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EXECUTIVE SUMMARY

Aimee Mclntyre, Marc Hayes, William Ehinger, Stephanie Estrella, Reed Ojala-Barbour, Greg
Stewart, Dave Schuett-Hames, and Timothy Quinn

Headwater streams are largely understudied relative to their frequency in the landscape,
constituting approximately 65% of the total stream length on forestlands in western Washington.
We evaluated the effectiveness of riparian forest management prescriptions in maintaining key
aquatic conditions and processes affected by Forest Practices for small non-fish-bearing

(Type N) headwater stream basins underlain by competent, “hard rock” lithologies (i.e., volcanic
or igneous rocks) in western Washington (see Chapter 1 — Introduction in this report). We
compared current prescriptions to two alternatives, one with longer riparian leave-tree buffers
and one with no buffers. We looked at the magnitude, direction (positive or negative), and
duration of change for riparian-related inputs and response of instream and downstream
components. We evaluated riparian processes affecting in-channel wood recruitment and
loading, stream temperature and shade, discharge, suspended sediment export, nutrient export,
channel characteristics, and stable isotopes. To evaluate biological response, we selected stream-
associated amphibians as a key response variable because they are one of the important biotic
resources for protection in non-fish-bearing streams. The results of this study are intended to
inform the efficacy of current Forest Practices (FP) rules, including how landowners can
continue harvesting wood resources while protecting important headwater habitats and
associated species, and meeting resource objectives outlined in the FP Habitat Conservation Plan
(FP HCP; Schedule L-1, Appendix N).

We used a Before-After Control-Impact (BACI) study design with blocking to examine how key
aquatic resources, conditions and processes responded to riparian buffer treatments. We collected
a minimum of two years of pre-harvest data from 2006 until harvest began in 2008, and post-
harvest data from 2009 (one year post-harvest) through 2016 or 2017, depending on the response
variable (i.e., up to nine years post-harvest; see Chapter 2 — Study Design in this report). Study
sites included 17 Type N stream basins located in managed second-growth conifer forests across
western Washington in three physiographic regions (Olympic Mountains, Willapa Hills and
Southern Cascades). Sites were restricted to Type N basins ranging from 12 to 54 ha (30 to 133
ac) underlain by relatively competent lithologies, primarily volcanic flow rocks and breccias, and
that were known to support Coastal Tailed Frog (4scaphus truei) and Olympic, Columbia, or
Cascade Torrent Salamanders (Rhyacotriton olympicus, R. kezeri, Or R. cascadae).

We evaluated four experimental treatments, including an unharvested Reference (i.e., withheld
from harvest; n = 6) and three alternative riparian buffer treatments with clearcut harvest: 100%
treatment (a two-sided 50-ft [15.2-m] riparian buffer along the entire Riparian Management
Zone [RMZ; n = 4]); FP treatment (a two-sided 50-ft [15.2-m] riparian buffer along at least
50% of the RMZ, consistent with the current Forest Practices buffer prescription for Type N
streams [n = 3]); and 0% treatment (clearcut harvest throughout the entire RMZ [n = 4]). The
timber harvests and associated riparian buffer treatments were implemented between October
2008 and August 2009.

In-channel wood plays an important functional role in Pacific Northwest streams, influencing
channel morphology and hydraulics, storage and routing of sediment and organic matter, aquatic
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TYPE N BUFFER EFFECTIVENESS ON HARD ROCK LITHOLOGIES — PHASE 2

habitat, aquatic communities, and food resources. We found that harvest of timber in and
adjacent to streamside riparian forests directly affected tree mortality, tree fall rates, wood
recruitment to streams, and in-channel wood loading (pieces/m; see Chapter 3 — Stand Structure,
Tree Mortality, Wood Recruitment and Loading in this report). The greatest post-harvest change
in stand structure occurred in the 0% treatment and the unbuffered portions of the FP treatment
where all riparian trees were removed during harvest. A pulse of large wood (>10 ¢cm [4 in]
diameter) was recruited to streams adjacent to unbuffered reaches during harvest, with very little
additional large wood recruitment in the following eight years. Windthrow was the dominant tree
mortality agent in riparian buffers, with the highest mortality in the first two years post-harvest.
The highest tree mortality rates and greatest reductions in density and basal area occurred in the
FP treatment, where cumulative mortality eight years post-harvest was 51% and 56% of initial
basal area and 50% and 68% of initial density for the RMZ and PIP buffers, respectively,
compared to a cumulative mortality of 16% and 9% of basal area and 20% and 15% of initial
density for the RMZ and PIP in the reference. Windthrow-associated tree fall in riparian buffers
increased large wood recruitment to channels in the 100% and FP treatments. However, we
found that most recruited trees (>80%) were suspended above the active stream channel. From
two to eight years post-harvest, in-channel large wood loading (mean pieces per linear stream
meter) continued to increase in the FP treatment, remained relatively stable in the 100%
treatment, and decreased in the 0% treatment. The greatest increase in in-channel small wood
loading (<10 cm [4 in] diameter) was in the 0% treatment in the two years post-harvest, and was
comprised largely of logging slash from timber harvest of the streamside trees. Small wood
loading continued to increase in the FP and 0% treatments through five years post-harvest and
then declined in all buffer treatments.

Riparian vegetation is an important source of organic matter and macroinvertebrates, nutrients,
and cool water to downstream reaches. The shading that this vegetation provides is a dominant
control on stream temperature, which in turn is a critical environmental condition for many
aquatic organisms and biological processes. Riparian shade decreased and water temperature
increased in all buffer treatments after harvest (see Chapter 4 — Stream Temperature and Cover
in this report). Canopy closure decreased by less than 10% in the 100% treatment but declined
32% in the FP treatment and 87% in the 0% treatment by three years post-harvest. After nine
years, canopy closure returned to pre-harvest levels in the 100% treatment, but remained 15%
and 27% below pre-harvest values at the FP and 0% treatments, respectively. The seven-day
average temperature response increased in the 100% treatment by 1.1°C in the year immediately
following harvest but returned to pre-harvest temperatures in the three years post-harvest. In the
FP treatment, the temperature response ranged from +0.5 to +1.2°C and changed little
throughout the post-harvest period, possibly from the ongoing loss of buffer trees to windthrow.
In the 0% treatment, the temperature response was nearly 4°C in the first year after harvest but
then steadily declined to a 0.8°C increase by nine years post-harvest. The greatest change in
temperature occurred during the July—August period, but temperatures were also elevated in
spring and fall at most locations. Substantial (>1.0°C) temperature responses within the harvest
unit were attenuated downstream of the harvest unit where the stream had flowed through 100 m
or more of unharvested forest or buffers wider than 50 ft. The primary driver of post-harvest
temperature increases appeared to be loss of riparian cover. However, there was evidence that
basin aspect may have influenced the magnitude of change; and in one locality, hyporheic flow
may have mitigated higher temperature within a well-shaded downstream reach.
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EXECUTIVE SUMMARY: MCINTYRE AND COLLEAGUES

Changes in stream discharge, and in the sediment loads that are carried by those flows, have been
long recognized as common, but highly variable, responses to timber harvest. We measured
discharge and suspended sediment export in eight of the study sites, with four sites each (one of
each buffer treatment) in the Olympic and Willapa Hills physiographic regions. Total water yield
increased in all buffer treatment sites, but treatment effects varied with buffer treatment and
climate, with sites receiving the most rainfall (i.e., Olympic block) and the greatest proportion of
watershed area harvested (FP and 0% treatments) exhibiting the largest increases (see Chapter 5
— Stream Discharge, Turbidity, and Suspended Sediment Export in this report). On average, this
study affirms prior literature reports that show discharges increasing 1 to 18 mm/yr for each
percent of the watershed harvested, albeit with much variability as a function of buffer treatment,
climate, and precipitation. Relative changes in flow were greatest for baseflows and median
discharge, but specific discharges increased for all flows up to the 30-day recurrence interval in
the FP and 0% treatment sites. Late summer discharge decreased in both 100% treatment sites
through eight years post-harvest, presumably because of increased evapotranspiration rates in the
residual vegetation during periods of little rainfall. In contrast, harvest did not change the
magnitude of suspended sediment export regardless of buffer treatment. Over 11 years of the
study, turbidity readings were very low over 95% of the time. Both turbidity and suspended
sediment concentration increased with increasing discharge, typically during late fall and early
winter storm events, and then rapidly declined. The basins appear to be supply-limited, with the
quantity of exported sediment restricted to the quantity of sediment delivered to the stream from
the adjacent uplands, and so additional flow (especially non-peak flow) has little ability to affect
sediment transport. While discharge increased in all treatments after harvest, suspended sediment
export events were episodic, poorly correlated with discharge, and not synchronized across all
sites, suggesting that export magnitudes are unrelated to harvest.

Nutrients exported to downstream receiving waters may increase primary productivity, leading to
decreases in instream dissolved oxygen from decomposition. Because the watersheds of western
Washington drain to the sensitive, confined marine waters of Puget Sound, Grays Harbor, and
Willapa Bay, nutrient loading is a potential environmental concern. We measured mean total
nitrogen (N) and nitrate-N concentrations for nine years post-harvest in the same eight sites used
in our discharge and suspended sediment export components of the study (see Chapter 6 —
Nitrogen Export in this report). Nitrogen export increased in all treatment sites immediately after
harvest, with variable increases among sites ranging from less than 10% to more than three-fold.
The estimated change was greatest in the 0% treatment, intermediate in the FP treatment, and
lowest in the 100% treatment. Controlling for treatment type, the increases corresponded to the
proportion of the watershed harvested. Only the 0% treatment differed statistically from the other
treatments. At seven and eight years post-harvest, the eight sites displayed no consistent response
in nitrogen concentration or export to the buffer treatments or to the proportion of the watershed
harvested: total-N export had declined from their immediate post-harvest levels at three sites and
increased slightly at three sites, while nitrate-N export declined from post-harvest levels at four
sites and increased slightly at two sites. Only one site, however, had recovered to pre-harvest
export rates by eight years post-harvest.

Changes to wood recruitment and loading, stream flow and sediment transport from timber
harvest can result in changes to physical stream channel characteristics, particularly channel
dimensions and substrate sediment materials. Measurements in the 17 study basins in the years
immediately pre-harvest, and again one, two, five and eight years post-harvest, showed some
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TYPE N BUFFER EFFECTIVENESS ON HARD ROCK LITHOLOGIES — PHASE 2

systematic patterns (see Chapter 7 — Stream Channel Characteristics in this report). In the two
years post-harvest, we estimated a decline in stream wetted and bankfull widths in the 0%
treatment compared to the pre-harvest period after controlling for temporal changes in the
reference. This pattern continued through eight years post-harvest. We also measured a post-
harvest increase in the proportion of the stream channel dominated by fine sediment substrates in
the 0% treatment in the two years post-harvest, which was still evident eight years post-harvest.
A similar increase was also estimated for the FP treatment eight years post-harvest, but not in the
other sample years. Finally, we estimated an increase in the proportion of the channel rise
attributed to in-channel steps in the 0% treatment in all post-harvest sampling years. We suspect
that post-harvest changes in stream channel characteristics, primarily in the 0% treatment, can be
attributed at least in part to post-harvest increases in in-channel small and large wood recruitment
and loading. Wood recruitment and loading increased in all buffer treatments as logging slash
and windthrown trees from unharvested RMZs entered the stream channel during and after
timber harvest. This may explain the decrease we observed in stream wetted and bankfull widths,
despite the observed increase in flows that would normally encourage increases in channel width.

Stable isotope ratios are especially useful for identifying shifts in trophic system organization
due to canopy modification, which other researchers have associated with an increase in the
contribution of algae to the trophic support of streams. Samples of biofilm, litterfall, instream
detritus, macroinvertebrates, and amphibian tissue were collected during the pre-harvest period
and one, two and eight years post-harvest (see Chapter 8 — Stable Isotopes in this report). Not
every group was sampled for all sites in all years (see Tables 8-1 and 8-2 for sample sizes). We
found limited and inconsistent differences in carbon (**C) and nitrogen (**N) isotopic signatures
among treatments; however, stable isotope signals suggested that the organic matter sources
supporting stream biofilm did not appreciably change in response to the buffer treatments.
Though we did not detect a notable difference in the biofilm isotopic values between the pre- and
post-harvest period, we estimated a decrease in mean 5'3C for giant salamander larvae in the FP
treatment and an increase in the 100% treatment in the two years post-harvest. Over this same
period, we estimated a decrease in mean 8*°N for gatherer invertebrates in the FP and 0%
treatments. We found no evidence of an increase in algal content in the biofilm, thus challenging
the hypothesis that canopy modification might increase trophic support from autotrophic sources.
Our 3*3C versus 8*°N comparison of stable isotope data were also used to characterize stream-
associated amphibian diet. Results indicated that Coastal Tailed Frog larvae were ingesting
primarily biofilm. The post-metamorphic Coastal Tailed Frogs, torrent salamanders and giant
salamanders, however, all exhibited stable isotope values that suggested a diet of aquatic
predators and shredders, and terrestrial spiders.

Amphibians have experienced declines in local abundance and range contractions as a result of
habitat loss and degradation, disease, and competition with introduced species. Stream-
associated amphibians are frequently the dominant vertebrates in and along non-fish-bearing
headwater streams. We observed the largest post-harvest response for Coastal Tailed Frog (see
Chapter 9 — Stream-associated Amphibians in this report). In the two years post-harvest we
estimated an increase in larval Coastal Tailed Frog density in the FP treatment compared to the
pre-harvest period, after controlling for temporal changes in the reference; however, by eight
years post-harvest we estimated substantial declines in larval density in all buffer treatments. In
the two years post-harvest, post-metamorphic tailed frog density declined in the 100% treatment
but increased in the 0% treatment. However, by eight years post-harvest we again estimated
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substantial declines in density in the 100% and FP treatments, whereas the change in density in
the 0% treatment no longer differed from that of the reference. We estimated an increase in
torrent salamander density in the 0% treatment in the two years post-harvest; by eight years post-
harvest this increase was no longer evident in the 0% treatment although we estimated a decline
in the FP treatment. Finally, for giant salamanders we estimated an initial decline in density in
the FP treatment in the two years post-harvest, however, by eight years post-harvest we had no
evidence of a difference for any treatment. Our study was designed to evaluate treatment effects,
not the mechanisms behind potential changes in amphibian abundance. However, stream
temperature, overstory canopy, wood loading, sediment retention, flow dynamics, stream
morphology, and nutrients all have been associated with amphibian abundance, and changes
documented in these metrics following timber harvest likely explain some or all of the changes
in amphibian abundances.

In summary, the greatest effects of alternative buffer treatments were observed in riparian stand
condition, large wood recruitment and in-channel wood loading, stream shade and temperature,
stream channel characteristics, and stream-associated amphibian densities (see Appendix A in this
report). The 100% treatment was generally the most effective in minimizing changes from pre-
harvest conditions, the FP was intermediate, and the 0% treatment was least effective. The
collective effects of timber harvest were most apparent in the 0% treatment in the two years
immediately post-harvest. For many metrics, the magnitude of harvest-related change observed
for a given treatment diminished over time. The one clear exception to this generality was for the
stream-associated amphibians. For these species, treatment effects were largely not evident in the
two years post-harvest except for declines in giant salamander density in the FP treatment.
However, substantial negative declines were recorded for Coastal Tailed Frog density in the
eight years post-harvest, including for larvae in all buffer treatments and post-metamorphic
individuals in the 100% and FP treatments. We also estimated a decline in torrent salamander
density in the FP treatment in the eight years post-harvest. Continued monitoring of the
amphibian response to treatment is strongly recommended to expand on our understanding of the
long-term impacts of timber harvest and variable length buffers on stream-associated
amphibians.
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CHAPTER 1 - INTRODUCTION

Aimee Mclntyre, Marc Hayes, William Ehinger, Stephanie Estrella, Reed Ojala-Barbour, Greg
Stewart, Dave Schuett-Hames, and Timothy Quinn
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TYPE N BUFFER EFFECTIVENESS ON HARD ROCK LITHOLOGIES — PHASE 2

1-1. INTRODUCTION

Washington State enacted the Forests and Fish Law in July 2001 (WFPB 2001). This was largely
motivated by the listing, and potential further listings, of salmonid populations in Washington
State as either endangered or threatened under the federal Endangered Species Act (ESA; US
Fish and Wildlife Service, USFWS 1999), and the identification of hundreds of stream segments
with water quality problems under the §303(d) of the federal Clean Water Act (CWA).The
Forests and Fish Law, negotiated among federal, state, tribal and county governments and private
forest landowners, was intended to improve and protect riparian habitat on non-federal
forestlands in Washington State (hereafter, Forest Practices rules; USFWS 1999). Forest
Practices rules were designed to develop biologically sound and economically practical solutions
to meet four focal Performance Goals: (1) provide compliance with the ESA for aquatic and
riparian-dependent species; (2) restore and maintain riparian habitat to support a harvestable
supply of fish; (3) meet the requirements of the CWA for water quality, and; (4) keep the timber
industry economically viable in the state of Washington.

Few studies had addressed the efficacy of riparian buffers along non-fish-bearing, perennial
“headwater” streams (or Type Np Waters) at the time of Forest Practices negotiations. However,
these small streams comprise more than 65% of the total stream length on forestlands in western
Washington (Rogers and Cooke 2007). Furthermore, existing studies tended to be retrospective
(e.g., Bisson et al. 2002; Raphael et al. 2002) or lack the power needed to fully inform Forest
Practices for aquatic resources of interest (e.g., O'Connell ez al. 2000; Jackson et al. 2001). The
objective of the Type N Experimental Buffer Treatment Study in Hard Rock Lithologies
(hereafter, Hard Rock Study) was to evaluate the effectiveness of the current westside riparian
management zone (RMZ) rules for Type Np Waters in maintaining key aquatic conditions and
processes affected by Forest Practices. This study was intended to address the key question
(WADNR 2005, FPHCP, Appendix N):

Will the rules produce forest conditions and processes that achieve Resource Objectives
as measured by the Performance Targets, while taking into account the natural spatial
and temporal variability inherent in forest ecosystems? !

In the Hard Rock Study, we compared unharvested references to the current Forest Practices
buffer prescription (FP treatment) and to experimental treatments that did not retain a riparian
buffer in the RMZ (0% treatment) and that retained a riparian buffer throughout the entire RMZ
(100% treatment). We provided information relevant to evaluating whether these riparian buffer
prescriptions met the Performance Goals to provide compliance with the ESA for aquatic and
riparian-dependent species and met the requirements of the CWA for water quality. We also
evaluated whether buffer prescriptions met the Resource Objectives (i.e., key aquatic conditions
and processes affected by Forest Practices) for large wood inputs, organic inputs, and hydrology

! Each Resource Obijective consists of (1) a Functional Objective, or broad statement of objectives for the major
watershed functions potentially affected by Forest Practices, and (2) a series of Performance Targets, or measurable
criteria defining specific, attainable target forest conditions and processes.
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from the Forest Practices Habitat Conservation Plan (FPHCP; WADNR 2005, Appendix N). In
addition, we provided data and the analyses needed by the Washington State Department of
Ecology to help determine compliance with water quality standards. The study commenced in
2006 and included up to three years of pre-harvest data collection depending on the response
variable. Treatments were implemented over a period of 14 months. Post-harvest data were
collected for up to nine years following harvest. Post-harvest sampling frequency and duration
depended on the response variable. Results comparing the response among treatments up to three
years following harvest were reported in Mcintyre and colleagues (2018).

Though the original study supported only two years of post-harvest sampling, significant
responses to harvest for some variables (e.g., stream temperature) led the Forest Practices Board
to support continued post-harvest monitoring beyond those two years. Continued monitoring
allowed us to evaluate trajectories of response variables that changed immediately after harvest,
such as for stream temperature, and to detect potential lag effects for those for which a
significant response was not detected in the two years following harvest (e.g., stream-associated
amphibians). Results through nine years post-harvest are reported herein.
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2-1. RESOURCE OBJECTIVES AND RESPONSE VARIABLES

We designed this study to evaluate whether current westside riparian management zone (RM2)
prescriptions for non-fish-bearing, perennial (Type Np) waters maintained key aquatic conditions
and process affected by Washington State Forest Practices. Resource Objectives for watershed
functions affected by forest practices include:

1) Heat/Water Temperature: Provide cool water by maintaining shade, groundwater
temperature, flow, and other watershed processes controlling stream temperature.

2) Large Wood/Organic Inputs: Develop riparian conditions that provide complex
habitats for recruiting large wood and litter.

3) Sediment: Provide clean water and substrate and maintain channel-forming processes by
minimizing to the maximum extent practicable the delivery of management-induced
coarse and fine sediment to streams (including timing and quantity) by protecting stream
bank integrity, providing vegetative filtering, protecting unstable slopes, and preventing
the routing of sediment to streams.

4) Hydrology: Maintain surface and groundwater hydrologic regimes (magnitude,
frequency, timing, and routing of stream flows) by disconnecting road drainage from the
stream network, preventing increases in peak flows causing scour, and maintaining the
hydrologic continuity of wetlands.

Selected response variables were related to Resource Objectives and included riparian
vegetation, wood recruitment and loading, stream temperature, discharge, nutrient export,
litterfall and detritus export, turbidity, channel characteristics, periphyton, macroinvertebrate
export, stream-associated amphibian demographics, downstream fish, and stable isotopes (Table
2-4). Stream-associated amphibians were selected as a key response variable because stakeholder
scientists that participated in negotiations leading to the development of current Forest Practices
rules identified them as one of the important biotic resources for protection in non-fish-bearing
(Type N) Waters (USFWS 1999).

2-2. SITE SELECTION CRITERIA

The inclusion of stream-associated amphibian species as a response variable placed important
constraints on site selection (Table 2-1). Six of the seven Forest Practices (FP)-designated

amphibians occur exclusively (n = 5) or largely (n = 1) in westside forestlands of Washington
State. We selected sites in western Washington that supported Coastal Tailed Frog (4scaphus
truei) and Olympic, Columbia, and Cascade Torrent Salamanders (Rhyacotriton olympicus, R.
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kezeri, and R. cascadae).® Although Coastal (Dicamptodon tenebrosus) and Cope’s (D. copei)
Giant Salamanders are not FP-designated amphibians, they were included in the study for two
reasons: (1) they co-occur with designated species throughout the study area; and (2) Cope’s
Giant Salamander, along with the Coastal Tailed Frog, occurs throughout the study area and was
appropriate for evaluating amphibian genetic responses (Spear et al. 2019). The site selection
process is outlined in detail in McIntyre and colleagues (2009).

We limited site selection to the three westside physiographic regions with the greatest number of
FP-designated amphibians (Olympic Mountains, Willapa Hills and Southern Cascades south of
the Cowlitz River; Jones et al. 2005). We limited sites to those less than 1,067 m (3,500 ft) and
1,219 m (4,000 ft) elevation in the Olympic and South Cascade physiographic regions,
respectively, because FP-designated amphibians rarely occur above 1,219 m (4,000 ft) elevation
in Washington State and the upper elevation limit declines with increasing latitude (Dvornich et
al. 1997). We did not impose an upper elevation limit in the Willapa Hills because the maximum
elevation (Boisfort Peak: 948 m [3,110 ft]) is within the range of all amphibian species. We
limited sites to those with a slope between 5% and 50% (3 and 27 degrees) to encompass the
range of stream gradients within which FP-designated amphibians are typically found (Adams
and Bury 2002). We included only sites composed of competent lithology, or those that could
potentially be competent depending on weathering and age (as identified by Patrick Pringle,
formerly with WADNR), because some FP-designated amphibians tend to occur more frequently
on these types of lithology (Dupuis et al. 2000; Wilkins and Peterson 2000). Finally, since
Coastal Tailed Frogs rarely reproduce in small first-order basins in western Washington (Hayes
et al. 2006), we restricted site selection to include second-order streams (Strahler 1952);
however, we later relaxed the stream order criteria to include first- to third-order streams to
obtain the desired number of study sites.

To maximize the influence of the buffer treatments and to reduce confounding effects we
designed the study so that harvest units would encompass the entire Type N basin when possible.
We also wanted harvest unit size to represent operational forest practices (Mcintyre et al. 2009).
Interviews with landowners revealed that the typical minimum unit size was about 12 ha (30 ac);
maximum harvest unit size is limited by Forest Practices to 49 ha (120 ac; WFPB 2001). Thus,
sites were limited to basins within that range.? Subsequently, we relaxed the criterion to include
basins up to 54 ha (133 ac) to obtain the desired number of study sites. To ensure that
downstream fish response® was not confounded by other management activities, we required at
least 75 m (246 ft) of stream below the upstream extent of fish distribution (F/N break) that
lacked an incoming tributary.

! The remaining three Forest Practices-designated amphibians not covered in our study include the Rocky Mountain
Tailed Frog (4. montanus), and Dunn’s (Plethodon dunni) and Van Dyke’s (P. vandykei) Salamanders. Rocky
Mountain Tailed Frog could not be included because it occurs exclusively in southeastern Washington, an area not
included in our study. The two plethodons were not included because they breed and lay eggs on land, and have no
free-living (i.e., aquatic) larval stage. Thus, they require different sampling techniques than the focal species in this
study.

2 Unless an exception is granted after review by an interdisciplinary science team.

3 Downstream fish response was only included through the two years following harvest. Results are reported in the
previously published report, Mcintyre and colleagues 2018.
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Inclusion of study sites relied on commitments that landowners manage them according to
treatment specifications (i.e., harvest layout and timing). We requested that landowners commit
to completing timber harvest and associated buffer treatments between April 2008 through
March 2009. We limited sites to those with at least 70% of the basin area with stands between 30
and 80 years of age at the time of harvest, because the average minimum stand age at harvest is
30 years and harvest of stands over 80 years is infrequent in Washington State. Finally, because
multiple ownership of the same study site would greatly complicate the coordination and
implementation of treatments, we limited sites to those for which more than 80% of the Type N
basin had a single landowner.

Selection of study sites began in June 2004 and continued through August 2006. We used a
Geographic Information System (GIS) in ArcMap (ESRI 2004) to identify Type Np basins
meeting geographic range, elevation, stream gradient, lithology and stream order site selection
criteria (Table 2-1). We conducted on-site surveys to validate lithology type, stream gradient and
stand age. For those meeting site selection criteria, we conducted surveys to establish amphibian
occupancy. On-site electrofishing surveys were conducted between December 2005 and June
2006 to verify the location of the F/N break (WFPB 2002). Field surveys revealed inaccuracies
in the hydrology layer used to determine stream order, so we relaxed our criteria to include a few
first- and third-order sites for which we had already determined FP-designated amphibian
presence.

2-3. EXPERIMENTAL TREATMENTS

We established four treatments: three buffer treatments with clearcut harvest and riparian buffers
of variable length, and a reference (i.e., control) with no timber harvest (Figure 2-1):

1) Reference (REF, n = 6): unharvested reference with no timber harvest activities within
the entire study site during the study period,

2) 100% treatment (100%, n = 4): clearcut harvest with a no-harvest riparian leave-tree
buffer (i.e., two-sided 50-ft [15.2-m]) throughout the RMZ,

3) Forest Practices treatment (FP, n = 3): clearcut harvest with current Forest Practices
no-harvest riparian leave-tree buffer (i.e., two-sided 50-ft [15.2-m]) along >50% of the
RMZ, and

4) 0% treatment (0%, n = 4): clearcut harvest with no riparian leave-tree buffer retained
within the RMZ.
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Table 2-1. Site selection criteria and associated limits by category for the Hard Rock Study,

2004-2006.
Category Criterion Limit
FP-designated amphibian Geographic | Olympic Mountains, Willapa Hills, and South
presence range Cascade south of the Cowlitz River
physiographic regions of Washington State
Elevation <1,067 m (3,500 ft) for the Olympic region
<1,219 m (4,000 ft) for the South Cascade region
No limit for the Willapa Hills region
Stream 5-50% (3-27 degrees)
gradient
Lithology Competent (or any lithology that could

Stream order

potentially be competent, i.e., potentially
producing long-lasting large clasts or coarse
grain sizes)

Second-order stream basins

Fish presence Stream Minimum of 75 m (246 ft) of stream between the

network F/N break and nearest downstream tributary
intersection

Landowner/operational Type N basin | 12-49 ha (30-120 ac)

considerations size
Stand age 30-80 years old
Harvest Buffer treatments: harvest Apr 2008—Mar 2009;
timing References: no harvest
Area owned | >80% owned by single landowner

Clearcut harvest was applied throughout the Type Np basin in sites with a riparian buffer
treatment and, except for the length of the riparian buffer in the RMZ, harvest followed Forest
Practices rules. Buffer width of 50 ft (15.2 m) is the horizontal distance from the bankfull
channel. In all treatments, a 30-ft (9.1-m) equipment limitation zone (ELZ) was maintained along
all Type Np and Ns (i.e., seasonal) Waters (WAC 222-30-021(2)), and no harvest activities were
conducted on any potentially unstable slopes (WAC 222-16-050 (1)(d)). In the 100% and FP
treatment sites, RMZ buffers were required for the five categories of sensitive sites WAC 222-
16-010): side-slope* and headwall® seeps, headwater springs®, Type Np intersections’ and

4 A seep with perennial water at or near the surface throughout the year, located within 100 ft (30.5 m) of a Type Np
Water, on side-slopes greater than 20%, connected to the stream channel via overland flow, and characterized by

loose substrate and fractured bedrock, excluding muck.

5 A seep with perennial water at or near the surface throughout the year, located at the toe of a cliff or other steep
topographical feature at the head of a Type Np Water, connected to the stream channel via overland flow and
characterized by loose substrate and/or fractured bedrock.

& A permanent spring at the head of a perennial channel and coinciding at the uppermost extent of perennial flow.
" The intersection of two or more Type Np Waters.
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alluvial fans®. Riparian buffers on headwall and side-slope seeps require a 50-ft (15.2-m) no-
harvest buffer around the outer perimeter of the perennially saturated area. Riparian buffers on
Type Np intersections and headwater springs require a 56-ft (17.1-m) radius no-harvest buffer
centered on the feature. No harvest is allowed within alluvial fans.

We identified all Type Np and Ns Waters and the locations of all sensitive sites according to
Forests and Fish rules. All features were mapped in the field using Trimble Global Positioning
Systems (GPS), which were differentially corrected using Pathfinder Office software and
integrated into GIS (ArcMap). We created maps displaying Type Np and Ns Waters and
locations of sensitive sites, headwalls, and road crossings (Appendix 2A; Appendix Figures 2-1
through 2-16).

The buffered length of the streams in FP treatment sites was determined by FP rules, which
require a two-sided, 50-ft (15-m) wide buffer along a minimum of 50% of the length of the Type
Np stream. Non-fish-bearing streams <1,000 ft (305 m) and >1,000 ft require a minimum of 300-
ft (91-m) and 500-ft (152-m) length riparian buffer, respectively, located directly upstream of the
F/N break, with additional riparian buffers centered on sensitive sites. All study sites were
>1,000 ft (305 m), requiring @ minimum 500-ft (152-m) length buffer. The configuration of the
riparian buffer on a Type Np Water is subject to stream dendritic patterns and the number and
location of sensitive sites. To determine the configuration at our sites, we located sensitive sites
in the field 12 June to 1 November 2006. The application of FP rules at the three FP treatment
sites resulted in riparian buffer lengths of 55%, 62% and 73%. In addition, due to regulatory
and/or logistic constraints (e.g., buffers required on unstable slopes and downstream fish-bearing
waters), 2 to 15% of the basin area was not harvested in four riparian buffer treatment sites
(specifically, the 100% treatments in the Olympic and Willapa 2 blocks, and the 0% treatments
in the Willapa 2 and South Cascade blocks; Table 2-2).

2-4. SITE IDENTIFICATION AND BLOCKING

Though 35,957 Type Np basins were identified within our geographic scope of interest (Olympic
Mountains, Willapa Hills and Southern Cascades physiographic regions), only 17 basins
remained for inclusion in our study after selection criteria were applied and landowner and
timber harvest constraints were considered. Sites consisted of first-, second- and third-order Type
Np stream basins located in managed second-growth forests on private, state, and federal
forestlands across western Washington. Stands were 30 to 80 years old and dominated by
Douglas-fir (Pseudotsuga menziesii) and western hemlock (Tsuga heterophylla). Sites were in
areas dominated by competent lithology types (largely basaltic) with average Type Np channel
gradients ranging from 14 to 34% and catchment areas ranging from 12 to 54 ha (30 to 133 ac).
Cumulative stream lengths ranged from 325 to 2,737 m (1,066 to 8,980 ft; Table 2-2). Sites were
located along tributaries of the Clearwater, Humptulips and Wishkah Rivers in the Olympic
physiographic region (n = 4); the North, Willapa, Nemah, Grays, and Skamokawa Rivers, and
Smith Creek in the Willapa Hills physiographic region (n = 10); and the Washougal River and
Trout Creek in the South Cascade physiographic region (n = 3; Figure 2-2).

8 An erosional landform consisting of a cone-shaped deposit of water-borne, often coarse-sized, sediments.

CMER 2021 2-8



CHAPTER 2 — STUDY DESIGN: MCINTYRE AND COLLEAGUES

0%

REF 100%

Legend

Type Np Water with 30-ft ELZ Unharvested / riparian buffer

o F/N break Clearcut harvest

Figure 2-1. Schematic of the four experimental treatments included in the Hard Rock Study.
Treatments included unharvested references (REF) and sites receiving a clearcut harvest with
one of three, two-sided 50-ft (15.2 m) buffer treatments along the Type Np Water riparian
management zone (RMZ): 100% of the stream length buffered (100%), >50% of the stream
length buffered (Forest Practice, FP), and no buffer (0%). FP and 100% treatments include 56-ft
(17.1-m) radius buffers around Type Np intersections and the uppermost extent of perennial
flow. All streams are protected by a two-sided 30-ft (9.1-m) equipment limitation zone (ELZ).

We blocked (grouped) study sites geographically within each physiographic region (i.e.,
Olympic, Willapa Hills, and South Cascade) to minimize variability (e.g., regional differences)
and assigned sites within each block to one of the four treatments. Assignment of treatments was
random when possible; however, we were unable to assign some treatments to particular sites.
For example, unharvested references were assigned only to public ownership lands because
private landowners would not agree to exclude sites from harvest for the duration of the study.
Conversely, federal regulations prevented application of buffer treatments on National Forest
sites. As a result, only state forestlands (Washington Department of Natural Resources) were
available for the full complement of treatments. In addition, physical constraints (including a
lack of suitable low-gradient reaches for flume installation and/or inaccessibility due to snow in
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winter and spring) limited measurement of downstream exports to eight of the sites. Study site
codes are based on the geographic block and treatment (Table 2-2).

Given these constraints, we randomized treatment assignments within blocks to the extent
possible, as follows:

1) Olympic: Treatments were randomly assigned to the four sites in this physiographic
region, yielding a single block (OLYM). All four sites were suitable for assessing export
variables.

2) Willapa Hills: Ten sites were available in the Willapa Hills region. Eight were
distributed across the coastal region; two were located south and east of these. We
created two blocks, each with four sites, from the coastal region. Of these, only five sites
(four on state forestland and one on private land) were suitable for evaluating
downstream fish responses (i.e., they had the required 75 m downstream reach necessary
for evaluating fish response, which was included only in the evaluation through Post 2,
see Mcintyre et al. 2018). To ensure one complete block representative of all treatments
was available to evaluate the downstream fish response, we assigned treatments to sites
as follows. First, the site on private land was assigned a buffer treatment. Of the four
state-owned sites, two were randomly chosen as unharvested reference sites and
randomly assigned to one of the two coastal Willapa Blocks, Willapa 1 (WIL1) and
Willapa 2 (WIL2). The remaining two state-owned sites and the private site suitable for
evaluating fish response were randomly assigned to the three buffer treatments to
complete assignment in the WIL1 block. All sites in WIL1 were suitable for assessing
export variables.

The remaining coastal state-owned reference site was grouped with the remaining three
coastal sites, which were randomly assigned to one of three buffer treatments in the
WIL2 block. Due to unfavorable economic conditions, harvest of the FP treatment site in
the WIL2 block was postponed, so it served as a second reference in this block.® None of
these sites were included in the assessment of export variables or downstream fish
response.

The two sites located south and east of the eight coastal sites were grouped as the Willapa
3 (WIL3) block. One was assigned the reference treatment due to biological constraints
(presence of marbled murrelet habitat); the other was assigned the 100% buffer treatment
due to slope instability. Neither was included in the assessment of export variables.

3) South Cascade: Three sites were included in the South Cascade (CASC) block. One was
in the Gifford Pinchot National Forest and could only be assigned the reference
treatment. We assigned buffer treatments randomly to the two remaining sites, FP and
0%. None of the sites in this block were included in the assessment of export variables.

® This second WIL2 reference site was harvested as an FP treatment in 2016 between the Post 7 and Post 8 sample
years, after which it was treated differently in analyses depending on the response metric. See individual chapters for
details.
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Ultimately, reference and treatment sites were distributed across federal, state and private
timberlands as follows: two references located on national forestlands, three on state lands, and
one on private land; three 100% treatment sites on state lands and one on private land; two FP
treatment sites on state lands and one on private land; and two 0% treatment sites on state lands
and two on private lands (Table 2-3). References located on federal national forestlands may
have been subjected to a different management history, including extent and frequency of
harvest; however, their inclusion as references still allows us to account for temporal variation of
forested stands in western Washington in the absence of active timber harvest. Overall, four
references were located on state and private lands actively managed for timber production.
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Table 2-2. Treatments, site codes and physical characteristics of study sites used in the Hard Rock Study. Type Np Length is the
cumulative length of all perennial, non-fish-bearing tributaries in the study basin. Mainstem Length is the length of the mainstem

tributary. Bankfull Width is the mean of the mainstem channel in the pre-harvest period.

Block Treatment Study Site Basin  Type Np Mainstem Elevation  Stream Lithology Bankfull  Aspect
Codes Area Length Length (m[ft]) Gradient Width
(hafac]) (m[ft]) (m [ft]) (%) (m [ft])
Olympic  Reference OLYM-REF 54 2,737 1387 163 18 Basalt flows and 2.6 N
(133)  (8,980) (4,551) (535) flow breccias (8.5)
100% OLYM-100% 28 1,949 689 72 27 Tectonic breccia 2.0 NE
(68)  (6394)  (2,260) (236) (6.6)
Forest Practices OLYM-FP 17 1,070 223 277 25 Basalt flows and 1.0 SE
(41) (3,510) (7,32) (909) flow breccias (3.3)
0% OLYM-0% 13 637 323 233 31 Basalt flows and 1.6 w
(32)  (2,000)  (1,060) (764) flow breccias (5.2)
Willapal Reference WIL1-REF 12 589 467 200 19 Basalt flows and 1.3 SW
(30)  (1,932)  (1,532) (656) flow breccias (4.3)
100% WIL1-100% 31 1,029 564 198 18 Basalt flows and 1.9 SW
(76) (3,376) (1,850) (650) flow breccias (6.2)
Forest Practices WIL1-FP 15 325 325 197 19 Basalt flows and 1.3 SW
(37)  (1,066)  (1,066) (646) flow breccias (4.3)
0% WIL1-0% 28 1,525 524 87 16 Terraced deposits 1.9 NE
(69)  (5003)  (1,719) (285) (6.2)
Willapa 2 Reference 11 WIL2-REF1 19 653 636 183 34 Basalt flows and 1.9 wW
(48)  (2,142)  (2,087) (600) flow breccias (6.2)
Reference 2 WIL2-REF2 16 816 375 228 18 Basalt flows and 1.2 SE
(41) (2,677) (1,230) (748) flow breccias (3.9)
100% WIL2-100% 26 1,257 797 (2615) 22 21 Basalt flows and 1.8 SW
(65) (4,124) (72) flow breccias (5.9)
CMER 2021 2-12
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Block Treatment Study Site Basin Type Np Mainstem Elevation Stream Lithology Bankfull  Aspect
Codes Area Length Length (m [ft]) Gradient Width
(hafac) (m[ft])  (mIft) (%) (m [ft]
0% WIL2-0% 17 933 745 159 21 Basalt flows 2.4 E
(42)  (3,061) (2,444) (522) (7.9)
Willapa 3 Reference WIL3-REF 37 2,513 1,342 241 14 Basalt flows 1.7 SW
(92)  (8,245)  (4,403) (791) (5.6)
100% WIL3-100% 23 1,359 984 351 19 Basalt flows 2.1 SE
(58) (4,459) (3,228) (1,152) (6.9)
South Reference CASC-REF 50 1,080 800 601 21 Tuffs and tuff 2.0 N
Cascade (122) (3,543) (2,625) (1,972) breccias (6.6)
Forest Practices CASC-FP 26 822 526 450 16 Andesite flows 15 E
(64)  (2697)  (1,726) (1,476) (4.9)
0% CASC-0% 14 420 420 438 29 Andesite flows 1.7 SE
(36) (1,378)  (1.378) (1,437) (5.6)

1 WIL2-REF1 was originally assigned the FP treatment, but harvest was delayed. It was used as a second reference in the Willapa 2 block until its harvest in

2016. Subsequently, it was not included in analyses of most responses, except for stream temperature and cover (see Section 2-5. Study Timeline in this report).
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Figure 2-2. Distribution of study sites and treatments for the Hard Rock Study, 2006-2017. Sites
are grouped (blocked) geographically (color coded). REF is the reference treatment (unharvested
control) and 100%, FP, and 0% are the 100%, Forest Practices (>50%) and 0% riparian buffer

treatments, respectively.
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Table 2-3. Distribution of reference and treatment sites included in the Hard Rock Study across
landowners by block. The Willapa 2 block had two references and was missing an FP treatment
until 2016 (see Section 2-5. Study Timeline); the Willapa 3 block only had a reference and a
100% treatment; and the CASC block did not have a 100% treatment.

Block REF 100% FP 0%
OLYM National Forest State Private Private
WIL1  State State State Private
WIL2  State (1) & Private (1) Private NA State
WIL3  State State NA NA
CASC National Forest NA State  State

2-5. STUDY TIMELINE

Pre-harvest sampling began in 2006 and continued through 2008 (i.e., Pre 3, Pre, 2, and Pre 1),
although data were not collected for all response variables in all pre-harvest years (Table 2-4).
Harvest timing and duration varied among study sites. Harvest of the first site began in July 2008
and harvest of the last site was completed in August 2009. Average duration of harvest was four
months (see Mcintyre et al. 2018, Chapter 3 — Management Prescriptions). Post-harvest
sampling began in 2009 (Post 1) and continued for two to nine years depending on the response
variable and timing of harvest. Some metrics, including stream temperature, discharge, and
turbidity, were monitored continuously, while others were sampled in discrete periods (Table
2-4). Pre- and post-harvest years for stream temperature, discharge, turbidity, and nutrient export
depended on the harvest dates and varied among sites. Litterfall input and detritus export, biofilm
and periphyton, macroinvertebrate export, and downstream fish were only evaluated for two
years following harvest. These two-year responses are discussed in Mclntyre and colleagues
(2018).

The WIL2-REF1 site was originally assigned the FP treatment, but harvest was delayed until
January 2016, between the Post 7 and Post 8 sample years. Consequently, we included it as a
reference for most response variables, and did not include it in its post-harvest state during
analysis. After 2016, we included it as a fourth FP treatment (WIL2-FP) for stream temperature
and cover, but only for two years of post-harvest response. This decision reflected the desire for
a more balanced design (four replicates of each buffer treatment) and more information on
response of stream temperature to current Forest Practices rules. This substitution was possible
because we were able to collect stream temperature continuously for a full two years after
harvest of the site. However, this was not possible for other responses for which post-harvest
data collection would have been limited to a single year.
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Table 2-4. Timing and duration of measurements for each response variable included in the Hard Rock Study for pre-harvest and
post-harvest sample years. Shading represents years in which the response variable was sampled. Variables in italics (litterfall input
and detritus export, biofilm and periphyton, macroinvertebrate export, downstream fish, and amphibian genetics) were only evaluated
for two years after harvest. Results for these variables are presented in Mclntyre and colleagues (2018). The number of sites and
blocks and the timing for sampling for the Stable Isotopes response was variable; see Chapter 8 — Stable Isotopes in this report.

Pre-harvest Year Post-harvest Year
# of # of Sample Pre Pre Pre Post Post Post Post Post Post Post Post Post
Response Variable Sites  Blocks Months 3 2 1 1 2 3 4 5 6 7 8 9
Stand Structure &
Tree Mortality 17 5 Apr-Sep
Large Wood
Recruitment 17 5 May-Sep
Wood Loading & 17 5 Apr-Jun
Cover
Stream Temp & Year
17 5

Cover round
Discharge & 8 2 Year
Turbidity round
Nutrient Export 8 2 Year

round 17
Stream Channel >
Characteristics 17 5 Apr-Jun %
Litterfall Input & 8 2 Year
Detritus Export round
Biofilm & Periphyton 17 5 Jun-Sep
Macroinvertebrate Year

8 2

Export round
Stable Isotopes * * *
Amphibian 17 5  Jul-Oct
Demographics
Amphibian Genetics 17 5 Jul-Nov
Downstream Fish 6 2 Jul & Oct

* Number of sites, blocks and sample timing depended on sample period and group (e.g., biofilm, macroinvertebrate group, stream-associated amphibian)
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2-6. UNANTICIPATED DISTURBANCE EVENTS

Disturbance is a normal, even integral part of the long-term dynamics of natural and managed
forests (Dale et al. 2005). Disturbance processes in Pacific Northwest forests include avalanches,
debris-flows, disease, fire, flooding, insects, volcanic activity and wind (Agee 1993; Fetherston
et al. 1995; Franklin et al. 2002). With 17 study sites and data collected over 11 years, it is not
surprising that disturbance other than timber harvest impacted some study sites over the course
of investigation. Two major disturbances occurred during the study: an extensive windthrow
event in December 2007 that affected multiple study sites, and a wildfire in October 2009 that
affected two buffer treatment sites in the South Cascade block.

During the pre-harvest sample years, a series of storms occurring 1-4 December 2007 caused
extensive windthrow (i.e., trees were uprooted or sustained severe trunk damage) throughout
western Washington. These storms resulted in significant damage to forestlands along the
Washington coast from Naselle to north of Hoquiam. To ensure that our pre-harvest data
reflected the range of disturbances across study sites, we added additional sampling in 2008,
prior to harvest. We assessed the extent and severity of windthrow at all sites based on aerial
photos taken in March and April 2008 and on field data (counts of downed trees within the
bankfull channel; see Mcintyre et al. 2018, Chapter 4 — Unanticipated Disturbance Events for
methods related to these two evaluations).

Field data were consistent with interpretation of the aerial photographs. Both indicated that study
sites with the most windthrow were in the Willapa 1 and Willapa 2 blocks. Aerial photos
indicated major damage in all sites in the Willapa 1 block and two of four sites in the Willapa 2
block (Table 2-5). Photos were not available for the two sites in the Willapa 3 block. Field
assessments indicated the greatest damage in the WIL1-REF and WIL1-100% sites based on the
number of downed trees over the stream channel and per 10 m of stream length (Table 2-5).
However, WIL1-FP had a greater proportion of the Type Np Water length impacted than did
WIL1-100%.

Regardless of the metric, among blocks windthrow severity was greatest in sites located in the
Willapa 1 and 2 blocks, comparatively moderate in the Olympic block and minimal in the
Willapa 3 and South Cascade blocks. Severity of windthrow was more similar among sites
within than between blocks. Although pre-harvest structural variation among blocks incorporates
this variability in wind damage, analyses and interpretations—especially for stand structure and
wood—require careful consideration of the timing, severity, distribution of damage among and
within blocks. We discuss the possible consequences of pre-treatment disturbance for each
response variable where appropriate.

Although the most catastrophic wind storms during this study occurred prior to treatment, the
area also experienced storm- and hurricane-force winds (e.g., 55-73.9 mph and >74 mph,
respectively) after treatment (Table 2-6).
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Table 2-5. Results of field and aerial photo evaluations of windthrow for study sites included in
the Hard Rock Study. Field data include total number of downed trees along the entire Type Np
Water length (Downed Trees), proportion of Type Np Water length with one or more downed
trees (Type Np Water Impacted), and average number of downed trees per 10-m stream interval
(Downed Trees/10 m). The aerial photo evaluation included proportion of study site (from F/N
break) and flume area (from flow monitoring equipment, when applicable). Aerial photos were
not available for WIL3-REF or WIL3-100% sites.

Field Evaluation Aerial Photo Evaluation
Block Treatment Downed Type Np Downed Total Area Flume Area
Trees Water Trees/10 m Impacted Impacted
Impacted

OLY REF 109 0.15 0.34 0.00 0.00

100% 116 0.18 0.56 0.00 0.00

FP 86 0.17 0.74 0.00 0.00

0% 23 0.16 0.34 0.00 0.00
WIL1 REF 380 0.76 6.13 0.41 0.48

100% 458 0.44 4.24 0.48 0.52

FP 105 0.54 2.19 0.27 0.28

0% 209 0.23 1.28 0.06 0.06
WIL2 REF1 151 0.49 1.72 0.10 NA

REF2 223 0.42 2.62 0.08 NA

100% 190 0.36 1.16 0.00 NA

0% 207 0.54 1.99 0.00 NA
WIL3 REF 39 0.10 0.15 Aerial photos not available

100% 18 0.09 0.13 Aerial photos not available
CASC REF 62 0.24 0.33 0.00 NA

FP 3 0.03 0.03 0.00 NA

0% 1 0.02 0.02 0.00 NA

Table 2-6. Number of days with storm- or hurricane-force winds in the area of study sites
included in the Hard Rock Study during the study period, 2006-2017 (data from Astoria,
Hoquiam and Portland weather stations). Storm- and hurricane-force winds are defined as those
55-73.9 mph and >74 mph, respectively.

Weather Station

Period! Wind Strength

Astoria Hoquiam Portland
Pre 3, Pre 2, Pre 1 Eltt?rrrrir(]:gr?g-:?orce g ig 8
Post 1, Post 2 Eltt?rrrrir(]:gr?g-:?orce g 1O0 g
Post 3 through Post 8 Eltl?rrrrir(]:_afr?g-:?orce 340 207 g

LPre 3, Pre 2, Pre 1 = May 2006 through September 2008; Post 1, Post 2 = October 2008 through September 2010;
Post 3 through Post 8 = October 2010 through September 2016

2 Weather station was out of service due to high winds on 3-4 December 2007
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In October 2009, a wildfire burned portions of two study sites, CASC-FP and CASC-0%,
previously harvested November 2008 through March 2009. The fire was extinguished with water
from fire engines and helicopter bucket drops by 14 October 2009. No bulldozers or fire
retardants were used, and the fire had no impact on future management. Site visits on 22 October
2009 revealed that 47% of the basin was affected by fire at the CASC-0% site and 23% at the
CASC-FP site. The fire crossed the stream in the CASC-0% site and approximately 200 m of
stream length contained charred logs and wood. The fire did not cross the stream at the CASC-
FP site. Riparian buffers were not greatly impacted in the CASC-FP site, though the fire did
come within feet of the stream in several places. The fire did not directly affect sensitive sites in
either site. We consider the consequences of this fire when interpretating responses to treatments
but, given its limited spatial extent and severity, it is unlikely to have had a confounding effect.

2-7. STATISTICAL ANALYSIS APPROACH

We designed this study to evaluate differences in the magnitude of change (post-harvest — pre-
harvest) among treatments at the site scale. Analyses evaluated the following, generalized null
hypothesis:

ATrer = ATr00% = ATrp = ATo% (Eq. 2-1)

where ATrer is the change in the reference, and AT1o00%, ATrp, and AToy are the changes in the
100%, FP and 0% buffer treatments, respectively.

We evaluated the effect of clearcut timber harvest with three variable-length riparian-buffer
treatments relative to an unharvested control (reference). We used a Before-After Control-Impact
(BACI) design whereby we established baseline conditions across study sites, implemented
harvest at buffer treatment sites and monitored the response after harvest. The BACI design
allowed us to compare harvested sites to their pre-harvest baseline conditions and unharvested
references. An advantage of this design is that it controls for the effect of large-scale temporal
variation (e.g., annual environmental variability) by establishing relationships between the
control (i.e., unharvested reference) and impact (i.e., buffer treatment) sites in the pre- versus
post-harvest periods (Smith 2002), allowing us to determine whether post-harvest differences
among treatments are associated with forest practices or environmental variation.

Randomization during site selection, when possible, helped ensure that there was not a
systematic bias in the comparison of treatment effects; however, with smaller sample sizes there
may be some bias in the sites to which treatments were assigned by chance.

The statistical models used for the analysis of the BACI design include a blocking term, which
groups sites geographically to increase precision, and a year term to account for inter-annual
environmental variability. The model error term represents experimental error, which captures
several sources of variation, including within-site sampling variability, measurement error, site x
time interaction, and site x treatment interaction. The latter two terms correspond to the variation
in the year effect by basin, and the variation in treatment effect by basin. Other sources of
variation are also included in the experimental error.
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As different response variables may have different sampling constraints or statistical properties
(e.g., continuous vs. count), the statistical methods varied slightly among response variables.
Each chapter details the statistical approach used within the BACI design. We present the units
of measurement and their equivalents (English or metric).

As with many ecological studies, our statistical analysis was limited by sample size, variability
among plots, sites and blocks, and missing replicates of some treatments in some blocks.
Marginally significant effects (0.05 < P < 0.15) would likely be significant with greater
replication, leading to greater confidence in our interpretations. For these reasons, we set o and 3
at 0.1 for some variables a priori (e.g., Underwood 1997; Welsh and Ollivier 1998; Table 2-7).
Interpretation of results consider the relatively small sample sizes, the effect sizes, and variability
associated with response variables. Hence, understanding the overall pattern of responses, rather
than focusing on a single P-value associated with any one result, is an integral part of
appropriately evaluating our results.

Table 2-7. Alpha (o) level used for each response category to evaluate the statistical significance
of the period x treatment contrast for a difference among treatments in the Hard Rock Study.

Response Category Alpha (o)
Stand Structure and Tree Mortality 0.10
Wood Recruitment and Loading 0.10
Stream Temperature and Cover 0.05
Nitrogen Export 0.05
Stream Channel Characteristics 0.10
Stable Isotopes 0.10
Stream-associated Amphibians 0.10

2-8. SCOPE OF INFERENCE

The temporal scope of inference is the nine years post-harvest. The spatial scope of inference is
limited to Type Np basins dominated by competent lithologies, which comprise approximately
29% of western Washington FPHCP-covered lands (P. Pringle, personal communication,
September 2005, formerly Washington Department of Natural Resources). The spatial scope of
the study reflects other constraints as well, including those associated with basin size, stand age,
and the presence of stream-associated amphibians (see Section 2-4. Site Identification and
Blocking). Results should be applied with caution to Type N streams outside the selection
criteria. A similar study on sites representing more erodible, soft-rock lithologies is also in
progress. In combination, the two studies will allow for broader inferences about FP rule
effectiveness.

In FP treatment sites, buffer lengths ranging from 55 to 73% of the non-fish-bearing stream
length exceeded the minimum required under Forest Practices rules. This may contribute to
greater similarity between the responses in the 100% and FP treatments compared to that in the
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0% treatment. This study was designed to evaluate responses to buffer length; however, the same
rules that influenced buffer length in the FP treatment sites also affected buffer width in some
100% treatment sites. Specifically, in some 100% treatment sites, unstable slopes required
buffers wider than the 50 ft minimum, which may have reduced effects of harvest (see Mclntyre
et al. 2018, Chapter 3 — Management Prescriptions).

Three aspects of this study create a strong base of inference. First, the geographic scope is large,
encompassing multiple sites in western Washington and the southern Cascade Range. Second,
the duration of the study exceeds that of most other large-scale studies of forest practices
effectiveness in the Pacific Northwest. It includes two to three years of pre-harvest sampling and
as many as nine years of post-harvest sampling. In contrast, the current FP prescription for Type
Np Waters is based on little research and monitoring. Finally, we use a BACI design, capitalizing
on pre- and post-harvest data to distinguish between responses to treatments and other sources of
temporal variation.
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2-10. APPENDIX 2A - AERIAL OVERVIEW OF STUDY SITES IN THE YEAR
FOLLOWING HARVEST

Appendix Figure 2-1. Study basin map legend for Type N Waters, sensitive sites and other features for
sites included in the Hard Rock Study. *Note: the Olympic block 100% treatment (OLYM-100%) map
displays the NAIP 2009 orthophoto as its base layer.
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Appendix Figure 2-2. Olympic block reference (OLYM-REF).
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Appendix Figure 2-3. Olympic block 100% treatment (OLYM-100). Base layer is the NAIP 2009
orthophoto.

CMER 2021 2-26



CHAPTER 2 — STUDY DESIGN: MCINTYRE AND COLLEAGUES

1:32,0008

Appendix Figure 2-4. Olympic block FP treatment (OLYM-FP).
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1:32,000

Appendix Figure 2-5. Olympic block 0% treatment (OLYM-0).
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Appendix Figure 2-6. Willapa 1 block (from north to south): reference (WIL1-REF), FP treatment
(WIL1-FP) and 100% treatment (WIL1-100%).
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Appendix Figure 2-7. Willapa 1 block 0% treatment (WIL1-0%).
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Appendix Figure 2-8. Willapa 2 block reference 1 (WIL2-REF1). This site was harvested in 2016,
becoming the WIL2-FP (see Appendix Figure 2-9).
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Appendix Figure 2-9. Willapa 2 block FP treatment (WIL2-FP), harvested in 2016 (previously the
WIL2-REF1, see Appendix Figure 2-8).
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Appendix Figure 2-10. Willapa 2 block reference 2 (WIL2-REF2)
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A

Appendix Figure 2-11. Willapa 2 block 100% treatment (WIL2-100%).
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Appendix Figure 2-12. Willapa 2 block 0% treatment (WIL2-0%).
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Appendix Figure 2-13. Willapa 3 block reference (WIL3-REF).

CMER 2021 2-36



CHAPTER 2 — STUDY DESIGN: MCINTYRE AND COLLEAGUES

Appendix Figure 2-14. Willapa 3 block 100% treatment (WIL3-100%).
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Appendix Figure 2-15. South Cascade block reference (CASC-REF).
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Appendix Figure 2-16. South Cascade block (from north to south): 0% treatment (CASC-0%)
and FP treatment (CASC-FP).
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CHAPTER 3 - STAND STRUCTURE, TREE MORTALITY, WOOD
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3-1. ABSTRACT

We evaluated tree mortality, change in stand structure, large wood recruitment and wood loading
in response to a range of riparian management strategies for clearcut timber harvest on non-fish-
bearing, perennial (Np) streams in western Washington. The treatments differed in the proportion
of the Np stream network with 15.2-m-wide buffers, including the 0% treatment (no buffers), the
Forest Practices (FP) treatment (minimum of 50% of Np network buffered) and the 100%
treatment (entire Np network buffered). A reach-scale analysis compared the response in two
buffer types, the stream-adjacent riparian management zone (RM2Z) buffers and circular buffers
established around uppermost points of perennial flow (PIPs) located at the uppermost point of
perennial flow. Treatment and reference basins were grouped into five geographic blocks. Data
were collected for two years prior to and eight years after harvest. General linear mixed-effect
models were used for between-treatment and treatment-reference comparisons.

Prior to harvest, most sites had dense riparian stands of 30- to 60-year-old Douglas-fir and
western hemlock, except in the South Cascades block where tree density was lower and
broadleaf species more abundant. A storm with hurricane-force winds hit coastal southwestern
Washington during the pre-harvest period, causing extensive, but patchy, mortality and wood
input into the streams in two blocks.

The greatest change in stand structure occurred in the 0% treatment and unbuffered portions of
the FP treatment where clearcut harvest removed the riparian trees. A pulse of logging debris
entered adjacent streams during harvest, but there was little wood input in the following 8 years.
Among buffered RMZs, mortality and change in stand structure were greatest in FP treatment
RMZ buffers (FPB RMZs) that lost 51% of initial basal area—2 and 4 times greater loss than in
the 100% and reference RMZs, respectively. Cumulative change in basal area was significantly
greater in the FPB RMZs than in the 100% treatment or reference RMZs. However, change was
not significantly different in the 100% and reference RMZs. Cumulative mortality in FPB, 100%
and reference PIPs was 56%, 43%, and 9%, respectively. There was not a significant difference
in cumulative change in basal area between FPB and 100% PIPs, but both had significantly
greater change than the reference PIPs.

In general, post-harvest changes in stand structure in the 100% treatment were intermediate
between FPB and reference; more similar to the reference in the RMZs, but more similar the
FPB in the PIPs. Post-harvest tree mortality rates were highest during the first two years post-
harvest, then decreased over time. Windthrow was the dominant mortality agent in both 100%
and FPB RMZ and PIP buffers. Large wood input appeared greater in FPB and 100% RMZs and
PIPs than in the corresponding reference reaches, but the contrasts were not statistically
significant. The post-harvest increase in mortality and wood input and reduction in density and
basal area in the FPB RMZs and PIPs are consistent with the results of the same prescriptions in
the earlier Westside Type N Buffer Characteristics, Integrity and Function Study.

Changes in the amount and characteristics of in-channel wood differed among treatments. In the
two years post-harvest there was a significant increase in the number of small wood pieces (<10
cm diameter) over pre-harvest levels in all buffer treatments. Values increased in the 100%, FP
and 0% treatments by an average of 58%, 69% and 176%, respectively. Small wood loading
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increased in the FP and 0% treatments through post-harvest year 5, then declined in all
treatments. The number of large wood pieces also increased in the two years post-harvest.
Average increases among 100%, FP and 0% treatments were 66%, 44% and 47%, respectively.
From post-harvest year 2 to 8, large wood continued to increase in the FP treatment, remained
relatively stable in the 100% treatment, and decreased in the 0% treatment. Both large and small
wood pieces frequently provided in-channel functions, including step formation, bank stability
and hydraulic roughness. The proportion of stream channel length covered with newly recruited
wood in post-harvest year 2 was greatest in the 0% treatment (0.48), intermediate in the FP and
100% treatments (0.41 and 0.36, respectively), and lowest in the reference (0.31). By post-
harvest year 8, channel wood cover appeared to have stabilized in the FP treatment but had
decreased in the 100% and 0% treatments.

Our ability to detect treatment effects was limited by substantial variation among (and within) FP
and 100% treatment sites—variation related to pre-harvest stand structure, wood loading, and
post-harvest mortality. Variation in stand structure 8 years post-harvest has implications for
future stand development, wood recruitment and wood loading. Sites with a greater density of
Douglas-fir and western hemlock that experienced little mortality should progress through the
competitive-exclusion phase of forest development as single-cohort stands. Where post-harvest
wind disturbance created canopy openings, a second cohort of shade-tolerant conifers may
develop, creating a more complex stand structure. Based on simulation modeling in the literature,
we expect wood loading in unbuffered RMZs to remain low in the short term, but to oscillate in
the longer term in response to periodic inputs of logging debris from future harvest. We expect
greater wood input and loading in the buffered reaches, with temporal patterns determined by
stand characteristics and the magnitude and timing of disturbance.
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3-2. INTRODUCTION

Wood plays an important functional role in Pacific Northwest streams (Bilby and Bisson 1998),
influencing channel morphology and hydraulics, storage and routing of sediment and organic
matter, aquatic habitat, aquatic communities, and food resources (Harmon et al. 1986; Bisson
1987; Curran and Wohl 2003; Montgomery et al. 2003; Wilcox et al. 2011). The abundance and
characteristics of in-channel wood are a function of the interaction between input and depletion
processes (Benda and Sias 2003). In small, tightly confined headwater stream channels, tree fall
from streamside forests and input of upslope trees by mass wasting, snow avalanches, and forest
harvest are major sources of wood, while bank erosion is less important (May and Gresswell
2003a). Due to limited transport capacity, large pieces tend to persist over time, but small wood
is less persistent due to more rapid decay and greater susceptibility to downstream transport
(Wallace et al. 2000; Scherer 2004). Wood loading in small headwater streams is highly variable
(Jackson and Sturm 2002; Hassan et al. 2005). Compared to larger channels, small streams tend
to have a greater abundance of functional pieces (Bilby and Ward 1989; Gomi et al. 2006) and
smaller pieces because stream power is inadequate to transport wood efficiently (Bilby and Ward
1991; Jackson and Sturm 2002). Wood pieces lodge and accumulate in narrow headwater
channels, forming obstructions that accumulate sediment and debris, and steps that dissipate
energy (Bilby and Ward 1991; Gomi and Sidle 2003; Maxa 2009). Even small wood can play
short-term functional roles in smaller stream channels (Gomi et al. 2001; Jackson and Sturm
2002; Maxa 2009).

The nature and timing of disturbance processes have a strong influence on wood input and
loading (Spies et al. 1988; Bragg 2000). Mortality and recruitment of individual or small groups
of trees from streamside forests that occurs gradually over time in the absence of major
disturbance provides a stable supply of wood that gradually increases with stand age (Hedman et
al. 1996; Warren et al. 2009). Episodic disturbances such as wind, fire, insect outbreaks,
landslides or snow avalanches result in large inputs of wood at irregular intervals (Benda et al.
2003) resulting in temporal variation in wood loading (Bragg 2000). Episodic debris flows have
a profound impact on wood loading in headwater channels, scouring wood from steep sections
and depositing accumulations downstream where the gradient lessens (Benda 1990).

Wood input and loading are typically highest during the first few decades after disturbance, as
newly killed trees recruit to the channel, augmenting pre-disturbance loading. This period of
peak wood abundance is followed by an extended period of attrition as in-channel wood is
depleted and little new wood is recruited. In the absence of further major disturbance, wood
loading increases as the forest matures and wood is recruited from chronic mortality associated
with suppression and small-scale disturbance (Spies et al. 1988; Bragg 2000).

Prior to widespread harvest in the 20" century, western Washington was largely covered with
coniferous forests skewed towards older ages (Franklin and Hemstrom 1981). Forests progressed
through successional stages following periodic disturbance from fire, wind, and flooding (Agee
1993; Edmonds er al. 2005) and wood was typically abundant in channels adjacent to older
forests (Spies et al. 1988; Murphy and Koski 1989; Bilby and Ward 1991). Widespread timber
harvest had profound effects on wood recruitment and loading in stream channels (Murphy and
Koski 1989; Bilby and Ward 1991). Clearcut harvest adjacent to streams results in immediate
input of logging debris (Jackson ez al. 2001). It also increases the potential for mass wasting of
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unstable slopes (May 2001) and for debris flows (Nakamura et al. 2000; May 2001). Long-term
effects include a reduction in large wood input (Beechie ez al. 2000) and loading for many
decades until new forests establish (Beechie ef al. 2000; Bragg 2000; Meleason et al. 2003).

Concern about the effects of timber harvest on aquatic resources led to changes in management
practices, including retention of streamside trees to provide shade and a source of future wood
recruitment (Bisson 1987). The riparian management strategy in Washington State’s Forest
Practices Habitat Conservation Plan (FPHCP) includes a partial buffering strategy for non-fish-
bearing, perennial (Type Np) streams (WADNR 2006). A riparian management zone (RMZ) is
required on at least 50% of the stream length in each Type Np basin, while the remaining stream
length may be clearcut to the channel edge. The buffering strategy was intended to provide
enough large wood recruitment to create, restore and maintain riparian and aquatic habitats.

Harvest on state and private lands in western Washington is now occurring in dense, young
forests dominated by western hemlock or Douglas-fir (NOAA and USFWS 2006). Newly
established riparian buffers in exposed locations adjacent to clearcut harvest units are susceptible
to disturbance from wind (Ruel ez al. 2001; Beese et al. 2019). In the absence of disturbance,
growth and density-dependent mortality will contribute increasing amounts of wood to the
adjacent stream (Liquori 2000; NOAA and USFWS 2006). Past studies of riparian buffers on
headwater streams in western Oregon and Washington have documented varying effects of wind,
including elevated rates of mortality in a substantial proportion of sites (Grizzel and Wolff 1998;
Burton et al. 2016; Mclintyre et al. 2018; Schuett-Hames and Stewart 2019). Windthrow provides
immediate input of wood to streams (Bahuguna et al. 2010) but reduces stand density and
potential for future recruitment (Martin and Grotefendt 2007). This mortality can also affect the
future development of the riparian buffer, depending on density of surviving trees and
regeneration processes (Franklin et al. 2002).

Scientific uncertainty surrounds the potential for the FPHCP buffering strategy for Type Np
streams to influence tree mortality rates; future stand development; and the sources, magnitude,
and characteristics of wood input, persistence, and loading. To address these uncertainties, we
compared changes in stand structure, tree mortality, and wood input and loading among and
within Type Np headwater basins with differing proportions (0 to 100%) of stream length
buffered.

3-3. METHODS

Data were collected in 17 Type Np headwater basins located in competent lithologies (largely
basaltic) across western Washington. Using a BACI design (see Chapter 2—Study Design in this
report), we compared changes in riparian stand structure, tree mortality, large wood recruitment
to the channel, in-channel wood loading, and channel wood cover among reference and treatment
sites. Specifically, we compared unharvested Type Np reference basins (n = 6) to basins with
clearcut harvest and one of three riparian buffer treatments in the RMZ: 100% treatment (two-
sided riparian buffer along the entire length of the Type Np stream network; n = 4), Forest
Practices (FP) treatment (two-sided riparian buffer along at least 50% of the Type Np stream
length, according to current FP rules; n = 3), and 0% treatment (clearcut harvest to the stream
edge with no riparian buffer; n = 4). Our objective was to quantify the magnitude and duration of
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change in stand structure, tree mortality, wood recruitment and in-channel wood loading
following harvest.

3-3.1. DATA COLLECTION

3-3.1.1. Stand Structure, Tree Mortality and Wood Recruitment

We evaluated two riparian management strategies defined by FPHCP for Type Np streams in
western Washington. Riparian Management Zones are 15.2-m (50-ft) wide on both sides of Type
Np streams. Perennial initiation points (PIPs) are sensitive sites located at the uppermost point of
perennial flow surrounded by a circular buffer of 17.1 m (56 ft) radius. Riparian Management
Zones present a challenge to sampling due to their shape (narrow linear features) and variability
in stand structure, both parallel and perpendicular to the stream. We sampled RMZs with strip
plots (Marquardt et al. 2010) — rectangular plots of 15.2 x 30.5 m (50 x 100 ft) oriented with
the long axis perpendicular to, and bisected by, the stream channel. Plots were established
systematically along each stream at intervals that varied with basin size. At sites with <1,524 m
(5,000 ft) of RMZ (n = 11), plots were spaced every 30.5 m (100 ft) to sample ~50% of the
RMZ. At sites with >1,524 m of RMZ (n = 6), plots were spaced every 45.7 m (150 ft) to sample
~33% of the RMZ. Areas were not sampled where it was not possible to apply riparian buffer
treatments due to management constraints (e.g., potential for mass wasting or presence of
adjacent fish-bearing (Type F) streams). PIP plots sampled the entire 17.1 m (56-ft) radius PIP
buffer. The number of PIPs sampled varied among sites and treatments due to differences in
basin size and tributary density. PIPs were not sampled in the Willapa 3 (WIL3) block (Table
3-1).

Data were collected between May and September of each sample year. Pre-harvest data were
collected during summer 2007 (Pre 2) and 2008 (Pre 1), with one exception. The WIL3 sites
were not sampled in 2007. Rather, 2007 stand conditions were reconstructed from data on
standing and fallen trees in 2008. Post-harvest data were collected in 2010 (Post 2), 2013 (Post 5)
and 2016 (Post 8). In each plot, we sampled all standing trees >10.2 cm (4 in) in diameter at
breast height (dbh). We recorded the condition (live or dead), species, and diameter for each tree.
Live trees were marked by tree crayon at each survey. Dead trees were marked with tree paint so
that newly dead trees could be identified in subsequent surveys. Where possible, we recorded the
mortality agent (i.e., wind, erosion, suppression, fire, insects, disease, or physical damage). At
randomly selected plots, regenerating trees were tallied in six circular subplots (1.1 m [3.7 ft]
radius) spaced at perpendicular distances of 3.0, 7.6 and 12.2 m (10, 25 and 40 ft) from the
channel edge on both sides of the stream. Separate tallies were made by species for seedlings
(>15cm [6in] tall, < 2.5 cm [1 in] dbh) and saplings (> 2.5 to < 10.2 cm [4 in] dbh).

CMER 2021 3-9



TYPE N BUFFER EFFECTIVENESS ON HARD ROCK LITHOLOGIES — PHASE 2

Table 3-1. Number of RMZ and PIP plots by site, block, and treatment.

Block Treatment RMZ Plots PIP Plots

REF 44 3

100% 20 2

OLYM FP 21 3
0% 10 0

REF 14 2

100% 20 2

WIL1 Ep 7 1
0% 21 5

REF1 16 2

REF2 15 1

WIL2 100% 29 2
0% 20 3

REF 37 0

WIL3 100% 25 0
REF 28 3

CASC FP 14 3
0% 9 1

We tallied and measured all fallen trees that originated within the plot boundaries. Each tree that
had fallen since the last measurement was marked with tree paint to avoid subsequent
resampling. Fallen trees were classified as uprooted (toppled with roots attached) or broken (i.e.,
snapped along the bole). If the portion that remained standing was at least 1.4 m (4.5 ft) tall it
was treated as a standing tree; the remaining portion was treated as fallen if the diameter was
>10.2 cm (4 in) at the large end. We recorded species, dbh, and horizontal distance to channel
edge from the rooting location. Fallen trees that reached the channel were recorded as one of
three recruitment classes: bankfull (intruding into the bankfull channel), spanning (extending
over the channel supported on both sides), or suspended (extending over the channel but
supported on only one side).

We tallied pieces of large wood that recruited to the channel and recorded the length and mid-
point diameter for the in- and over-channel portions of each piece. Pieces had to originate from
trees within a plot, fall into or over the bankfull channel, and meet the size criteria of Gomi and
colleagues (2001) for headwater streams: >10.2 cm (4 in) in diameter and >0.5 m (1.6 ft) in
length.

3-3.1.2. Channel Wood Loading and Cover

We sampled channel wood loading from April through October in each sample year: 2006 (Pre
3), 2007 (Pre 2), 2009 (Post 1), 2010 (Post 2), 2013 (Post 5), and 2016 (Post 8). To evaluate
channel wood loading, we sampled the contiguous 200 m (656 ft) of stream immediately
upstream of the F/N break (i.e., the point of last known fish use), and additional portions of the
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mainstem channel depending on its length. Specifically, for sites with a mainstem length <300 m
(984 ft; n = 1) we sampled the entirety of the mainstem; for lengths of 300 to 800 m (984 to
2,625 ft; n = 10) we sampled a minimum of 50% of the remaining mainstem (above the
contiguous 200 m); and for lengths >800 m (2,625 ft; n = 6) we sampled a minimum of 25% of
the remaining mainstem. Where we subsampled, we did so in alternating 20 m (66 ft) stream
segments comprising two consecutive 10 m (33 ft) sample reaches (hereafter, sample intervals).
These segments were systematically distributed along the mainstem channel above the 200-m
(656-ft) contiguous reach sampled above the F/N break.

Within each sample interval, we tallied all wood pieces (>2 cm [~1 in] average diameter and >10
cm [4 in] long) in or directly over the stream within the bankfull channel using the methodology
developed by Veldhuisen and colleagues (2007). We tallied wood pieces in each of two diameter
classes based on average diameter, following Schuett-Hames and colleagues (2012). The classes
were small (2-10 cm) and large (>10 cm). We also assigned each piece to a functional category
based on its apparent in-stream function (Table 3-2). Wood loading in Post 1 includes wood
recruited during harvest as well as recruitment from a pre-harvest storm event in December 2007
(see Chapter 2 — Study Design, Section 2-6 Unanticipated Disturbance Events in this report).

We evaluated channel wood cover by estimating cover of newly recruited wood in the post-
harvest period (Post 2, Post 5, and Post 8). Recruited wood included all small and large wood
originating from fallen or cut trees, branches or twigs. We estimated wood cover visually to the
nearest 10% in consecutive 10-m sample intervals over the area of the bankfull channel for the
entire stream length, including mainstem and all tributaries.

We did not sample on several occasions. We did not sample the OLYM-REF in 2006 because it
had not yet been approved for inclusion in the study. We did not sample the WIL2-REF1 in 2009
because it was initially intended as an FP treatment; when it was not harvested on time, we
included it as a second reference in the WIL2 block. In 2016, when this same site was harvested,
we did not include it in our Post 8 sample because it could no longer serve as a reference (see
Chapter 2 — Study Design, Section 2-5 Study Timeline in this report).

Table 3-2. Stream functional categories for wood pieces. Categories were hierarchical, with each
piece classified as the highest function to which it contributed (e.g., a piece that contributed to
hydraulic roughness, bank stability, and step formation was classified as “step formation”).

Functional Category Functional Hierarchy Description

Step formation 1 Contributes step formation

Bank stability 2 Contributes to stream bank stability
Hydraulic roughness 3 Creates hydraulic roughness

Loose 4 Loose, not anchored in the channel
Spanning 5 Spans part or all of the channel

When wood from in-channel slash and/or windthrow obstructed the channel so that we could not
effectively sample without disturbing or removing it, we recorded the length and locations of
these reaches (hereafter, wood-obstructed reaches; Figure 3-1). The length of obstruction ranged
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from 2 m (7 ft) to 144 m (472 ft) in a given site and year. When they comprised >5% of the
sampled stream length, we undertook a modified sampling approach within the wood-obstructed
reaches. We randomly located 3-m long plots parallel to the stream for destructive sampling—a
length that could be completely censused while minimizing in-channel disturbance both within
and adjacent to the plot. The number of destructively sampled plots was proportional to the
length of the stream channel obstructed; values ranged from 1 to 6 plots per site per year (Table
3-3). To fully census each plot, we used hand tools (e.g., handsaws, clippers) to remove wood
from the bankfull channel down to the streambed. As with the standard methodology, we tallied
all pieces by diameter and functional categories. Once completed, we returned all wood to the
bankfull channel. Although destructive samples had the potential to influence piece number,
length and transport potential for wood pieces sampled, the proportion of the stream sampled
with this method was minimal compared to the overall channel length sampled (maximum of
18 m for a site and year). However, to minimize the potential for bias, we did not resample
wood-obstructed plots.

Figure 3-1. Examples of a) an unobstructed stream reach in which the standard sampling
protocol could be applied, and b) an obstructed reach in which a modified sampling approach
was used in some study sites during the Hard Rock Study in the post-harvest period. Photo
credits: a) Frithiof Teal Waterstrat, b) Aimee P. Mcintyre.
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Table 3-3. The number of plots sampled destructively in wood-obstructed reaches at each site in

each post-harvest sample year.

Block

Treatment Postl Post2 Post5 Post8

OLYM

REF
100%
FP
0%

o

0

0

0

WIL1

REF
100%
FP
0%

O O O O|w w o

WIL2

REF1!
REF2
100%
0%

WIL3

REF
100%

CASC

REF
FP
0%

N OO Ojlw O O Ol b W OO0 O O

0

N OO Ol WO O PP, OODNDO

0

O O OO O|o1 ©O O O|lw W NN N O O

O OO0 O~ N O

0

LWIL2-REF1 was harvested between Post 7 and Post 8 and was not sampled for wood loading in Post 8

(see Chapter 2 — Study Design, Section 2-5 Study Timeline in this report).

3-3.2. ANALYSIS

The partial buffering strategy in the FP treatment created two distinct RMZ conditions: reaches

with leave-tree buffers (hereafter FPB) and unbuffered reaches lacking trees (Figure 3-2).

Consequently, in analyses of stand structure, mortality, and wood recruitment, we included only

those treatments or reaches within a treatment in which trees were retained: REF, 100% and

FPB.
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_~FPB PIP
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with 30-ft ELZ

[ ] Fish end point

FP Treatment

Figure 3-2. Simplified schematic of the Forest Practices (FP) treatment for the Type N Study,
including riparian management zone (RMZ) reaches with buffers (FPB), and unbuffered reaches
clearcut to the stream channel. Sensitive site buffers were also placed around tributary junctions
(i.e., Type Np intersections) and uppermost points of perennial flow (PIPs).

Stand structural metrics were calculated for each RMZ and PIP plot for each pre and post-harvest
sampling date. These included live density, basal area, percent live conifer basal area, quadratic
mean diameter (Curtis and Marshall 2000), and relative density (Curtis 1982). RMZ and PIP plot
values were averaged by site, and site means were averaged to generate treatment means. For
each site we computed the percentage of regeneration plots with seedlings or saplings in Post 5
and Post 8.

For each RMZ and PIP plot we computed changes in density and basal area, tree mortality and
ingrowth, and recruitment of fallen trees and large wood pieces. Changes were computed as (1)
cumulative values for each of four pre- or post-harvest intervals (Pre 2 to Pre 1, and Pre 1 to Post
2, Post 5 and Post 8) and (2) as annualized rates over four distinct intervals (Pre 2 to Pre 1, Pre 1
to Post 2, Post 2 to Post 5 and Post 5 to Post 8 using a compounding formula (Sheil et al. 1995).
Changes in live density and basal area were computed as initial minus final values. Ingrowth was
expressed as the number of new trees achieving a dbh of at least 10.2 cm (4 in) between surveys.
Tree mortality was expressed the percentage of live trees or live basal area that died over each
interval.

For each plot, fallen trees and large wood pieces that recruited to the channel were summed for
each interval. We calculated the combined in- and over-channel volume for each newly recruited
large wood piece as a cylinder based on length and mid-point diameter. RMZ and PIP plot values
were then averaged by site and site means averaged to generate treatment means.

For wood loading, we calculated the mean number of small and large pieces of wood per linear
meter of stream for all wood (irrespective of function; Table 3-1) and functional wood (pieces
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categorized as step formation, bank stability or hydraulic roughness) for each site and year. To
account for the presence of obstructed reaches, we generated separate means for unobstructed
and obstructed reaches, then computed a weighted mean (pieces/mweight) based on the proportions
of stream length in the unobstructed and obstructed condition (Eq. 3-1).

pieces/Myeight = (pieces/Munobs * proportion unobstructed stream length) + (pieces/mops *
proportion obstructed stream length) (Eq. 3-1)

For channel wood cover we calculated the mean cover among sample intervals for each site and
year.

3-3.2.1. Statistical Analysis

To detect differences among treatments, we used statistical models to make comparisons among
the treatments and reference. RMZ and PIPs were analyzed separately for change in live basal
area, tree mortality (% basal area) and large wood recruitment (pieces/ha of buffer). Separate
models were run for each of three intervals: Pre 1 to Post 2, Post 5 or Post 8. We evaluated the
null hypothesis:

Trer = T1009% = Trep (Eq. 3-2)
where: Trer, T1002 and Trps, are values for reference, 100%, and FPB reaches, respectively.
Analysis of channel wood loading evaluated the generalized null hypothesis:

ATrer = AT1009% = ATrp = ATo% (Eq. 3-3)

where: ATrer IS the change (post-harvest — pre-harvest) in the reference, and AT1002, A Trp, and
ATy, are the changes in the 100%, FP and 0% treatments, respectively. We present the between-
treatment comparison of change for the pre-treatment mean (Pre 3 and Pre 2) and Post 1 and 2
mean, pre-treatment and Post 5, and pre-treatment and Post 8.

Analysis of post-harvest channel wood cover, evaluated the null hypothesis:
Trer = T100% = Trp = To% (Eq. 3-4)

where: Trer, Ti00%, Trp, and Tye,; are post-harvest rates in the reference, 100%, FP and 0%
treatments, respectively.

We used generalized linear mixed effects models (GLMM; McDonald et al. 2000) in SAS with
the GLIMMIX procedure (except for channel wood cover, which used the MIXED procedure;
SAS Institute Inc. 2013). Mixed models account for correlation associated with hierarchical
nesting, as with the nesting of plots within sites, and sites within blocks. GLMM can be used to
fit data that derive from non-normal distributions using monotonic link transformations. An
added benefit of mixed models is that they accommodate missing data if those data are missing
at random (SAS Institute Inc. 2013).
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All models included treatment as a fixed effect and block as a random effect. For channel wood
loading under the BACI design, the models incorporated site as a random effect with year and a
treatment x year interaction term as fixed effects. For the RMZ and PIP analyses of change in live
basal area, % mortality and large wood recruitment the random effect included site nested within
block. We assumed that random effects were normally distributed (SAS Institute Inc. 2013).

We generally estimated model parameters using Restricted Maximum Likelihood. Channel wood
cover was log-transformed prior to analysis to obtain an approximately Gaussian error distribution.
All other responses used the appropriate link function in a GLMM (Table 3-4). Percent mortality
was treated as a binary event/trial and analyzed using a binomial distribution and log link using
restricted pseudo-likelihood.

We determined the covariance matrix for the fixed-effect parameter estimates and denominator
degrees of freedom for ¢ and F tests according to the method of Kenward and Roger (1997),
which is recommended for unbalanced designs. We ran standard diagnostics to verify that model
assumptions (e.g., normality and homoscedasticity of residuals) were met.

We evaluated the null hypothesis with a Wald-type test using linear contrasts of the model fixed
effects. We constructed contrasts to test the difference in mean response for pre- and post-harvest
periods, where period corresponded to all years in either the pre- or post-harvest condition. When
the period x treatment contrast or treatment F-test had a P-value <0.1, we examined pairwise
contrasts to test for differences among the combinations of references and buffer treatments. If
the P-value for the period x treatment contrast or treatment F-test was >0.1, we did not report test
results for these terms.

Table 3-4. The SAS Procedure and distribution/link for each response variable, where n is the
number of subjects included in the analysis (e.g., sites). LW is large wood and SW is small
wood.

Subjects

Response Variable Distribution/Link (n)
A live basal area/ha-RMZ Gaussian/ldentity 13
A live basal area/ha-PIP Gaussian/ldentity 11
% mortality (basal area)-RMZ Binomial/Logit 13
% mortality (basal area)-PIP Binomial/Logit 11
LW recruitment (pieces/ha)-RMZ Poisson/Log 13
LW recruitment (pieces/ha)-PIP Poisson/Log 11
SW loading total pieces Poisson/Log 17
SW loading functional pieces Poisson/Log 17
LW loading total pieces Poisson/Log 17
LW loading functional pieces Poisson/Log 17
Channel wood cover Gaussian/NA 17

For channel wood cover, we predicted that the proportion of the stream channel covered by
newly recruited wood may differ by treatment and number of years since harvest, so we
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conducted three analyses, one for each post-harvest sample year. We hypothesized that a large
amount of wood would enter the stream channel immediately post-harvest in the unbuffered FP
and 0% treatment RMZs (reflected in Post 2 sampling), reflecting large increases in new wood
cover in these treatments relative to the reference and 100% treatment. However, wood
recruitment in these unbuffered reaches in subsequent years would be minimal, lacking a source
of new wood recruitment from the clearcut RMZ. Alternatively, wood recruitment as a result of
harvest was expected to be minimized by the RMZ buffers in the 100% and FP treatments
immediately post-harvest, while future wood recruitment was expected to be greater in these
buffered reaches compared with the unbuffered reaches of the FP and 0% treatments over time
(as reflected in Post 5 and Post 8).

Both reference and treated sites were affected by the 2007 windstorm, which fortunately
preceded treatment implementation (i.e., harvest). Because blocks were impacted differently, the
blocking term helps to account for this variation.

3-4. RESULTS

3-4.1. PRE-HARVEST STAND STRUCTURE AND WOOD RECRUITMENT

Prior to harvest, riparian forests were typically dense, young (30- to 60-year old) second-growth
stands. Among sites, live density ranged from 213 to 953 trees/ha (86 to 386 trees/ac) in RMZs
and from 120 to 759 trees/ha (49 to 307 trees/ac) in PIPs. Basal area ranged from 26 to 73 m?/ha
(114 to 318 ft?/ac) in the RMZs and from 12.2 to 69.6 m?/ha (53.2 to 303.0 ft?/ac) in the PIPs
(Appendix Table 3-1). Stands in the WIL1, WIL2, WIL3 and OLYM blocks were dominated by
western hemlock (7suga heterophylia) and Douglas-fir (Pseudotsuga menziesii). \Western
hemlock dominated the basal area in RMZs at all WIL1 and WIL2 sites, three of four OLYM
sites, and one of two WIL3 sites. The pattern was similar for PIPs. Mean density and basal area
were lower in the CASC sites, where Douglas-fir and red alder (4/nus rubra) were dominant
(Appendix Table 3-1 and Appendix Table 3-2).

Blocks differed in pre-harvest mortality and structural change (Appendix Table 3-3). A
December 2007 storm with hurricane-force winds caused extensive mortality in the WIL1 and
WIL2 blocks (~20% and ~10% of the initial basal area, respectively). Mortality was much lower
(<2% of live basal area) in the OLYM, WIL3, and CASC blocks located outside the storm path
(Figure 3-3; left panel). Consequently, pre-harvest structural changes were greater at the WIL1
and WIL2 blocks (basal area declines of ~10 and ~ 5 m?/ha [44 and 22 ft?/ac], respectively) than
at the OLYM, WIL3 and CASC blocks (little change in basal area; Figure 3-3; right panel).
Variability in mortality was especially high in WIL1 RMZs and WIL1 and WIL2 PIPs. Large
wood recruitment followed a similar pattern among blocks: higher and variable at WIL1 and
WIL2, lower at OLYM and WIL3, and lowest at CASC.
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Figure 3-3. Pre-harvest mortality as a percentage of initial live basal area (left panel) and change
in live basal area/ha prior to harvest (Pre 2 to Pre 1) for RMZs (right panel). Dots are site means
and triangles are block averages computed from site means.

3-4.2. STAND RESPONSE

3-4.2.1. Change in Stand Structure

Stand structure in year 8 reflected a combination of pre-treatment structure, effects of harvest,
and change over the post-harvest interval. The greatest changes were in 0% and unbuffered
portions of FP reaches where nearly all trees were removed. Given the absence of trees in these
areas, we focus on the post-harvest responses of the reference (REF), 100%, and buffered
portions of the FP treatments (FPB).

In the 100% and FPB RMZs, density, basal area, and RD decreased over the post-harvest interval
(Figure 3-4; Appendix Table 3-4). The magnitude of change was greatest in FPB, where
density, basal area and RD decreased by 59%, 55% and 54%, respectively. For the same
variables, reductions in the 100% RMZs were 30%, 14%, and 17%, respectively (Figure 3-5;
Appendix Table 3-5). In contrast, stand structure in the reference RMZs was more stable, with a
17% decrease in density and little change in basal area or RD. The smaller reductions in the
100% RMZs made stand structure more similar to the reference RMZs in Post 8, while the
differences between the FPB and reference RMZs increased over time. There was little
variability in change in density or basal area among reference, in contrast to the substantial
variability among 100% and FPB (Appendix Table 3-5). Change in live basal area did not differ
statistically between 100% and REF RMZs for any interval although the differences increased
over time (Table 3-5). The FPB-REF contrast was not significant in the first interval, but it was
in subsequent intervals as the magnitude of change in FPB RMZs increased over time. The FPB—
100% contrast was not significant until the last interval when basal area stabilized in the 100%
treatment but continued to decline in FPB. The dominant species remained unchanged in the
REF, 100% and FPB RMZs over the 8-year interval, and the proportion of basal area by species
changed by less than 10%.
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Table 3-5. Between-treatment comparisons (estimate, 95% confidence interval, and P-value) of
the cumulative change in live basal area (m?/ha) in RMZs and P1Ps between Pre 1 and the Post 2,

Post 5, or Post 8 samples. Estimates with P-values <0.10 are in bold font.

Contrast

Pre 1-Post 2

Pre 1-Post 5

Pre 1-Post 8

Estimate (CI) P

Estimate (CI)

P

Estimate (CI)

P

RMZs

100% vs. REF

-2.9(-16.9,11.0) 0.655

-6.0 (-20.0, 8.0)

0.366

-6.8 (-20.8, 7.1)

0.306

FPB vs. REF

-10.2(-255,5.2)  0.173

-16.1 (-31.4, -0.8)

0.041

-21.1 (-36.4, -5.8)

0.011

FPB vs. 100%

-7.2(-23.8,9.3)  0.359

-10.1 (-26.7, 6.4)

0.207

-14.3 (-30.8, 2.3)

0.085

PIPs

100% vs. REF

-8.2(-21.7,5.4) 0.208

-16.2 (-29.7, -2.6)

0.024

-22.0 (-35.6, -8.5)

0.005

FPB vs. REF

-13.7 (-27.3,-0.2) 0.047

-18.7 (-32.3, -5.2)

0.012

-23.8 (-37.3, -10.2)

0.003

FPB vs. 100%

-5.6(-20.7,9.6) 0.433

-2.6 (-17.7, 12.5)

0.711

-1.7 (-16.9, 13.4)

0.804

Figure 3-4. Live basal area (left panel) and density (right panel) in RMZs. Dots are site means
and triangles are treatment averages computed from site means.
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Figure 3-5. Cumulative change in live basal area (left panel) and density (right panel) for RMZs.
Dots are site means and triangles are treatment averages computed from site means.

Among PIPs, stand structure changed substantially by Post 8 in the 100% and FPB PIPs while
there was little change in the reference. The magnitude of change was greatest in the FPB where
density, basal area and RD decreased by 70%, 53% and 58%, respectively. Declines were
somewhat lower in the 100%, i.e., 51%, 38% and 42%, respectively. In the reference, density
decreased by 14% while basal area increased slightly (Appendix Table 3-4 and Appendix
Table 3-5). Variability among sites was greater in the 100% and FPB than in the reference. The
FPB-REF contrast was significant for all intervals. The 100%—-REF contrast was not significant
in the first interval, but was in later intervals as the magnitude of change increased in the 100%
PIPs. There were no significant differences between FPB and 100% PIPs for any interval (Table
3-5).

3-4.2.2. Tree Mortality

Tree mortality was the primary driver of post-harvest structural change in both RMZs and PIPs.
In the RMZs, mortality over the Pre 1 to Post 8 interval as a percentage of pre-harvest basal area
was lower in the reference (16.1%) than in the 100% (24.3%) and FPB (50.8%) (Figure 3-6;
Appendix Table 3-5). The FPB-REF contrast was not significant for the Pre 1 to Post 2 interval,
but it was in subsequent intervals as mortality in FPB increased relative to the reference (Table
3-6). The remaining contrasts—100% vs. REF and FPB vs. 100%—were not significant for any
interval. It appears that high variability in mortality among 100% and FPB sites reduced the
power of the tests to detect differences. The pattern was similar for mortality as a percentage of
live tree count.
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Figure 3-6. Cumulative tree mortality as a percentage of pre-harvest live basal area (left panel)
and tree count (right panel) in RMZs between Pre 1 and the Post 2, Post 5, and Post 8 samples.

Dots are site means and triangles are treatment averages computed from site means.

Treatment differences were more pronounced in the PIPs. Cumulative mortality over the Pre 1 to
Post 8 interval was 9.4%, 43.0% and 56.4% for the reference, 100% treatment and FPB PIPs,
respectively (Appendix Table 3-5). The pattern was similar, but values higher, for mortality as a
percentage of live tree count. The REF-FPB contrast for mortality as a percentage of pre-harvest
live basal area was significant for all intervals (Table 3-6). The 100%—REF contrast was not
significant during the initial interval but was in subsequent intervals as mortality increased over
time. There were no significant differences in mortality between 100% and FPB PIPs.

Table 3-6. Between-treatment comparisons (estimate, 95% confidence intervals, and P-value) of
cumulative tree mortality (percent of live basal area) in RMZs and PIPs between Pre 1 and the
Post 2, Post 5, or Post 8 samples. Estimates with P-values <0.10 are in bold font.

Pre 1-Post 2 Pre 1-Post 5 Pre 1-Post 8
Contrast Estimate (CI) P Estimate (CI) P Estimate (CI) P

RMZs

100% vs. REF -0.40 (-0.77,-0.12) 0.584 -0.35(-0.73,-0.10) 0.400 -0.36 (-0.73,-0.10) 0.432

FPB vs. REF  -0.19 (-0.58, -0.04) 0.103  -0.17 (-0.54,-0.03) 0.073  -0.10(-0.41, -0.02) 0.023

FPB vs. 100% -0.26 (-0.71,-0.05) 0.262  -0.28 (-0.72,-0.05) 0.290  -0.17 (-0.59, -0.03) 0.102
PIPs

100% vs. REF -0.23 (-0.67,-0.04) 0.191  -0.18 (-0.59,-0.03) 0.098  -0.14 (-0.51, -0.02) 0.054

FPB vs. REF  -0.06 (-0.30,-0.01) 0.010  -0.08 (-0.36,-0.01) 0.017  -0.07 (-0.32,-0.01) 0.012

FPB vs. 100% -0.17 (-0.63,-0.02) 0.123  -0.29(-0.77,-0.05) 0.349  -0.31(-0.79, -0.05) 0.406
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There was a temporal pattern to mortality in 100% and FPB RMZs and PIPs. Annual rates of
mortality as percentage of live basal area and density were highest in the first two years after
harvest, then decreased. Stand structure showed a similar trend, with changes in density, basal
area and relative density (RD) in the 100% and FPB RMZs and PIPs declining over time
(Appendix Table 3-6).

Wind/physical damage was the primary cause of mortality in both the RMZ and PIP buffers. In
the 100% treatment it accounted for 78% and 90% of the loss of basal area, respectively; in FPB
it accounted for 78% and 65% of the loss. Wind accounted for a smaller proportion of mortality
in reference RMZ and PIPs (52% and 43%, respectively).

3-4.2.3. Regeneration and Ingrowth

Natural regeneration of tree seedlings and saplings was widespread in the reference, 100%, and
FPB RMZs and PIPs (Appendix Table 3-4). Regeneration was dominated by conifers; western
hemlock was the most common species at most sites. The mean proportion of RMZ regeneration
plots with conifer regeneration in Post 8 was greatest in 100% (38%), lower in references (26%),
and lowest in FPB (21%) RMZs. Among PIPs the proportion of plots with conifer regeneration
was greater in 100% and FPB PIPs (53 and 47%, respectively) than in references (23%). Post-
harvest ingrowth (new trees reaching the 10-cm dbh threshold) averaged less than 11 trees/ha in
the REF, 100% and FPB RMZs and PIPs (Appendix Table 3-5).

In the harvested portions of RMZs (0% and unbuffered FP reaches) regeneration derived from
planted seedlings and natural recruitment. At Post 8, 42% of plots in the 0% treatment and 33%
of plots in unbuffered FP reaches had conifer regeneration. No ingrowth occurred through year 8,
however trees planted after harvest were growing rapidly and nearing the 10-cm dbh threshold.

3-4.3. LARGE WOOD RECRUITMENT

Large wood recruitment to the channel was greater in the 100% and FPB RMZs than in the
reference for each pre- to post-harvest interval (Appendix Table 3-5; Figure 3-7). Over the Pre
1 to Post 8 interval, mean recruitment of large wood volume was two to nearly three times
greater in 100% and FPB RMZs than in the references. However, none of the treatment contrasts
differed for any post-harvest interval (Table 3-7), likely due to the large variation among 100%
and FPB sites in the first interval (Figure 3-7).

The pattern was similar in the PIPs (Appendix Table 3-5). Variability was much greater PIPs
than in the reference in the first interval (Table 3-7), but not subsequently as large wood
recruitment declined.

Annual recruitment rates for fallen trees and large wood followed patterns similar to those of
mortality. Rates were greatest during the first two years, then decreased (Appendix Table 3-6).
During the Pre 1-Post 2 interval, recruitment rates for large wood volume were three and two
times greater in 100% and FPB RMZs than in the reference, respectively. The differences were
greater in the PIPs, where 100% and FPB rates were 26 and 19 times the reference.
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Figure 3-7. Cumulative recruitment of fallen trees (left panel) and large wood by volume (right
panel) in RMZs between Pre 1 and the Post 2, Post 5, or Post 8 samples. Dots are site means and
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triangles are treatment averages computed from site means.

Table 3-7. Between-treatment comparisons (estimate, 95% confidence interval, and P-value) of
cumulative large wood recruitment (pieces/ha) in RMZs and PIPs between Pre 1 and the Post 2,
Post 5 and Post 8 samples. Estimates with P-values <0.10 are in bold font.

Contrast

Pre 1-Post 2

Pre 1-Post 5

Pre 1-Post 8

Estimate (CI) P

Estimate (CI)

P

Estimate (CI)

P

RMZs

100% vs. REF
FPB vs. REF
FPB vs. 100%

-0.59 (-2.67, -0.13) 0.452
-0.50 (-2.68, -0.09) 0.384
-0.85 (-5.19, -0.14) 0.850

-0.53 (-2.39, -0.12)
-0.53 (-2.85, -0.10)
-1.01 (-6.13, -0.17)

0.368
0.425
0.989

-0.48 (-2.18, -0.11)
-0.38 (-2.03, -0.07)
-0.80 (-4.80, -0.13)

0.304
0.230
0.784

PIPs

100% vs. REF
FPB vs. REF
FPB vs. 100%

-0.09 (-0.61, -0.01) 0.019
-0.18 (-1.29, -0.02) 0.082
-2.07 (-16.95, -0.25) 0.445

-0.22 (-1.47, -0.03)
-0.48 (-3.22, -0.07)

0.103
0.402

-2.15(-17.61, -0.26) 0.418

-0.30 (-1.98, -0.05)
-0.77 (-5.09, -0.12)
-2.52 (-20.62, -0.31)

0.176
0.753
0.330

In general, fewer than half of the trees that fell during the post-harvest interval recruited to the
channel. The proportion was greater in the REF (49%) than in the 100% and FPB RMZs (42%
and 45%, respectively). Of those that reached the channel, >80% were spanning or suspended.
The proportion that intruded into the bankfull channel was higher in the REF (19%) than in the
100% or FPB RMZs (14 and 15%, respectively).
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3-4.4. CHANNEL WOOD LOADING AND COVER

3-4.4.1. Small Wood Loading

Small wood was abundant in headwater study sites. Mean small wood loading (pieces/m of
channel length) ranged from 1.7 to 8.2 in the pre-harvest period, from 3.5 to 42.1 in Post 1 and
Post 2, and from 6.8 to 58.7 and 4.2 to 26.3 in Post 5 and Post 8, respectively (Figure 3-8).
Treatments differed significantly in the magnitude of change over time (P <0.001; Table 3-8;
Table 3-9; Figure 3-9). We observed an increase in small wood loading across all treatments in
Post 1 and Post 2, with the greatest increase in the 0% treatment (176%; P <0.001), compared
with the pre-harvest period and after controlling for temporal changes in the references. The
increase in the 0% treatment was also greater (64%; P = 0.02, and 74%; P = 0.10) than in the
100% and FP treatments, after adjusting for pre-harvest differences. Small wood loading
continued to increase in the FP and 0% treatments through Post 5 (68%; P = 0.09, and 142%; P
<0.001), after controlling for temporal changes in the references (Table 3-8), and the values for
these treatments were also greater than in the 100% treatment, after adjusting for pre-harvest
differences. In Post 8, we observed a decline in small wood loading across all buffer treatments
and did not find clear evidence of differences in the change among treatments (P >0.10 for all
comparisons).
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Figure 3-8. Mean small wood pieces/m of channel length by sample year (where pre-harvest
includes Pre 3 and Pre 2, post-harvest includes Post 1 and Post 2, and extended includes Post 5
and Post 8). Vertical colored lines show approximate 95% confidence intervals. Vertical dashed
lines show the timing of harvest at buffer treatment sites. To ensure a y-axis scale that highlights
the variability and is consistent among panels, outliers are not shown for one 0% site (WIL2-0%)
in both Post 2 (42.1 pieces/m) and Post 5 (58.7 pieces/m). Site means are dots; treatment means

are colored symbols.

CMER 2021 3-25



TYPE N BUFFER EFFECTIVENESS ON HARD ROCK LITHOLOGIES — PHASE 2

Table 3-8. The within-treatment estimate of the proportional change and 95% confidence

intervals (CI) for small wood pieces between the pre-harvest and Post 1 and Post 2, Post 5, and
Post 8 samples.

Post1l & 2

Post 5

Post 8

Treatment  Estimate (CI)

Estimate (CI)

Estimate (CI)

REF(n=6) 1.06 (0.75, 1.50)
100% (n=4) 1.68 (1.20, 2.34)
FP(n=3)  1.79(1.10, 2.92)
0% (n=4)  2.92(2.13, 4.01)

2.06 (1.47, 2.88)
1.88 (1.29, 2.76)
3.45 (2.11, 5.65)
4.99 (3.62, 6.89)

1.71 (1.16, 2.52)
1.50 (1.00, 2.24)
2.47 (1.46, 4.19)
2.22 (1.53, 3.24)

Figure 3-9. The within-treatment estimate of proportional change and 95% confidence intervals
for small wood (SW) pieces between the pre-harvest and post-harvest (Post 1 and Post 2), Post 5,

and Post 8 samples. A horizontal line placed at the reference treatment value indicates the

estimated temporal change under reference conditions.
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Table 3-9. The between-treatment comparison of the proportional change, 95% confidence
intervals (Cl1) and P-values (P) for small wood pieces between the pre-harvest and Post 1 and
Post 2, Post 5, and Post 8 samples. Estimates with P-values <0.10 are in bold font. The first
treatment listed in each paired comparison is the treatment with fewer trees remaining in the
RMZ buffer.

Post1 & 2 Post 5 Post 8

Contrast - : .
ontras Estimate (CI) P Estimate (CI) P Estimate (CI) P

100% vs. REF 1.58 (0.98,2.57) 0.06  0.91(0.55,1.52) 073  0.87 (0.50,1.53) 0.63
FPvs.REF  1.69(0.93,3.08) 0.09  168(0.92,3.04) 009  1.44(0.75,2.78) 027
0%vs. REF  2.76 (1.72,4.42) <0.001 2.42(1.52,3.86) <0.001 1.30(0.76,2.23) 0.34
0% vs. FP 1.64(0.91,2.93) 010 145(0.80,2.61) 021  0.90(0.47 1.72) 0.75
0%vs. 100% 1.74 (1.10,2.77) 0.02  2.65(1.61,4.36) <0.001 1.49 (0.86,2.58) 0.16
FPvs. 100% 1.07(0.59,1.93) 0.83  1.83(0.98,3.41) 006  165(0.85 3.21) 0.14

Small wood frequently provided in-channel function, contributing to step formation, bank
stability and hydraulic roughness. For small wood that provided these functions, mean loading
(pieces/m of channel length) ranged from 1.0 to 5.1 in the pre-harvest period, 1.5 to 16.6 in Post
1 and Post 2, and 3.1 to 24.0 and 2.5 to 17.2 in Post 5 and Post 8, respectively (Figure 3-10).
Treatments differed in the magnitude of change over time (P <0.01; Table 3-10; Table 3-11;
Figure 3-11). In Post 1 and Post 2, we estimated a 69% (P = 0.03), 72% (P = 0.07) and 131% (P
<0.001) increase for the 100%, FP and 0% treatments, respectively, compared with the pre-
harvest period and after controlling for temporal changes in the references. Functional small
wood loading continued to increase in the FP and 0% treatments through Post 5, with an
estimated 75% (P = 0.06) and 136% (P <0.001) increase compared to the pre-harvest period,
after controlling for temporal changes in the references. The estimates for the FP and 0%
treatments were also greater than the 100% treatment, after adjusting for pre-harvest differences.
The response of functional small wood loading differed from that of the total in that we
continued to observe treatment differences in Post 8. Estimates for the FP and 0% treatments,
which did not differ from the reference, were greater than for the 100% treatment, after adjusting
for pre-harvest differences.
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Figure 3-10. Mean functional small wood pieces/m of channel length by sample year (where
pre-harvest includes Pre 3 and Pre 2, post-harvest includes Post 1 and Post 2, and extended
incldues Post 5 and Post 8). Vertical colored lines show approximate 95% confidence intervals.
Vertical dashed lines show the timing of harvest at buffer treatment sites. Site means are dots;

treatment means are colored symbols.
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Table 3-10. The within-treatment estimate of the proportional change and 95% confidence
intervals (CI) for functional small wood pieces between the pre-harvest and Post 1 and Post 2,

Post 5, and Post 8 samples.

Treatment Post1 & 2 Post 5 Post 8
Estimate (CI) Estimate (CI) Estimate (CI)
REF (n = 6) 0.96 (0.68, 1.34) 1.82 (1.32, 2.53) 1.89 (1.32, 2.70)
100% (n = 4) 1.62 (1.17, 2.25) 1.86 (1.28, 2.69) 1.66 (1.14, 2.44)
FP (n=3) 1.65 (1.01, 2.69) 3.19 (1.95, 5.22) 3.09 (1.89, 5.08)
0% (n=4) 2.21(1.58, 3.08) 4.30 (3.09, 5.99) 2.80 (1.96, 4.01)

Figure 3-11. The within-treatment estimate of proportional change and 95% confidence intervals
for functional small wood (SW) pieces between the pre-harvest and post-harvest (Post 1 and Post

2), Post 5, and Post 8 samples. A horizontal line is placed at the reference treatment value
indicates the estimated temporal change under reference conditions.
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Table 3-11. The between-treatment comparison of the proportional change, 95% confidence
intervals (Cl) and P-values (P) for functional small wood pieces between the pre-harvest and
Post 1 and Post 2, Post 5, and Post 8 samples. Estimates with P-values <0.10 are in bold font.
The first treatment listed in each paired comparison is the treatment with fewer trees remaining
in the RMZ buffer.

Post1l & 2 Post 5 Post 8
Estimate (CI) P Estimate (CI) P Estimate (CI) P
100% vs. REF 1.69 (1.05,2.70) 0.03 1.02(0.62,1.67) 0.95 0.88(0.52,1.49) 0.63
FPvs.REF  1.72(0.95,3.11) 0.07 1.75(0.97,3.16) 0.06 1.64(0.89,3.02) 0.11
0% vs. REF  2.31(1.43,3.71) <0.001 2.36(1.48,3.75) <0.001 1.48(0.89, 2.46) 0.13
0% vs. FP 1.34(0.74,2.43) 0.33 1.35(0.74,2.44) 0.32 0.91(0.49,1.67) 0.75
0% vs. 100% 1.36 (0.85,2.18) 0.19 2.32(1.41,3.81) <0.001 1.68 (1.00,2.84) 0.05
FPvs. 100% 1.02 (0.56,1.83) 0.95 1.72(0.93,3.18) 0.08 1.86(0.99, 3.47) 0.05

Contrast

3-4.4.2. Large Wood Loading

Large wood was also abundant in headwater study sites. Mean large wood loading (pieces/m of
channel length) ranged from 0.5 to 2.2 in the pre-harvest period, from 0.6 to 4.7 in Post 1 and
Post 2, and from 0.8 to 4.7 and 0.9 to 3.7 in Post 5 and Post 8, respectively (Figure 3-12).
Treatments differed significantly in the magnitude of change over time (P <0.01; Table 3-12;
Table 3-13; Figure 3-13). We observed a 66% (P <0.001), 44% (P = 0.05) and 47% (P = 0.01)
increase in mean large wood density in the 100%, FP and 0% treatments, respectively, in Post 1
and Post 2 compared with the pre-harvest period and after controlling for temporal changes in
the references. We continued to see an increase in the FP (42%; P = 0.08) and 0% (32%; P = 0.8)
treatments in Post 5 after controlling for temporal changes in the references (Table 3-12). In Post
8, only the FP treatment differed from the reference in its proportional increase (41%; P = 0.09).
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Figure 3-12. Mean large wood pieces/m of channel length by sample year (where pre-harvest
includes Pre 3 and Pre 2, post-harvest includes Post 1 and Post 2, and extended includes Post 5
and Post 8). Vertical colored lines show approximate 95% confidence intervals. Vertical dashed
lines show the timing of harvest at buffer treatment sites. Site means are dots; treatment means

are colored symbols.
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Table 3-12. The within-treatment estimate of the proportional change and 95% confidence

intervals (CI) for large wood pieces between the pre-harvest and Post 1 and Post 2, Post 5, and

Post 8 samples.

Treatment

Post1l & 2

Post 5

Post 8

Estimate (CI)

Estimate (CI)

Estimate (CI)

REF (n = 6)
100% (n = 4)
FP (n=3)
0% (n = 4)

1.13 (0.93, 1.38)
1.87 (1.54, 2.29)
1.63 (1.21, 2.21)
1.66 (1.34, 2.06)

1.54 (1.25, 1.89)
1.60 (1.26, 2.04)
2.18 (1.57, 3.04)
2.04 (1.61, 2.59)

1.58 (1.26, 1.99)
1.79 (1.42, 2.26)
2.24 (1.61, 3.10)
1.54 (1.19, 2.00)

Figure 3-13. Th