster. The position within
the ring in which a scar occurred was noted as EE (early earlywood), ME (middle
earlywood), LE (late earlywood), LW (latewood), D (dormant), or U (undetermined)
to serve as an estimate of the season of fire occurrence (Dieterich and Swetnam 1984).

Results and Discussion

Degradation of remnant materials from decay and post-harvest fires severely
limited available fire scars in this region. FRI’s were found to be frequent for the
period of record (~1500s to 1800s) (table 1). For all sites combined, mean FRI was
12.0 years (SEM = 0.5); the median FRI was 10 years. There was a significant
difference in mean FRI between the four sites (K-W test statistic = 15.2, p = 0.002)
but not between aspects (table 1). The earliest recorded fire from two live samples
was in 1615 and the last fire recorded by both samples was in 1884 based from ring
counts. Despite having several fire scar years coincident between the two samples,
we do not consider these dates to be absolute.

Table 1—Fire history statistics for four coast redwood forests in San Mateo County. Mean
values in a column followed by the same letter are not significantly different (p<0.05). SE =
standard error of the mean.

N samples General aspect Avezg%e) FRI Median FRI
Huddart 1 13 NW-NE 13.10(0.9) 11
Huddart 2 8 NE-S 16.10 (1.9) 11
Wunderlich 13 NE-S 9.32(0.4) 9
Jasper 12 NW 14.1b (1.4) 10

Comparison of fire frequency in coast redwood forests is confounded by several
factors including differing methodologies (ring-count, crossdating, sprout aging),
differences in the size of the sampled areas, and if MFI’s are computed from intervals
between fire scars or the actual differences in calendar dates between scars.

The season of fire occurrence was determined for 50.3 percent of the fire scars.
Past fire scars occurred most frequently in the latewood portion of the annual ring or
during the dormant period (99 percent). Early growing season (earlywood) fires were
very rare (1.7 percent). Precise estimates of the seasonality of past fires in coast
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redwood forests requires additional cambia phenology studies to characterize tree-
ring growth within a year at different locations and elevations (Caprio and Swetnam
1995).

Lightning ignited fires are relatively rare in the coast redwood region because of
modest topography and moist conditions that usually accompany lightning storms.
The most common ignitions in this forest type were from Native Americans (Brown
and Baxter 2003; Brown and others 1999; Brown and Swetnam 1994; Finney and
Martin 1989, 1992; Fritz 1931; Stuart 1987). The Ohlone (Costanoan) Indians have
lived in this region for thousands of years and they used fire as a management tool
(Lewis 1973). Native Americans burned these areas for diverse purposes including
increasing the efficiency of food gathering, reducing acorn eating insects, to clear
areas for travel, to produce high quality cordage materials, and to increase food
production (Blackburn and Anderson 1993, Brown 2001, Lewis 1973). Early
ranchers and farmers also burned these areas during the 19™ and early 20™ centuries.

The first recorded Spanish expedition entered this region on November 6, 1769,
when the first Portola expedition camped in Portola Valley. Shortly after this
expedition the number of European immigrants increased because of abundant
natural resources and easy access from the San Francisco Bay.

Continued development of old-growth and young-growth coast redwood
parklands toward prehistoric conditions may be dependent of a fire regime where
prescribed burning substitutes for the now-absent aboriginal ignitions.
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Progression and Behavior of the Canoe Fire
in Coast Redwood’

Hugh Scanlon?

Abstract

Lightning caused fires occur in coast redwood forests, but large fires have been rare since the
1930s. Coast redwood (Sequoia sempervirens) is considered fire resistant. In 2003, the Canoe
Fire, a lightning fire started in an old-growth redwood stand in Humboldt Redwoods State
Park, burned 5,554 hectares (13,774 acres) before it was contained. Fuel characteristics and
weather contributed to fire progression. Topography, access, fuel loading and management
considerations affected fire suppression tactics and effectiveness. From the old-growth
redwood stand, fire progressed into young-growth, producing significant changes in fire
behavior and effects. Old-growth redwood stands should be managed to anticipate wildfire
impacts.

Key words: fire, fire behavior, redwood

Introduction

On September 3, 2003, a major lightning event over northwestern California
ignited numerous fires. The Canoe fire, starting in Humboldt Redwoods State Park,
became the largest recorded fire in old-growth coast redwood (Sequoia sempervirens)
since the beginning of the fire suppression era. The fire proved difficult to contain
due to weather, poor access, fuel conditions, other fire activity, and park management
considerations. The Canoe fire presents a case study of fire progression and behavior
in mature and young-growth coast redwood.

Coast redwood is considered a fire resistant species, but not dependent on fire
for regeneration. Since implementation of fire suppression policies in the 1930s, large
fires in redwood have been rare (fig. /). The last recorded large fires in coast
redwood were Comptche in 1931 at 13,064 hectares (32,283 ac), Will Creek in 1945
at 11,672 hectares (28,841 ac), Strong Mountain in 1950 at 7,522 hectares (18,588
ac), and A-Line in 1936 at 5,583 hectares (13,797 ac) (California Department of
Forestry and Fire Protection 2003). These fires occurred primarily in young-growth
redwood. The Canoe fire in 2003 started in old-growth redwood and burned 5,554
hectares (13,774 acres), becoming the fifth largest fire on record in this vegetation

type.

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 150
17, 2004, Rohnert Park, California

2 Battalion Chief, California Department of Forestry and Fire Protection, Humboldt, Del Norte Unit, 118
Fortuna Blvd., Fortuna, CA 95540. email: Hugh.Scanlon@fire.ca.gov
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Figure 1—Large fire locations in coast redwood since 1930.

Before the era of fire suppression, coast redwood forests burned often. Mean fire
return interval in the pre-settlement period for redwood in Humboldt Redwoods State
Park was measured as 24.6 years, with an estimated fire cycle ranging from 26.2 to
51.6 years (Stuart 1987). Fires burning in old-growth redwood produced mortality in
approximately two percent of trees over four-foot in diameter (Fritz 1932).

Research on fire behavior in coast redwood has been limited. Young-growth
redwood is resistant to being killed in low intensity prescribed burning, but increased
mortality was likely when large amounts of fuel were present and burned (Finney and
Martin 1993). At Redwood National Park, Nives (1989) found fuel moisture,
influenced by elevation and topographic position, a determining factor in fire spread
rates, with fuel depth and load affecting the intensity and duration of the fires.

Methods

This is a qualitative evaluation of the fire progression and behavior, primarily
based upon fire information found in the documentation of daily firefighting
operations for the Canoe fire. The old-growth redwood areas burned were generally
inaccessible and precluded using quantitative methods during active burning.
Weather information was obtained by reviewing forecasts, data records from Remote
Automated Weather Stations (RAWS) near the fire, and in discussion with
meteorologists that analyzed weather conditions. Fuel information was gathered from
limited sampling in the area and fuel moisture modeling in the Weather Information
Management System (WIMS).
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Results
Weather

The occurrence of lightning in northwestern California during fire season is
infrequent, but not considered rare. The years 1987, 1990, 1994, 1999, 2002, and
2003 experienced major lightning fires in this area.

By late August 2003, northwestern California had warm and very dry
conditions, provided by strong high pressure over the western states and a surface
thermal trough along the coast. Dry, offshore winds reduced daily minimum relative
humidity regularly into the lower to mid teens to set up a critical fire weather pattern
for northern California. The Keetch-Byram Drought Index forecast for Eel River
Camp was 763.

Early on September 3, a band of cumulonimbus rapidly formed and generated
numerous lightning strikes in Lake and Mendocino counties. As the band tracked
northwest through and exited western Humboldt, the county was peppered with
lightning strikes. Sixty-four new fires were reported. Rainfall ranged from zero
precipitation at Eel River Camp and Cooskie Mountain to 0.08 inches at the
Alderpoint and Honeydew RAWS. After the Canoe fire started, a series of weak
systems and strong highs affected the fire area. Morning inversions were common.

Vegetation, Terrain and Fuel Condition

The Canoe fire started approximately mid-slope in the Canoe Creek watershed
of Humboldt Redwoods State Park (fig. 2). This is an area of old-growth redwood,
west of the south fork of the Eel River. The area had been designated state wilderness
in 2001.

[ voung-growth redwood
| Riparian

[ oid growth redwoad
[ cidpouglas-fr

[ voung Douglas-fir
[ Jruaire

Figure 2—Canoe fire origin and area vegetation.

Humboldt Redwoods State Park was established in 1920, through land
acquisition by the Save the Redwoods League. This area is primarily old-growth
redwood, but some areas of pre-acquisition selection harvest are scattered in this
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area. Other areas were in young-growth timber, with few residual old-growth present.
The area had some ridge roads. Old skid trails were few, and had reverted to heavy
vegetation. Other roads had become trails within the park. The area where the Canoe
fire started had no ground access, except by off-trail travel.

Live fuel information forecast by the WIMS using the Eel River Camp RAWS
predicted live fuel moisture at 70 percent for September 2. On August 13, live fuel
moisture in the Miranda area reached 100.1 percent in manzanita, drier than the
average of 108 percent for early August for the years 1995 to 2002. On October 9,
live fuel moisture had dipped to 78.6 percent in manzanita, well below the seasonal
average of 88.6 percent. Dead fuel moisture for the 10-hour size class dipped to one
percent on September 2, and then rising rapidly after the thunderstorm passed. The
daily 10-hour fuel moisture lows did not again reach below four percent until
September 13. The large dead fuel moisture ranged from 11 to 14 percent during the
fire. No quantitative analysis of fuel loading had been done in this area. The area had
a heavy fuel load, and no past fires were documented for this area.

Sequence of Events

The morning of September 3, a lightning storm tracked in from the southeast of
Humboldt County, moving northwest and out to the ocean near the mouth of the
Klamath River. This started the Canoe fire, which was detected later that afternoon.
For this area, the Humboldt—Del Norte Unit of the California Department of Forestry
and Fire Protection (CDF) is responsible for wildland fire suppression.

Initially, fire behavior was estimated from aerial reconnaissance, fire expansion,
and ground-based lookouts. Light smoke and flame lengths of 15 to 30 centimeters
(six inches to one ft) were observed, with no torching of trees. The rate of spread
remained slow, up to about six m per hour (20 ft/hr) for surface fire during the peak
burning periods.

During the first few days, the weather was cool, relative humidity high, and
winds were light. Fire progression was slow in the first two weeks (fig. 3 and 4).
From its ignition on September 3 until fire crews made access on September 10, the
only fire suppression activity came from water drops by helicopter. This effort was
limited to a few hours per day.

Access to the Canoe fire was subject to several constraints. It had to be
sufficient for supporting the firefighters with food, water, equipment, and emergency
evacuation. The fire was located in a state wilderness area, which also limited
options. While not subject to the strict constraints of federal wilderness, the State
Park needed to agree on suppression strategy if mechanical equipment was used or
large trees felled.

Fire crews unsuccessfully attempted creating two different hiking routes into the
fire. These routes would take several hours to hike and were not sufficient for
firefighter safety and support. On September 9, a bulldozer was walked in along a
ridgeline for several miles to construct a helispot near the fire. Weather had become
overcast with light rain, halting fire advance and moderating fire behavior. Crews
began trail construction to the fire from the helispot. On September 10, seven days
after it started, ground resources arrived at the Canoe fire, now at 21 hectares (51 ac).
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Figure 3—Canoe fire area growth.
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Figure 4—Canoe fire perimeters.

Red flag warnings were in effect for high winds and low humidity on September
11, 12, and 13. Fire growth remained slow, increasing to 28 hectares (69 ac) by
September 14. Fire behavior was described as flame lengths of 15 to 30 centimeters
(six inches to one ft) and a spread rate of 4.9 m per hour (16 ft/hr). However, active
burning periods were occurring both in the afternoon and in the early morning hours.
As inversions settled into the Eel River valley, a thermal belt of warm, dry air
influenced the fire on the mid and upper slopes, increasing fire activity at night. This
was a common occurrence until the fire was contained.
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The old-growth area had many standing dead trees prone to falling as the fire
burned. The fire moved slowly, but had a long residency time as it consumed deep
fuel layers. Given the heights of these trees and the long burn out times, working near
the active fireline posed a significant risk to firefighters.

On September 16, several spot fires crossed the west flank control line. Short
range spotting was becoming the main factor in fire growth. Crews were unable to
establish control lines around all the spot fires before nightfall. After dark, the snags
posed too great a hazard to continue work. Control line construction directly on the
fire edge was no longer an option on the Canoe fire.

Suppression strategy changed on September 17 to indirect control methods,
using the Grasshopper Trail, Grasshopper and Greig Roads, and fire line construction
on the southern boundary of the park. The fire progressed southward up Canoe Creek
past the helispot, actively burning in young-growth redwood stands by September 18.

On September 19, the Canoe fire had burned 283 hectares (700 ac), growing by
34 hectares (85 ac) in five hours. Relative humidity dropped into the teens and gusty
northeast winds were forecast for the fire area. As the fire remained on the lower
slopes and in dense forest, wind effects were negligible. But on ridgelines, swirling
winds caused spot fires well ahead of the main fire.

The fire growth came from a combination of slow expansion of the main fire,
firefighters conducting burnouts along the southern constructed fire line, and spot
fires crossing the southern control line. The State Park boundary/control line
followed the ridge and swirling winds pumped embers onto private land, creating
numerous spot fires. By September 20, acreage growth was more influenced by
suppression activity than the fire itself.

The fire had now established in young-growth redwood areas (estimated age 70
years). Fire behavior in these areas was substantially different than observed in old-
growth redwood. In both areas, fire would climb well up the tree boles. In old-
growth, some of this burning material would fall and establish new fire just ahead of
the flaming front. This form of short range spotting was common. In young-growth
redwood, the crown of individual trees burning (torching) lofted embers farther
distances and was source of short, medium, and long-range spot fires.

Discussion

Fuel characteristics and weather contributed to fire progression. The fire was
weather caused, but the fire advance was fuel driven.

The Canoe fire displayed different fire behavior in old-growth redwood than
observed in young-growth areas. Observed fire front advance in old-growth areas
exhibited flame lengths of up to 0.3 m (one foot) and very slow rates of spread, up to
6 m per hour (20 ft/hr). Adjusting for slope and wind factors, these characteristics are
considerably lower than predicted by the BEHAVE model for the most closely
matched standard fuel model, Fuel Model 10 (Anderson 1982, Andrews 1986).
Predicted flame lengths of 1.5 m (five ft) and maximum rates of spread of 152 m per
hour (500 ft/hr) were common from the model. Heavy fuel loads produced long
duration fire intensity within the burn. While torching of the tall, living trees was
rare, standing dead trees were common and readily burned. These became aerial
fuels, providing embers that advanced the fire through a short range spotting effect.
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Upon entering young-growth redwood areas, Fuel Model 10 more closely
predicted the actual fire behavior observed, but still over-predicted the rate of spread.
In both young-growth and old-growth redwood stands, the wind effect on surface fire
was minor. The canopy reduced the wind to approximately 0.1 times the forecasted
6.1-meter (20 ft) wind speed, reducing the advance of the fire front. Nor did surface
wind from diurnal effects appear to be a factor in the spread rate.

Fire commonly would climb into the canopy in dead branches, moss, and lichens
in both vegetation types, producing falling embers. Torching trees were more
common in young-growth redwood. These effects produced substantial fire advance
from ember ignited spot fires, some reported as far as one-mile ahead of the main
fire. Spot fires were common and predictable downwind from ridges.

Topography and access were important factors in the Canoe fire. Only limited
logging had occurred on the area’s moderate to steep slopes before park designation.
Using old skid routes and ridgelines, bulldozer access to the fire area was feasible, as
was demonstrated by the eventual construction of a helispot. Further use of
bulldozers for fire suppression was not implemented at that time, given management
constraints.

Because the Canoe fire started in a state wilderness area, managers implemented
a Minimum Impact Suppression Tactics (MIST) approach that affected fire
suppression effectiveness. The balancing of resource impacts from operations against
the impacts of wildfire was a delicate issue. Using the Eel River and the nearest road
system for control was possible on the north, east, and west and would increase the
12-hectare (30 ac) fire to 5,000 plus hectares. But on the southern flank, no logical
firebreak was present within the park. Keeping the fire on the State Park was a
declared objective. Direct suppression was selected as the best of several poor
options.

Low impact overland access was attempted via several routes. It took several
days to determine that this was not feasible given firefighter safety issues. Escalating
the impact, bulldozer access (blade up) was made to create a helispot. Fire crews
were inserted, access made, and direct fire line construction started. Firefighter safety
issues resulted in abandoning this plan, as spot fires started that could not be safely
contained. Twelve days after the Canoe fire started, the road system and park
boundary became the targeted control points. Critical fire weather conditions were
now also affecting the fire area.

After constructing and improving the control lines on the north, west, and south
fire flanks, firing operations were implemented to create a wide area of burned fuel
before the main fire reached these control lines. Along the southern ridge control line,
spot fires were large and numerous, requiring new control lines well onto private
land. On the western flank, the fire crossed the control line near Grasshopper
Lookout before firing operations could be completed. The eastern flank, between the
Eel River and the main fire, was intentionally burned using helicopter dropped
incendiaries on a 230 meter by 305 meter (75 ft by 100 ft) grid.

Within the old-growth stands, canopy loss from direct burning was rare.
However, the long duration burning of surface fuels is likely to have killed the
cambium layer of trees in all size classes. The two-percent mortality reported by Fritz
in the early 1930s represented old-growth stands that likely had experienced
occasional, low intensity fire. The Canoe fire area has been subject to years of fire
exclusion. The larger dead fuels that contribute to long duration burn times would be
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in greater abundance than in areas with frequent fire cycles. This produces a higher
intensity and duration of burn that may likely produce greater mortality than found in
the earlier study.

Younger stands adjacent to the old-growth areas burned with greater intensity,
spread rates, and flame lengths. Both old-growth and young-growth fuel complexes
were resistant to control, but improved access in young-growth stands increased
suppression effectiveness.

The long duration burning produced smoke impacts that lasted for weeks. The
North Coast Unified Air Quality Management District issued daily health advisories
for southern Humboldt County. Measured peak levels of PM10 from smoke in Myers
Flat often exceeded 800 pgm/m’. Some schools near the fire area closed and many
residents left the area due to poor air quality (Torzynski, personal communication).
While a relatively short-term impact, the smoke impacts from wildfire, or prescribed
burning, must be a management consideration.

Conclusions

Fire behavior prediction models over-predicted flame lengths and spread rates
for old-growth redwood stands. The duration and intensity of burning lasted many
days beyond the initial passage of the fire front. Inability to access the Canoe fire
with ground-based fire suppression resources while it was still small was the main
factor allowing the fire to grow. Embers falling a short distance ahead of the fire
front were the primary means of fire advance. Trees and snags fell at a high rate,
presenting a greater risk to firefighters than from fire spread rates or flame lengths.
While direct damage to old-growth tree crowns was rare, the high intensity of the
surface fire, due to fuel accumulation during an extended fire-free period, is likely to
produce higher mortality. Regional smoke impacts from wildfire in this old-growth
stand were substantial. Parks must be managed to anticipate and mitigate impacts that
fire will have on vegetation, habitat, watersheds, and neighboring property.
Prescribed burning should be applied to decrease the fire-free interval, reducing fuel
accumulation and potential damage to habitat. Fire management access must be
improved by planning approved routes, helispot construction, and maintenance. Parks
must incorporate fuels management adjacent to private land to reduce potential future
wildfire risk and impacts.
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Abundance and Habitat Associations of
Dusky-Footed Woodrats in Managed
Redwood and Douglas-fir Forests®’

Keith A. Hamm,? Lowell V. Diller,? and Kevin D. Hughes?®

Simpson Resource Company (formerly Simpson Timber) initiated studies on
dusky-footed woodrats (Neotoma fuscipes) in 1992 on its approximate 450,000-acre
ownership in Humboldt and Del Norte Counties, California. This land base is
comprised of second and third growth forests primarily managed under an even-aged
(clearcut harvest) silviculture technique. Interest in abundance and habitat
associations of woodrats was driven by its importance as a primary prey item for the
federally threatened northern spotted owl (Strix occidentalis caurina). Simpson’s
studies of spotted owls have shown that woodrats comprise approximately 45 percent
frequency and 70 percent biomass of prey consumed by spotted owls.

Research projects on dusky-footed woodrats have consisted of two master’s
thesis projects at Humboldt State University and one “in-house” study. In the 1992 to
1993 master’s study, we live-trapped woodrats on 1.2 ha grids located in 24 forested
stands from four age classes of redwood (Sequoia sempervirens)/Douglas-fir
(Pseudotsuga menziesii) forest. Age classes were: five to nine years, 10 to 20 years,
21 to 60 years, and 61 to 80 years. We live-trapped each stand for five nights with
Tomahawk (model #201) traps. In the 1999 “in-house” study, we live-trapped
woodrats in 15 redwood/Douglas-fir stands ranging from young regeneration nine to
15 years old to mature second growth forest 50 to 70 years old that had varying levels
of commercial thinning harvest. Thinning existed on a continuum of basal area
removed, but for the purposes of sampling we placed stands into light, medium and
heavy thinning categories. Vegetation was measured in 0.04 ha circular plots within
trapping grids. Akaike’s Information Criterion (AIC) was used to identify the top
models predicting woodrat occurrence. During 2000 and 2001, an HSU graduate
student sampled 29 stands of Douglas-fir/tanoak (Lithocarpus densiflorus) forests for
woodrats through the use of live-trapping techniques. Stands were stratified into four
age classes: five to 20; 21 to 40; 41 to 60; 61 plus years. Two transects were
randomly located within each stand and 25 Tomahawk live traps were placed at 15 m
intervals along each transect. Trapping was conducted for five nights. Captured
woodrats were marked and released. Vegetation was measured in 0.04 ha circular
plots along trap lines. The top models for predicting woodrat occurrence were ranked
according to AIC values. In addition, this study compared woodrat house centered
vegetation plots and randomly chosen plots to investigate the influence of habitat
variables on nest site (house) selection.

During 1992 to 1993 we found woodrats were most abundant in young stands

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 Simpson Resource Company, Korbel, CA 95550, (707) 668-4437. email: khamm(@simpson.com

3 Dept. of Biology, Montana Tech University, Butte, MT 59701.
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from five to 20 years of age. Density estimates were >31 woodrats/ha in stands five
to 20 years old and <2 woodrats/ha in stands 21 to 80 years old. In 1999, woodrats
trapped in clearcut areas <15 years of age were found in similar abundance to clear-
cuts trapped in 1992 to 1993. Abundance in clearcuts was significantly greater than
thinned stands (y° = 12.54, P = 0.006). In thinned stands, woodrats were associated
with increasing understory cover, increasing amounts of redwood shrub cover, and
decreasing amounts of Pacific rhododendron (Rhododendron macrophylum) and salal
(Gaultheria shallon) cover. Woodrats were negatively associated with conifer stems
>45.7 cm dbh. A Poisson regression indicated that woodrats began responding to
thinning when stand basal area approached a lower limit of 28 m*/ha. During 2000 to
2001, 207 different woodrats were captured among the four age classes of Douglas-
fir forest. Woodrat abundance differed among the four age classes of Douglas-fir
forest (' = 13.27, P = 0.004) and woodrat abundance was negatively related to stand
age (r; = —0.68). The top model predicting woodrat abundance indicated a negative
association with stand age, a positive association with shrub hardwood cover and a
negative association with percent Douglas-fir in the shrub layer. The top model
predicting woodrat house occurrence showed positive associations with ground cover
of tanoak, percent tanoak in the shrub layer and density of understory tanoak.

All three studies indicate that in the redwood/Douglas-fir zone of Simpson’s
ownership, woodrats are in greatest abundance in young stands <20 years of age. Use
of uneven-aged silviculture techniques such as commercial thinning or selection is
not likely to enhance woodrat abundance because these practices generally encourage
the proliferation of shade tolerant understory species that are not palatable forage for
woodrats. Silviculture practices that promote a dense and diverse shrub layer of
heliophilic species that are more palatable should promote woodrat abundance.
However, woodrats also require suitable substrate in the form of redwood or tanoak
stump sprouts, logs, and other down material for construction of their houses.

Because woodrats are the primary prey species of spotted owls (Strix
occidentalis caurina) in northern California, forest management practices that
influence woodrat abundance have implications to management of populations of
threatened spotted owls. Thinning of mature stands is not likely to enhance the
primary prey base for spotted owls in this region. The management strategies for
threatened populations of spotted owls must take into consideration the habitat needs
of the species itself and that of its primary prey.
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Individual Legacy Trees Influence
Vertebrate Wildlife Diversity in Commercial
Forests'?

M. J. Mazurek?® and William J. Zielinski*

Key words: basal hollows, bats, small mammals, and birds, biodiversity, biological
legacy, forest management, legacy tree, managed forests, northwestern California,
redwood, Sequoia sempervirens, wildlife communities

Old-growth forests provide important structural habitat elements for many
species of wildlife. These forests, however, are rare where lands are managed for
timber. In commercial forests, large and old trees sometimes exist only as widely-
dispersed residual or legacy trees. Legacy trees are old trees that have been spared
during harvest or have survived stand-replacing natural disturbances. We define
legacy trees as having achieved near-maximum size and age, which is significantly
larger and older than the average trees on the landscape. This distinguishes them
from other ‘residual’ trees, which may also have been spared from harvest but are not
always larger and older than the average trees in the landscape. The value of
individual legacy trees to wildlife has received little attention by land managers or
researchers within the coast redwood (Sequoia sempervirens) region where 95
percent of the landscape is intensively managed for timber production.

We investigated the use of individual legacy old-growth redwood trees by
wildlife and compared this use to randomly selected commercially-mature trees. This
research was conducted during 2001 and 2002 in Mendocino County, California. At
each legacy/control tree pair we sampled for bats using electronic bat detectors, for
small mammals using live traps, for large mammals using remote sensor cameras,
and for birds using time-constrained observation surveys. Legacy old-growth trees
containing basal hollows were equipped with ‘guano traps’; monthly guano weight
was used as an index of roosting by bats. The diversity and richness of wildlife
species recorded at legacy trees was significantly greater than at control trees
(Shannon index = 2.81 vs. 2.32; species = 38 vs. 24, respectively). The index of bat
activity was significantly greater at legacy trees compared to control trees (Fy, 457 =
17.66, P < 0.0001). There was a significantly greater number of birds observed (t =
16.6, P < 0.0001) and time spent (t = 4.05, P = 0.0004) at legacy trees compared to
control trees. Woodpeckers, nuthatches, and some swallows were observed only at
legacy trees. There was also twice as much foraging activity by birds at legacy trees

! An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 This article was published in Forest Ecology and Management 193 (2004) 321-334, and can be viewed
in full at: http://www.sciencedirect.com/science/journal/03781127

3 wildlife Biologist, USDA Forest Service, Pacific Southwest Research Station, 1700 Bayview Dr.,
Arcata, CA 95521. email: mmazurek@fs.fed.us

* Research Ecologist, USDA Forest Service, Pacific Southwest Research Station, 1700 Bayview Dr.,
Arcata, CA 95521. email: bzielinski@fs.fed.us
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compared to control trees. We found no statistical differences between legacy and
control trees in the numbers of small mammals captured (t = 0.5, P = 0.62) or in the
number of species photographed using remote cameras (S = 37.5, P = 0.10). Every
basal hollow contained bat guano and genetic methods confirmed use by four species
of bats. Vaux’s swifts, pygmy nuthatches (Sitta pygmaea), violet-green swallows
(Tachycineta thalassina), and the long-legged bat (Myotis volans) reproduced in
legacy trees.

As measured by species richness, species diversity, and use by a number of
different taxa, legacy trees appear to add significant habitat value to managed
redwood forests. The use of legacy trees by wildlife was demonstrated by evidence of
their nesting, roosting and resting; behaviors which were not observed at control
trees. This value is probably related to the structural complexity offered by legacy
trees. The presence of a basal hollow, which only occur in legacy trees, was the
feature that appeared to add the greatest habitat value to legacy trees and, therefore,
to commercial forest stands. Basal hollows were used by every taxa sampled, but
appear to be particularly important to bats and birds. Because roost and nest
availability can limit the populations of birds and bats, basal hollows may play a
critical role in the redwood region if they provide roost and nest sites in forests that
are otherwise deficient.

Our traditional view of conservation reserves is of large protected areas.
However, few landscapes provide us with the opportunity to preserve large tracts of
land and we must consider conserving biodiversity within the matrix of multiple use
lands. Given the fragmented nature of mature forests in the redwood region, remnant
patches of old-growth and individual legacy trees may function as ‘mini-reserves’
that promote species conservation and ecosystem function. Therefore, legacy trees
may provide some measure of habitat connectivity (‘stepping stones’) to larger more
contiguous tracts of old-growth forests. Because of their rarity in commercial forests,
the first step in the management of legacy trees is to determine their locations and
protect them from logging or from physical degradation of the site. Because legacy
redwoods with basal hollows are even rarer, locating and protecting these should be
the highest priority. In addition, the circumstances that lead to their genesis will be
difficult to recreate, especially on commercial timberland. Hollows form by repeated
exposure of the base of trees to fire, and because most fires on private land are
suppressed, prescribed fire would need to be repeatedly applied to trees that would be
designated as ‘future legacies’ and which would be excluded from harvest in
perpetuity. Even without management to encourage basal hollows we suggest that
managers plan for the recruitment of trees that are destined to become legacies.
Although we do not believe that any one tree will protect a species, we do believe
that the cumulative effects of the retention, and recruitment, of legacy and residual
trees in commercial forest lands will yield important benefits to vertebrate wildlife
and other species of plants and animals that are associated with biological legacies.

The results of our study beg us to consider habitat at a spatial scale that is
smaller than that of habitat patches or remnant stands; we conclude that individual
trees can have very important values to wildlife. More research would be helpful,
however, to specify the level of individual tree retention required to maintain
biodiversity in managed lands. It would help to know, for example, whether the
fitness of individual species, and the diversity of wildlife communities, is greater in
landscapes in which legacy trees are common compared to landscapes with very few
legacy trees. It is possible that because legacy trees are rare—despite their apparent
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values to wildlife— that they do not affect wildlife diversity or productivity over
large areas. It would also advance our knowledge to determine whether legacy trees
in legacy-rich landscapes can function to maintain connectivity between protected
stands of mature and old-growth forests. If so, the landscape context will be an
important component of managing residual legacy trees and planning their
recruitment across landscapes. For now, however, this study makes clear that
protecting legacy trees will protect important habitat features that receive
disproportionate use by many wildlife species. The protection and management of
these trees can enhance wildlife conservation on lands where the opportunities to do
so can be limited.
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The Relationship Between the Understory
Shrub Component of Coastal Forests and
the Conservation of Forest Carnivores®

Keith M. Slauson? and William J. Zielinski?

The physical structure of vegetation is an important predictor of habitat for
wildlife species. The coastal forests of the Redwood region are highly productive,
supporting structurally-diverse forest habitats. The major elements of structural
diversity in these forests include trees, shrubs, and herbaceous plants, which together
create three-dimensional complexity. In the forests of the northern Redwood region,
dense, continuous shrub layers were common understory structural elements in
mature forests (Sawyer and others 2000). However, within the last 60 to 80 years,
most of these forests have been logged and subsequently managed on short rotations
(for example, 60 years) to maximize the production of wood. This has resulted in a
reduction in the complexity of shrub and herb layers in these forests due to a
combination of detrimental factors (for example, mechanical damage, burning,
herbiciding, competition for light with densely stocked stands, fragmentation by
roads). We investigated the importance of shrub cover to three species of
mesocarnivores, the American marten (Martes americana), fisher (M. pennanti), and
gray fox (Urocyon cinereoargenteus).

To determine whether the distributions of mesocarnivores have changed since
large scale changes in forest structure have occurred in the Redwood region, we
compared the historical distributions of each of the three mesocarnivore species to
their contemporary distributions in Northwestern California. For historical
information we used the records from Grinnell and others (1937), which covered the
period from 1919 to 1924 in California. To determine contemporary distribution we
conducted surveys using two, five, and 10 km systematic grids, with two track plates
at each two km grid point and six track plates at each five and 10 km grid point; each
station was surveyed for 16 consecutive days (see Zielinski and others 2000). From
1995 to 2002, we sampled 493 sample units, composed of 1,920 individual stations,
representing 30,720 survey days.

American martens were historically found within coastal forests (redwood and
Douglas-fir types) from near the Oregon border to northwestern Sonoma county;
most records (20 of 24) occur within <25 km of the coast. Contemporary detections
of martens were limited to a single population, occupying an area equivalent to less
than five percent of its historical range. Fishers were historically found in more
interior forests with nearly all records (50 of 51) occurring >25 km from the coast.
However contemporary detections of fishers occurred commonly in both interior and
near coast forests with 30 of 76 (39 percent) stations <25 km and 68 of 377 (18

" An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 USDA Forest Service, Pacific Southwest Research Station, Redwood Sciences Lab, 1700 Bayview
Drive, Arcata, CA 95521, (707)825-2931. email: kslauson@fs.fed.us and bzielinski@fs.fed.us
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percent) >25 km detecting fishers. Most historical records of gray foxes occurred in
interior forests (78 of 100), but clusters of records occurred in near coast areas with
naturally mixed habitats (for example, forest and oak woodland or forest and
estuarine) such as the Humboldt bay vicinity. Contemporary detections of gray foxes
also occurred commonly in both coastal and interior forests, with 14 of 50 (28
percent) sites <25 km and 38 of 177 (21 percent) >25 km detecting gray foxes. Thus,
by comparing historical and contemporary information, the distribution of the marten
has dramatically declined in near coast forests while the fisher and gray fox have
maintained their interior distributions and now appear to have expanded their
distributions in coastal forests.

In an investigation of habitat use by the remnant population of martens, Slauson
(2003) found that stands of old growth conifers with dense, spatially extensive shrub
cover were most often selected. This population occupies the largest remnant area of
late-successional dominated coastal forest within its historical range. Fishers and gray
foxes were rarely detected within this region, despite being commonly detected in
adjacent areas that are either more interior, or in logged coastal forest landscapes.
Martens show the strongest selection for stands with >80 percent shrub cover and
select against stands with <60 percent shrub cover. Both fishers and gray foxes show
selection against stands with shrub cover >80 percent and use sites with <60 percent
in proportion to availability.

The shrub layers used by martens in coastal forests are typically dominated by
salal (Gautheria shallon), rhododendron (Rhododendron macrophyllum), evergreen
huckleberry (Vaccinium ovatum), and huckleberry oak (Quercus vaccinifolia).
Overall in unlogged sites, mean shrub cover naturally declines with increasing
distance from the coast (table 1). At 20 km from the coast shrub cover is at the lower
end of shrub cover used by martens and begins to enter the range used more by the
fisher and gray fox. However, in logged sites shrub cover is significantly reduced in
the five to 20 km region that naturally supports denser shrub cover. This has created
conditions in the near coast region that now appear more suitable for use by the fisher
and gray fox and less unsuitable for the marten.

Table 1—Mean shrub cover (SE) for unlogged and logged stands and their distance from the
coast.

Distance from coast (km)
5 10 15 20 25 30 35 >35

Percent unlogged 92 86 77 59 66 53 54 34
(n=584) (1.7 (2.0) (26) (3.8 (B2 32 (.00 1.9
Percent logged 55 57 50 46 60 72 34 44
(n=218) 6.1) (5.0) (53) (44 (6.6) (6.8) (139 (74

The distributions of several mesocarnivore species have changed over the last 80
years, perhaps in response to the changes in understory forest structure we have
described here. Two species, the fisher and the gray fox, now appear more common
in redwood forest types than in the early 1900s. Both of these species typically
occupy forest types interior to the redwood region where understory shrub densities
are naturally lower and are absent or rarely detected within coastal forest habitats
with dense, spatially-extensive shrub cover. The American marten has disappeared
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from >95 percent of its historical range within the redwood region, in part due to
over-trapping (Zielinski and others 2001). It currently only occurs in coastal forest
habitats with dense, spatially-extensive shrub cover. The smaller-bodied marten may
be able to more effectively forage within the dense shrub layers than fishers or gray
foxes. Dense, spatially-extensive understory shrub cover may play an important role
in structuring the mesocarnivore community in coastal forests of the Redwood
region. The cover of mature shrub communities may be critical to the restoration of
the American marten across this region. Strategic restoration and management efforts
will be necessary to return this natural structural element where it has been lost.

References

Grinnell, J.; Dixon, J.S.; Linsdale, J.M. 1937. Fur-bearing mammals of California. Vol. 1.
Berkeley, CA: University of California Press; 375 p.

Sawyer, J.O.; Silett, S.C.; Popenoe, J.H.; LaBanca, A.; Sholars, T.; Largent, D.L.; Euphrat, F.;
Noss, R.F.; Van Pelt, R. 2000. Characteristics of redwood forests. In: Noss, R.F., ed.
The redwood forest: history, ecology, and conservation of the coast redwoods. Covelo,
CA: Island Press; 339 p.

Slauson, K.M. 2003. Habitat selection by a remnant population of American martens in
coastal northwestern California. Corvallis, OR: Oregon State University. M.S. Thesis.
Available at http://www.rsl.psw.fs.fed.us/pubs/WILD90S .html

Zielinski, W.J.; Truex, R.L.; Campbell, L.A.; Carroll, C.R.; Schlexer, F.V. 2000. Systematic
surveys as a basis for the conservation of carnivores in California forests. Pacific
Southwest Research Station, Redwood Sciences Lab, Forest Service, U.S. Department of
Agriculture, Redding, CA. Unpublished report; 23 p. Available at http://www.rsl.psw.fs.fed.us
/pubs/WILD90S .html

Zielinski, W.J.; Slauson, K.M.; Carroll, C.R.; Kent, C.J.; Kudrna, D.K. 2001. Status of
American marten populations in the coastal forests of the Pacific states. Journal of

Mammalogy 82(2): 478-490. Available at http://www.rsl.psw.fs.fed.us/pubs/
WILD90S .html

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 243


http://www.rsl.psw.fs.fed.us/pubs
http:http://www.rsl.psw.fs.fed.us
http://www.rsl.psw.fs.fed.us/pubs/WILD90S.html

Fisher (Martes pennanti) Use of a Managed
Forest in Coastal Northwest California®

Joel ;I'homps.on,2 Lowell Diller,? Richard Golightly,® and Richard
Klug

A sooted track plate survey was conducted for two seasons during winter, spring
and summer of 1994 and 1995 to investigate fisher distribution across a managed
landscape in Humboldt and Del Norte Counties, California. Forty survey segments
were established throughout the region with each segment consisting of six sooted
track plates (stations) at one-km intervals. Habitat characteristics were measured at
238 track-plate stations and in the stands where they were placed. Habitat attributes
associated with fisher detection sites were compared to non-detection sites at both the
station and stand level. Vegetation type was the only variable to be selected by the
logistic procedure to predict fisher occurrence at the stand level. Fishers were
detected more often in stands dominated by Douglas-fir (Pseudotsuga menziesii) or a
mixture of Douglas-fir and coast redwood (Sequoia sempervirens) than in stands
dominated only by redwood. We found no relationship between fisher detections and
stand age, canopy cover, or topographic position. A forward stepwise logistic
procedure indicated that presence of fishers at the station level was best predicted by
increasing elevation, greater volume of logs, less basal area of conifer 52 to 90 cm,
more moderate slopes and greater distance to the coast.

During 1996 to 1997 a telemetry project was conducted to specifically look at
vegetation and structural characteristics of fisher den and rest sites. Twenty-four
individuals (10 male, 14 female) were captured during the study. Twelve individuals
(six male, six female) were fitted with radio collars and followed to determine resting
and denning sites. A total of nine dens were found for five of six females outfitted
with radio transmitters. These consisted of four natal and five maternal dens. The
dens were located in four “highly decadent” live hardwoods, one “sound” hardwood
and four conifer snags. Natal dens were all in cavities. Two were located in tanoaks
(Lithocarpus densiflorus), one chinquapin (Chrysolepis chrysophylla) and one
Douglas-fir snag. Mean diameter at breast height (dbh) was 76.5 cm (SD = 15.6,
range 62.5 to 95.3 cm). Maternal dens were also all in cavities. Three of the cavities
appeared to be created by pileated woodpeckers (Dryocopos pileatus) and two
appeared to have been created by old fire scars. The cavities were in two tanoaks, two
Douglas fir snags and one western red cedar (Thuja plicata) snag, with a mean dbh of
112.0 cm (sd = 45.8, range 62.5 to 184.4). A total of 35 rest sites were located in
seven different tree species, however, 3 species accounted for over 80 percent of all
rest sites. These were western hemlock (Tsuga heterophylla), western red cedar and
Douglas-fir. The most common structures used as rest sites were platforms formed by
mistletoe deformities, debris accumulations and lateral branches. These comprised

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 Simpson Resource Company, P.O. Box 61, Korbel, CQ 95550, (707) 668-4438. email: jthoms @simpson.com
3 Humboldt State University, Dept. of Wildlife, Aracata, CA 95521.

* Fruit Growers Supply Company, Hilt, CA 96044.
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roughly 65 percent of all rest sites. Cavities were used for resting approximately 20
percent of the time. The mean dbh of trees containing rest sites was 84.6 cm with a
range from 22.4 to 175.0 cm.

Beginning in 2002 a mark-sight study, using remote cameras to identify
uniquely marked individuals, was initiated to estimate the density of fisher on two
100 km?study sites located in Humboldt County, northwestern California. Both study
sites were located in the Douglas-fir/redwood transition zone. Fieldwork for this
project has been completed but only preliminary summary data are presented here.
Thirty-six fishers were captured on the two study sites (19 females, 17 males) over
the two year period. Twenty-nine of 36 fishers captured were adults. Fourteen of 17
adult females appeared to be reproductive, with 11 lactating at the time of capture
and three which were not lactating but later located at dens. The status of the
remaining three adult females was not determined due to difficulties with transmitters
and the inability to successfully locate them on the ground. During the resighting
portion of the study, a grid with 1.6 km spacing between points was overlaid on each
study site, creating 44 camera stations in each area. Twenty-two cameras were
deployed in each study area (every other station) and checked once weekly for a two
week period. Cameras were then moved to the adjacent stations and checked for
another two week period, thereby sampling all 44 stations every four weeks. This was
considered one “sighting period”. During the 2002 season, cameras were monitored
for three sighting periods from June through August, with fishers detected on 148
occasions. In 2003, cameras were monitored for 4 sighting periods from May-
August, with fisher detections on 224 occasions. Ratios of marked to unmarked
individuals were 1:2.1 and 1:1.6 during 2002 for the Bald Hills and NF Mad River
sites respectively. In 2003, ratios were 1:0.52 and 1:0.38 for the Bald Hills and NF
Mad River sites respectively. Crude population estimates, based only on the ratio of
marked:unmarked fisher sightings, resulted in estimates of 22 fishers on the Bald
Hills site in 2002 and 18 fishers in 2003. Estimates for the NF Mad River site were
21 fishers in 2002 and 11 fishers in 2003. In combination with the previous two
studies mentioned above, it appears that fishers are relatively abundant and well
distributed throughout the managed forests of extreme northwestern California.
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Salmonid Communities in the South Fork of
Caspar Creek, 1967 to 1969 and 1993 to
2003’

Bradley E. Valentine,? Richard A. Macedo,? and Tracie Hughes??

Abstract

Demand for wood products and advances in logging technology post-World War II resulted in
timber harvesting that extensively modified streams on the North Coast of California. To
assess the resulting impacts to salmonid populations, the Department of Fish and Game
conducted studies at widely spaced sites throughout the redwood region during the 1960s. In
order to compare current salmonid communities with those documented earlier, we resumed
investigations on the South Fork, Caspar Creek in 1993. During the last decade, total
salmonid density was within the range observed during the 1960s, albeit generally in the
lower half of that prior range. Biomass has remained consistent between the time periods. The
salmonid communities shifted from ones in which coho salmon and steelhead were both well
represented to ones that were greatly dominated by one species or the other. Stream surface
area and substrate quality between the two time periods are similar. Explaining the cause of
the different salmonid community patterns between time periods are problematic but is
probably related to climatic differences in ocean conditions and precipitation patterns.
Because there was a single, early summer pretreatment assessment of salmonids, the long![]
term effects of the 1960s era timber operations can not be determined.

Key words: coho, dominance, salmonid community, steelhead, timber harvest

Introduction

Rapidly increasing construction activity at the end of World War II created
heavy demand for wood products that dramatically increased timber harvest in
California (Anonymous 1988). At the same time, tractor yarding and truck hauling
replaced steam-railroad systems as the primary mode of yarding and log transport.
These advances also enhanced accessibility to timber in more remote and rugged
areas (Sawyer and others 2000). Finally, increased lumber values encouraged mills to
improve technology and products, thereby increasing the range of merchantable
timber materials and reducing post-harvest retention of live trees, snags, and downed
logs.

Changes in timber harvest operations promoted severe and widespread impacts
to watercourses. Many studies were initiated to evaluate the consequences of such
operations on aquatic habitat and fishery values. Most studies had small spatial
scales, but some were at a watershed scale (for example, Moring and Lantz 1975,
Scrivener and Andersen 1984). In California, initial efforts to evaluate these impacts

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 150
17, 2004, Rohnert Park, California.

2 California Department of Fish & Game, Central Coast Region, 7329 Silverado Trail, Napa, CA 94558.

3 Tracie Hughes is now Tracie Nelson.
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were both extensive (Burns 1972) and intensive (Ziemer 1998). The studies in total
have generally found impacts to salmonids mediated through changes in solar
radiation and temperature; reductions in channel complexity due to modified large
woody debris loading and increased delivery of coarse sediment; and modifications
in productivity through fining of the spawning beds and changed stability.

Anadromous salmonid populations across the west coast have been declining for
some time, possibly due to a combination of both freshwater and marine conditions.
For example, summarizing information mainly taken from Brown and others (1994),
the NMFS (Weitkamp and others 1995) estimated that coho salmon (Oncorhynchus
kisutch) escapement in California ranged between 200,000 and 500,000 in the 1940s,
but had declined to an average of about 31,000 from 1987 to 1991, and that they were
apparently extirpated from 46 percent of the streams with historic records. The
National Marine Fisheries Service (Weitkamp and others 1995) also noted that
traditional assessment of salmon populations had focused on the number of
harvestable or reproductive adults but that data on other life history stages (for
example, freshwater smolt production) can be used as supplemental indicator of
abundance. In response to the mounting evidence of declining salmonid stocks, the
National Marine Fisheries Service listed several Evolutionarily Significant Units of
anadromous salmonids including coho and steelhead (O. mykiss) in California and
the Pacific Northwest under the federal Endangered Species Act.

Little long-term trend information has been collected on juvenile salmonids.
Yet, assuming juvenile populations are habitat limited (Burns 1971), trends in their
numbers can provide insights into freshwater habitat conditions, a life stage which is
an integral but not necessarily the most limiting portion of their life history.
Motivated by this tenant and the availability of historic data (Burns 1970, 1972)
against which to compare, a monitoring program was activated on the Little North
Fork of the Noyo in 1992 (since assumed by Campbell Timberland Management) and
the South Fork of Caspar Creek in 1993. This articles reports on the juvenile
salmonid populations in the South Fork of Caspar Creek.

Methods

Burns’ Era

Methods used during the 1967 to 1969 are more fully described in Burns (1970,
1971, 1972). Because this work was extensive, varied between watercourses, and was
not always specified by study site, exact methods used at any one site are speculative.
For instance, Burns used both mark-recapture and depletion methods to estimate
populations in his study sites, so the method applied at any site must be inferred
based on conditions described in his articles.

For spawning gravel analyses, Burns (1970) collected 20 samples mid-stream
near the head of a riffle using a 15.24 cm diameter and 15.24 cm deep core ‘McNeil’
sampler. Samples were passed through sieves with 26.6, 3.327, and 0.833 mm
openings and the fine materials were collected in a pan. Water displacement was used
to determine volume of each screened sample. Residual sediments from the pan were
measured in graduated cylinders after settling for 10 minutes.

To assess salmonid numbers, Burns sampled with a backpack electrofisher in
June and October of each year from 1967 through 1969. He separated age classes by
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length-frequency methods and estimated population sizes probably with mark-
recapture methods. To convert population estimates to density estimates, Burns
measured stream dimensions using cross sections at probably 101 transects (average
of one transect every 30 m). Since Burns reports the area of his study reaches but not
the individual measures, we back-calculated average width during his studies from
his length and surface area summary data (Burns 1972). Burns’ study reach was a
continuous reach that ranged from 2,723 to 3,091 m between samples. The varied
reach lengths likely reflected differences in available habitat between water years.
Burns® efforts spanned from a single pre-impact sampling (June 1967), to
immediately after clearing and constructing the roads (October 1967), then through
two years of continued road maintenance (June and October 1968 and 1969).

Recent Methods

Since 1993, we have sampled biota in four index reaches each approximately
100 m in length. Index reaches were selected non-randomly to meet two goals: to
span Burns’ study site and to sample distinctly different habitat conditions. Stream
dimensions (wetted width and three equidistant water depths) were recorded at cross-
stream transects every five or ten m within the sampled reach. Depths and locations
of all pools were also measured. We weighed all collected vertebrates using an
electronic scale (+0.1 g) calibrated at each pass. We measured fork-length (=1 mm)
of salmonids, total length (£1 mm) of other fish taxa, and snout-vent length (£5 mm)
of Pacific giant salamanders (Dicamptodon tenebrosus). We estimated population
size in each index reach using multiple-pass, depletion methods (Carle and Strub
1978). We used Price (1982) to determining the number of passes required for a total
salmonid population estimate with a less than a ten percent error. Bulk sediment
samples were collected and processed according to Valentine (1995), essentially
identically to Burns (1970).

Results

From the pre-road construction effort in June of 1967 to the first autumn, Burns
(1971) noted an approximately 85 percent decrease in both coho and steelhead
density (fig. 1). In each subsequent year, density declined from the June sampling
effort to the October effort, but by much smaller amounts. Both coho and steelhead
showed positive October trends for the subsequent two years, suggesting that habitat
conditions were recovering. However, a comparison between coho trends in North
Fork of Caspar Creek, a control watercourse, and the South Fork suggested
otherwise. In the South Fork, Burns found that coho populations were 2.3 times as
dense in October 1969 than in October 1967. But in the North Fork, coho density
increased by a factor of 15 over the same period. During each of Burns’ sampling
periods, coho comprised a significant proportion (range 27 to 40 percent) of total
salmonid density. During the 1993 through 2003 period, total salmonid density
(range 0.33-0.96 fish/m?) fluctuated just below to within the lower 1/2 of the range of
Burns’ October estimates (0.52-1.33 fish/m?, fig. /). With the exception of 1996,
2002, and 2003, coho were rare or absent during our study. Coho were nearly absent
for three consecutive years (1998 to 2000); encompassing a complete cohort cycle.
However, coho dominated (59 to 88 percent) the salmonid population in the final two
years (2002 and 2003), and production of steelhead was nil in 2002.
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Figure 1—Density (#/m2) of salmonids in the South Fork of Caspar Creek, 1967 to
1969 and 1993 to 2003.

Biomass (fig. 2) shows similar changes as does density, although generally not
as severe. By June of 1969, total salmonid and steelhead biomass were very similar
to the pre-road building timber harvest (June 1967), while changes in coho and young
of the year steelhead biomass suggested recovery. Relative coho biomass changes in
the North Fork and the South Fork also suggested differential recovery. Coho salmon
biomass in October 1969 for the South Fork was 1.3 times that in October 1967,
while coho biomass in the North Fork increased by a factor of five over the same
time. Like density, biomass declined dramatically during the first summer. Total
salmonid biomass from 1993 to 2003 (range 15.71 to 31.15 kg/ha) was similar to that
observed by Burns during his October samples (range 14.92 to 30.38 kg/ha). Total
salmonid biomass reflected the species composition: steelhead accounted for most of
the salmonid biomass prior to 2002. However, in three years (1996, 2002, and 2003),
coho biomass exceeded even the values observed during the October samples from
1967 to 1969.

Substrate particle size indices varied widely (fig. 3). The greatest within-year
change was observed in 1967, when percent fines <0.8 mm increased from 20.6
percent to 34.2 percent, presumably in response to road construction activity. Within
subsequent years, differences between June to October substrate values were
negligible. Percent of fines <0.8 mm were marginally lower in the first spring after
road-building than they were prior to harvest, suggesting that the fines had flushed
during the preceding winter. However, percentage of fines <0.8 mm increased in June
of 1969, apparently in response to stream bank erosion, erosion on road sidecast, and
slides. Percentages of particles <3.3 mm showed parallel changes to that of the fines
<0.8 mm category. Samples taken in 1993 were within the 1967 to 1969 range,
suggesting spawning gravel quality was similar to the earlier samples and thus could
not explain density and community structure differences between the periods.
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Figure 2—Biomass (kg/ha) of salmonids in the South Fork of Caspar Creek, 1967 to

1969 and 1993 to 2003.
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Figure 3—Mean (and 95 percent CI) condition of substrate in the South Fork of
Caspar Creek expressed as the percentage of a sample smaller than two particle

size criteria.
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Average width during the 1967 to 1969 autumn samples generally declined (fig.
4), suggesting a deepening and narrowing of the wetted channel. When evaluating all
sampling periods, average width during the two study periods were similar. But
considering autumn samples only, the wetted channel during 1993 to 2003 tended to
be slightly wider (175.9 cm + 8.9 95 percent CI) than it was during 1967 to 1989
(152.5 cm £ 19.1 95 percent CI). This suggest that any deepening and narrowing that
began immediately after the initial impacts did not continue, and may have slightly
reversed after years of processing the land-management delivered sediment.
However, the data were not collected in such a means to enable statistical
comparison.
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Figure 4—Average width (cm) of South Fork Caspar Creek.

Discussion and Conclusions

There are two primary differences apparent when comparing Burns’ salmonid
communities with ours. First, the autumn total salmonid density during the 1993 to
2003 period was slightly more stable and averaged lower but still within the lower
part of the range reported by Burns (1972). Secondly, during Burns study the
densities of steelhead and coho were relatively more even than during the last decade
when one species has always dominated the salmonid community. The shift to strong
species dominance appeared in the South Fork in 1989 (Nakamoto 1988), who found
in sampling from 1986 through 1995 similar total densities and biomass as we found.
These patterns may have resulted from the land management practices and
subsequent habitat recovery, or temporal differences in variability of natural drivers
of salmonid density.

The between-year October increases in total salmonid density observed by
Burns may reflect short term recovery processes in the physical habitat as
streamflows processed the disturbed channels. It may also reflect reductions in
predator pressure, climatic and streamflow changes, or increases in nutrient
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availability. Timber management near streams can result in increased solar radiation,
higher invertebrate densities and improved forage conditions for some salmonid
species provided that that water temperature regimes remain within tolerable ranges
(Murphy and others 1986). Burns (1972) reported that solar radiation increased an
average of 98 Langley’s/day, and that water temperature increased as much as 11.1 °C.
After the right of way clearing and road building, urea was spread with the grass seed
sown for erosion control. Burns (1972) reported that, within a two year period
following road construction, benthos in the South Fork increased 370 over that which
existed prior to road construction. All these factors enhanced available food base and
likely enhanced salmonid growth. These land management changes to the food-base
and channel should have become relative stabile with time as the channels and
stream-side zones recovered. Beyond the land management induced changes and
subsequent recovery, variation in natural conditions may subsequently drive variation
in density of juvenile salmonids. Marine conditions (Beamish and others 2004) can
affect the number of adults available to return. Differential flow patterns can affect
the strength and success of the spawning run both between and within years (Lisle
and Lewis 1992).

The simplification of salmonid communities expressed by the greater dominance
of one species in the South Fork could reflect other factors. Reeves and others (1993)
found that basins subjected to high levels of timber harvest are more likely to be
dominated by a single species, and attributed that change to habitat simplification. In
the South Fork, the same mechanism may play a role in the single species domination
we observed.

Whether predation might differentially and variably affect the salmonid species
abundance in Caspar Creek is unknown. As top carnivore of Pacific Northwest
aquatic communities, giant salamanders may exert a controlling influence on
populations of salmonid especially through predation on alevins and juveniles.
During the last decade, Pacific giant salamanders have been generally as numerous as
the salmonids. Unfortunately, Burns did not report on salamander density or biomass,
thus eliminating our ability to use temporal differences to assess their possible
community structuring role.

A weir was constructed on the South Fork in 1962 (Anonymous 1970). Over the
years, the weir’s fish ladder deteriorated and may have been a migration barrier under
some flow conditions. Repairs completed in 1998 may have improved coho access
upstream of the weir and into our study sites. However, this does not fully explain
recent increases in South Fork coho salmon populations: the ladder still is not fully
functional, Nakamoto (1998) recorded strong coho density up through 1989, and a
similar species shift has been noted in the Little North Fork of the Noyo River,* a
stream that does not have a similar migration barrier.

Despite the similarity in total salmonid biomass between 1967 to 1969 and 1993
to 2003, population densities were generally lower during the last decade. This
contradiction could be explained by density dependant interactions among and
between salmonids species (Chapman 1966). If a watercourse’s carrying capacity
declines across the summer period in varying but non-linear ways, salmonid
populations may pass through a bottleneck and then enter a period where survivors
experience reduced density-dependent pressure and enhanced growth. The
contradiction could also be explained by the enhanced food resources observed by

* Unpublished data, David Wright, Campbell Timberland Management.

USDA Forest Service Gen. Tech. Rep. PSW-GTR-194. 2007. 253



Session 6—Salmonid Community Trends in Caspar Creek—Valentine, Macedo, and Hughes

Burns (1972) being diminished as the adjacent forest regrows. Gregory and others
(1987) noted that timber harvest enhanced nutrient levels persist for ten to 20 years
followed by a decline in primary production during the following 40 to 80 years of
deciduous forest stage.

There has been little change in wetted width and no change in channel substrate
quality. As measured on the South Fork, these parameters provide little insight into
the changes we observed in salmonid community structure. Bulldozer-assisted right[]
of-way clearing, road building, and stream channel clearing notably simplified the
South Fork channel. Evidence persists today where the channel’s cross section
appears to be about one bulldozer blade wide in many locations (Valentine, pers.
observ.). Recovery of the channel has been slow, as embedded LWD is gradually
being exposed and off-channel LWD recruitment is initiating. The two decade lull in
habitat change is consistent with Knopp (1993), who found that recovery from timber
harvest impacts to watercourse metrics may be slow. He found various stream aquatic
habitat indices were similar between recently managed (timber harvest) landscapes
and those that had a 40 year break in management. However, he found that the same
metrics differed significantly between unharvested basins and those which had been
subjected to past management.

The fact that total salmonid density fluctuated somewhat less during 1993 to
2003 than during the samples of 1967 to 1969 is somewhat surprising based on
general stream flow and climatic conditions. According to the Palmer Drought
Severity Index (NCDC 2005), Burns experienced relatively stable and near normal
climatic conditions before and during his studies. On the other hand, our sampling
efforts included, and were preceded by years of widely varying and prolonged
weather and stream flows conditions. The effects of storm flows on salmonid
reproduction is specific to timing and magnitude and is mediated through controlling
access to spawning areas and dynamics of redd scour (Lisle and Lewis 1992).

Late summer and early fall is a common period for conducting juvenile
salmonid surveys. At this time of year, populations have experienced the stress of
low flow and high temperature of summer, and have therefore provided biologists an
insight into existing habitat quality. This sampling period will not capture another
critical period that may limiting populations—the high runoff and turbidity
conditions that accompany winter storm runoff (Nickelson and others 1992).
Numerically and by biomass, 1+ steelhead were never dominant, but during the last
decade, their density has been slightly greater than during the post impact period of
Burns study. Since these fish have over-wintered prior to our sampling period, this
suggests some improvement recently in winter habitat. Unfortunately, Burns (1972)
only had one sampling period (June 1967) that preceded the treatments he evaluated.
The June 1967 sample period does not provide much insight into late summer
salmonid populations under unmanaged conditions. A single point for examining
parameters with substantial variability leaves us with scarce “pre-treatment” data
against which to assess the long-term impacts of timber harvest
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Amphibians as Indicators of Headwater
Processes in Northern California Forests:
What Are They Telling Us and Why Should
We Listen?!

Hartwell H. Welsh, Jr.?

Amphibians are recognized for their sensitivity to environmental perturbations
and for the advantages they offer as metrics of environmental health. Our research on
headwater amphibians in the Klamath-Siskiyou and North Coast Bioregions spans
nearly twenty years. Clear biotic patterns have emerged from our combination of
broadscal retrospective studies and finer scale natural experiments. These patterns
indicate that the species composition and relative abundances of headwater-adapted
amphibians, respond directly to changes in headwater processes that determine fine
sediment loads, water temperatures, and the forming of stream channel habitats and
sorting of streambed substrates that are influenced by amounts of large woody debris.
I review five studies that demonstrate the connections between amphibian diversity
and abundance and key headwater processes. The notion that monitoring biota as
metrics of changes in headwater stream processes is too difficult because of extreme
background noise is a fallacy. Amphibians respond directly to perturbations in these
processes, and thresholds for negative responses by these species can be determined.
While responses of anadromous species are difficult to link directly with changes in
headwater processes because of the challenge of separating out the influences of time
at sea, headwater amphibians are resident, long-lived, and numerous in healthy
streams. Consequently they can provide a direct metric of stream health and an
excellent surrogate for salmonids because they occupy a higher position in the stream
continuum such that when headwater processes are managed to promote thriving
amphibian populations, the downstream fish and their habitats will also likely thrive.

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 USDA Forest Service, Pacific Southwest Experiment Station, Redwood Sciences Laboratory, 1700
Bayview Drive, Arcata, CA 95521, (707) 825-2956. email: Amphnhwelsh@fs.fed.us
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Modeling Coast Redwood Variable
Retention Management Regimes"*

John-Pascal Berrill> and Kevin O'Hara®

Abstract

Variable retention is a flexible silvicultural system that provides forest managers with an
alternative to clearcutting. While much of the standing volume is removed in one harvesting
operation, residual stems are retained to provide structural complexity and wildlife habitat
functions, or to accrue volume before removal during subsequent stand entries. The residual
overstory trees and the new understory cohort will have different growth rates, and should
therefore be modeled as distinct stand components. We used the redwood MASAM
(multiaged stocking assessment model) to predict the growth of overstory and understory
cohorts within pure coast redwood (Sequoia sempervirens) stands managed under dispersed
variable retention management regimes. A range of overstory densities were simulated, and
compared with an even-aged stand in terms of stand growth, and the growth and yield of each
stand component. Results showed that overstory density had a minor influence on stand
volume production, and a major influence on volume increment within overstory and
understory cohorts. As overstory density increased, less growing space was available to the
understory cohort. Too few data were available to model a combination of redwood and
Douglas-fir. The redwood MASAM does not consider the spatial arrangement of stems,
preventing comparison of aggregated and dispersed variable retention.

Key words: coast redwood, growth and yield, leaf area, variable retention

Introduction

The variable retention harvest system is a flexible silvicultural method that
offers some continuity of forest ecosystem processes and structural diversity. It may
represent a viable alternative to clearcutting in young coast redwood forests of north
coastal California. The objective of this study was to predict coast redwood stand
growth and yield under variable retention management. The redwood MASAM
(multiaged stocking assessment model) was used to demonstrate the influence of
density, one of the major variables that define a variable retention harvest system, on
growth and yield.

The variable retention harvest system has been defined as “an approach to
harvesting based on the retention of structural elements or biological legacies (trees,
snags, logs, and so forth) from the harvested stand for integration into the new stand

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17, 2004, Rohnert Park, California.

2 Division of Ecosystem Sciences, Dept. of Environmental Science, Policy and Management, 137
Mulford Hall, University of California, Berkeley, CA 94720-3114, (510) 643-2025. email:
pberrill@nature.berkeley.edu

3 Division of Ecosystem Sciences, Dept. of Environmental Science, Policy and Management, 137
Mulford Hall, University of California, Berkeley, CA 94720-3114, (510) 642-2127. email:
ohara@nature.berkeley.edu
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to achieve various ecological objectives...the major variables in the variable
retention harvest system are types, densities, and spatial arrangement of retained
structures; aggregated retention is the retention of structures or biological legacies as
(typically) small, intact forest patches within the harvest unit; dispersed retention is
the retention of structures or biological legacies in a dispersed or uniform pattern”
(Helms 1998). The residual overstory trees and the new understory cohort initiated by
the partial harvest treatment will occupy different amounts of growing space, grow at
different rates, and should therefore be modeled as distinct stand components.

The multiaged stocking assessment model for coast redwood stands (redwood
MASAM) was developed with data collected from young coast redwood (Sequoia
sempervirens (D. Don) Endl.) and Douglas-fir (Pseudotsuga menziesii var. menziesii
(Mirbel) Franco) trees on Jackson Demonstration State Forest, Mendocino County,
north coastal California (Berrill 2003). The model was developed with breast-height
increment core data consisting of age (20 to 100 years), diameter growth and
sapwood area data. Tree leaf area, the key explanatory variable, was predicted from
sapwood area, and regressed against tree volume increment and basal area data
(Berrill 2003).

The redwood MASAM model predicts volume increment and tree size of
distinct stand components (species within canopy strata) in multiaged stands. Growth
and yield is predicted over one even-aged rotation or one cutting cycle under
multiaged management. The model user must define the density of each species
within each canopy strata, and the growing space (as represented by projected leaf
area) allocated to, or occupied by each stand component at harvest. All or part of
each stand component is harvested at the end of the cutting cycle (the time between
partial harvests under multiaged management), when stand leaf area index (LAI)
returns to the user-defined maximum. Volume increment is predicted from average
tree leaf area in each cohort, which is assumed to increase linearly over the cutting
cycle (fig. 1).

Leaf area
index
(LAI)

Harvest Ma. 1 2 ) 3
Time > Cutting cycle

Figure 1—Schematic diagram of stand dynamics under variable retention
management, showing theoretical overstory (O) and understory (U) leaf area index
(LAI) over time between successive partial harvests. Harvesting involves removal of
all overstory stems, and understory stems not needed to replace overstory. Each
cohort has unigue shading, showing that some understory stems are retained during
partial harvesting at the end of each cutting cycle, becoming overstory stems over the
next cutting cycle. This example depicts approximately 10 percent retention. Note:
LAI increase assumed linear over the cutting cycle, however tree size and volume
growth may not be linear.
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O’Hara and others (2003) used the ponderosa pine MASAM to model multiaged
ponderosa pine (Pinus ponderosa Dougl. ex Laws.) stand growth, including
management for pre-settlement structures with numerous large overstory trees and
sparse regeneration. The main advantages of the MASAM approach are that (a)
growth of each stand component is predicted separately in accordance with the
different growth rates and growing space availability of each component, and that (b)
growth projections are constrained within the biologically realistic limits of
maximum stand LAI.

The redwood MASAM does not consider the spatial arrangement of stems,
preventing comparison of aggregated and dispersed variable retention. In this study,
the redwood MASAM was used to evaluate the influence of overstory density on
growth and yield under dispersed variable retention management, using tree size, leaf
area and LAI data from Jackson Demonstration State Forest as user-defined model
inputs.

Methods

Growth and yield under the variable retention harvest system was simulated
using the redwood MASAM and data from sample plots on JDSF. Partial cutting in a
pure even-aged redwood stand leaving up to 40 trees per acre (tpa) was simulated. A
schematic diagram depicts the even-aged redwood stand before partial harvest, and
early and late in the cutting cycle under variable retention management (fig. 2).
Clearcutting at age 50 was also simulated for comparison. These simulations
demonstrated the influence of overstory density under variable retention management
on a 50-year even-aged rotation or variable retention cutting cycle. Diameter and age
data from overstory trees in 46 sample plots on JDSF gave indicative estimates of
dominant redwood tree size and age for each simulation.

The influence of overstory density was demonstrated by simulating a range of
overstory densities while holding constant the harvest age and amount of growing
space allocated to overstory and understory cohorts. This test assumed that trees
would grow at the same rate when allocated the same amount of growing space, as
represented by leaf area at the end of the cutting cycle.

The MASAM model was used to allocate growing space to emergent overstory
trees at each density level tested (0, 5, 10, 20, 30, 40 tpa). The overstory trees were
allocated enough growing space (represented by leaf area) at the end of the cutting
cycle to attain 44 inches dbh. The remaining growing space was allocated to the
understory cohort. The density of this cohort was adjusted until MASAM predictions
showed that an average diameter of 24 inches could be attained once the allocated
growing space was completely occupied at the end of the 50-year cutting cycle. Stand
density index (SDI) was calculated as the sum of cohort SDIs obtained from
MASAM predictions of average tree size at the end of the cutting cycle and the user-
defined cohort density. Cohort SDI (SDIc) was calculated for cohort i such that
SDI¢; = Dgi (Qci/10)*® where D¢ was the density and Qg the quadratic mean
diameter for cohort i (O’Hara and Valappil 1999).

The MASAM model predicted average cohort and stand volume increment over
the cutting cycle at each level of overstory density tested. Harvest volume was
calculated from harvested density and average stem volume at harvest for each
cohort. Stem volume was predicted from a one-foot stump height to a five-inch
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diameter top using a volume equation for young redwood (Wensel and Krumland
1983) and coefficients for JDSF (Griffen 1986) assuming a 100 ft site index (50 year
base age; Wensel and Krumland 1986).

Figure 2—Schematic diagrams of even-aged stand (A) converted to multiaged stand
managed under variable retention, early (B) and late (C) in the cutting cycle. Shading
denotes removal of unwanted regeneration during pre-commercial thinning (PCT) of
new understory cohort initiated after partial harvest removed most overstory stems
(B). Crowns expand between successive partial harvests to re-occupy available
growing space (C). Stems retained during partial harvesting have more leaf area and
thus occupy more growing space per stem over the cutting cycle than trees in the
understory cohort.

Results

The linear regression fitted to maximum tree diameter data indicated that
widely-spaced emergent redwood trees could attain an average diameter of
approximately 44 inches by age 100 years (fig. 3). The data suggested that a second
cohort growing beneath the emergent overstory trees could attain approximately 24
inches diameter by age 50, provided that these trees were thinned (for example, fig.
2b) to give each tree adequate growing space to maintain dominance or codominance
within the cohort until harvest (fig. 3).
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Figure 3—Average and maximum diameter (inches dbh), and average breast-height
age (years) of the oldest cohort in 46 sample plots on JDSF. Note: density of oldest
cohort ranged from 100-2600 tpa (age 20 to 40 yrs) and 18 to 600 tpa (age 50 to 100

yrs).

When more overstory trees were retained during partial harvesting of the even-
aged redwood stand at age 50, less growing space was available to the understory
cohort initiated by harvesting. Across the range of overstory densities tested,
precommercial thinning in the understory cohort reduced density to leave the same
amount of growing space for each stem, in other words, higher overstory densities
resulted in lower densities in the understory cohort, while stand-level SDI remained
approximately equal (table 1).

Table 1—Component and stand-level density and predicted stand density index (SDI) for
variable retention management regimes with a 50-year cutting cycle. Stand harvested at end
of cutting cycle (ECC) once LAl attained 14 ft*/ft?, yielding overstory stems with average 44-
inch dbh and 7600 ft*/tree leaf area, and 24-inch dbh stems in understory cohort with 2750
ft2/tree leaf area at harvest. Dominant heights of 150 ft and 100 ft at harvest for overstory
stems and understory cohort respectively assuming 100-ft site index (dominant height at
breast-height age 50 years).

Density (trees per acre) Harvest SDI (ECC)
Overstory Understory Stand Overstory Understory Stand
0 225 225 0 910 910
5 210 215 53 853 906
10 200 210 107 798 905
20 170 190 213 683 897
30 140 170 320 569 889
40 110 150 427 454 881

Predictions of cohort volume increment over the cutting cycle showed that
higher overstory densities resulted in marginally greater stand volume increments,
higher overstory cohort increment and lower volume increment in the understory
cohort. The same trends were more pronounced when harvest volumes were
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calculated for each cohort across the range of densities tested (fig. 4). Overstory
cohort harvest volume increased relatively more than volume increment because
among fewer stems present in the understory, more were retained as overstory trees.
At the end of the 50-year cutting cycle, the large overstory tree crowns occupied
approximately three times as much growing space (in terms of leaf area) as individual

crowns of understory trees.

~50-yr Cutting Cycle

Ouerstory

Understary

0 T
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Figure 4—Redwood stand component (overstory and understory cohorts) (A)
average annual volume increment in cubic feet per acre and (B) approximate harvest
volume (ft*/acre+1000) under variable retention management on a 50-year cutting
cycle. Site index = 100ft. Maximum stand LAl = 14 ft*/ft". Average tree dimensions at
end of cutting cycle, for (i) overstory trees: 44-inch dbh, 150ft height, projected leaf
area = 7600 ft’/tree; and (ii) understory trees: 24-inch dbh, 100ft height, leaf area =
2750 ft’/tree.

The emergent tree volume increment model in MASAM predicted lower growth
efficiency (volume increment per unit of leaf area) than the main canopy model used
to predict the volume increment of the understory cohort with smaller branches and
crowns. However, overstory volume increment over the cutting cycle was still greater
per unit of occupied growing space at the end of the cutting cycle because the
overstory trees had considerable leaf area (and thus produced considerable volume) at
the beginning of the cutting cycle. Conversely, the new understory cohort initiated by
harvesting was assumed to have no leaf area at the beginning of the cutting cycle, and
was therefore predicted to produce little volume early in the cutting cycle.

Discussion

Coast redwood tree and stand volume growth were positively correlated with
tree leaf area and stand LAI respectively on Jackson Demonstration State Forest
(Berrill 2003). The relationship between leaf area and volume production explains
greater productivity predicted at higher overstory densities in coast redwood stands
under variable retention management. By retaining trees (and therefore leaf area) at
the end of the cutting cycle, some level of volume production is sustained
continuously over successive cutting cycles (fig. 1). By contrast, even-aged stand
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volume production ceases when all leaf area is removed during clearcutting and
resumes slowly during the next rotation as stand leaf area develops. This difference
explains the lower stand volume production predicted under even-aged management
than under variable retention, where the productivity advantage of maintaining some
continuity of growing space occupancy and canopy cover increases as more trees are
retained at harvest.

Dagley and O’Hara (2003) compiled density data from old growth redwood
stands, reporting overstory densities ranging from about 20 to 150 tpa. These large
old growth stems in the overstory probably occupied most available growing space.
If, for example, 25 trees on one acre of old growth forest collectively carried 15ft%/ft?
of leaf area, the average crown would have 26,136 ft* of projected leaf area.
Similarly, if 50 trees collectively carried 15ft’/ft* of leaf area, the average crown
would have 13,068 ft? of projected leaf area, although the larger stems probably have
much more. The largest leaf area estimate for second growth trees on JDSF was
12,050 ft% It follows that around 55 trees of this size would also occupy most
available growing space on any given acre if the upper limit of available growing
space was assumed to be 15ft%/ft* of leaf area (a stand LAI of 15). When overstory
trees occupy most available growing space, the growth of understory cohorts would
be restricted. Thus, care must be paid to design structures with adequate end-of-
cutting cycle growing space for all cohorts. If harvesting was delayed, or ultimately if
residual overstory trees were retained over successive cutting cycles, leaf area in
subordinate cohorts would be ceded to the overstory as a result of competition for
limited growing space.

The redwood MASAM was formulated to predict growth and yield in pure
stands and mixtures of redwood and Douglas-fir. However, the sampling strategy
used for MASAM model development did not capture many Douglas-fir trees. Thus,
while the regressions within the Douglas-fir component of the model were correctly
estimated given the data at hand, there is much uncertainty around the estimates
leading to uncertainty in predictions of growth and yield. It must be assigned a high
priority for validation and revision once more data are obtained. The results of the
simulations presented herein depended largely on accurate estimates of average tree
size at harvest (fig. 3). Too few data were available to obtain reliable estimates of
average Douglas-fir tree size at harvest. MASAM predictions are also sensitive to
changes in stand LAI at harvest. In this study, maximum LAl was defined as 14ft%/ft*,
slightly below the largest estimate (14.9ft’/ft?) obtained in 42 sample plots on
Jackson Demonstration State Forest (Berrill 2003). More information on residual
overstory tree mortality and maximum LAI within species mixtures is also required
before mixed stand development can be simulated with any confidence. The redwood
MASAM maodel could also be improved by adding components for other tree species
in coast redwood forests, for example, tanoak (Lithocarpus densiflorus).

The redwood MASAM is a stand component-level model that does not
explicitly consider the spatial arrangement of stems. The results presented herein
assumed a dispersed form of variable retention. Aggregated groups of residual
overstory trees should occupy less growing space per stem at harvest, leaving more
growing space for the understory cohort. This effect could theoretically be modeled
with MASAM by reducing growing space allocation to overstory stems that will be
crowded and competing for growing space within aggregated groups, but would have
no scientific basis without information on the spatial patterns and growing space
occupancy of aggregated groups of trees. More data from groups of residual
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overstory stems are needed to quantify this response, which likely differs between
interior and edge tree positions, or as a function of proximity to the group edge. In
theory, stands managed under aggregated retention should produce less volume from
overstory stems and more from the understory cohort than stands managed under
dispersed retention, for a given density and cutting cycle length.

The influence of density in the overstory cohort on stand component volume
increment and harvest volume will depend on the size, condition and spatial
arrangement of the overstory stems. Smaller overstory stems and tree crowns will
produce less volume, but occupy less growing space, leaving more growing space for
the understory cohort. More data are needed to understand growth efficiency among
stump sprouts sharing root systems, within groups of aggregated retention trees, and
within species mixtures. The influence of the amount and spatial arrangement of
overstory leaf area on growth of trees in the understory cohort must also be assessed
over the entire cutting cycle under variable retention management.

Conclusion

The redwood MASAM simulations showed that overstory density was predicted
to have a minor influence on stand volume production, and a major influence on
volume increment of the overstory and understory cohorts. As overstory density
increased, less growing space was available to the understory cohort. Additionally,
fewer stems were harvested from the understory cohort since more stems were
retained as overstory trees over the next cutting cycle. The flexibility of the MASAM
approach allowed simulation of differing levels of growing space occupancy by
overstory and understory cohorts under a range of dispersed variable retention
management regimes. The user-defined maximum stand LAI constrained model
projections within realistic biological limits. More data are required before growth
and yield under aggregated variable retention, and within species mixtures can be
predicted with any confidence.
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Holter Ridge Thinning Study, Redwood
National Park: Preliminary Results of a
25-Year Retrospective®
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Abstract

Redwood National Park is comprised of large areas of overstocked stands resulting from
harvest of the old-growth stands in the late 1940s to the 1970s. The Holter Ridge Thinning
Study was initiated in 1978 to address this problem and examine the effects that thinning to
varying spacing would have on forest development. Densities following thinning in 1979
ranged from 150 to 790 stems/acre with the controls ranging from 1170 to 3410 stems/acre.
Mortality from 1979 to 2003 showed a positive relationship to the number of stems/acre post
thinning. The number of redwood sprouts was positively related to the number of redwoods
thinned. The percent cover of herbaceous and shrub species showed a negative exponential
response to stand density while the change in percent cover from 1984 to 2003 for the shrubs
also had a negative response to stand density. Stand structure differed between the control
plots and the thinned plots. The control plots showed no stratification of the canopy, but the
thinned groups showed stratification into an upper-canopy composed of redwood and
Douglas-fir and a lower-canopy of redwood and tanoak. After twenty-five years the thinned
stands show the initial signs of a mature forest while the controls still exhibit intense
competition.

Key words: density, old-growth, redwood, restoration, second-growth, structure,
thinning

Introduction

Upland second-growth forests located within Redwood National Park exhibit a
high potential value for restoration of old-growth associated characteristics. When
Redwood National Park was expanded in 1978, over 51,000 acres out of 106,000
acres was cutover second-growth forest. These resulting second-growth forests now
contain an extremely high density of trees, disproportionate amounts of Douglas-fir
and tanoak, stagnated growth and development, and a homogeneous vertical and
horizontal structure. Understory vegetation consisting of herbaceous, shrub, and tree
species is generally excluded from dense second-growth forests within Redwood
National Park with similar negative impacts on wildlife. The length of time until
these second-growth forests re-establish new cohorts and become multi-age stands
could be several hundred years. That silvicultural treatments can alter a stand’s
successional pathway to increase near-term old-growth-associated characteristics has
gained increasing attention in recent years.

! This paper was presented at Redwood Science Symposium: What does the future hold? March 15-17,
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The Holter Ridge Thinning Study, located within Redwood National Park, is an
experiment initiated in 1978 to determine what effects a low thinning with varying
levels of stand densities has on the growth and composition of overstory trees (Veirs
1986). Its purpose is to determine how restoration thinning can alter a successional
pathway to more closely resemble the pre-existing vegetation of old-growth forests.
The study consists of a 200 acre, ~50-year old stand of second-growth coastal
redwood (Sequoia sempervirens [D. Don.] Endl.)/Douglas-fir (Pseudotsuga menziesii
[Mirbel] Franco)/tanoak (Lithocarpus densiflorus [Hook and Arn.] Redh.). The stand
was harvested in 1954 using the seed tree method; an average of 1 redwood seed tree
per acre was left and the stand regenerated from natural seeding (Veirs 1986). Pre-
treatment stand densities averaged more than 1000 trees/acre, with some plots having
3000 trees/acre, according to Veirs’ (1986) initial observations in 1978. Second-
growth redwood/Douglas-fir ratios were also observed to be 1:1 on more xeric sites
and 12:1 on mesic sites. Old-growth stands nearby were found to be predominantly
redwood with densities ranging from 10 to 35 trees/acre for redwood and one to four
trees/acre for Douglas-fir—considerably different than the second-growth that is now
present (Veirs 1986). Other associated tree species present include western hemlock
(Tsuga heterophylla [Raf.] Sarg.) and madrone (Arbutus menziesii Pursh.), and
understory shrubs consisting of salal (Gaultheria shallon Pursh.), rhododendron
(Rhododendron macrophyllum D. Don), evergreen huckleberry (Vaccinium ovatum
Pursh.), red huckleberry (Vaccinium parvifolium Sm.), and swordfern (Polystichum
munitum [Kaulf.] C. Presl) (Veirs 1986).

The coastal redwood’s longevity and ability to persist in shade, combined with
the relative shade intolerance of Douglas-fir and fire exclusion, indicates that
Douglas-fir can be expected to decrease in dominance over time (Oliver and Larson
1996, Roy 1966). Without the use of silvicultural activities or disturbance, the
redwood/Douglas-fir ratio of second-growth forests and associated structure may
eventually approach those of old-growth stands over thousands of years. However,
the development of multi-age structures associated with old-growth redwood forests
will be stagnated in the near-term as a result of decreased growth owing to high
densities and disturbance exclusion (Franklin and others 2002). In stands with low
initial densities, characteristics similar to a maturing forest may be achieved at a
younger age than the dense stands (Franklin and others 2002). The primary limiting
factor for understory vegetation in coast range forests is the amount of light reaching
the forest floor which thinning can directly alter (Bailey 1996). Thinning of dense
stands has been shown to increase species richness, diversity, density, and cover of
understory vegetation (Bailey and others 1998, Bailey and Tappeiner 1998, Thysell
and Carey 2001). The research indicates that understory vegetation possesses the
ability to persist in severe shade following canopy closure and flourish upon opening
of the canopy (Halpern 1988, Halpern and Franklin 1990, Halpern and Spies 1995).

Methods

This study is located in Redwood National Park on Holter Ridge in the
headwaters of Lost Man Creek, a tributary to Prairie Creek, principally in the area
known as the Holter Ridge Thinning Study. Map coordinates are Sections 20 and 21,
T1IN, R2E, Humboldt Meridian, Tectah Creek, California Quadrangle
(approximately 41°, 18'N, 123° 57'W).

The thinning study established by Veirs (1986) consists of three treatments and a
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control with each treatment divided into two parts depending on conifer spacing (10
ft to 12 ft and 16 ft to 18 ft), treatment of hardwoods (10 ft to 12 ft with hardwoods
cut or included in spacing), or treatment of the slash (10 ft to 12 ft with slash lopped
or not lopped). Actual densities following thinning range from 150 to 790 stems/acre
(17 ft to 7.5 ft spacing) in the thinned units with 1170 to 3410 stems/acre in the
controls. Diameter cut limits were 18 inch dbh for redwood sprouts, 10 inch for free
standing redwoods, and 12 inch for Douglas-fir. In all units the numbers of redwood
stump sprouts were to be thinned to 30 to 50 percent of the dominant sprouts.

Four 1/10-acre circular plots were systematically established for each treatment
subunit including the control for a total of 28 plots. The plots were arranged along
two pre-determined bearing lines with two plots randomly located on that line. Each
tree was measured for: species, diameter at breast height, diameter at one foot above
ground (stump height), crown width in each cardinal direction, height to base of live
crown, total tree height, and notice of any damage or anomaly. Trees cut during
thinning were measured for stump diameter and regressions were used to reconstruct
the stand prior to thinning. From each plot center two photographs were taken in each
of four cardinal directions. Re-measurements were conducted in 1984 following the
same methods and included percent cover of the understory vegetation by species.

In 2003, using stem maps, azimuth, and distance, each tree was relocated and
measured for: species, diameter at breast height, height to base of live crown, total
tree height, and notice of any damage or anomaly. For understory vegetation percent
cover by species was ocularly estimated into modified Braun-Blanquet cover classes
with percent covers of: 0.001 to 0.01 percent, 0.01 to 0.1 percent, 0.1 to one percent,
one to five percent, five to 25 percent, 25 to 50 percent, 50 to 75 percent, and 75 to
100 percent. Any seedling/sapling regenerated since thinning was counted by species
with a seedling defined as a tree below 4.5 inches in height and a sapling as over 4.5
inches.

Regression analysis was used to predict the relationship of the independent
variable in question to density immediately following thinning (stems/acre). In
certain cases the relationship fitted best with an exponential curve or logarithmic
transformation.

Large discrepancies existed between the initial intended treatments and the
resulting densities following treatment. In order to observe differences in stand
structure between densities | created three groupings based on density: Control, Mid-
Density, and Low-Density.

Results

Several aspects of stand description were used to analyze the development of the
stands over time: mortality, sprouting, understory vegetation, and stand structure.
Densities for 1979 and 2003 for all stems and stems >4 inch dbh for control, mid-
density, and low-density plots are given in table 1.
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Table 1—Stems/acre for control, mid-density, and low-density by year and diameter.

Stems/Acre  Stems/Acre Stems/Acre  Stems/Acre
(1979) >4 inch dbh (2003) >4 inch dbh
(1979) (2003)
Control 2050 552 870 560
Mid-Density 475 302 350 313
Low-Density 200 167 200 183

Stems/Acre

Mortality

The change in species composition in the control plots is marked by a large reduction
in the number redwoods and Douglas-fir relative to tanoak (fig. 1a). In 1979 redwood
had 1110 stems/acre where Douglas-fir and tanoak had 655 and 507 stems/acre
respectively, but by 2003 they had 295, 178, and 280 stems/acre respectively. The
change in species composition for the low and mid-density plots is given in figure 1b.
While redwood and Douglas-fir were equal in density prior to thinning, immediately
following thinning redwood was slightly less than Douglas-fir (112 and 144
stems/acre respectively). This species composition in the thinned stands was then
maintained throughout the study period. The number of stems/acre post thinning
accounted for 63 percent of the variation in total mortality (fig. 2).
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Figure 1—Change in stems/acre by species for (a) Control plots and (b) Low- and
Mid-Density plots.
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Figure 2—Regression of percent mortality for all species on all plots from 1979 to
2003 and density (stems/acre) using a logarithmic transformation.
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Sprouting

The sprouting response of redwood from thinning ranges from zero to 3160
sprouts/acre while the number of redwoods thinned ranges from zero to 970
stems/acre. The largest ratio of the number of sprouts to number of redwoods thinned
was 5:1. The number of redwoods thinned/acre accounted for 45 percent of the
variation in the number of sprouts/acre (fig. 3). The sapling to seedling ratio had a
median value of 2:1 and a range from 5.2:1 to 0.4:1. Average height of saplings was
estimated at eight to 12 ft.
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Figure 3—Regression of the number of redwoods thinned/acre in 1979 and the
number of sprouts/acre in 2003.

Understory Vegetation

Percent cover of understory herbaceous and shrub species when compared to stems
per acre post-thinning yielded an R?= 0.77 (fig. 4). Herbaceous and shrub vegetation
on the control plots ranged from zero to 20 percent cover but all of the thinned plots
had at least 45 percent cover with a high of 95 percent cover. The percent change in
the shrub vegetation from 1984 to 2003 is shown in figure 5, with the number of
stems/acre post thinning accounting for 51 percent of the variation. For the control
plots there was either no change or a decrease over the 25-year period while the
thinned plots showed increases of up to 75 percent from 1984 levels.
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Figure 4—Regression of percent cover of herbaceous and shrub species in 2003

and density (stems/acre) with an exponential transformation.
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Figure 5—Regression of change in percent cover of shrubs from 1984 to 2003 and
density (stems/acre) with a logarithmic transformation.

Stand Structure

Diameter distributions for all densities are given in figure 6. The Control plots in
1979 (a) exhibit a reverse-J distribution but in 2003 (d) there are a large number of
trees in the <10 inch dbh classes with relatively few dominants. This is seen in the
height distribution for 2003 (fig. 7a) where there are a large number of tanoak and
redwood that comprise the suppressed/intermediate classes and the dominant/co-
dominant classes are mostly Douglas-fir. There is no clear stratification by height
class for the Controls.

The diameter distribution for the Mid-Density plots immediately following
thinning (fig. 6b) show a gradation of redwood and tanoak in the lower classes to
redwood and Douglas-fir in the larger classes. In 2003 (e) they show a similar but
more pronounced stratification by species with Douglas-fir having a normal
distribution in the upper diameter classes and a greater range than the control. The
height classes in figure 7b show two distinct strata: a lower-canopy strata consisting
of tanoak and redwood ranging from 10 feet to 70 feet in height and an upper-canopy
strata with the majority of those being Douglas-fir followed by redwood.

The Low-Density plots show a single-modal distribution following thinning (fig.
6¢c) but are bi-modal in 2003 (f). The first mode consists mostly of tanoak and
redwood with significant portions of in-growth of sprouts into those diameter classes.
The second mode is comprised of Douglas-fir and redwood and consists of
dominant/co-dominants. The height distribution (fig. 7¢c) shows a strong component
of Douglas-fir and redwood dominants in the 80 feet to 120 feet range with tanoak
and redwood dominating the 10 feet to 60 feet strata.
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Discussion

Mortality

The reduction in the numbers of redwoods relative to Douglas-fir and tanoak in
the control plots from 1979 to 2003 is due partly to the large number of redwoods
comprising the <2 inch dbh class. In the thinned plots, species composition remains
unchanged from 1979 to 2003. One of the stated goals in the thinning study was to
increase the relative abundance of redwood; the thinning did not accomplish the goal
as redwood decreased relative to Douglas-fir and tanoak immediately following the
thinning.

Sprouting

Sprouting response of redwood from thinning indicates that there is a high
possibility for multiple sprout shoots to persist in the understory with little growth in
a moderately-dense overstory canopy. The only observed redwood sprouts to make it
into the >4 inch dbh class were on the plots with both large gaps in the canopy and a
small number of sprouts competing with each other; otherwise the sprouts had
minimal height growth due to competition from the overstory canopy or among
shrubs and other sprouts.

Understory Vegetation

Given the exponential nature of the understory vegetation in its relationship to
density of overstory trees, it follows that the changes in cover over time should show
a similar response. The control stands have fully passed into competitive exclusion of
the understory and are expected to continue for the next 50 to 100 years (Franklin and
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others 2002). Currently, there are still shrubs present in the controls (~20 percent
cover) that can possibly expand into any gaps that open in the canopy. In the thinned
stands the understory vegetation has received enough light to expand and maintain
itself. Canopy closure is not yet complete in most stands and the understory should
persist indefinitely.

Stand Structure

The Control plots show a canopy without any definite strata. The upper canopies
(>80 feet) of the Mid- and Low-Density stands have similar height distributions and
species composition consisting of Douglas-fir and redwood. The lower canopies (<70
feet) differ between the two densities in the numbers of redwood and tanoak
comprising those strata (Mid-Density has 2.5 times the number of stems as the Low-
Density). The Low-Density appears to have a simple structure consisting of an
overstory composed of dominant trees with very few lower canopy trees. In contrast,
the Mid-Density is dominated by mid- and lower-canopy trees that provide for a
more diverse structure. As these stands progress in the near future, little ingrowth into
the lower canopy is expected to occur until sufficient gaps in the canopy open.
Stratification will continue to increase between the upper and lower canopies with
redwood and tanoak in the lower strata and redwood and Douglas-fir in the upper
strata. Overall, the diameter distribution at age 50 that most closely approximates that
of the reverse-J distribution is that of the Mid-Density stands.

Conclusions

Twenty-five years after treatment, the thinned stands exhibit reduced density-
dependent mortality compared to the controls, high numbers of sprouting redwoods
that remain in the understory, a highly significant increase in the growth of
understory vegetation, and a stratification of the thinned plots into two distinct
canopy layers. Stand development in the controls remains in competitive exclusion
and will so for the next 50 to 100 years while the thinned stands have moved into the
maturation stage. The Holter Ridge Thinning Study achieved some of its goal of
accelerating stand development towards simulating old-growth characteristics. The
use of a low-thinning at the lowest densities resulted in a simple structure not
characteristic of old-growth forests. At higher densities the structure was closer to
old-growth but had densities considerably higher than the old-growth. The thinning
did not significantly alter the species composition towards redwood.
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Managing Second-Growth Forests in the
Redwood Region for Accelerated
Development of Marbled Murrelet Nesting
Habitat®
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Thornburgh®

The Marbled Murrelet is a threatened seabird that utilizes old-growth forest
stands and coniferous trees with very large branches as their nesting habitat. Suitable
nesting habitat is currently one of the limiting factors for the species in the Coast
Redwood region. Extensive second-growth forests exist within the region that will
eventually provide habitat, but natural development of second-growth into suitable
trees and branch systems may take several centuries. Consequently, there is interest
in the potential of managing some of these second-growth stands so as to accelerate
development of suitable nesting habitat.

We conducted a scientific review of issues associated with Marbled Murrelet
nesting habitat, including the character of nesting habitat, the level and importance of
murrelet egg and chick predation, patterns of forest development in the redwood
region, and silvicultural principles for accelerating development of late-successional
structural characteristics in second-growth forests, including creation of suitable
nesting habitat.

Our review found that there is strong scientific evidence that (1) Nesting habitat
is an important limiting factor for murrelet reproduction and (2) predation on eggs
and chicks is an important factor limiting nest success. Hence, efforts to accelerate
development of suitable nesting habitat in second-growth forests are warranted but
must be carried out in a fashion that does not increaes rates of nest predation (in other
words, densities or effectiveness of predator populations).

We concluded that there were excellent opportunities to accelerate the
development of murrelet nesting habitat in highly productive second growth forests
of the Coast Redwood region and developed a general silvicultural prescription to
guide such efforts. In well-developed stands (for example, 50 to 70 years of age) we
recommend a combination of (1) uniform thinning from below to reduce overall
stand densities and (2) additional release of selected potential nest trees to stimulate

! An expanded version of this paper was presented at the Redwood Science Symposium: What does the
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the development of existing branches and initiation of new epicormic branch
systems. This prescription should be implemented as uniformly as possible to avoid
creating structural and compositional diversity and food sources that might attract
additional predators. A topic that needs further exploration is treatment of crowns to
stimulate development of retirated trunks and associated vertical branches or “arms,”
since these structures seem to have particular value as nesting habitat.

Details of the proposed silvicultural prescription will be provided in the talk. It
must, of course, be adapted to specific stand conditions, so significant variability in
the prescription is to be expected both within and between stands.
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Managed Timberlands: The Mill Creek
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and Early Restoration Thinning Treatments'

Dan Porter,? Valerie Gizinski,> Ruskin Hartley,4 and Sharon
Hendrix Kramer®

Abstract

The Mill Creek Property was a commercial timberland acquired by the State of California to
protect and restore local and regional ecological values and provide opportunities for
compatible recreation. Interim Management Recommendations (IMR) were developed to
guide protection, restoration, and public access of the Property until the California
Department of Parks and Recreation (DPR) develops a General Plan. Using existing data as
well as public and professional input, the IMR planning process identified management
alternatives for forest restoration and other priority issues. Recommendations were based on
spatial analysis of potential risks and benefits to resources.

The IMR identified 5,680 hectares (14,000 acres) of overly dense young coniferous
stands needing restorative thinning to accelerate the development of late-successional forest
characteristics and avoid the unnatural growth trajectories established by plantation—style
forest management. Using public and private funds, a pilot project was designed and
implemented to experimentally thin approximately 41 hectares (100 acres). A variable density
thinning (VDT) prescription was used to lower tree densities and is expected to accelerate
growth, increase stand level heterogeneity and adjust tree species composition. Tree growth,
wildlife habitat and wildlife use are monitored against unthinned control areas using
permanent plots. Results will inform the development of future prescriptions designed to
restore late-successional forest characteristics.

Key words: California, forests, restoration, salmonids, silviculture, state parks

Introduction

Following over 100 years of timber extraction (Madej and others 1986), the Mill
Creek Property (hereafter referred to as Mill Creek) located in Del Norte County,
California, was purchased and transferred to the California State Park System on June

' This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.

2 Forest Ecologist. Save-the-Redwoods League, 114 Sansome Street, San Francisco, CA 94104. email:
dporter@savetheredwoods.org
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Valerie Gizinski@partner.nps.gov

4 Director of Conservation. Save-the-Redwoods League, 114 Sansome Street, San Francisco, CA 94104.
email: rhartley@savetheredwoods.org

5 Senior Aquatic Ecologist, Stillwater Sciences, 850 G Street, Suite K., Arcata, CA 95521. email:
Sharon@stillwatersci.com
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4, 2002. Support for the 60 million dollar, 25,000 acre acquisition was based on its
strategic location between existing preserves and the outstanding quality of its
salmon-bearing streams. Included in the sale’s terms and conditions is an agreement
that the property’s primary objective shall be to restore late successional forest
conditions and the associated natural functions for the benefit of the areas’ fish and
wildlife.

Restoration of Mill Creek’s forests, streams and wildlife will require decades of
carefully planned resource work to ameliorate the effects of timber harvesting and
associated road building. For example, most of the park’s 410 km (255 mi) of roads
and skid trails will need to be decommissioned or re-engineered to minimize impacts
to listed fish species. Thousands of acres of young, even-aged, nearly monospecific
forest plantations will need to be thinned and treated to jumpstart ecological
processes important to the development of complex habitats and biological diversity.
Opportunities for public recreation and education will need to be built around
ongoing restoration while considering the public’s safety.

Anticipating that the development of a General Plan for the Property would take
several years, Save-the-Redwoods League and the California Coastal Conservancy
spearheaded the development of Interim Management Recommendations (IMR)
using public and private funds. Based on existing geographic information system
(GIS) data, public input, and advice from over 60 resource professionals, the IMR
identifies four priority management areas to focus on in the short term: (1) road
management, (2) forest management, (3) aquatic and terrestrial habitat protection,
and (4) public access. The IMR identifies emergency management actions that if not
taken in the next 10 years could jeopardize Mill Creek’s natural resources and
constrain future management opportunities intended to meet the Property’s primary
objective.

Today, unnaturally dense stands of young trees dominate Mill Creek’s landscape
because commercial extraction of timber occurred over a relatively short period
(1954 to 2000). Cleared areas were either re-seeded by neighboring trees or were
planted at a high density with native conifers. A high level of annual precipitation,
productive soils and the use of seed-tree and clearcut silviculture led to the rapid and
dense re-vegetation of cleared areas. Use of pre-emergent herbicides favored the
growth of commercial conifers (principally Douglas-fir) to the detriment of native
shrubs and herb species. Because Douglas-fir is better able to colonize newly cleared
areas, it often dominated sites before other native conifers such as coast redwood
could establish, resulting in unnaturally dense, monospecific stands.

Studies of pre-settlement disturbance regimes in the northern redwood region
suggest that catastrophic stand-replacing events were rare, and that stand-modifying
disturbances such as low intensity ground fire, flooding and localized windthrow
were more common (Sawyer and others 2000). Stand development following human
induced stand-replacing events such as those caused by the repeated use of seed tree
or clearcut silviculture therefore establish artificial growth trajectories that are rarely
found in the natural ecosystem. Undesirable effects such as stagnated growth,
unbalanced species compositions, altered fire regimes and outbreaks of insect and
pathogens can be expected from the artificially dense conditions. Plot data from the
study region in thinned and unthinned even-aged regenerated stands indicate that in
some locations, high tree densities may preclude the development of conditions
found in older forests for decades or centuries (Thornburgh and others 2000, Veirs
and Lennox 1982). In coastal Douglas-fir forests high tree densities, even, narrow
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spacing and late thinning have been shown to delay canopy differentiation, decrease
biocomplexity, and lead to unstable stands (Wilson and Oliver 2000).

Experimentally conducted, restoration—based variable density thinning may be
used to redirect unnatural growth trajectories to improve short and long term
ecological values while contributing to an adaptive forest management framework.
While thinning young second growth forest plantations is relatively new for the
purposes of conservation, its foundation is based on a growing number of carefully
conducted studies. In the redwood region for example, thinning has been shown to
accelerate the growth of coast redwood (Oliver 1994, Veirs 1986) and lead to the
development of understory shrub and bird densities typical of old-growth forests
(Menges 1994, Thornburgh and others 2000). In Washington’s coastal forests,
thinning experiments designed to induce heterogeneity into forest canopies have
demonstrated the importance of biocomplexity to various biotic communities,
including soil microorganisms, vascular plants, fungi, birds, small mammals and
vertebrate predators. Over ten years of experimentally conducted variable density
thinning in these forest plantations has demonstrated a short term (<5 years) increase
of these taxa in thinned stands relative to unthinned stands (Carey 2003).

The long-term ecological effects of restoration-based variable density thinning
are as yet unknown, particularly for older stands. Initial studies from the redwood
region suggest that cryptic elements of biodiversity (arthropods) may be significantly
affected by repeated stand management (Willett 2001) and that older relatively
unmanaged areas, even at the single tree scale, can support a rich and unique fauna
(Camann and others 2001, Mazurek and Zielinski 2003). These studies suggest that
over time, decisions regarding restoration thinning will need to consider benefits and
impacts to a wide array of native species at different scales. Young (11 to 20 years),
dense even-aged regenerated stands, like those needing immediate treatment at Mill
Creek, are less likely to have redeveloped such cryptic elements of biodiversity. Such
organisms tend to require a degree of habitat complexity and stability that develops
over many years.

Methods

The Study Area

Over 410 km (255 mi) of road exist on the Mill Creek Property, and most were
built over a relatively short period of time (1958 to 1977) (Madej and others 1986).
Road densities across the property average four km/km?* (6.4 mi/mi”). Approximately
97 km (60 mi) of road were temporarily decommissioned in 2001 to 2002 by the
former owner, and have not received maintenance since. State Park geologists have
determined these roads pose an immediate and significant risk to Mill Creek’s
aquatic resources.

The IMR analysis determined that approximately 69 percent of its area supports
trees than are pole size or smaller (<28 cm; 11 inches) while only six percent of its
area supports trees that would qualify as mature (>61 cm; 24 inches). Historically,
this area supported trees ranging from one to four meters (three to 12 ft) in diameter
as the predominant forest type. Today, less than 81 hectares (200 acres) of old-
growth forest remains, most of which is located in five isolated stands.

Despite the Property’s rapid and nearly complete transformation from old-
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growth to early successional habitat, its underlying geology, productive capacity, and
proximity to existing preserves will facilitate relatively rapid habitat recovery.
Habitat for 26 special status wildlife species exists and continues to develop at Mill
Creek, including habitat for species such as the northern spotted owl, marbled
murrelet and Pacific fisher. Mill Creek’s productive streams support a diverse
assemblage of special status fish species including coho, Chinook, and chum salmon
as well as steelhead and coastal cutthroat trout. At least 15 vegetation series and over
300 vascular plant species are present, including as many as 52 sensitive plant
species (SHN 2000).

The Interim Management Recommendations

The intent of the IMR was to synthesize and analyze existing resource
information and based on this information, provide recommendations to DPR to
guide interim management actions. The synthesis and analysis was also intended to
provide a solid base from which DPR could prepare a General Plan for the park.
Fortunately, the previous owner had collected and organized a large quantity of road,
forest and stream data including sediment source locations and a detailed harvest
history which was made available with the sale and transfer of the Property (Stimson
Lumber Company 1998).

Scoping meetings and working groups were organized to solicit the input of
resource professionals, experts from local universities and members of the public.
Attendees identified management issues and defined the desired future conditions of
Mill Creek. An analysis of opportunities and constraints and potential risks and
benefits to resources was conducted using existing geographic data, and a systematic
prioritization matrix linked to the geographic data. The analysis was then synthesized
into a set of interim recommendations, suggestions for research and monitoring and
recommendations for long-term restoration and management. This information was
then checked against existing regulatory permitting requirements and thresholds to
develop short-term interim management recommendations and a roadmap for more
detailed planning and permitting.

Interim management objectives include promoting development of old-growth
forest characteristics and minimizing the risk of catastrophic wildfire, both of which
can be attained through silvicultural methods. Priorities for forest management during
the interim period were established by identifying young second-growth forests
where forest restoration would provide the greatest potential ecological benefits
including buffering known old growth, protecting habitat of sensitive species,
providing connectivity, and effectively reducing catastrophic wildfire risk. The IMR
emphasized that for young even-aged regenerated stands, a narrow window of
opportunity exists to realize the benefits of thinning before these stands enter the
stem exclusion phase.

Data used for the analyses included an electronic vegetation database developed
by Stimson Lumber Company to manage industrial forests and associated natural
resources within their ownership; the database was substantially modified by Stimson
to track stand age and silvicultural treatments. Database attributes used in this
analysis include (1) date of stand birth (time since regeneration began) based on
aerial photographs dating back to the 1950s, and (2) vegetation type based on aerial
photograph interpretation and/or field mapping. In addition, another electronic
database of silvicultural treatments and timing, including records of pre-commercial
thinning (but not commercial thinning) was provided by Stimson Lumber Company.
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Other data included buffers around marbled murrelet and northern spotted owl
nesting sites, the regional surface fuel maps for California developed by the
California Interagency Fuel Mapping Group, a 10-m Digital Terrain Model (DTM) to
identify ridge crest positions where lightning strikes are most likely to occur, and
buffers around public use areas, the mill site, picnic sites, adjacent to the primary
road network and along the interior of the property boundary.

Opportunities were identified and priorities for management were established
using a matrix. Indicators were assigned various scores based on their relative
influence on the desired objective; higher scores reflected a greater risk or
management priority (table 1). The spatial distribution and coincidence of indicators
across the property were analyzed over a 10-meter grid spacing using GIS. The
cumulative score for each grid cell was then used to establish priority areas for
interim management activities, such as thinning for ecological benefits and fuels
reduction.

Table 1—Stand level characteristics used to prioritize forest restoration. Landscape scale
variables (connectivity) were used in combination these scores to provide a composite
priority ranking for each polygon.

g}%g:sl;l s :’l:'i(:lc;)il:llgmercial Area Score Relative ranking
0-5 - - 0 low

6-10 - <3 ha 2 mod-high

6-10 - >3 ha 3 high

11-20 unthinned <3 ha 3 high

11-20 unthinned >3 ha 4 very high

11-20 thinned - 0 low

21-40 - - 1 moderate

>40 - - 0 low

Initial Projects

The pilot forest restoration project’s planning and implementation generated useful
information with respect to old forest structure that will help guide the design of
future projects. A project-related literature review revealed that old redwood forest
canopy densities are highly variable, ranging from 50 to 380 trees/ha (20 to 150
trees/ac) (Dagley and O’Hara 2003). Locally, historic timber plot data from three
large ownerships indicate average old-growth tree densities of 79 trees/ha (32
trees/ac) (Hammon and others 1969). The same data indicates that for the Mill Creek
Property as a whole, coast redwood was the dominant species in the old-growth
condition, representing 70 percent of the standing volume whereas Douglas-fir only
represented 27 percent of the overall volume. Today young, even-aged regenerated
stands at Mill Creek 12 to 15 years of age can support 1,728 to 2,222 trees/ha (700 to
900 trees/ac) and have tree species compositions with an over-abundance of Douglas-
fir. One stand for example, had a nearly inverse composition (76 percent Douglas-fir,
24 percent coast redwood) compared to the old-growth reference condition despite it
being located on an lowland alluvial terrace.
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Approximately 49 ha (120 ac) of overly dense high priority forest was selected
for the pilot experimental thinning trial. Stands were selected based on the IMR
analysis, and aerial photo interpretation; field reconnaissance was then used to find
simple, even-aged stands with little to no apparent crown differentiation. The three
sites selected were divided into a total of 18 treatment blocks, in which one of three
treatments was applied (table 2). Target densities refer to the density of dominant
trees expected to develop with time assuming a maximum mortality of 33 percent®
over the vulnerable period in the stand’s development. Target densities were based on
a desire to adjust the dominant tree density to a level resembling old forest tree
densities in the region, using one relatively heavy thinning. Such an approach, if
successful, may be used in situations where road decommissioning will preclude
future management access.

Table 2—Variable density thinning treatment design.’ Acreage column sums the treatment
acreage for all three sites.

Treatment name Post treatment density Target density Acreage
High Density VDT 150 trees/acre 100 trees/acre 44.5
Low Density VDT 75 trees/acre 50 trees/acre 51.5
Controls (No Treatment) ~ Unchanged NA 24

Treatment acreage 96
Total acreage 120

TTreatment design by O’Hara & Dagley, UC Berkeley Natural Resources Department.

Trees to be retained were selected using a randomization process and a species
priority list. Within small (6.4 x 6.4 m [21 x 21 ft]) marking cells, a random number
between zero and three was generated, corresponding to the number of trees to be
retained (leave trees) within that cell. After the number of leave trees was
determined, the tallest individual(s) of preferred species were marked for retention.
Leave tree preference was based on the current under—representation of coast
redwood and the over—representation of Douglas-fir. Species priorities were arranged
as follows: (1) coast redwood; (2) western hemlock, grand fir, Sitka spruce, western
red cedar, Port Orford cedar and red alder; (3) Douglas-fir, tanoak, madrone, and bay.
The minimum retained tree height was set at approximately 1.4 m (4.5 ft), in order to
retain enough redwood saplings to significantly alter the stand species composition.
The pattern of retention was randomized to eliminate the uniform plantation pattern
of live trees and to encourage a non-uniform pattern of future branch development.
The latter structural goal may in time facilitate the development of a more diverse
understory plant assemblage (Carey 2003).

Trees were thinned using chainsaws by the local California Conservation Corps
(CCC) and a private sub-contractor. Felled trees were left lying on the forest floor,
with the exception of roadside areas in which fuels were removed for a distance of 10
m (30 ft) from the road edge.

% This mortality estimate is an educated guess based on experience. Annual mortality figures for stands
of this age class are not available. A 33 percent attrition rate is a conservative over-estimate of the
expected mortality.
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Prior to the commencement of thinning operations, wildlife habitat monitoring
plots were installed by biologists from the California Department of Fish and Game,
in a subset of treatment units (High, Low, and Control). Wildlife habitat elements as
used in the California Wildlife Habitat Relations (CWHR) model were recorded, as
was the presence or absence of small and large mammals using live traps and motion
sensing cameras.

Following the completion of thinning, permanent tree growth and mortality
monitoring plots were installed in each of the 18 treatment blocks. Trees per plot,
species composition and diameters were measured to establish the baseline post—
thinning conditions. These plots will be measured again on a five to 10 year
monitoring schedule to track changes in growth and mortality over time.

Results

In the three and a half years since the acquisition, State Parks and its partners
have initiated implementation of the IMR (fable 3). In addition to focusing on the
highest priority resource problems, initial projects have sought to establish the
technical and professional knowledge base needed to develop a long-term integrated
ecological restoration plan for the entire 25,000 park. For example, data from a
property-wide road sediment inventory is being combined with geologic and
hydrologic information related to erosion potential to identify and prioritize those
areas that pose the greatest risk to aquatic resources. Concurrently, data from a
detailed forest inventory of young stands (recently completed) has been analyzed to
provide a refined assessment (relative to the IMR) of thinning priorities. Together,
these informational building blocks have been used to develop a five-year
coordinated approach to watershed restoration.
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Given the recent completion of the pilot forest restoration project, only the pre-
thinning habitat data and post-thinning tree counts are currently available. Pre-
treatment wildlife habitat and wildlife use measurements indicate the treated stands
are structurally simple, inhibit primary productivity and do not support rich or
abundant wildlife populations. Stands were found to be dominated by a uniform
monoculture of closely spaced Douglas-fir trees with canopy cover estimates ranging
from 97 to 100 percent. The principal ground cover consisted of decomposing conifer
needles (duff). Shrub and herbaceous cover is nearly absent, consisting of sparse
collections of evergreen huckleberry and sword fern. Legacy structures are limited to
logging slash, which includes pieces typically <51 cm (<20 inches) in diameter and
stumps. Out of 176 live traps set, biologists captured a total of eight deer mice; no
other small mammal species were noted. After more than 60 days, baited motion
sensing wildlife cameras detected a single mule deer.

Preliminary inspection of the permanent tree growth and mortality plot data
suggest that the two post thinning target densities were generally met (fable 4) and
that species composition was successfully shifted to include more coast redwood
(table 5) (O’Hara and Dagley 2006)’. Where the pre-thinning condition consisted
almost entirely of Douglas-fir, inter-planting of coast redwood may be needed to
achieve a representative species balance.

Table 4—Post treatment tree densities for three experimental thinning sites on the Mill Creek
Property, Del Norte County.

Site Treatment Trees per acre
Childs Hill Control 657
Cougar Ridge 682
Moratorium 1357
Average 899
Childs Hill High (Target — 150 TPA)* 166
Cougar Ridge 113
Moratorium 140
Average 140
Childs Hill Low (Target — 75 TPA)* 78
Cougar Ridge 67
Moratorium 84
Average 76

*TPA — trees per acre

" Data adapted with permission from O’Hara and Dagley.
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Table 5—Percent composition by tree species from unthinned (controls) and post thinning

sample plots.
Childs Hill Controls High density Low density
Redwood 3.3 percent 36.7 percent 18.1 percent
Douglas-fir 89.6 percent 59.6 percent 74.8 percent
Other 7.1 percent 3.6 percent 7.1 percent
Cougar Ridge
Redwood 41.1 percent 93.8 percent 52.2 percent

Douglas-fir 55.0 percent 6.2 percent 38.1 percent
Other 3.9 percent 0.0 percent 9.7 percent
Moratorium

Redwood 24.0 percent 67.9 percent 71.9 percent

Douglas-fir
Other

33.2 percent
42.9 percent

22.1 percent
10.0 percent

20.4 percent
7.8 percent

Discussion

In his conclusion to The Redwood Forest, Reed Noss presents recommendations
for protection of the coast redwood forest: a globally significant ecosystem (Noss
2000). These include protection of landscapes with rare species and communities,
better connectivity among late-successional redwood forests, increased protection of
critical watersheds, and the restoration of areas of degraded redwood forests. The
Mill Creek project embodies these recommendations and has the potential to serve as
a model for restoring the integrity and resilience of California’s low elevation coastal
forest ecosystems, which have been simplified by years of intensive timber
management.

The IMR process and resulting report has provided a valuable decision-making
tool used to guide short-term, emergency management actions. It demonstrated how
data collected for one purpose, in this instance commercial timber extraction, can be
utilized to inform new management objectives, in this instance ecological restoration.
In conjunction with DPR’s strong commitment and a focused Advisory Committee,
Mill Creek’s restoration is not only underway, but has attracted the support of both
public and private conservation interests. Implementation hurdles and cost estimates
from the pilot projects have been used to build credible proposals for ongoing
restoration, several of which are expected to receive funding in 2004.

Restoring complexity to industrially managed timberlands is an emerging field
with a relatively short history. The Mill Creek Property presents a unique opportunity
to develop and test forest restoration techniques at a large scale with a clear focus on
forest ecology. In the coast redwood ecosystem, where the extent of primeval
redwood forest is estimated to be four to five percent of historic levels, forest
restoration promises to fulfill the acknowledged need to grow more old growth (Noss
2000) and assure the long-term viability of the redwood forest ecosystem.
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Precommercial Stocking Control of Coast
Redwood at Caspar Creek, Jackson
Demonstration State Forest'?

James Lindquist®

Abstract

Regeneration of coast redwood by stump sprouting often results in a stand condition that is
very dense. A precommercial thinning of redwood sprouts allows managers to select trees and
spacing that can best utilize the productivity of the site. The study of five thinning treatments
with an unthinned control was initiated on a 19-year old third growth stand. Treatments were
100, 150, 200, 250, and 300 trees per acre plus an unthinned control. All 18 plots were
measured in 1981 immediately after precommercial thinning, again in 1986 (5-year growth),
and again in 1998 (12-year growth). Results indicated that despite the range of thinning, the
38-year-old stand showed no statistical differences in volume growth or yield between the
thinning treatments. Heavily thinned treatments concentrated more growth on fewer trees to
match the stand volume growth in the lightly thinned treatments. A trend appears to be
developing that indicates a drop in stand productivity for the heaviest thinning and the control.
More time is needed to determine if the trend will continue.

Key words: precommercial, redwood, stocking, thin

Introduction

This report documents the growth response of 18 precommercially thinned and
control plots in the coast redwood (Sequoia sempervirens) forest type on the Jackson
Demonstration State Forest (JDSF). These plots are located in a unit that had been
clearcut as part of the 1961 Caspar Creek Cutting Trials (CCCT). This study
originated in 1981 as a cooperative effort by the California Department of Forestry
and Fire Protection (CDF) and the USDA Forest Service - Redwood Sciences Lab.
CDF has since continued the study with a 1986 measurement and report that detailed
the first five years of growth following the precommercial thinning (Lindquist
1988a). This paper is a summary of the update of the study, incorporating the 1998
measurement.

Improving the productive capacity of forest stands is the primary reason why
forest managers invest in timber stand improvement work. Site preparation, planting,
thinning, and other cultural operations are designed to produce a positive return when
considering operational and capital costs. This study is designed to determine the
growth response of coast redwoods to a variety of stocking levels following
precommercial thinning.

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.

% The California Department of Forestry and Fire Protection funded this study under contract number
8CA85004.

3 Research Forester, U.S. Forest Service, Retired. 733 Patrick Court, Arcata, CA 95521, (707) 822-3729.
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The optimal stand density for young coast redwoods is currently unknown and a
complex question. Thinning too heavily may result in inefficient use of the site’s
productive capacity. In addition, the sprouting ability of coast redwood can result in
excessive stocking and spacing problems that are not common to other conifer
species. A single redwood stump may often produce more than 20 stems as the result
of sprouting. The intense competition among these sprouts may eventually produce
one or two codominant trees over the course of many years. Thinning is designed to
accelerate this natural process.

Another characteristic of coast redwood is to produce dense, wide crowns if
given abundant space, where a low density stand will expend much of its growth
capacity on limbs and development of stems with a large amount of taper. Stem
selection early in stand development is an important and reasonable option for the
forest manager.

Methods

The study is a complete random block design with three blocks. Each block
contains six treatments including an unthinned control plot. Blocks 1 and 2 are
located in the unburned portion of the clearcut and block 3 is located in the burned
portion. The block design allows for the identification of effects due to treatments
while controlling for block effects and providing replication. Eighteen plots were
established in the study area as shown in figure 1. Each plot is 0.4-acres in size. Trees
were tagged and measured in the central 0.2-acre area of each plot, while leaving the
trees in the 0.2-acre perimeter area as a treatment buffer. The designated treatment
was applied to the entire 0.4-acre plot. In addition, there is an unthinned control in
each of the three blocks. Trees were selected to retain an equal number of stems in
each quadrant of the central plot and in each of the four buffer areas. Redwood was
designated as the highest priority for retention, with Douglas-fir (Pseudotsuga
menziesii), retained where suitable redwood were not available.

South Fark H
Caspar Weir A
J"ﬂﬁ Nt o scak

Figure 1—Study design layout for the pre-commercial thinning study.
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Figure 2 summarizes the sequence of events in the life of the stand and for the
study. Block 3 was burned during site preparation in 1962, which resulted in a dense
growth of blue blossom (Ceonothus thyrsiflorus) that has since declined in site
occupancy. Redwood sprouts, in contrast to natural seedlings, represent 91 percent of
all of the redwood regeneration prior to thinning in 1981.

1877 1962
‘ﬁ:,‘?g:g: Second Growth Harvested 1081
452 sq.ft/ac. i
S;ar;dairﬁ:;h \ 51% redwood — Preco_llz;,ﬂeraa! —| 1986 » 1998
9 131 MBF/ac. Measure pre Measure Measure
Third Growth Stand Begins and post
Block 3 burned P

Figure 2—Sequence of events for the stand and the study.

Redwood sprout clumps were thinned to at least a 24-inch stem spacing within a
single stump due to the need to distribute the trees as uniformly as possible. Trees as
small as 1.5 inches in diameter were selected for retention. The primary objective in
thinning redwood clumps was to achieve average spacing targets. Where spacing was
adequate, thrifty trees were retained and the remaining stems were thinned from
below.

Sample cores for the determination of age and site index (Lindquist and Palley
1961) were taken at each point in time. Local volume equations were developed to
account for local conditions and allow for predictions that did not require a total
height measurement for each tree. These equations were structured to predict total
volume per plot. Individual tree volume was computed for each redwood and
Douglas-fir tree with a height measurement, using the Krumland and Wensel (1979)
equations for cubic (four inch top) and Scribner board foot (six inch top). A full
description is available in Lindquist (2004).

Treatments in this study are the reduction of stand density, as measured by the
number of trees per acre. Response to treatments may be exhibited in the average
standing volume, periodic growth, mean annual growth as a function of basal area,
average diameters, ingrowth, and mortality. Simply identifying differences between
treatments is not the only intent of this study. Identification of a suitable stocking
level to either maximize yield or accelerate the production of larger trees may be of
practical use to forest landowners and managers. The statistical analysis relies upon
the use of Analysis of Variance (ANOVA) to determine differences in response as
the result of various levels of treatment. Blocks are included as a factor in the
ANOVA to account for block effects. Other factors are considered and, where
appropriate and not influenced by treatment effects, are accounted for using analysis
of covariance (Gomez and Gomez 1984). Specific treatment differences are identified
by the Scheffe test of multiple contrasts (SMC). SMC is only appropriate when the
ANOVA indicates a significant difference in treatments overall (Neter and others
1985).

Results

Results are presented for diameter, basal area, and cubic and board foot volume
response. Mortality was primarily limited to the smallest trees. Ingrowth was still
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occurring in 1998, particularly for the 10.5-inch dbh threshold. Less Douglas-fir
ingrowth occurred as the overstory density increased.

Diameter

Average stand diameter is expressed as quadratic mean diameter (QMD), the
diameter of the tree of average basal area. The average stem diameter for trees greater
than 1.5 inches immediately after thinning in 1981, ranged from 5.6 inches (control)
to 10.7 inches (T150); a range of 5.1 inches (fig .3). This exhibited a highly
significant difference between treatments, due partially to removal of most of the
smallest trees in the heavily thinned plots. This difference remained significant in
1986 and 1998, due to the greater number of slow-growing small stems in the control
and higher residual-density treatments. Changes in average stand diameter were also
affected by increased mortality of suppressed Douglas-fir. The range of average
diameters in 1998 increased to 9.3 inches, partially due to the rapid radial growth in
the T100 and T150 treatments.
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Figure 3—Average stand diameter for trees greater than 1.5 inch dbh. Error bars are
one standard deviation.

Basal Area

Stand basal area is a useful variable to consider in the evaluation of growth
because it is highly correlated to stand volume. In 1981, immediately after thinning,
the differences between treatments were highly significant for stands greater than 1.5
inches. The basal area of trees greater than 10.5 inches (fig. 4) was not significantly
different between treatments in 1981, in spite of the fact that thinning changed the
number of stems in each treatment. These values ranged from a low of 16.9 to 65.3
square feet per acre, with an average of 44.2 square feet per acre. The 1986 inventory
also showed no significant differences between treatments despite the fact that the
average basal area in thinned stands increased by a factor of 4.3. By 1986, an average
of 67.8 trees per acre passed the 10.5-inch threshold. Average stand basal area in
1998 again showed no significant difference between treatments.

Despite the highly significant differences in the number of trees retained in the
stands after treatment, the basal area was not significantly different after 17 years.
The trees have adjusted to the space provided by thinning. However, there is an
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apparent response trend developing when both block and pre-treatment large tree
inventory are considered (fig. 5). Table 1 shows that pre-harvest basal area in trees
greater than 10.5 inches is an important covariate. Pre-harvest basal area is correlated
to 1998 basal area (0.66), cubic volume (0.66), and board foot volume (0.78).
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Figure 4—Average basal area for trees greater than 10.5" dbh. Error bars are one
standard deviation.
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Figure 5—Basal area treatment means for trees greater than 10.5 inches for 1998.

ANOVA includes block factor and pre-harvest basal area (>10.5") as concomitant
variable.
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Table 1—Analysis of variance for basal area (f per acre, trees >10.5 inches) inventory in
1998.

N: 18  Multiple R: 0.860

Source Sum-of-Squares d Mean-Square F-ratio P
Block 2068.578 1 2068.578 1.221  0.295
Treatment 18915.927 5 3783.185 2.233  0.131
Pre-BA10 18871.893 1 18871.893 11.141 0.008
Error 16939.214 10 1693.921

The most recent periodic basal area growth in all treatments except T100 was
greater than the control, but not statistically significant. Periodic basal area growth
for the 17-year period shows no significant differences but all thinned treatments
have higher basal area growth than the uncut plots.

Cubic Foot Volume

Cubic volume was computed for all trees greater than 1.5 inches at breast height.
Except for the unthinned plots, there were very few stems smaller than 4.5 inches
diameter. No ingrowth was observed in terms of cubic volume (trees greater than 1.5
inches). Average cubic-foot inventory was not statistically different between
treatments within the 1981, 1986, or 1998 (table 2) inventories. Plot variation within
treatments was large (fig. 6 error bars). Figure 6 illustrates that a trend is developing,
similar to basal area (fig. 5), where although not statistically significant yet, the two
least-stocked treatments appear to exhibit lower cubic foot productivity. The cubic
volume response to thinning in terms of the five, 12, and 17-year periodic growth rate
showed no difference between treatments.

10,574 l I | I

8,478[ 7

6,382[ 7

Cubic volume per acre

| | | | | |
T100 T150 T200 T250 T300 UNCUT

4,286
Treatment
Figure 6—Cubic volume treatment means for 1998. ANOVA includes block factor

and pre-harvest basal area (>10.5 inch) as concomitant variable.
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Table 2—Analysis of variance for cubic volume per acre inventory in 1998.

N: 18  Multiple R: 0.759

Source Sum-of-Squares _df Mean-Square F-ratio P
Treatment 2.36960E+07 5 4739194.722 2.676  0.087
Block 274960.137 1 274960.137 0.155 0.702
Pre-BA10 2.01839E+07 1 2.01839E+07 11.398 0.007
Error 1.77090E+07 10 1770896.300

Board Foot Volume

Board-foot volumes were computed for trees greater than 10.5 inches dbh (fig.
7). Over time, board-foot inventories were affected somewhat by in-growth of
smaller trees into the 10.5-inch class. This effect was greatest in the lower density
treatments. The board-foot values for each of the three inventory dates indicated no
significant differences between treatments (fable 3). Adjusting the average treatment
means for block and starting inventory effects (fig. 8), the relationship, although not
statistically significant, appears to be that T250 has produced the maximum board
foot volume after seventeen years.
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Figure 7—Average board foot per acre volumes (Scribner). Error bars are one
standard deviation.
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Table 3—Analysis of variance for board foot volume inventory in 1998.

N: 18 Multiple R: 0.903

Source Sum-of-Squares df Mean-Square F-ratio P
Treatment 2.70464E+08 5 5.40928E+07 1.087 0.429
Block 1.71297E+08 2 8.56487E+07 1.722  0.233
Pre-BA10 2.94656E+08 1 2.94656E+08 5.923 0.038
Error 4.47759E+08 9 4.97510E+07
51,271 T T
o 45,660 - -
o
©
Q 40,049 - -
D
Q
o 34,438 -
®©
o
o
28,827 =
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Figure 8—Board foot volume treatment means for 1998. ANOVA includes block
factor and pre-harvest basal area (>10.5 inch) as concomitant variable.

The rapid diameter growth increase in the more heavily thinned plots has
allowed them to keep pace with total volume growth in the more heavily stocked
treatments. The process of thinning has left a stand comprised of vigorous redwood
sprouts larger than 10.5 inches dbh. These trees, primarily in the T100 and T150,
have responded by growing an average of 7.25 inches between 1981 and 1998. The
result was that the thinning treatments to date have not shown statistically significant
volume growth differences between treatments. The relative seventeen-year growth
trend was the same pattern as that for standing volume shown in figure 8, with T250
exhibiting the maximum annual growth.

Discussion

This study provides some valuable insight into the effective use of
precommercial thinning in young robust redwood stands. Most of the results related
to inventory and growth measures do not exhibit a statistically significant difference
between treatments. Variability within treatments, while common in the redwood
forest type, results in finding more subtle differences between treatments
problematic.
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The treatments appear equal due to the ability of redwood to take advantage of
space created by thinning. Figures 6 and 8§ demonstrate that volume as a function of
treatment resulted in a highly variable result that is not statistically significant at age
38. There are apparent trends in the graphs that suggest a thinning level of 250 or
more trees per acre for cubic foot volume and 250 trees per acre for board foot
volumes to maximize site utilization.

Maximum diameter growth occurs in the most heavily thinned plots that have a
high percentage of redwood. Volume growth in the large diameter trees of the T100
and T150 treatments is keeping these plots growing at a rate that is equal to the more
heavily stocked plots. For a short rotation strategy of 60 years, thinning to these
levels while retaining mostly redwood sprouts in the stand structure seems to be a
reasonable strategy for increasing the size of crop trees. However, Figures 6 and &
suggest that as the stand develops there may be a drop in productivity for T100 and
T150.

Production of redwood heartwood is a prime economic consideration. Allowing
the crop trees to increase in diameter at an optimum rate may be most profitable from
the standpoint of volume and lumber grade. The lightly stocked treatments can
achieve maximum diameter growth, but may also produce stems with large, wide and
spreading branches. In addition, the relationship between branches and heartwood
production is unclear (Gartner and others 2002). The plots were thinned at 19 years
of age, which may be older than desired. Earlier thinning would result in a stand of
small crowns that may take longer to close. Allowing redwood to develop as an open
grown stem may result in the production of a highly tapered stem with an over
abundance of growth dedicated to branch wood.

In the current third growth stand, there has been an abrupt change in the species
composition of the stand. The number of trees in species other than redwood has
dropped sharply. The first inventory of the current stand was 19 years after the
clearcut and Douglas-fir stems accounted for about 25 percent of the stand. Other
conifers are virtually eliminated from the stand composition. This is in contrast to
partially logged stands of the Caspar Creek Cutting Trials where about 75 percent of
the regeneration was grand fir (Lindquist 1988b). The full sunlight in the clearcut
provided the level of light that Douglas-fir requires for growth and regeneration.
However, the large number of redwood stump sprouts and heavy brush growth in the
burned portion of the study (block 3) resulted in heavy competition for the Douglas-
fir and many did not get the height growth necessary to survive in the overstory.
However, this is a high Douglas-fir site and Douglas-fir will be an increasing
percentage of the stand volume as the stand matures. If rotations are longer than 60
years, Douglas-fir will have adequate time to make an important contribution to the
stand yield.

Conclusion

The ANOVA results indicate that despite the range of thinning, the 38-year old
stand shows no statistical differences in volume yield or growth between the thinning
treatments. However, the decline in volume yield for the unthinned plots seems to
indicate the need to reduce the density of regeneration early in the rotation. While
this study provides some insight into production at various levels of stocking, the
optimum stocking level is still an open question. More time will be required to see if
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growth rates can be maintained. In time, if smaller codominant and intermediate trees
can continue to exhibit good radial growth, the more heavily stocked treatment may
yield total greater volume than the lighter stocked treatments.
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The Whiskey Springs Redwood Commercial
Thinning Study: A 29-Year Status
Report (1970 to 1999)"?

James Lindquist®

Abstract

The response of well-stocked second-growth coastal redwood stands to three levels of
commercial thinning is reported after 29 years of growth. Commercial thinning treatments left
25 percent, 50 percent, 75 percent and 100 percent (uncut control) of the original basal area
(400 ft* per acre) in a 40-year old stand on the Jackson Demonstration State Forest. Stand
values are given for basal area, number of trees, average diameter, and cubic foot volume and
board foot volume per acre for the pre-treatment stand and five post-treatment inventory dates
from 1970 to 1999.

There were significant differences between the treatments in basal area, average diameter, and
volume throughout the course of the study. Analysis of the periodic growth rate revealed
strong statistical differences between the treatments in diameter growth but no significant
differences in the basal area or volume growth (cubic and board foot). Total board foot
volume was not statistically different between thinning treatments due to high variation but
there is a trend indicating that the 25 percent retention treatment produced a lower yield than
the other two treatments and the uncut control.

Though this was not a regeneration harvest, regeneration was measured for inference to
partial harvest management. The response of the understory regeneration was strongly
affected by the density of the overstory canopy. A precommercial thinning study of the
redwood sprouts showed a response only in the 25 percent overstory retention treatment.

Key words: commercial, precommerical, redwood, regeneration, thin

Introduction

The Whiskey Springs commercial thinning study was established as a
cooperative project between the California Department of Forestry and Fire Protection
(CDF) and the USDA Forest Service Redwood Sciences Lab (USFS) in 1970 on the
Jackson Demonstration State Forest (JDSF) near Fort Bragg, California. The original
study design included three sites in the redwood region. Oliver and others (1994)
reported the first 15 years of growth (1970 to 1985) for all three sites (Korbel, Crescent
City, and Whiskey Springs). This paper covers the growth and yield of the overstory
stand in the 12 Whiskey Springs thinning plots for the period 1970 through 1999.

! This paper was presented at the Redwood Science Symposium: What does the future hold? March 15-
17,2004, Rohnert Park, California.

% This study was funded by the California Department of Forestry and Fire Protection.

3 Research Forester, U.S. Forest Service, Retired. 733 Patrick Court, Arcata, CA 95521, (707) 822-3729.
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The 40-year old well-stocked second growth redwood stand was commercially
thinned to four levels of overstory retention to assess stand structure changes for
redwood (Sequoia sempervirens) over a range of commercial thinning intensities.
This growth and yield information will aid in planning silvicultural prescriptions in
redwood to achieve volume production and tree size goals.

A second part of this study reports on the establishment and growth of sprout
regeneration established as a result of thinning the overstory. The analysis of sprout
response provides information for multi-cohort management of redwood stands. A
study of new sprout growth after the thinning of these plots described height growth
at 15-years of age and developed an equation to predict future growth (Allen and
Barrett 1985).

Methods

The stand selected for this study is located approximately nine miles from the
Pacific coast, in the drainage of the Little North Fork of Big River near the divide
with the Noyo River. There is an east to northeast aspect and an elevation range from
600 to 800 feet. The original old-growth stand was clearcut in the late 1920s and a
nearly pure stand of second growth redwood sprouts was established. There is
evidence suggesting that the area was planted with redwood seedlings after the initial
harvest in the 1920s. There are small intermittent stream courses through plots 1, 2,
3, 4, and 12 that create different moisture regimes and site index than plots located
higher on the slopes.

Twelve 0.4-acre plots (132 by 132 feet) were established in the stand. The plots
were selected such that intra-plot basal area, site index, and species composition were
as uniform as possible. Breast-height age of the redwood ranged from 39 to 41 years
in 1970, and the site index ranged from 172 to 212 feet, using 100 years as the base
age (Lindquist and Palley 1961). Initial basal area of trees greater than 4.5 inches dbh
prior to thinning averaged 401.3 + 7.6 ft* per acre. The species composition of trees
by basal area was 91.2 percent redwood, 6.7 percent other conifers, and one percent
hardwood. The layout of the plots and assigned treatments are shown in figure 1.

Thinning of the plots occurred in 1970 and was based on leaving a residual stand
that was 25 percent, 50 percent, or 75 percent (100, 200, 300 ft* per acre) of the
average basal area of the uncut control plots (400 ft* per acre). The interior 0.2-acre
section (93.3 by 93.3 ft) of each plot was measured to eliminate edge effect. Leave
trees were tagged and evaluated in subsequent inventories. Buffer zones around each
central core plot of 0.2 acres were 19.3 ft wide, and were treated in the same way as
the tagged portion of the plot. Three plot replicates of the four treatments were
assigned in a completely randomized design. Marking of trees was done to favor
healthy dominant and codominant redwoods while leaving trees well distributed on
the plot. All hardwoods (Lithocarpus densiflorous) and any conifers less than 4.5
inches dbh were removed. Over the period 1970 to 1985, five-year measurement
intervals were maintained. There have been two measurements since 1985, in 1991
and 1999.
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Figure 1—Whiskey Springs location and plot layout.

Evaluation of the stand volumes for all the inventories relied on linear local
volume equations for redwood and Douglas-fir (Pseudotsuga menziesii), computed
for each plot and inventory year. The small number of Douglas-fir required that all fir
be combined. These cubic and board foot tree local volumes were computed from
standard equations developed by the Redwood Yield Cooperative (Krumland and
Wensel 1979). Board foot volumes were computed by the Scribner log rule using a
one-foot stump height and a top diameter of 6 inches.

Results and Discussion
Initial Stand Conditions

The average pre-treatment basal area of all plots was 401.3 + 7.6 ft* per acre
(range 392 to 410 ft* per acre). The number of trees and basal area per acre for trees
greater than 4.5 inches dbh include both conifers and hardwoods, but the volumes
refer only to conifers. Analysis of variance tests (ANOVA) of the pre-harvest stands
indicated that a block design was not required.

Prior to thinning, the thinned plots had similar diameter distributions. Trees less
than 10.5 inches dbh are 45 percent to 49 percent of the total numbers of stems.
Thinning removed nearly all the stems less than 10.5 inches from the 25 percent and
50 percent retention treatments and only a small percent in the 75 percent retention
treatment. The uncut plots averaged about 150 more stems per acre than the treated
plots with 72 percent of the trees less than 10.5 inches. The average stand diameter of
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the control was about 1.5 inches less than the treated plots before thinning, and the
board foot volume of the control was about 14,330 less than the average of the pre-
treatment volume of the other plots. This may be due to the fact that the three control
plots were located higher on the slope and had the lowest average site of any of the
treatments.

Within the 25 percent retention treatment, thinning removed 75 percent of the
basal area, and 72 percent of the cubic foot volume. The 75 percent retention
treatment removed only 20 percent of the cubic volume and 10 percent of the board
foot stand.

Repeated measurement of the total heights of dominant redwood in these plots
shows that the estimates of site index have remained stable over the 29 years of
measurements. Site index estimates of treatments with 25 percent and 75 percent
retention are virtually the same in all years. The control had the lowest average site
index. An ANOVA of these site estimates showed highly significant differences
between treatments, with the uncut plots different than the thinned treatments. This is
accounted for in later analyses so that treatment effects may be tested. Testing the site
data against the ages of the stands showed no statistical differences.

Basal Area

Basal area growth over a 29-year period for trees greater than 4.5 inches was
similar for each treatment (fig. 2). The 25 percent retention treatment added about
150 ft* per acre of growth, the 50 percent and 75 percent treatments added an average
of 201 ft* per acre, and the control increased by 174 ft* per acre. Maximum periodic
annual increment (PAI) for all harvested stands was in the period of 46 to 51 years of
age, which was five to 10 years after cutting the thinning treatment (fig. 3). There
was a highly significant difference in basal area growth between treatments in the
first growth period of 41 to 46 years (p = 0.001). All other growth periods showed no
significant differences in periodic basal area growth between the treatments. This was
explained by the increased variation within the treatments and the similarity of the
PAI between all but the 25 percent treatment. Over the entire 29-year growth period,
there was no significant difference in basal area growth between the four treatments.
Over a period of 29 years, over 200 suppressed trees have died in the control, which
reduced the basal area growth. Figure 4 shows the relationship of initial basal area
and PAI for the 29-year period. This trend agrees with Oliver and others’ (1994)
findings for the first 15 years of this study.

Diameter

The most obvious effect produced by the thinning was the immediate increase of
the quadratic mean diameter, in proportion to the amount of overstory reduction.
Average diameters for trees greater than 4.5 inches were not significantly different
prior to thinning. In the two heaviest thinnings, the large increase in residual diameter
was the result of cutting nearly all of the stems less than 11 inches. After the thinning
in 1970 the average stand diameters were statistically different in each treatment
(p =0.000).
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Figure 2—Average stand basal area of trees >4.5" dbh by age and treatment. Error
bars are one standard deviation.
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Figure 3—Periodic annual growth of basal area for trees greater than 4.5 inches dbh.
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Figure 4—Basal area PAIl based on 29 years of post treatment growth, as a function
of initial basal area. For trees greater than 4.5 inches dbh.

Diameter growth in the residual stand for each treatment has remained
consistent over the five growth periods in the 29 years of measurement. The periodic
growth percent peaked in the 1975 to 1980 period for the 25 percent and 50 percent
retention treatments and then slowly decreased. In the 75 percent treatment plots, the
periodic growth dropped consistently. Graphic expression of these growth trends by
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treatment and age is shown in figure 5. Growth of the residual trees was most
obvious for the 25 percent retention treatment.
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Figure 5—Average diameter of trees greater than 4.5". Error bars are one standard
deviation.

Cubic Volume

Cubic volume for trees 4.5 inches diameter and greater over time is shown in
figure 6. There was a very consistent increase across the five growth periods. Some
distortion exists in the graph since the periods between 1970 and 1985 were five-year
increments and last two periods are six and eight years long. Volume for the 75
percent basal area retention lags behind the control until 1991 (age 62). The thinning
created cubic volumes that were significantly different across the six inventory dates
(p = 0.002). The Scheffe multiple comparison tests for 1999 showed that the 25
percent retention treatment was statistically different than the lighter cut 75 percent
retention treatment and the control.
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Figure 6—Cubic volume per acre over time by treatment. Error bars are one
standard deviation.

Although cubic volume was different, the periodic cubic foot growth in each
treatment was uniform with a significant difference in only the period 1970 to 1975
when the Scheffe comparison test indicated a significant difference between the 25
percent retention treatment and the control. The trend of cubic foot volume growth
over stand age showed a relatively flat linear trend with an initial increase after
thinning and periodic variation (fig. 7).
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Figure 7—Cubic foot periodic volume growth.

A plot (fig. 8) of stand density index (SDI; Reineke 1933) over time indicates a
linear increase. The maximum biomass carrying capacity, which is estimated to be
1,000 SDI for redwood (Reineke 1933), has not been reached even by the control.
This explains why the cubic stand volume, which is highly correlated with stand
biomass, is still increasing.
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Figure 8—Cubic foot periodic volume growth.

When periodic cubic foot increment was plotted (fig. 9) over the initial stand
basal area, there was a quadratic form with the maximum at 300 square feet per acre.
Cubic-foot increment indicated that for each thinning level, the growth generally
peaked five to 10 years after thinning, and then dropped slightly over the remaining
periods. The 75 percent retention treatment consistently had the highest growth (458
ft’/acre/year) over the 29 years, a result of the good site and the presence of large
diameter trees. The poorest rates were in the 25 percent retention treatment (250
ft'/acre/year) where there were only 45 trees per acre. The relatively low cubic
volume growth per unit of basal area in the control (fig. 9) was partially the result of
the loss of many small trees that were part of the cubic foot inventory.
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Figure 9—Cubic volume 29-year growth after commercial thinning as a function of
initial basal area.

Board Foot Growth and Yield

Many aspects of the results observed for cubic volume were similar for board
foot volume. Testing the board-foot volume by ANOVA for each inventory year
shows that after thinning, there were significant differences at the P = .05 level. The
Scheffe multiple comparisons tests showed that in all five tests the difference was
between the 25 percent and 75 percent treatments (p = 0.044 in 1999).

Site index is a significant covariate (P = .039) (fig. 10). Random assignment of
treatments to plots resulted in the control plots averaging about 71 percent (14,330
board feet per acre less) of the pre-treatment volume in the treated areas. The control
plots are located higher on the slope, which is reflected in their lower site values.
Despite these differences in the initial volumes there were no statistically significant
differences in the cubic and board foot volumes of the treatment sites. Site index is
correlated to the pre-treatment board foot volume (r*= 0.772).
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Figure 10—Board foot volume treatment means for 1999.

Growth (board feet) was not significantly different between treatments for any
of the periods. The greatest board foot growth in the 29-year period was in the 75
percent retention treatment where the stand volume increased 200 percent, an annual
increase of 3,002 board feet per acre per year. The control increased 207 percent or
2,525 board feet per acre per year over the 29 years. Despite the reduction of the
stand by 50 percent of the original basal area and leaving only 118 trees per acre, the
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50 percent retention treatment grew by 238 percent or 2,544 board feet per acre per
year. The 25 percent retention treatment grew 276 percent or 1,803 board feet per
acre per year.

The plot of board foot increment (fig. 1/) as a function of initial post-harvest
volume, reveals a linear trend. There is no apparent flattening of the board foot PAI
similar to that found in the cubic volume stand (fig. 9). Culmination of the mean
annual increment (CMALI) is the age when average volume growth peaks. Analysis to
determine if the CMAI had been reached was conducted by adding the standing
inventory to the volume removed by thinning, and then dividing by stand age. The
values were then averaged for each treatment. The age range covered was 41 to 70
years. There is no evidence of culmination in any of the treatments. The four
treatments showed a gradual increase across the 29 years.
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Figure 11—Mean annual increment of board foot volume including commercial
harvest yield.

Yield is the total production of a stand and in this case is the sum of the 1999
stand volume and what was harvested in 1970. An ANOVA of yield, including site as
a significant covariate (p = 0.024), did not show the treatments to be significantly
different (p = 0.283). Figure 12 shows the adjusted treatment means for yield.
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Figure 12—Yield treatment means adjusted by site as a covariate.
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Understory Regeneration

The commercial thinning harvest in 1970 created an opportunity to study the effects
of the varying amounts of overstory on redwood sprout development in the understory
over 29 years of growth. Although the commercial thinning was not designed to promote
regeneration, the removal of the trees at various intensities created a stand situation
similar to other partial harvest methods such as selection, transition or shelterwood.

The regeneration study was initiated in 1972, two years after the commercial
thinning. Six of the nine thinned plots were examined in three overstory levels. The
number of sprout clumps, sprouts, and the height of the tallest sprout were measured.
These data were used initially to describe and test a method of sampling for redwood
sprouts (Lindquist 1979).

In 1986 an understory redwood sprout inventory was made of all nine
commercially thinned plots and a precommercial thinning study was established in
the 25 percent and 50 percent retention treatments. Plots were established and
subdivided into four 0.1-acre plots prior to precommercial thinning the 16-year-old
understory. Treatments leaving 200, 300, 400 trees per acre and an unthinned quadrat
were assigned at random in the six plots. The retained trees were subsequently
measured in 1986, 1991 and 1999.

A large number of sprouts had developed in all treatments, by 1972, ranging
from a low of 2,052 sprouts per acre (75 percent retention treatment) to 8,123 (25
percent retention treatment). The 1986 inventory showed a reduction to 268 in
sprouts per acre (75 percent retention treatment) and 1,719 sprouts per acre (25
percent retention treatment).

In 1986 both average sprout diameter and height were much larger where 25
percent of the stand was retained than where 50 percent was retained (2.1 inches dbh
vs. 0.9 inches and 17.9 feet vs. 6.9 feet). The sprouts in the 75 percent retention treatment
were so severely impacted that subsequent measurements were not warranted.

The precommercial thinning treatments appear to have had no effect within the
50 percent overstory retention treatment but appear to have had an effect in the 25
percent overstory retention treatment. In 1986, the 25 percent overstory retention
treatment showed no significant difference between precommercial thinning
treatments (p = 0.164) and there was a difference in 1999 (p = 0.048). The 300 stems
per acre precommercial target have shown the maximum diameter growth.

The total height of all trees measured indicated highly significant differences
(p = 0.000) between the 25 percent overstory and 50 percent overstory treatments in all
three inventory years. At age 29 these heights were 32.6 feet and 15.2 feet respectively.

Conclusions

Periodic response to the commercial thinning of a well-stocked 41-year old
second growth redwood stand was determined by implementing six measurements
over a 29-year period. The basal area was reduced by thinning to retain 25 percent,
50 percent, and 75 percent of the average stocking of the three control plots, which
was 401 ft* per acre. Tests of the plots prior to thinning showed no significant
differences between the plot basal area and a simple random assignment of
treatments was adopted. Differences in growth attributed to site quality between
treatments were accounted for in the board foot volume analysis.
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This study showed that young-growth redwood stands are very productive and
respond well to a range of stocking levels. Thinning produced a substantial increase
in the average diameter of the residual stands. By 1999, the average diameters ranged
from 14.2 inches in the control to 31.8 inches in the 25 percent retention treatment, a
difference of 17.6 inches. The highest thinning intensity produced the highest radial
growth. Intensive thinning from below is capable of producing larger diameter trees
relatively quickly in stands at 40 years-of-age. Despite good diameter growth in the
25percent retention treatment, a 75 percent reduction of basal area did not produce
total growth at a rate consistent with the site potential. The 50 percent retention
treatment, with twice the initial basal area, had a net board-foot growth that was 140
percent of the 25 percent retention treatment.

The relationship between understory growth and overstory density indicated that
growth of redwood regeneration was inversely proportional to overstory canopy. The
average height of the dominant redwood understory sprouts was 48 feet at 29 years-
of-age. This was nearly 20 feet shorter than the average height of 24-year old
dominant redwood in a clear-cut block with full sunlight in Caspar Creek (Lindquist
2004a). The time needed to produce trees of commercial size under stands even as
lightly stocked as the 25 percent retention treatment with 45 trees per acre will be
much longer than under full sunlight. A sub-study of precommercial thinning
treatments of the redwood sprouts showed an effect only in the most heavily thinned
overstory condition. The results of this study, including data tables, are discussed in
greater detail in Lindquist (2004b).
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Silvicultural Challenges for Coast Redwood
Management'

Kevin L. O’Hara?
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Coast redwood silviculture is probably more varied at present than at any time in
the history of redwood forest management. For some forest products companies,
management utilizes a series of intensive silvicultural operations where density,
composition, competing vegetation, and rotation length are carefully controlled. At
the other extreme, some ownerships are beginning to use silvicultural operations to
enhance old forest characteristics or favor other non-timber values. Several trends are
influencing current silviculture but are also continuing the historical trend of widely
divergent approaches to forest management. These include expanded use of tree
breeding to improve growth, an increasing recognition of the role of natural
disturbances in guiding silvicultural operations, and basing silviculture on a more
fundamental understanding of production ecology and stand dynamics.

Current silviculture is presented in the context of using operations to direct stand
development on a variety of pathways or trajectories. Silvicultural operations are
combined into systems that meet different management goals. These include the role
of early density control of a sprouting species with complex spatial patterns of stems
and complex early growth patterns. The relationship of leaf area index (LAl)—a
surrogate for growing space occupancy—to stand density and growth is used to
describe several silviculture systems. Assuming a maximum LAI of 14.0, a system
designed to achieve old forest characteristics might use a precommercial thinning
treatment to adjust initial spacing and then allow the stand to develop without
intervention (fig. 1). A multiaged system might use a 20-year cutting cycle but would
attempt to maintain LAI within a range that is less than the maximum. The intensive
system uses a 50-year rotation and also maintains LAI at less than 12 over the
rotation. Two thinnings are used to adjusting density during each even-aged rotation.

Leaf area index has potential as a unifying variable to link management for
objectives associated with stand management with other resource management
objectives such as hydrologic response, wildlife habitat, or attainment of prescribed
levels of forest cover. For stand management, LAl can be arranged in different
structures that have a profound influence on stand productivity. A variety of
silvicultural operations can also be described using LAl and LAI represents a viable
way of describing the trajectories of stands following treatment.

1 An expanded version of this paper was presented at the Redwood Science Symposium: What does the
future hold? March 15-17, 2004, Rohnert Park, California.

2 137 Mulford Hall, MC 3114, University of California, Berkeley, CA  94720-3114. email:
ohara@nature.berkeley.edu
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