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MEMORANDUM 
 
July 30, 2020 
 
 

To:       Forest Practices Board 
 

Form:        Mark Hicks, Adaptive Management Program Administrator 
 

Subject:   Buffer, Characteristics, Integrity and Function (BCIF) Report 
 
At their February 7, 2020 meeting, TFW Policy (Policy) formally accepted the findings report 
and associated materials for the Westside BCIF study, formally titled: Changes in Stand 
Structure, Buffer Tree Mortality and Riparian-Associated Functions 10 Years after Timber 
Harvest Adjacent to Non-Fish-Bearing Perennial Streams in Western Washington.  The 
purpose of this memo is to transmit the final study report to the Board along with a summary of 
the report’s findings and Policy’s recommendations.   
 
The Cooperative Monitoring, Evaluation, and Research Committee (CMER) conducted the BCIF 
study to evaluate changes post-harvest in select riparian functions within forested buffers along 
Type Np (non-fish bearing) streams.   
 
The BCIF study used an After, Control, Impact (ACI) study design.  This design uses post-
harvest data from a randomly selected sample of 15 treatment sites across western Washington.  
Data from the treatment sites was compared with data from unharvested reference sites to 
estimate the magnitude and duration of treatment effects.  The fifteen treatment sites contained a 
mixture of treatments allowed under the Westside Type Np Riparian Prescriptions, but harvest 
units did not typically include entire Np streams from the Type F break to the Perennial Initiation 
Point.  Data collection occurred at three, five and 10 years post-harvest.  However, the authors 
could not sample all sites at each date because five reference sites were harvested prior to the 
year-10 post-harvest survey and access was denied for one treatment and reference site in year 
three and another treatment site in year ten. 
 
Three components (treatments) of the Westside Type Np Riparian Prescriptions were evaluated: 
unbuffered clear-cut harvest to the channel edge (CC treatment), 50-foot wide no-cut buffers 
(BUF treatment), and 56-foot radius no-cut buffers around the perennial initiation points (PIP 
treatment).  Unharvested second-growth reference (REF) reaches were located in proximity of 
the treatment sites.  The study documents the magnitude of change in stand structure, tree 
mortality, wood recruitment, shade, wood cover and soil disturbance when the riparian 
prescriptions for Westside Type Np (perennial non-fish-bearing) streams were applied in an 
operational setting.  This extended 10-year post-harvest report augments earlier findings 
presented in the Westside Type N BCIF Study 5-year post-harvest report (Schuett-Hames et al. 
2012). 



Summary Technical Findings: 
 
Change in Stand Structure.  During the first five years after harvest, density and basal area 
decreased in BUF, PIP and REF stands because tree mortality exceeded ingrowth of young trees.  
Mean cumulative mortality as a percentage of live basal area was 48.1% in PIP stands, 27.2% in 
BUF stands and 9.4% in REF stands.  Over the entire 10-year post-harvest period, cumulative 
change in live basal area (trees >4” DBH) was positive in REF stands (+2.7%) and negative in 
BUF (-14.1%) and PIP (-38.9%) stands, however the BUF-REF contrast was not statistically 
significant.  
 
Tree fall and Wood Input to Streams.  Tree fall and wood recruitment was driven by mortality 
with rates highest during the first five years post-harvest.  Cumulative recruited wood volume in 
the (BUF) and (PIP) reaches was double and four times the REF volume, respectively.  Wood 
recruitment was minimal in CC reaches during the 10 year period due to lack of trees, following 
slash input (primarily branches and tops) during harvest. 
 
Shade/Cover.  One year after harvest, canopy closure, an indicator of shade from trees and tall 
shrubs, was lower in the BUF (76%) and PIP (52%) reaches compared to the REF reaches 
(89%).  By year 10, canopy closure in the BUF and PIP reaches increased to over 85%.  Mean 
canopy closure in the CC reaches was only 12% one year after harvest of trees, but increased to 
37% by year 5 and 72% by year 10. 
 
Soil Disturbance.  All BUF and PIP reaches met the performance target (<10% of the ELZ area 
with soil disturbance) but one of eight CC reaches exceeded the target.  The average distance to 
the stream for erosion features that delivered sediment was 1.0 foot and a maximum of 7.7 feet.  
 
Possible Implications: 
 
The Westside Type N BCIF Study was not designed to address some important aspects of Type 
N riparian prescription effectiveness, including aquatic resource effects (e.g. amphibians and 
macro-invertebrates), water quality (e.g. stream temperature and turbidity) or downstream effects 
on fish-bearing streams.   
 
After reviewing the study findings, Policy agreed by consensus not to recommend the 
Board take any formal action in response to this study.   
 
Though the study did not warrant action by the Board, the BCIF study has increased our 
understanding of the short-term effects of applying the Type Np rule prescriptions along Western 
Washington headwater streams.  As such Policy has directed the study be provided as an 
additional source of information to the Type Np Workgroup.   
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Washington State Forest Practices Adaptive Management Program 

 
The Washington State Forest Practices Board (FPB) has established an Adaptive Management 
Program (AMP) by rule in accordance with the Forests & Fish Report (FFR) and subsequent 
legislation. The purpose of this program is to: 
 

Provide science-based recommendations and technical information to assist the 
FPB in determining if and when it is necessary or advisable to adjust rules and 
guidance for aquatic resources to achieve resource goals and objectives. The 
board may also use this program to adjust other rules and guidance. (Forest 
Practices Rules, WAC 222-12-045(1)). 

 
To provide the science needed to support adaptive management, the FPB established the 
Cooperative Monitoring, Evaluation and Research (CMER) committee as a participant in the 
program. The FPB empowered CMER to conduct research, effectiveness monitoring, and 
validation monitoring in accordance with WAC 222-12-045 and Board Manual Section 22. 
 
Report Type and Disclaimer 

 
This technical report contains scientific information from research or monitoring studies that are designed 
to evaluate the effectiveness of the forest practices rules in achieving one or more of the Forest and Fish 
performance goals, resource objectives, and/or performance targets.  The document was prepared for the 
Cooperative Monitoring, Evaluation and Research Committee (CMER) and was intended to inform and 
support the Forest and Fish Adaptive Management program.  The project is part of the Type N Riparian 
Effectiveness Program, and was conducted under the oversight of the Riparian Scientific Advisory Group 
(RSAG).  
 
This document was reviewed by CMER and was assessed through the Adaptive Management Program’s 
independent scientific peer review process.  CMER has approved this document for distribution as an 
official CMER document.  As a CMER document, CMER is in consensus on the scientific merit of the 
document.  However, any conclusions, interpretations, or recommendations contained within this 
document are those of the authors and may not reflect the views of all CMER members. 
  
Proprietary Statement 
 
This work was developed with public funding, as such it is within the public use domain. However, the 
concept of this work originated with the Washington State Forest Practices Adaptive Management 
Program and the authors. As a public resource document, this work should be given proper attribution and 
be properly cited. 
 
Full Reference 
 
Schuett-Hames, Dave and Stewart, Greg. 2019. Changes in stand structure, buffer tree mortality and 
riparian-associated functions 10 years after timber harvest adjacent to non-fish-bearing perennial 
streams in western Washington. Cooperative Monitoring Evaluation and Research Report ___. 
Washington State Forest Practices Adaptive Management Program. Washington Department of 
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EXECUTIVE SUMMARY 23 
This report presents the 10-year post-harvest results from the Westside Type N Buffer Characteristics, 24 
Integrity and Function study conducted by Washington’s Cooperative Monitoring, Evaluation and 25 
Research Committee (CMER). The purpose was to determine the magnitude of change in stand structure, 26 
tree mortality, wood recruitment, shade, wood cover and soil disturbance when the riparian prescriptions 27 
for Westside Type Np (perennial non-fish-bearing) streams were applied in an operational setting. 28 

Treatment sites were randomly selected from approved forest practice applications. Three components 29 
(treatments) of the Westside Type Np Riparian Prescriptions were evaluated: unbuffered clear-cut harvest 30 
to the channel edge (CC treatment), 50-foot wide no-cut buffers (BUF treatment), and 56-foot radius no-31 
cut buffers around the perennial initiation points (PIP treatment). Unharvested second-growth reference 32 
(REF) reaches were located in proximity of the treatment sites. Statistical tests were done to compare the 33 
CC, BUF and REF results.  34 

Change in Stand Structure. During the first five years after harvest, density and basal area decreased in 35 
BUF, PIP and REF stands because tree mortality exceeded ingrowth of young trees. Mean mortality and 36 
associated change in stand structure were greatest in PIP stands, less in BUF stands and least in REF 37 
stands. Cumulative mortality as a percentage of live basal area was 48.1% in PIP stands, 27.2% in BUF 38 
stands and 9.4% in REF stands. Between years five and ten, stand structure stabilized in PIP and BUF 39 
stands due to a marked reduction in mortality rates. Over the entire 10-year post-harvest period, 40 
cumulative change in live basal area was positive in REF stands (+2.7%) and negative in BUF (-14.1%) 41 
and PIP (-38.9%) stands, however the BUF-REF contrast was not statistically significant. Wind was the 42 
dominant mortality agent in PIP and BUF stands. Mortality in REF stands was dominated by other factors 43 
(e.g. suppression); however there was an increase in wind mortality in REF stands during year 4–5 due to 44 
a storm with hurricane-force winds. Substantial conifer regeneration (seedling and saplings) was observed 45 
in BUF and PIP stands, including buffers with high mortality. Almost no trees remained in the CC 46 
reaches after harvest, but regeneration with planted trees appeared to be successful.  47 

Tree fall and Wood Input to Streams. Tree fall and wood recruitment was driven by mortality; 48 
consequently rates were highest during the first five years post-harvest. Cumulative recruited wood 49 
pieces/100 feet in the PIP reaches (11.2) was nearly double that in the REF (6.2) and BUF (7.0) reaches 50 
over the entire IPH-YR10 period. Cumulative recruited wood volume in the (BUF) and (PIP) reaches was 51 
double and four times the REF volume, respectively. Most recruiting fallen trees came to rest above the 52 
channel where they provided cover but did not interact with flowing water. Consequently, few newly 53 
recruited pieces provided sediment storage or formed pools, steps or debris jams. Wood recruitment was 54 
minimal in CC reaches during the IPH-YR10 period due to lack of trees, following slash input (primarily 55 
branches and tops) during harvest. 56 

Shade/Cover. One year after harvest, canopy closure, an indicator of shade from trees and tall shrubs, 57 
was lower in the BUF (76%) and PIP (52%) reaches compared to the REF reaches (89%). By year 10, 58 
canopy closure in the BUF and PIP reaches increased to over 85%, similar to the REF reaches, apparently 59 
due to growth of shrubs and sapling adjacent to the stream. Mean canopy closure in the CC reaches was 60 
only 12% one year after harvest of trees, but increased to 37% by year 5 and 72% by year 10 in response 61 
to growth of shrubs and saplings. Buffers in the BUF and PIP reaches prevented slash input from the 62 
adjacent harvest unit. Consequently, wood cover was higher in CC reaches due to logging debris input, 63 
but decreased over the post-harvest period. 64 

Soil Disturbance. On average, harvest-related soil disturbance occurred on 6.2% of the area within the 65 
30-foot wide equipment limitation zones (ELZ) in the CC reaches. All BUF and PIP reaches met the 66 
performance target (<10% of the ELZ area with soil disturbance) but one of eight CC reaches exceeded 67 
the target. The average distance to the stream for erosion features that delivered sediment was 1.0 foot 68 
and the maximum was 7.7 feet. Soil disturbance from uprooted trees was twice as frequent in BUF 69 
reaches as REF reaches, but the percentage of root-pits with evidence of sediment delivery was greater in 70 
the REF reaches (26%) than the BUF reaches (19.8%). Mean horizontal distance to the stream for root-71 
pits that delivered sediment was 8.2 feet compared to 28.0 feet for those that did not deliver.  72 
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Effectiveness in Meeting Forest Practices Habitat Conservation Plan Resource Objectives. The 73 
unbuffered clear-cut treatment was least effective in meeting the FPHCP resource objectives for 74 
shade/temperature and large woody debris/organic inputs, but did meet the soil disturbance performance 75 
targets in most cases. Harvest of streamside trees resulted in a large reductions in canopy shade to the 76 
stream and substantial input of logging slash. Shade in unbuffered reaches increased over the 10-year post 77 
harvest period due to growth of streamside herbs, shrubs and saplings, however research indicates that 78 
stream temperatures increase from pre-harvest levels following harvest in unbuffered reaches, and 79 
changes persist over time (Ehinger 2017, Klos and Link 2018). There was input of logging slash in 80 
unbuffered reaches, but almost no additional post-harvest wood input occurred and cover from woody 81 
debris decreased over the ten-year post-harvest period. Modeling studies indicate that clear-cut harvest on 82 
typical rotation schedule of 40–50 years will result in a continuous cycle of disturbance and rapid changes 83 
in stand structure and shade and long-term reductions in large wood loading due to lack of input from 84 
large trees.  85 
 86 
The RMZ and PIP buffers were more effective than unbuffered reaches in meeting FPHCP resource 87 
objectives, but were not as effective as unharvested reference sites in providing canopy shade and future 88 
wood recruitment potential due to removal of trees outside of the buffers. Over the 10-year post-harvest 89 
period, there was a substantial reduction in stand density and basal area in RMZ and PIP buffers. On 90 
average, canopy shade returned to levels similar to unharvested reference sites by year-10 post-harvest in 91 
the RMZ buffers, but not in the PIP buffers. Large wood input during the 10-year post-harvest period was 92 
greater in the RMZ and PIP buffers compared to reference sites, but future wood recruitment potential at 93 
year 10-post-harvest was lower.  94 
 95 
The primary agent of mortality in RMZ and PIP buffers was wind, which affected trees of all sizes. 96 
Mortality from wind was a complicating factor in assessing buffer effectiveness. Mortality rates varied in 97 
RMZ and PIP buffers, but on average were greater than in reference sites. About one quarter of RMZ 98 
buffers and two thirds of PIP buffers had substantial mortality (>5%/year). Wind damage at this level 99 
reduced density, canopy shade and future wood recruitment potential, but wind-associated tree fall 100 
provided a pulse of large wood input consistent with the large wood resource objective. Over half the 101 
fallen trees were uprooted stems with attached rootwads, providing stable pieces that will persist over 102 
time (Fox and Bolton 2007). Most fallen trees came to rest suspended or spanning above the channel 103 
where they provide cover but will not immediate influence channel conditions and processes. Although 104 
the majority of fallen trees were uprooted, sediment input from soil disturbance was limited to trees in 105 
close proximity to the channel. Conifer regeneration was observed in sites with elevated mortality, so 106 
development of multi-age conifer stands is likely to occur at sites with elevated mortality over time.  107 
 108 
Our findings raise several key policy questions for the adaptive management program:  109 
 110 
Clear-cut harvest: Is the magnitude of disturbance from clear-cut harvest adjacent to the stream (logging 111 
debris input, reduction in and large wood recruitment) consistent with the resource objectives of the 112 
FPHCP? Does the proportion of the Type Np stream network subject to clear-cut harvest (≤50%) an 113 
appropriate balance between protection of aquatic resources and water quality and economic and 114 
operational considerations for forest landowners?  115 
 116 
RMZ and PIP buffers. Are the incremental reductions in wood recruitment potential and shade 117 
associated with harvest of tree outside the RMZ and PIP buffers consistent with the resource objectives of 118 
the FPHCP?  119 
 120 
Wind mortality. Is the level of wind damage to RMZ and PIP buffers and the associated wood input and 121 
loss of shade consistent with the resource objectives of the FPHCP? Do small patch buffers that are prone 122 
to wind damage provide the desired protection for sensitive sites (e.g. PIPs)?  123 

 124 
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INTRODUCTION 125 

Background 126 

In 2001, new regulations were adopted for timber harvest on Type Np (perennial non-fish-bearing) streams on 127 
some state and all private forest lands in Washington State based on recommendations contained in the Forest and 128 
Fish Report (USFWS et al. 1999). The Westside Type Np Riparian Prescriptions consist of a suite of treatments 129 
that are applied to forest stands adjacent to the Np stream network. A 50-foot no-harvest buffer strip must be left 130 
on each side of the stream for at least 50% of the stream length in each Type Np basin, including a minimum of 131 
300 feet immediately upstream of the point where a Type Np stream enters a Type F (fish-bearing) stream. In 132 
addition, no-harvest buffers are required around "sensitive sites", including Type Np stream confluences, 133 
perennial initiation points (PIPs), seeps and springs. Trees may be harvested to the edge of the stream along the 134 
remaining portions of the Type Np stream network as long as soil disturbance is minimized and trees with large 135 
root systems embedded in the stream banks are retained (Washington Forest Practices Board 2016, WAC 222-30-136 
030).  137 
 138 
The Westside Type Np Riparian Prescriptions are part of the riparian strategy in the Forest Practices Habitat 139 
Conservation Plan (FPHCP). The FPHCP was adopted in 2006 to provide protection for aquatic resources 140 
including salmonid fish, stream-associated amphibians and water quality while providing opportunities for timber 141 
harvest and flexibility in harvest unit design. The measures in the FPHCP riparian strategy are intended to restore 142 
and maintain riparian and instream processes that create aquatic habitat, with emphasis on large wood recruitment 143 
and shade retention (WDNR 2005).  144 
 145 
In mountainous areas of the Pacific Northwest, headwater streams typically consist of steep, narrow channels 146 
tightly constrained by adjacent hillslopes and coupled to the terrestrial environment by physical and biological 147 
processes (Gomi et al. 2002, Hassan et al. 2005, Richardson and Danehy 2007). Riparian (stream adjacent) forests 148 
are the interface between the terrestrial and aquatic ecosystems, and have an important influence on channel 149 
morphology and aquatic productivity through input of light, sediment, wood and other organic matter (Gregory et 150 
al. 1991, MacDonald and Coe 2007). The closed forest canopy above these narrow channels creates an 151 
environment with limited input of solar radiation, strong microclimatic gradients, large inputs of organic matter 152 
and low primary productivity (Richardson and Danehy 2007). Shade from riparian forests reduces solar energy 153 
input to water and modulates heat exchange, creating a cooler, more stable temperature regime (Dent et al. 2008). 154 
However shade limits primary productivity, so the aquatic food web is driven by inputs of organic matter from the 155 
riparian forest, including wood, leaf litter and terrestrial insects (Richardson and Danehy 2007). In the absence of 156 
debris flows, small channels lack the power to transport large wood so wood accumulates and is retained for long 157 
periods, increasing channel roughness and creating structure that provides cover and stores sediment and organic 158 
matter (Bilby and Ward 1989, Gomi et al. 2002, Hassan et al. 2005). Wood creates habitat in headwater streams 159 
that supports a diverse aquatic community including macroinvertebrates and stream-associated amphibians 160 
(Wilkins and Peterson 2000, Meyer et al. 2007), influencing the abundance and composition of invertebrate 161 
communities (Bilby and Bisson 1998).  Organic matter and nutrients exported from headwater streams contribute 162 
to the productivity of downstream habitat (Fisher and Likens 1973, Gomi et al. 2002, Wipfli et al. 2007).  163 
 164 
Harvest of trees adjacent to streams can affect input of solar radiation (Gomi et al. 2006a), litter and nutrients 165 
(Richardson et al. 2005), and large wood (Gomi et al. 2006b, Pollock and Beechie 2014, Burton et al. 2016). The 166 
nature and magnitude of these changes depends on the type and intensity of harvest, site conditions, and weather. 167 
Riparian buffers consisting of strips of leave trees adjacent to the stream have been used to reduce the effects of 168 
timber harvest by retaining shade, providing a source of wood and organic matter input, and creating a barrier to 169 
sediment and slash from adjacent timber harvest uplands (Jackson et al. 2001, Litschert and MacDonald 2009). 170 
However, tree mortality can be extensive when buffers are exposed to the wind, resulting in a reduction in shade 171 
and trees available for future wood recruitment (Grizzel and Wolff 1998; Grizzel et al. 2000, Liquori 2006, 172 
Schuett-Hames et al. 2012).  173 
 174 
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The Cooperative Monitoring, Evaluation and Research Committee (CMER) determined research was needed to 175 
reduce uncertainty about the effectiveness of the FPHCP Type Np riparian strategy. In 2003 CMER initiated the 176 
Westside Type N Buffer Characteristics, Integrity and Function (BCIF) study. The purpose of the BCIF study was 177 
to reduce scientific uncertainty about the magnitude and duration of changes in stand structure, tree mortality and 178 
tree fall, shade, wood recruitment, and soil disturbance following application of the Westside Type Np Riparian 179 
Prescriptions under operational conditions. The first phase of the study examined the response over the first five 180 
years after harvest (Schuett-Hames et al. 2012). Additional data were collected through year-10 post-harvest. This 181 
report summarizes the results of the entire 10 years of post-harvest data collection. 182 

Goals and Critical Questions 183 

The goal of the Westside Type N BCIF study is to evaluate the magnitude and duration of the response of buffer 184 
leave trees and riparian functions to harvest under the Westside Type N Riparian Prescriptions, including: change 185 
in stand structure and mortality rates in buffer leave trees, ingrowth and regeneration, shade and cover, wood 186 
recruitment, and soil disturbance. 187 
 188 
Research questions addressed by this study include:  189 

1) What is the magnitude and duration of change in stand structure during the 10-year post-harvest period? 190 
2) What are the magnitudes and rates of tree mortality, ingrowth and regeneration during the 10-year post-191 

harvest period? 192 
3) What are the dominant mortality agents and characteristics of trees that died? 193 
4) What is the magnitude and duration of change in shade (canopy closure) during the 10-year post-harvest 194 

period? 195 
5) What are the magnitudes and rates of tree fall and wood recruitment during the 10-year post-harvest period? 196 
6) What is the magnitude of post-harvest soil disturbance associated with timber harvest and were the FPHCP 197 

soil disturbance performance standards met? 198 
7) What is the magnitude of post-harvest soil disturbance associated with uprooting of trees during the 10-year 199 

post-harvest period? 200 

Experimental Design 201 

This study uses an after-control impact experimental design. This design uses post-harvest data from a randomly 202 
selected sample of treatment sites where the Westside Type Np Riparian Prescriptions were applied. These data 203 
are compared with data from unharvested reference sites to estimate the magnitude and duration of treatment 204 
effects. Data collection occurred at three, five and 10 years post-harvest.  205 

STUDY DESIGN 206 

Treatments 207 

We evaluated three components (treatments) specified in the Washington Forest Practices Rules for Westside 208 
Type Np waters (Washington Forest Practices Board 2016, WAC 222-30-021). The rules specify two riparian 209 
management zone (RMZ) treatments applied to areas adjacent to Type Np streams. A 50-foot no-harvest buffer 210 
(BUF treatment) is required on a minimum of 50% of the Type Np stream network, including a minimum of 300 211 
feet immediately upstream of the outlet to fish-bearing waters. Clear-cut harvest to the edge of the channel (CC 212 
treatment) is allowed on the remainder of the Type Np stream network, with a 30-foot wide equipment limitation 213 
zone (ELZ) to minimize soil disturbance. Buffers are also required on designated sensitive sites. The most 214 
commonly occurring sensitive site buffer is a 56-foot radius no-harvest buffer centered on each perennial 215 
initiation point (PIP), referred to as the uppermost point of perennial flow (PIP treatment). These three treatments 216 
(BUF, CC, and PIP) were compared against reference sites (REF). 217 
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Study Sites 218 

Treatment sites were randomly selected from Forest Practice Applications (FPAs) approved by the Washington 219 
Department of Natural Resources (WDNR) for timber harvest on non-fish-bearing, perennial (Type Np) streams 220 
in western Washington. Potential sites were identified by querying the WDNR Forest Practice Application 221 
Review System (FPARS) database to produce a list of FPAs approved between November 2002 (the inception 222 
date of the system) and May 15, 2003. The FPAs were sorted to select FPAs with activity within 200 feet of a 223 
stream. FPAs meeting these criteria were assigned a random number used to determine the order in which they 224 
were screened for inclusion in the study. To be selected, harvest units had to include both sides of the Type Np 225 
stream for a minimum of 300 feet without a stream adjacent road. FPAs meeting these criteria were screened to 226 
determine whether they were in the western hemlock forest zone using a GIS layer of forest zones based on 227 
Cassidy et al. (1997). When an FPA had more than one suitable Type Np stream, one was randomly selected. 228 
Landowners were contacted to determine if harvest would be completed prior to the first post-harvest sampling 229 
event (fall 2003), and sites were visited to verify that the stream existed, the prescriptions were applied according 230 
to the rules, and the site selection criteria were met. After each treatment site was accepted for inclusion in the 231 
study, a search was conducted to find an unharvested reference site in close proximity with similar stand and 232 
stream characteristics to the treatment site and a similar length. Reference sites were at least 100 feet from 233 
adjacent harvest units and roads, and were not scheduled for harvest for at least five years. We assumed the 234 
minimum buffer between the reference stands and adjacent harvest areas would minimize impacts from factors 235 
such as wind. It was difficult to find reference sites with harvest-age timber not scheduled for harvest in the next 236 
five years. Three treatment sites were paired with reference sites located on the same stream; in other cases the 237 
reference site was located as close to the treatment site as possible.  238 
 239 
The fifteen treatment sites contained a mixture of treatments allowed under the Westside Type Np Riparian 240 
Prescriptions (Table 1), but harvest units did not typically include entire Np streams from the Type F break to the 241 
PIP. Thirteen sites included RMZs with 50-foot buffers, eight included clear-cut RMZs and three had PIP buffers.  242 
 243 
Table 1. Distribution of prescription treatments among sites.  244 

Site 
Treatment  

Notes 
50-foot Buffer (BUF) PIP  Clear-cut (CC) Reference (REF) 

13     2 
23     2 
24     2 
27     2 
29      
31      
36      
37     2 
38      
40      1 
47     5 
50      1 
56     3 
62      
64      1,4 

Total 13 3 8 14  
1 Sites where the reference and treatment patches were located on the same stream. 245 
2 Reference site harvested prior to year 10 survey 246 
3 No access to treatment or reference sites for year 3 survey 247 
4 No access to treatment site for year 10 survey 248 
5 Reference site harvested prior to year 3 survey 249 
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Seven sites were located in the Willapa Hills, two in the southern Cascade Mountains, two in the southern 250 
Olympic Mountains, and one each in the Black Hills, Puget Lowlands, north Cascades and eastern Olympics 251 
(Figure 1). Appendix Table 1 shows characteristics of the study sites. 252 

 253 
 254 

 255 
Figure 1. Westside Type N BCIF study site locations in western Washington. 256 
Sites were randomly selected to provide an unbiased estimate of variability associated with the prescriptions 257 
applied in an operational setting. Selection of treatment sites in this manner precluded collection of pre-harvest 258 
data because in many cases the harvest operation began shortly after approval of the FPA.  259 
  260 
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Climate 261 
The maritime climate of western Washington is affected by its position on the windward coast of the neighboring 262 
North Pacific Ocean. The prevailing westerly mid-latitude jet stream results in predominately onshore airflow 263 
which moderates summer and winter air temperatures. The prevailing high pressure system in the northern Pacific 264 
during the summer months produces a northwesterly airflow, resulting in predominately cool, dry weather. During 265 
the fall and winter months, the Aleutian low pressure center moves south, producing a southwesterly airflow that 266 
brings a series of cyclonic low pressure storm systems from the northern Pacific into western Washington. These 267 
cool, wet storm systems interact with the Olympic Mountains and Willapa Hills near the coast and the Cascade 268 
Mountains farther inland to produce heavy rainfall in the lower elevations and extensive snowfall at the higher 269 
elevations during the winter months (Western Regional Climate Center 2017). Annual precipitation for western 270 
Washington was within +/-30% of normal values during the study period. Drier conditions (70−90% of normal) 271 
prevailed in western Washington during 2004−5, 2008, and 2013, while wetter condition (110−130% of normal) 272 
were widespread in 2006 and 2012 (PRISM Climate Group 2017). Maximum temperatures tended to be higher 273 
than normal (+1−3 °F) during the early years of the study (2003−2006). This was followed by a cooler than 274 
normal (-1−3 °F) period in 2007−2008, a neutral period in 2009−2010, and another cooler than normal period 275 
from 2011−2012 (PRISM Climate Group 2017). The periods with cooler temperatures coincided with occurrence 276 
of ENSO La Niña events in the eastern Pacific (NOAA Earth Systems Research Laboratory 2017).  277 
 278 
Cyclonic weather systems arriving from the North Pacific Ocean during the winter months often produce strong 279 
winds, particularly in exposed areas adjacent to the coast or in mountainous terrain. The frequency and magnitude 280 
of wind storms during the study were evaluated by examining records from four weather stations located near the 281 
study sites (Table 2). Peak wind-speed records from these weather stations provide an indication of the frequency 282 
and magnitude of major wind storms with storm-force or hurricane-force winds that passed through the area 283 
during the study period. The weather stations are located in the lowlands, while many study sites are located in 284 
mountainous terrain, so the actual peak wind-speeds experienced by the study sites are unknown. Also, peak 285 
wind-speed does not address the duration of high winds or soil moisture, which affects the capacity of wind 286 
storms to impact riparian buffers.  287 
 288 
Table 2. Days with storm- or hurricane-force winds at weather stations near the study sites, by sampling period 289 
(NOAA National Centers for Environmental Information 2017). 290 

Station 
Harvest−Year 

3 Year 3−5 Year 5−10 
Harvest−year 

10 
Days with storm-force winds (55−73 mph) 
Astoria Regional Airport 6 9 20 35 
Hoquiam/Bowerman Airport 4 10 21 35 
Olympia Airport 0 0 1 1 
Portland Int. Airport 0 0 1 1 
Total days 10 19 43 72 
Days with Hurricane-force (≥74 mph) 
Astoria Regional Airport 0 2 2 4 
Hoquiam/Bowerman Airport 0 1 0 1 
Total days 0 3 2 5 
Combined total days  10 22 45 77 
Combined days/year 3.3 11.0 9.0 7.7 

 291 
Wind speeds ≥55 mph were recorded on 77 days at the four weather stations during the 10-year study period, 292 
including 72 days with storm-force winds (55−73 mph) and five days with hurricane-force winds (≥74 mph). 293 
Strong winds occurred most frequently at the coastal stations (Astoria and Hoquiam), including all hurricane-294 
force days and 70 of 72 storm-force days. Days with strong winds were less frequent during the initial three years 295 
of the study compared to year 3−5 and year 5−10 periods (3.3, 11.0, and 7.7 days/year, respectively). The most 296 
notable storm occurred on December 2−3, 2007. This storm produced hurricane-force winds along the 297 
Washington coast that resulted in extensive wind damage and intense precipitation further inland, resulting in 298 
unprecedented flooding in the Chehalis Valley and eastern Willapa Hills.  299 
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Methods 300 

Data Collection 301 
Surveys were conducted in the summer at three, five and ten years post-harvest. We could not sample all sites at 302 
each date because five reference sites were harvested prior to the year-10 post-harvest survey and access was 303 
denied for one treatment and reference site in year three and another treatment site in year ten (Table 3).  304 
 305 
Table 3. Sample size by treatment and survey.  306 

Survey Year REF BUF PIP CC 
YR3 13 12 3 7 
YR5 14 13 3 8 
YR10 9 12 3 8 

 307 
A census was done of all standing trees >4 inches diameter at breast height (DBH) within 50 feet of the stream 308 
(REF, BUF and CC reaches) and within the 56-foot radius PIP buffers at each survey. The condition (live or 309 
dead), species, and DBH were recorded for all trees. The canopy class (overstory, understory, or no competition) 310 
was recorded for live trees. Decay class was recorded for all dead trees (Table 4) and a mortality agent was 311 
recorded for newly dead trees (e.g. wind, erosion, suppression, fire, insects, disease, and physical damage). Data 312 
on tree regeneration were collected at circular understory vegetation plots arrayed on two transects oriented 313 
perpendicular to the azimuth of the stream valley. Transects were located at randomly selected locations along the 314 
stream in each reach. There were six plots on each transect, three on each side of the stream. The plots were 315 
centered on each transect at horizontal distances of 10, 25 and 40 feet from the bankfull channel. Each understory 316 
vegetation plot had a radius of 3.72 horizontal feet with an area of 1/1000 acre. Seedlings (trees ≥6 inches high 317 
and <1 inch DBH) and saplings (trees 1−4 inches DBH) were tallied by species. Data were taken on factors 318 
potentially affecting regeneration success including the percentage of understory vegetation cover, dominant 319 
understory vegetation species and percentage of woody debris cover.  320 
 321 
Table 4. Decay class categories (from Martin and Benda 2001). 322 

Decay class Description 
1 Foliage (dead leaves and needles) present 
2 Twigs present 
3 Secondary branches present 
4 Primary branches present 
5 No branches remaining (nubs may be present) 

 323 
Fallen tree data were collected on trees knocked down or toppled over during the post-harvest period. We defined 324 
fallen trees as trees previously standing within the plot boundaries that fell since the last survey. Fallen trees were 325 
tagged and painted so that data were collected only once, the first time it was observed. Fallen trees were 326 
classified as uprooted trees that toppled over with the roots still attached or broken trees that were sheared off 327 
along the stem where the broken portion had a diameter ≥4 inches at the large end. If the base of a broken tree 328 
remained standing and was ≥4.5 feet high, it was treated as a standing tree and the broken upper portion was 329 
treated as a fallen top (if large enough to qualify). Data were taken on the condition (live/dead), species, DBH, fall 330 
azimuth, horizontal distance from stream, recruitment class (upslope, spanning, suspended, or bankfull), and the 331 
process that caused tree fall. We recorded the number of trees that recruited to the stream (reached the edge of the 332 
bankfull channel) and their diameter at the bankfull channel edge.  333 
 334 
We collected data on recruited wood, the portions of uprooted trees or broken stems originating from trees that 335 
fell into or over the bankfull channel during the study period. We collected data only for trees that fell since the 336 
previous visit, so each was counted only once. The recruited wood from fallen trees had to be ≥4 inches in 337 
diameter and intrude into or over the channel for a minimum of 1.6 feet, consistent with the minimum criteria for 338 
wood in headwater streams in Gomi et al. (2001). Data included piece type (with or without attached rootwad), 339 
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recruitment class (within the bankfull channel, spanning the bankfull channel, suspended above the bankfull 340 
channel). Measurements were taken only on the portion of the fallen tree that intruding into or over the channel. 341 
Length and mid-point diameters were recorded for each of two zones, within the bankfull channel and above the 342 
bankfull channel. The in-channel functions provided by each recruited piece were noted, including pool 343 
formation, step formation, sediment retention or formation of a functional debris jam. The percentage of the 344 
bankfull channel surface area covered by woody debris was visually estimated at transects across the bankfull 345 
channel located at 50-foot intervals along the stream.  346 
 347 
Shade data were taken at a series of measurement stations systematically located along the channel from a random 348 
starting point. We attempted to obtain ten measurements in each treatment reach; however the number of stations 349 
varied due to reach length and accessibility. Shade from overhead cover as percent canopy closure was measured 350 
with a densiometer held at waist height (3.5 feet) using methods described in Pleus and Schuett-Hames (1998). 351 
Four measurements were taken from the center of the bankfull channel at each station, one each facing upstream, 352 
towards the left bank, downstream and towards the right bank. Although this measurement is commonly referred 353 
to as “canopy closure”, it measures obstruction of the view to the sky from any cover object above the height of 354 
the instrument, including trees, high shrubs and fallen trees. At each station, the factor providing the majority of 355 
cover was noted. Shade from understory plant cover immediately above the channel was documented by 356 
estimating the percentage of the bankfull channel surface area obscured from view by low-growing plants less 357 
than 3.5 feet above the water surface in a section of the bankfull channel extending two feet upstream and 358 
downstream of each shade measurement station.  359 
 360 
Data on soil disturbance associated with timber harvest activities were collected at treatment sites in the first year 361 
following timber harvest. A complete inventory was made of harvest-related stream-bank erosion and soil 362 
disturbance features within 30 feet of the channel edge. The inventory was conducted by a two person crew, one 363 
person walking on each side of the stream. Soil erosion features (areas of bare exposed soil) were evaluated to 364 
determine if two criteria were met: 1) surface area greater than 10 ft2; and 2) feature caused by harvest practices 365 
(e.g. felling, bucking, or yarding). If both criteria were met, the length, width and distance to stream were 366 
recorded, and evidence of sediment delivery to the stream was noted. Data were collected on soil disturbance 367 
associated with each new (post-harvest) root-pit observed within 50 feet of the stream channel. The horizontal 368 
distance to the stream channel recorded and evidence of sediment delivery to the stream channel from the 369 
disturbance feature (pit and associated mound) was noted.  370 

Data Analysis 371 

Metrics 372 

Stand structural metrics for live trees including density (trees/acre), basal area (ft2/acre), quadratic mean diameter 373 
(QMD), the square root of the sum of the square of  the diameters of all the trees divided by the number of trees  374 
(Curtis and Marshall 2000) and relative density (Curtis 1982) were calculated using census data for each site. 375 
Means for the REF, BUF, PIP and CC treatments were obtained by averaging the site values for each treatment 376 
group. Similar calculations were done for dead tree density, basal area and mean diameter. Metrics were 377 
calculated at four points in time: immediately post-harvest (IPH), and years three (YR3), five (YR5) and ten 378 
(YR10) post-harvest. We reconstructed immediate post-harvest (IPH) stand structure using decay class data. 379 
Decay classes 1 and 2 (Table 5) were used to identify post-harvest dead and fallen trees (Martin and Benda 2001, 380 
Hennon et al. 2002, Martin and Shelly 2017). Cumulative proportional change in live stem count and basal area 381 
(initial value minus the final value/initial value) and cumulative mortality as a percentage of initial live density 382 
and basal area that died (excluding ingrowth) were calculated for the IPH-YR5 and IPH-YR10 periods. The 383 
annualized rates of change and tree mortality were calculated for the IPH-YR5 and IPH-YR10 periods using the 384 
compounding formula of Sheil et al. (1995). Cumulative ingrowth in trees/acre during the IPH-YR5 and IPH-385 
YR10 periods was the total count of new trees reaching the four inch DBH threshold during each period divided 386 
by the area of the RMZ or PIP, and the annual ingrowth rate was the cumulative total divided by the number of 387 
years. The proportion of regeneration plots with tree regeneration (seedlings or saplings were present) was 388 
calculated separately for all trees and for conifers as the percentage of regeneration plots where regeneration was 389 
present at the IPH, YR3, YR5 and YR10 surveys.  390 
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 391 
Cumulative tree fall/acre was calculated separately for recruiting fallen trees, i.e. the subset of fallen trees that fell 392 
into or over the channel, by summing the counts for the IPH-YR5 and IPH-YR10 periods and dividing by the area 393 
in acres. Tree fall/100 feet of reach length was calculated by dividing the total count by the reach length in feet 394 
and multiplying by 100. Annual rates were calculated for the IPH-YR5 and YR5-YR10 periods by dividing the 395 
cumulative total by the number of years. Recruited fallen trees pieces were sorted by recruitment classes to 396 
determine the proportion that intruded into versus over the channel. To create a source distance curve, recruiting 397 
fallen trees were grouped according to their original rooting location in five-foot intervals (0–5 feet, 5–10 feet, 398 
etc.) and the count for each interval was divided by the total count to calculate the proportion coming from each 399 
interval. To estimate the proportion of recruiting fallen trees that were uprooted vs. broken above the ground for 400 
each treatment group, trees were sorted by fall type and the count was divided by the total. The percentage of trees 401 
that died was calculated by tallying trees that died and dividing by the initial live tree count for each species.  402 
 403 
Since fallen trees often break into multiple pieces, the number of fallen tree pieces that that came to rest in or over 404 
the bankfull channel was tallied and the volume for the in- or over-channel portion of each recruited piece was 405 
estimated using the formula (volume in feet3: 𝜋𝜋* midpoint radius2*piece length). Cumulative recruited piece count 406 
and volume per 100 feet was calculated by summing the recruited pieces and volume for the IPH-YR5 and IPH-407 
YR10 periods, dividing by the reach length in feet and multiplying by 100. Fallen tree stems with roots attached 408 
have greater stability and are more likely to persist over time and provide functions than wood without attached 409 
roots (Fox and Bolton 2007), so we performed separate calculations on the sub-set of recruiting fallen tree pieces 410 
consisting of stems with attached rootwads (SWAR). The mean percentage of the bankfull channel surface area 411 
obscured by wood of any size, both above and within the bankfull channel, was calculated by averaging the 412 
values from the stations in each reach for each post-harvest survey (Jackson et al. 2001). 413 
 414 
Percent canopy closure was calculated for each shade measurement station by averaging the four readings 415 
(upstream, downstream, left bank, right bank) and multiplying by 1.04 (Pleus and Schuett-Hames 1998). The 416 
mean percentages of canopy closure and cover from understory plants was the average of the values for all 417 
stations within the reach.  418 
 419 
We tallied the number of uprooted trees with evidence of sediment delivery to the channel and divided by the total 420 
number of uprooted trees to get the proportion of root-pits with sediment delivery. To create a source distance 421 
curve for root-pits that delivered sediment for each treatment group, recruiting fallen trees were sorted into 422 
distance from stream categories at five-foot intervals (0–5 feet, 5–10 feet, etc.) and the count for each interval was 423 
divided by the total count to calculate the proportion coming from each interval. The total number of harvest-424 
related soil disturbance features per 100 feet of stream length was calculated by tallying all features within 30 feet 425 
of the stream (the regulatory equipment limitation zone), dividing by the stream length, and multiplying by 100. A 426 
similar calculation was done for the sub-set of soil disturbance features that delivered sediment. The surface area 427 
of each harvest-related soil disturbance feature was calculated by multiplying the mean width by the length. The 428 
percentage of the equipment limitation zone (ELZ) with soil disturbance was calculated by summing the areas of 429 
the individual features and dividing by the total ELZ area. Reaches with over 10% soil disturbance exceed the 430 
performance target. The percentage of reaches exceeding the performance target was calculated by dividing the 431 
number that exceed the target by the total number for each treatment type.  432 

Analysis 433 
Data were processed using queries in a Microsoft Access database. JMP 13 software was used to generate 434 
descriptive statistics (e.g. mean, median, standard deviation and standard error) for data grouped by treatment and 435 
regulatory zone, and to create box plots showing the distribution of the data.  436 
 437 
For the statistical analysis comparing treatments, we used mixed models to estimate means and standard errors 438 
(Table 5). Mixed models allow us to calculate treatment contrasts using population means estimated for each 439 
treatment within a single model. Mixed models account for missing data as long as the data are randomly missing, 440 
as in this dataset. Mixed model analyses were performed in R 3.40 (Core Team 2017) using the lme4 package 441 
(Bates et al. 2015) and SAS/STAT software version 9.3 copyright © 2002−2012 by the SAS Institute Inc. Linear 442 
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Mixed Models (LMM) were fit by Restricted Maximum Likelihood (REML). Generalized Linear Mixed Models 443 
(GLMM) were fit by Maximum Likelihood (ML) with Adaptive Gauss-Hermite Quadrature and 10 nodes to 444 
ensure fitting consistency between R and SAS. GLMM distributions included binomial and Poisson with the 445 
default links (Table 5). If the overall ANOVA p-value was less than 0.05, pairwise comparisons were conducted 446 
for all treatment contrasts. None of the reported p-values were corrected for the large number of tests, and 447 
therefore do not control for the family-wise error rate. We used alpha = 0.1 for statistical significance. Contrast 448 
Denominator Degrees of Freedom (DDF) were calculated using the Kenward-Roger (KR) method. KR DDF were 449 
implemented in R using the lmerTest package (Kuznetsova et al. 2016). Quadrature methods do not allow for 450 
estimates of the KR DDF, so SAS's default containment method was used to calculate DDF for the GLMM 451 
contrasts. The containment method produced 5 DDF and may be slightly conservative compared with KR DDF. 452 
In each model, the treatments (i.e. BUF, CC and REF) were treated as fixed effect categorical predictors and the 453 
site identifier was treated as a random effect or subject. The PIP buffer treatment was not included in the 454 
statistical analyses due to the small sample size (n = 3).  455 
 456 
Table 5. Mixed model properties. 457 

Response Variable Model Type Distribution/Link Contrast DDF 
Live tree basal area/acre (BAPA)* LMM Gaussian/Identity 19.2−27.5 
Proportion of plots with regeneration LMM Gaussian/Identity 19.7–31.5 
% Canopy closure LMM Gaussian/Identity 19.2−32.3 
% Change in live BAPA* LMM Gaussian/Identity 8.5−29.1 
% Mortality in BAPA* GLMM Binomial/Logit 5 
Wood recruitment piece count GLMM Poisson/Log 5 

* Pairwise contrasts were performed on BAPA, but not trees/acre to reduce the overall number of comparisons.  458 
 459 
 460 
RESULTS 461 

Stand Structure 462 

Immediate post-harvest (IPH) stand structure varied among treatments (Figure 2, Appendix Table 2). Mean 463 
density and basal area were greater in REF stands than in (BUF) stands by ~85 trees/ac and ~35 ft2 of basal area. 464 
Consequently, mean relative density was greater in the REF stands, while quadratic mean diameter (QMD) was 465 
greater in the BUF stands. The differences in live basal area were significant (p <0.05) for contrast among the 466 
REF, BUF and CC treatment groups at the IPH survey. Harvest was not allowed within the buffers and little 467 
harvest-related disturbance was observed, except for a few trees in a logging corridor at one BUF site, so 468 
differences in IPH stand structure reflected pre-existing differences among the treatment groups. Mean basal area 469 
and relative density in the PIP buffers were greater than at either the REF or BUF sites. IPH basal area was very 470 
low in the unbuffered CC sites due to harvest of nearly all trees. The majority of stands were dominated by 471 
conifers for all treatments. The median percentage of conifer basal area in the PIPs was over 97%. There was 472 
greater variability in composition in the REF and BUF groups, where the percentage of conifer ranged from 100% 473 
to less than 50% by sites with median values from 80−85%.  474 
 475 
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.  476 
Figure 2. Live basal area (left panel) and density (right panel) by treatment: immediately post-harvest (IPH), and 477 
year three (YR3), year five (YR5) and year ten (YR10). 478 
 479 
Mean density, basal area and relative density decreased in the BUF and PIP groups over the 10-year post-harvest 480 
period, while basal area increased in the REF group (Appendix Table A-2). The annual rate of change was 481 
negative for both density and basal area in all three treatment groups during the first five years after harvest 482 
(Figure 3, Appendix Table 3). The cumulative percent decrease in basal area in the PIP and BUF groups over the 483 
IPH-YR5 period was over 4 and 8 times greater than in the REF group, respectively, and the REF-BUF contrast 484 
for mixed-model estimates of percent change in live basal area over the IPH-YR5 period was significant (p = 485 
0.026). During the second five years (YR5-YR10) there was an increase in basal area for all treatment groups and 486 
the REF-BUF contrasts for percent change in live basal area over the YR5-YR10 period were no longer 487 
significant (Appendix Table 4). The cumulative change in basal area over the entire 10-year period (IPH-YR10) 488 
was slightly positive for the REF group, but remained negative for the BUF and PIP groups at -14 and -39% 489 
respectively The change in density remained negative for all treatment groups, at -20% for the REF and BUF 490 
groups, and -50% for the PIP group.  491 
 492 

  493 
 494 
Figure 3. Cumulative percent change in initial IPH live basal area (left panel) and density (right panel) over the 495 
IPH-YR5 and IPH-YR10 periods by treatment.  496 

Ingrowth and Mortality 497 

Tree mortality was the major agent of change in stand structure during the post-harvest period. Change in live 498 
stand density is determined by the ratio of mortality and ingrowth (the addition of new young trees that reached 499 
the four inch DBH threshold during each post-harvest period). Over the 10-year post-harvest period, mortality 500 
was greater than ingrowth for all treatments, reducing live stand density (Figure 4, right panel). The reduction in 501 
basal area was greater, because the diameter of ingrowth trees is small compared to the diameter of mortality trees 502 
(Figure 4, left panel). Over the entire 10-year period, cumulative ingrowth was greater in the BUF group than in 503 
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the in the REF, PIP or CC groups (Appendix Table 3). Little ingrowth occurred in the CC stands because the trees 504 
planted following harvest had not reached the 4-inch minimum diameter threshold by YR10.  505 
 506 

   507 
 508 
Figure 4. Cumulative ingrowth and mortality by basal area (left panel) and density (right panel) over the 10-year 509 
post-harvest period by treatment.  510 
 511 
Mean annual tree mortality rates varied among treatments (Appendix Table 3). Annual mortality during the first 512 
five years after harvest was highest in the BUF and PIP groups. The annual morality rate for the BUF and PIP 513 
groups as a percentage of live basal area was 4 and 7 times the REF rate respectively. The mortality rate 514 
decreased sharply after YR5 to <2%/year over the YR5-YR10 period in all treatment groups.  515 
 516 
The REF-BUF contrast for cumulative mortality as a percentage of live basal area was significant during the first 517 
five years after harvest (p <0.001) and remained significant over the entire 10-year post harvest period (p = 518 
0.002). Mean cumulative mortality as a percentage of initial live basal area over the ten-year post-harvest period 519 
was 14%, 31% and 50% in the REF, BUF and PIP groups, respectively, or 2.2 (BUF) and 3.6 (PIP) times greater 520 
than in the REF group (Appendix Table 3). There was extensive variation in cumulative tree mortality at the plot-521 
scale over the 10-year post-harvest period, with the greatest range of values in the BUF and PIP groups (Figure 5). 522 
 523 

  524 
Figure 5. Cumulative post-harvest mortality as a percentage of initial live stem density (left panel) and basal area 525 
(right panel) by treatment during the 10-year post-harvest period. 526 
 527 
The most frequent source of tree mortality in the BUF and PIP stands during the 10-year post-harvest period was 528 
wind and physical damage (typically due to being struck by a falling tree), which accounted for 68% and 94% of 529 
mortality by stem count, respectively. Mortality due to yarding through the buffer was observed at one BUF site. 530 
In contrast, other mortality agents were the dominant causes of mortality in the REF group (61% by count). Much 531 
of the unspecified mortality was likely due to suppression as indicated by the smaller mean DBH of mortality 532 
trees (Table 6). 533 
  534 
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Table 6. Proportion of tree mortality by mortality agent and treatment.  535 

Mortality Agent % by stem count % by basal area Mean diameter 
REF BUF PIP REF BUF PIP REF BUF PIP 

Wind/physical damage 39.5 67.6 94.0 58.2 73.5 95.3 10.6 13.0 13.4 
Other 60.5 32.4 6.0 41.8 26.5 4.7 7.1 11.3 12.1 

 536 
The percentage of live trees that died during the 10-year post-harvest period varied by species. The proportion of 537 
trees that died was greatest (~70%) for the "other broadleaf" category (e.g. cascara or bitter cherry), was >30% by 538 
stem count for Pacific silver fir and western hemlock and <30% for all other species (Figure 6).  539 
 540 

 541 
Figure 6. Proportion of live trees that died during the 10-year post-harvest period by species.  542 
 543 
The majority of mortality trees were conifers, primarily western hemlock and Douglas-fir. Conifers comprised ~ 544 
80% of REF and BUF mortality trees, and over 94% of PIP mortality trees.  545 
 546 

 547 
Figure 7. Percentage of mortality trees by treatment and species.  548 
 549 
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Regeneration 550 

Regeneration includes both seedlings (trees ≥6 inches high and <1 inch and saplings (trees 1−4 inches DBH) of 551 
both broadleaf and conifer tree species. Natural seeding was the source of regeneration in the REF, BUF and PIP 552 
stands, while regeneration in the CC sites included both natural regeneration and seedlings planted to meet the 553 
reforestation requirements of the Forest Practices rules. Immediately after harvest, the mean percentage of plots 554 
with tree regeneration was similar in the REF, BUF and CC stands (12−17% of plots) and higher in the PIP stands 555 
(28% of plots). The percentage of REF plots with tree regeneration remained relatively stable over the 10-year 556 
post-harvest period, while increasing to 41% for the CC group, 42% for the BUF group and 56% for the PIP 557 
group (Appendix Table 3). At the YR3 survey, the REF−CC and BUF−CC contrasts were significantly different 558 
in response to the increased regeneration in the CC sites (p=<0.001 and 0.023, respectively). At YR5 and YR10, 559 
only the BUF and CC contrasts with the REF group were significant (p = 0.02) due to greater regeneration in the 560 
BUF and CC sites (Appendix Table 4). 561 
 562 
Regeneration of conifers, excluding broadleaf species, remained stable at 8−12% for the REF group, while 563 
increasing from 5−30% for the BUF group over the 10-year post-harvest period. The percentage plots with conifer 564 
regeneration also increased in the PIP and CC groups, from 28−56% and 15−33% respectively by YR10 565 
(Appendix Table 3, Figure 8.  566 
 567 

 568 
Figure 8. Percentage of plots with conifer regeneration by treatment immediately post-harvest (IPH), and at year 569 
three (YR3), five (YR5) and ten (YR10) post-harvest.  570 

Tree regeneration and disturbance 571 
We examined the relationship between mortality and natural conifer regeneration by correlating mean site values 572 
for the percentage of plots with conifer regeneration at YR10 with IPH−YR10 mortality rates as the percentage of 573 
stems/year (Figure 9). For the combined BUF and PIP sites, there was a positive relationship (R2 = 0.53) between 574 
regeneration (% of plots with conifer regeneration) and mortality rates (percentage of stems/year). For sites with 575 
mortality rates of <5%/year, regeneration was highly variable, ranging from 0−60% of plots with a mean of 576 
15.7%. The percentage of plots with regeneration was greater for sites with mortality rates >5%/year, ranging 577 
from 45−85% with a mean of 66.7%.  578 
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 580 
Figure 9. Percentage of plots with conifer regeneration versus tree mortality rate in % stem/year by treatment. 581 
 582 

Tree Fall and Wood Recruitment 583 

The rate of recruiting fallen trees (those that reached the channel) for the BUF and PIP groups were highest in the 584 
first five years after harvest, double and triple the REF rate, respectively. The recruitment rates for fallen trees and 585 
in the BUF and PIP groups decreased sharply after YR5 and were lower than the REF rates in the YR5-YR10 586 
period. Consequently, mean cumulative recruitment of fallen trees was greater in the BUF and PIP groups 587 
compared to the REF group in the IPH-YR5 period, however over the entire IPH-YR10 period the rates were 588 
similar in the REF and BUF groups while the PIP value was 1.5 times greater (Figure 10; Appendix Table 5 ). 589 
Over two thirds of trees that recruited to the channel were uprooted versus stems broken above the ground, and 590 
most (69–86%) came to rest either suspended over or spanning across the bankfull channel (Appendix Table 5). 591 
The mean percentage of standing trees that recruited to the channel over the 10-year period in the BUF and PIP 592 
groups was >16%; nearly twice the proportion in the REF group (8.4%).  593 
 594 

 .  595 

Figure 10. Cumulative IPH-YR10 recruited fallen trees per 100 feet of stream length (left panel) and recruited 596 
wood volume per 100 feet of stream length (right panel) by treatment.  597 
 598 
The spatial pattern of fallen trees recruiting to the channel within the 50-foot wide RMZs differed between the 599 
BUF and REF stands. The proportion of recruited fallen trees that originated within 30 feet was higher for the 600 
REF group than the BUF group, while the proportion of recruiting trees originating between 30 and 50 feet was 601 
greater in the BUF group (Figure 11).  602 
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 604 
Figure 11. Source distances for recruited fallen trees for the REF and BUF groups.  605 
 606 
The recruitment rates for total wood pieces and total volume of wood from fallen trees in the BUF and PIP groups 607 
were greatest in the IPH-YR5 period and decreased sharply after YR5 (Appendix Table 5). In the IPH-YR5 608 
period, recruitment rates in the BUF and PIP groups were 2 and 3.5 times the REF rate for piece counts, and 3 and 609 
7 times the REF rate for volume. While the REF rates were greater than the BUF and PIP rates in the YR5-YR10 610 
period, the rates were much lower. Consequently, cumulative recruitment of wood pieces and volume was greater 611 
in the BUF and PIP groups than in the REF group over 10-year post-harvest period, but the differences 612 
diminished over time. The REF-BUF difference total wood pieces was significant in both the IPH-YR5 and IPH-613 
YR10 periods (p <0.001 and 0.057, respectively). There was little post-harvest wood recruitment from the CC 614 
group, and the REF-CC and BUF-CC contrasts were significantly different for both the IPH-YR5 and IPH-YR10 615 
periods (p <0.001).  616 
 617 
The majority of the wood pieces recruited to the channel from fallen trees consisted of stems with attached 618 
rootwads (SWAR). In the REF and BUF groups, SWAR pieces comprised 62% and 51% of recruiting fallen tree 619 
pieces, compared to only 34% in the PIPs. The differences in cumulative recruitment of SWAR pieces between 620 
the REF and BUF groups were not significant in either the IPH-YR5 or IPH-YR10 periods, while the REF-CC 621 
and BUF-CC contrasts were significant over both the IPH-YR5 and IPH-YR10 periods (Appendix Table 4).  622 
 623 
Three years after harvest (YR3), the proportion of plots with >50% of bankfull channel surface area covered by 624 
wood was highest in the CC reaches (63%), lower in the BUF and REF reaches (~20%) and lowest in the PIP 625 
reaches (8%). The proportion of CC plots with >50% wood cover decreased over time to 43% in YR5 and 36% in 626 
YR10, in contrast to the other groups, which remained at ~20% in YR5 and YR10. Less than 5% of the BUF, PIP 627 
and REF group plots had >90% wood cover. Throughout the 10-year post-harvest period, 20−30% of CC plots 628 
had >90% wood cover where thick accumulations of larger pieces such as broken stems covered the channel 629 
(Figure 12, Appendix Table 6).  630 
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 632 
Figure 12. Mean proportion of channel plots with over 50% wood cover at year three (YR3), year five (YR5) and 633 
year ten (YR10) by treatment. 634 
 635 

Large Wood Recruitment Potential 636 
The pool of standing trees within 50 feet of the stream potentially available for large wood recruitment at YR10 637 
post-harvest consists primarily of live and dead trees present IPH (green and brown in Figure 13). Additional trees 638 
were added to the pool by ingrowth (blue) and removed by tree fall during the post-harvest period, including 639 
fallen trees that recruited to the channel (red) and those that did not (orange). Overall there was an increase in 640 
mean QMD of live trees for all treatments. The combined average of live and dead standing trees per 100 feet of 641 
reach length in the REF group at YR10 (61), is nearly double the number available for recruitment in the BUF 642 
(32) and PIP stands (25). About 32% of IPH standing trees fell during the post-harvest period in the BUF stands; 643 
about double the proportion in the REF stands (15%). Over half (56%) of initially standing trees fell in the PIP 644 
stands, over three times the proportion in the REF stands. The small amount of ingrowth (blue) over the 10-year 645 
had little influence on the stock of standing trees at YR10 compared to the reduction due to tree fall.  646 
 647 

  648 
Figure 13. Trees within 50 feet of the stream potentially available for recruitment 10-years post-harvest. 649 
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Shade 651 

Mean canopy closure (above 1 m in height) remained at around 90% in the REF reaches throughout the ten-year 652 
post-harvest period. YR1 post-harvest canopy closure was 76% in the BUF reaches, increasing to ~90% by YR10, 653 
similar to the REF group. YR1 canopy closure in the PIPs (52%) was lower than in the REF and BUF reaches by 654 
37% and 24%, respectively, but increased to 85% at YR10. The change in BUF and PIP values over time 655 
appeared to be due to an increase in shrubs and samplings. Canopy closure was lowest in the CC sites at YR1 656 
(12−14%), but increased to 37% in YR5 and 72% by YR10 due to the growth of shrubs and broadleaf saplings 657 
with deciduous foliage that provided substantial summer shade in many CC reaches. Median YR10 canopy 658 
closure for the CC reaches was ~85%; however low values at two of eight sites lowered the CC group mean 659 
(Figure 14, Appendix Table 6).  660 

  661 
Figure 14. Percent canopy closure at year 1 (YR1), year three (YR3), year five (YR5) and year ten (YR10) by 662 
treatment.  663 
 664 
The REF-BUF contrasts in percent canopy closure were significant in YR1 and YR3 (p = 0.006 and 0.03, 665 
respectively), but were no longer significant in YR5 and YR10. The contrasts between the CC group and the REF 666 
and BUF groups were significant through YR5 (p = <0.001), but were no longer significant at YR10 due to 667 
increases in canopy closure at the CC sites (Appendix Table 4).  668 
 669 
The greatest change in cover provided by understory plants (<3.5 feet above the water surface) over the 10-year 670 
post-harvest period was in the CC reaches, followed by the BUF and PIP reaches (Appendix Table 6). In the CC 671 
reaches, the proportion of plots with >50% understory cover increased from 9% in YR1 to 45% in YR10 as shrub 672 
and herbaceous plant growth occurred following harvest of the trees. The pattern was similar in the BUF and PIP 673 
groups; where the proportion increased from 21% and 30% at YR1, respectively, to 60% in YR10. In contrast, the 674 
proportion in the REF reaches remained at <20% throughout the entire post-harvest period.  675 

Sediment 676 

Uprooted Trees 677 
Uprooting of trees creates soil disturbance which can potentially deliver sediment to stream channels. About 30% 678 
of uprooted trees in the REF and BUF reaches exhibited visual evidence of sediment delivery to the adjacent 679 
stream, compared to about 20% of uprooted trees in the PIP and CC reaches (Figure 15).  680 
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 681 
Figure 15. Proportion of uprooted trees with evidence of sediment delivery to the adjacent stream channel.  682 
 683 
Nearly 50% of uprooted trees with evidence of sediment delivery were rooted within five horizontal feet of the 684 
stream and 75% were within ten feet. Only ~5% of the trees that delivered sediment were located beyond 15 feet 685 
from the stream (Figure 16). 686 

 687 
 688 
Figure 16. Source distance curve for uprooted trees delivering sediment (left) to the stream channel and 689 
proportion of uprooted trees delivering sediment by distance-from-stream category (right).  690 

Surface Erosion 691 
Harvest-related soil and stream-bank disturbance within the 30-foot wide equipment limitation zone (ELZ) on 692 
both sides of the stream was more widespread in the CC reaches than the BUF or PIP reaches. The mean 693 
frequency of harvest-related soil disturbance features for the CC group (1.3 features per 100 feet of reach length) 694 
was over ten times greater than for the BUF group (0.09/100 feet), and no soil disturbance features were observed 695 
in the PIPs. On average, soil disturbance features occupied 0.29% of the equipment limitation zone (ELZ) in the 696 
BUF reaches compared with 6.2% in the CC reaches, and the frequency of features that delivered sediment in the 697 
CC reaches was eight times greater than for the BUF reaches. All BUF and PIP reaches met the soil disturbance 698 
performance target of less than 10% of the ELZ with harvest-related soil disturbance (WDNR 2005), but one of 699 
eight CC reaches exceeded the target. Most soil disturbance features were associated with falling or yarding of 700 
individual trees. The CC site that exceeded the soil disturbance performance target had an incised channel with a 701 
steep stream-adjacent slope below a landing. It appeared that as trees were yarded across the stream channel and 702 
upslope, the tops combed the hillside, removing the duff and exposing soil.  703 
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DISCUSSION 704 
The FPHCP contains three functional resource objectives relevant to the Westside Type Np Riparian Prescriptions 705 
(WDNR 2005, Appendix N). The general wording of the resource objectives (Table 7) and lack of meaningful 706 
quantitative performance targets for shade and wood input make it difficult to determine with certainty whether 707 
the large woody debris and heat/water temperature resource objectives were achieved. Only the sediment resource 708 
objective had a quantitative performance target of less than 10% of the ELZ with harvest-related soil disturbance. 709 
Although it was not possible to make a quantitative determination of effectiveness in most cases, the following 710 
discussion examines the responses we observed in the context of these resource objectives.  711 
 712 
Table 7. FPHCP functional objectives relevant to the Westside Type Np Riparian Prescriptions (WDNR 2005). 713 

Key process Functional objective 

Large Woody Debris/ 
Organic Inputs 

Develop riparian conditions that provide complex habitats for recruiting large woody debris 
and litter. 

Heat/Water 
Temperature 

Provide cool water by maintaining shade, groundwater temperature, flow and other watershed 
processes controlling stream temperature. 

Sediment 

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

 714 

Unbuffered (Clear-cut) Reaches 715 

The greatest changes to stand structure, shade and wood recruitment occurred in the unbuffered clear-cut reaches. 716 
Removal of nearly all trees to the edge of the stream effectively returned the RMZ to the stand-initiation stage of 717 
development. Following harvest, clear-cut RMZs were replanted with conifers as required by the Forest Practices 718 
rules, and there was additional natural regeneration of conifers and broadleaf trees. Seedling and saplings were 719 
present in about 40% of the regeneration plots in clear-cut RMZs at YR10, and planted trees appeared to be 720 
growing rapidly, indicating successful re-establishment of young conifer stands.  721 
 722 
Both the amount and type of shade available were altered as a result of clear-cut harvest, but the dynamics were 723 
complicated. Harvest resulted in a substantial decrease in canopy closure. Mean YR1 canopy closure in the CC 724 
reaches was only 12% compared to 89% in the REF reaches, similar to results reported in other studies after clear-725 
cut harvest adjacent to small streams in the Pacific Northwest (Brown and Krygier 1970, Summers 1982, Gravelle 726 
and Link 2007, Ehinger et al. 2017). However, there was an increase in wood cover from logging debris input 727 
during harvest, which can be substantial when trees are felled towards the stream in steep, narrow headwater 728 
valleys and the tops and branches are left in place over the streams (Jackson et al. 2001, Schuett-Hames et al. 729 
2017).  730 
 731 
Changes in vegetative shade over the ten year post-harvest period in the clear-cut reaches followed a similar 732 
pattern to the response to harvest described by Summers (1982). Cover from live herbaceous plants and shrubs 733 
was sparse immediately after harvest but increased rapidly between YR1 and YR3. Rapid growth of tall shrubs, 734 
including salmonberry, elderberry and vine maple as well as red alder and conifer saplings, created dense summer 735 
cover adjacent to and overhanging narrow channels, increasing canopy closure in the clear-cut RMZs to 36.5% by 736 
YR5 and 71.5% by YR10. The rapid revegetation and growth of herbaceous plants, shrubs and saplings adjacent 737 
to headwater channels following clear-cut harvest has been commonly observed in moist sites in the Pacific 738 
Northwest, increasing shade in four to six years after clear-cut harvest (Brown and Krygier 1970, Gravelle and 739 
Link 2007). Summers (1982) observed that canopy shading reached levels similar to old growth stands ten years 740 
after harvest in moist sites on small streams in the Sitka Spruce and Western Hemlock zones of the Oregon Coast 741 
Range. However, wood cover decreases over time (Young et al. 1999), likely due to the depletion or movement of 742 
small branches and pieces (Murphy and Koski 1989). Temperature response following clear-cut harvest in 743 
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headwater streams varies depending on site-specific factors such as geology, groundwater hydrology and stream-744 
adjacent wetlands, and increases have been observed in some streams (Jackson et al. 2001, Cole and Newton 745 
2013, Ehinger et al. 2017, Klos and Link 2018). Klos and Link (2018) observed that shade from understory 746 
vegetation five years after clear-cut or partial-cut harvest intercepted a similar amount of incoming short-wave 747 
radiation as did the pre-harvest forest stand. However, stream temperatures did not return to pre-harvest levels 748 
because the lower understory vegetation was as not as effective in preventing sensible heat transfer from heated 749 
air above the canopy compared to the taller pre-harvest tree canopy (Klos and Link 2018).  750 
 751 
Channels adjacent to clear-cut RMZs received variable, but often large, inputs of logging debris during harvest, 752 
which initially increased in-channel wood cover. This finding is consistent with other studies documenting large 753 
inputs of logging debris where clear-cut harvest occurred adjacent to headwater streams in western Washington 754 
(Jackson et al. 2001; Maxa 2009; Schuett-Hames et al. 2017) and western Oregon (Kibler et al. 2013). There was 755 
almost no additional wood input in the clear-cut RMZs during the 10-year post-harvest period due to the absence 756 
of trees, and wood cover decreased by YR10. The response varied among and within sites; some plots remained 757 
buried in logging debris at YR10, while one reach that was buried in logging debris during harvest was scoured to 758 
bedrock by a debris flow that originated upslope of the channel. The decrease in wood cover over time was 759 
expected, since smaller wood is depleted through transport, abrasion or decomposition (Hassan et al. 2005). The 760 
turnover time for small wood pieces ≤10 cm in diameter in a small headwater stream was estimated at 10 years 761 
(Wallace et al. 2000), suggesting a reduction in functions such as sediment retention over time.  762 
 763 
As replanted trees grow and the stand enters the stem exclusion phase of development, competition mortality will 764 
result in the recruitment of small diameter, suppressed stems (Oliver 1981, Liquori 2000). However, if these 765 
stands continue to be harvested at 40−50 year intervals, modeling studies indicate that the likely future wood 766 
recruitment regime will consist of episodic inputs of slash followed by periods of low wood input. This cycle 767 
allows little time for wood recruitment from each reestablished stand before the next harvest, resulting in a 768 
decrease in the size and volume of in-channel wood over time (Andrus et al. 1988, Beechie et al. 2000, Bragg 769 
2000, Meleason et al. 2003) and a decrease in sediment retention capacity (Hassan et al. 2005). We observed 770 
“legacy” wood pieces that appear to have originated from initial harvest of old-growth stands decades earlier. 771 
Since small streams typically have limited capacity to transport wood in the absence of debris flows (May and 772 
Gresswell 2003, Hassan et al. 2005), wood input during the initial harvest of large conifers can persist for 50 773 
years or more (Lienkaemper and Swanson 1987, Andrus et al. 1988, Gomi et al. 2001). However, large wood will 774 
become less frequent in clear-cut reaches over time, since legacy pieces that are depleted will not be replaced.  775 
 776 
Soil disturbance and sediment input from harvest activities was minimal at seven of eight clear-cut RMZs, 777 
consistent with the observations of Jackson et al. (2001) with the exception of one site where trees were yarded 778 
across an incised channel. 779 

Buffered RMZs and PIPs 780 

The 50-foot RMZ and 56-foot radius PIP buffers provided more shade and large wood recruitment potential than 781 
the clear-cut treatment; however there was a reduction in shade and wood recruitment potential when the trees 782 
beyond the outer edge of the buffers were removed compared to unharvested reference stands. Estimates of 783 
potential wood recruitment volume lost due to harvest of trees outside of a 50-foot wide buffer range from ~15–784 
50% (McDade et al. 1990, Meleason et al. 2003, Burton et al. 2016), likely due to differences in species 785 
composition, stand age and tree height, topography and site productivity.  786 
 787 
Additional changes in stand structure and wood input occurred during the 10-year post-harvest period due to post-788 
harvest mortality of buffer trees, primarily due to wind. Post-harvest mortality was greatest during the first three 789 
years after harvest and declined after year five. Elevated mortality within three years after harvest due to wind is a 790 
common response to harvest of adjacent stands in Type N buffers in western Washington (Grizzel and Wolff 791 
1998, Jackson et al. 2007, Schuett-Hames and Stewart 2017). Mean cumulative mortality as a percentage of live 792 
stems during the first three years post-harvest for buffered RMZs and PIP buffers in this study (20% and 35%, 793 
respectively), was somewhat lower than in these other studies (Table 8). While mortality rates decreased after 794 
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year five, cumulative mortality reached 35% in the buffered RMZs and 57% in the PIP buffers by year 10 post-795 
harvest. The annual mortality rates for our BUF (8.6%/year) and PIP (17%/year) groups during the first five years 796 
post-harvest were much higher than long-term rates of 0.7–1.6%/year reported for unharvested stands in western 797 
Washington and Oregon (Pollock and Beechie 2014), however our rates declined to ≤2%/year after year five.  798 
 799 
Table 8. Comparison of cumulative post-harvest tree mortality (% stems) reported in studies of buffers on Type N 800 
streams in western Washington.  801 

Study 
Years 
post- 

harvest 

Buffered RMZs PIP Buffers 
Cumulative 

mortality 
(% stems) 

Range 
(%) 

REF rate 
comparison 

Cumulative 
mortality 
(% stems) 

Range 
(%) 

REF rate 
comparison 

Grizzel and Wolff 1998 1–3 33% 2–92% − − − − 
Jackson et al. 2007 2 47% 33–64% − − − − 
Schuett-Hames and 
Stewart 2017 2 30% 8–52% 2.4 times 48% 14–74% 6.7 times 

This study 3 20% 1–69% 4 times 35% 12–63% 7 times 
This study 5 30% 6−92% 2 times 55% 30−84% 3.5 times 
This study 10 35% 10−94% 1.5 times 57% 30−87% 2.4 times 

 802 
Temporal mortality patterns respond to the magnitude and timing of wind storms and the increased vulnerability 803 
of buffer trees exposed to wind when the adjacent forest is clear-cut (Mitchell et al. 2001, Ruel et al. 2001). 804 
Several storm-force windstorms occurred near the coast during the first three years after harvest and many RMZ 805 
and PIP buffers lost trees due to wind damage during these storms while the REF stands had little damage. Storm-806 
force winds were more frequent during theYR3−YR5 period and one hurricane-force windstorm affected areas 807 
adjacent to the southwest Washington coast in December 2007, causing substantial mortality at REF, BUF and 808 
PIP sites near the coast. There were many storm-force wind storms along the coast between years 5 and 10, 809 
however mortality rates decreased in the buffered RMZs and PIP buffers during this period and stand structure 810 
stabilized. It appears that most vulnerable trees in exposed locations were killed in storms that occurred during the 811 
first five after harvest, and mortality was much lower in trees that survived past year five. Reference stand density 812 
decreased and basal area increased slightly over the 10-year period. Mortality by density was almost double that 813 
of basal area in the reference stands, indicating many of the trees were small due to continued suppression 814 
mortality.   815 
 816 
There was extensive variation in the mortality rates for buffered RMZs, both among sites and among plots within 817 
sites. The effects of wind differ on a regional scale due to physiography and storm patterns (Sinton 1996, Kramer 818 
et al. 2001), and at the site scale due to factors affecting the vulnerability of the trees such as stand height, species, 819 
soil moisture, and the effect of topographic setting on wind speed and exposure (Ruel et al. 2001, Mitchell 2013). 820 
Reilly and Spies (2016) characterized mortality rates in Pacific Northwest forests as chronic (<5% of live 821 
trees/year), partial stand replacement (5−25%/year) or stand replacement (>25%/year). Over the 10-year post-822 
harvest period, mortality rates at all REF sites were within the chronic mortality range (<5%/year). In contrast, 823 
75% of the BUF RMZs had mortality rates in the chronic range, two (17%) were in the partial stand replacement 824 
range and one (8%) was in the stand replacement range. One PIP buffer (33%) was in the chronic range, while the 825 
other two (67%) were in the partial stand replacement range (Table 9).  826 
 827 
Differences in cumulative mortality resulted in variable stand structure response. Mean YR10 density in the BUF 828 
and PIP stands where mortality rates were in the chronic category was 1.5 times greater than those in the partial 829 
replacement category, and density was very low in the single BUF site in the stand replacement category (6.5 830 
trees/acre). The pattern was reversed for tree regeneration because proportion of plots with conifer regeneration 831 
was greatest in buffers that experienced stand replacement level mortality, intermediate for partial replacement 832 
category sites and lowest in sites in the chronic mortality category (Table 9). 833 
 834 
 835 
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Table 9. Percentage of BUF and PIP sites by mortality category, with stand density, percentage of plots with 836 
conifer regeneration and relative density at year 10 post-harvest. 837 

Mortality 
Category 

Percentage of Sites YR10 density in 
trees/acre 

YR10 % plots with 
conifer regeneration 

YR10 relative 
density BUF PIP 

Chronic 75% 33% 136 19% .47 
Partial 17% 67% 76 64% .27 
Replacement 8% 0% 7 79% .03 

 838 
Differences in mortality rates and the resulting changes in stand structure resulted in different stand development 839 
trajectories. Based on relative density at YR10, the majority of BUF sites were either above (25%) or within 840 
(50%) the optimal zone for growth, while the remaining 25% were below the minimum threshold to maintain site 841 
occupancy (Drew and Flewelling 1979). Two PIPs were in the optimum zone, while one fell below the minimum 842 
threshold. Based on stocking (75−255 trees/acre) and relative density (>0.34), 10 of 12 buffered RMZs and two of 843 
three PIP buffers are expected to continue to develop as single cohort conifer-dominated stands. In the absence of 844 
a severe disturbance event, they should continue to progress through the stem exclusion stage of development 845 
with chronic mortality due to competition and self-thinning. The remaining three reaches appear to be stabilizing 846 
below the minimum relative density necessary to maintain a single cohort stand (Drew and Flewelling 1979). One 847 
PIP and one BUF stand have densities of ~40 trees/acre, similar to densities suggested for two-age shelterwood 848 
thinning strategies (Curtis et al. 2004). Since conifer regeneration is widespread at these sites, it is likely a new 849 
cohort of conifers will join the remaining trees to form a multi-aged conifer-dominated stand. The remaining 850 
buffered RMZ with few live trees has substantial conifer regeneration. It has returned to the stand initiation stage 851 
of development and is likely to take an alternative development pathway to a heterogeneous stand structure where 852 
a few scattered large trees are intermingled with a newly established young stand (Donato et al. 2012).  853 
 854 
These scenarios are based on site averages, however substantial variation in disturbance and resulting stand 855 
structure within sites will likely result in fine-scale variation in stand structure. Harcombe et al. (2004) noted that 856 
mortality continued over time at sites in topographic settings susceptible to wind disturbance, resulting in the 857 
expansion of wind throw patches. We observed continued mortality and expansion of windthrow patches during 858 
the first five years after harvest, however rates declined dramatically after YR5 resulting in stabilization of stand 859 
structure. The decrease in mortality rates after year five to chronic levels despite continued exposure to storm 860 
force winds appears to indicate increasing wind resistance in the surviving trees as more vulnerable trees are 861 
removed. Trees respond to changes in wind exposure by adaptive growth and acclimation including changes in 862 
root systems to increase anchorage, increased stem strength, and changes in above-ground structure to decrease 863 
drag (Nicoll and Ray 1996, Nicoll et al. 2008, Mitchell 2013, Bonnesoeur et al. 2016). Since buffer trees will be 864 
taller than the adjacent replanted forest, acclimation from continued wind exposure should increase wind-865 
resistance over time. However stands will remain vulnerable to windthrow during extreme storm events, as well 866 
as other catastrophic disturbances such as fire, disease or insect outbreaks (Edmonds et al. 2005). 867 
 868 
In the buffered RMZ and PIP buffer sites, percent canopy closure one year after harvest was lower than the 869 
unharvested reference reaches by 15% and 40%, respectively. A similar decrease in canopy closure following 870 
harvest with an unharvested Type Np buffer was reported by Ehinger et al. (2017). The initial decrease in canopy 871 
closure appears to have been off-set to some extent by increases in cover from low growing plants (e.g. shrubs, 872 
herbs, grasses) over the 10-year post-harvest period in the buffered RMZ and PIP buffer sites, likely due to an 873 
increase in light penetration to the forest floor following harvest of the adjacent stand (Brosofske et al. 1997, 874 
Moore et al. 2005, Gravelle and Link 2007). Canopy closure at YR10 in the buffered RMZs was similar to the 875 
reference site levels and 5% lower in the PIP buffers, while understory plant cover in the buffered RMZ and PIP 876 
buffer streams exceeded the REF values throughout the 10-year post-harvest period. A similar increase in shade to 877 
pre-harvest levels was observed in the Cascade and Coast Range of Oregon within 9−24 years (Summers 1982). 878 
However, the increase in canopy closure in disturbed RMZ and PIP buffers appeared to be due to increased cover 879 
from shrubs and saplings, which may not be as effective as tree canopy in reducing convective heat exchange to 880 
the stream from warmer air above and outside the buffer (Klos and Link 2018). 881 
 882 
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Differences in mortality and tree fall resulted in variation in wood input among and within the buffered RMZs and 883 
PIP buffers. The buffers prevented input of slash from harvest of the adjacent forest outside the buffers, as 884 
observed in other studies of Type Np buffers in western Washington (Jackson et al. 2001, Schuett-Hames et al. 885 
2017) and we observed little evidence of wood transport in these small channels, consistent with other studies of 886 
headwater streams (Webster et al. 1999, Gomi et al. 2001). Consequently, tree fall associated with wind appeared 887 
to be the primary source of new wood input to channels adjacent to buffered RMZs and PIP buffers during this 888 
period, similar to observations from headwater stream buffers on Oregon (Burton et al. 2016). On average, wood 889 
input was greatest in the first five years after harvest due to greater magnitude and frequency of tree fall caused by 890 
wind, and streams adjacent to stands with elevated mortality and tree fall received a large pulse of wood input. 891 
About half the recruited wood pieces from fallen trees in the BUF reaches were stems with attached rootwads, 892 
which are more stable than pieces without rootwads and are more likely to persist and provide in-channel 893 
functions over time (Fox and Bolton 2007). Although large wood input rates decreased sharply between YR5 and 894 
YR10, the proportion of BUF and PIP plots with >50% wood cover remained stable through the 10-year post-895 
harvest period. This is not surprising, since most wood input in buffered RMZs and PIP buffers consisted of 896 
uprooted trees that came to rest suspended over the channel, and these small channels lack stream power and flow 897 
volume to transport large wood (Martin and Benda 2001, May and Gresswell 2003).  898 
 899 
The effects of wind disturbance on stand trajectory in the buffered RMZs and PIP buffers has implications for 900 
future wood recruitment regimes. Mortality during the 10-year post-harvest period reduced the pool of standing 901 
trees available for recruitment in many BUF and PIP sites. If mortality continues at chronic rates in the absence of 902 
a severe disturbance event, the ten BUF RMZs and two PIP buffers with stocking in excess of 75 trees/acre 903 
should provide wood input from mortality of single or small groups of trees as they progress through the stem 904 
exclusion stage (Bragg 2000). The pattern of wood input from fallen trees at the other three sites resembles the 905 
catastrophic mortality/wood input regime described by Bragg (2000), where an episodic input of wood due to 906 
disturbance is followed by a period with limited wood input while a new stand regenerates. In those cases, the 907 
magnitude of fluctuation in wood input and loading varies depending on the severity of the disturbance and the 908 
residual stocking levels. These three sites received a pulse of wood from wind storms during the first five years 909 
after harvest; however most is suspended over the channel. This is common in small headwater channels 910 
surrounded by steep valley walls (Bahuguna et al. 2010). We did not collect data on the timeframe for suspended 911 
wood to break up and enter these small channels and perform in-channel functions, however Martin and Shelly 912 
(2017) observed that the proportion of recruited wood performing in-channel functions increased from 26−30% 913 
over three decades in larger streams in SE Alaska. The two sites with residual stocking of ~40 trees/acre have the 914 
potential to provide limited near-term wood input, and appear likely to develop as two-cohort stands with 915 
increasing wood recruitment potential over time as the young trees increase in size. The highly disturbed site with 916 
a residual stand of ~7 trees/acre has little potential for additional large wood input until a new stand develops, 917 
which will result in the greatest fluctuation in wood input and loading over time. If these sites are in topographic 918 
positions susceptible to high winds they may be subject to repeated wind damage, continuing the pattern of 919 
episodic wood inputs followed by periods of low stocking and low input while stands regenerate. However, over 920 
the long-term, stands subjected to elevated levels of natural disturbance produce as much or more wood input as 921 
stands with chronic mortality regimes, as long as trees are not harvested (Bragg 2000).  922 
 923 
Since there was almost no soil disturbance within the buffered RMZs and PIP buffers during harvest, all sites with 924 
buffers met the performance target. Post-harvest uprooting of trees due to wind was the most substantial source of 925 
soil disturbance in buffered RMZs and PIP buffers, however vegetative filtering appeared to prevent sediment 926 
from reaching the channel except when the uprooted trees were in close proximity to the channel. This finding is 927 
consistent with the findings of Stewart et al. (2017) and Schuett-Hames et al. (2017), who observed little sediment 928 
input from uprooted trees unless they were adjacent to the channel and found that suspended sediment levels were 929 
only slightly elevated for a short time at the outlet of Type Np streams following storms that caused substantial 930 
windthrow in buffered RMZs.  931 
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Summary of Conclusions 932 

The unbuffered clear-cut treatment was least effective in meeting the FPHCP resource objectives for 933 
shade/temperature and large woody debris/organic inputs, but did meet the soil disturbance performance targets in 934 
most cases. Harvest of streamside trees resulted in greatly reduced canopy shade to adjacent streams and 935 
substantial input of logging slash. Shade in unbuffered reaches increased over the 10-year post-harvest period due 936 
to growth of streamside herbs, shrubs and saplings, however research indicates that stream temperatures increase 937 
from pre-harvest levels following harvest in unbuffered reaches, and changes persist over time (Ehinger 2017, 938 
Klos and Link 2018). There was input of logging slash in unbuffered reaches, but almost no additional post-939 
harvest wood input occurred and cover from woody debris decreased over the ten-year post-harvest period. 940 
Modeling studies indicate that clear-cut harvest on typical rotation schedule of 40–50 years will result in a 941 
continuous cycle of disturbance and rapid changes in stand structure and shade and long-term reductions in large 942 
wood loading due to lack of input from large trees (Beechie et al. 2000, Bragg 2000, Meleason et al. 2003).  943 
 944 
The RMZ and PIP buffers were more effective than unbuffered reaches in meeting FPHCP resource objectives, 945 
but were not as effective as unharvested reference sites in providing canopy shade and future wood recruitment 946 
potential due to removal of trees outside of the buffers. Over the 10-year post-harvest period, there was a 947 
substantial reduction in stand density and basal area in RMZ buffers (>30%) and PIP buffers (>50%). Mean year 948 
1 post-harvest canopy closure in the RMZ and PIP buffers was 13% and 37% lower than in the reference sites, 949 
respectively. Canopy shade returned to levels similar to unharvested reference sites in the RMZ buffers by year-950 
10 post-harvest, but not in the PIP buffers. Large wood input during the 10-year post-harvest period was greater in 951 
the RMZ and PIP buffers than the reference sites, but future wood recruitment potential at year 10-post-harvest 952 
was lower.  953 
 954 
The primary agent of mortality in RMZ and PIP buffers was wind, which affected trees of all sizes. Mortality 955 
from wind was a complicating factor in assessing buffer effectiveness. Mortality rates varied in RMZ and PIP 956 
buffers, but on average were greater than in reference sites. About one quarter of RMZ buffers and two thirds of 957 
PIP buffers had substantial mortality (>5%/year). Wind damage at this level reduced density, canopy shade and 958 
provided a pulse of large wood input, but future wood recruitment potential is limited by the low density of 959 
remaining trees. The future stand trajectory of these sites is uncertain, but conifer regeneration is occurring so 960 
development of multi-age conifer stands is likely over time. The majority (75%) of RMZ buffers had mortality 961 
rates of <5%/year, and are on track to continue development as single-cohort conifer dominated stands with 962 
greater wood recruitment potential than the buffers with higher mortality.  963 
 964 
Over half the fallen trees were uprooted stems with attached rootwads, providing stable pieces that will persist 965 
over time (Fox and Bolton 2007). Most fallen trees came to rest suspended or spanning above the channel where 966 
they provide cover but will not immediate influence channel conditions and processes. Although the majority of 967 
fallen trees were uprooted, sediment input from soil disturbance was limited to trees in close proximity to the 968 
channel.  969 

Management Implications 970 
Determining the appropriate balance between the resource objectives of the FPHCP and the economic and 971 
operational advantages of timber harvest adjacent to Np streams is a critical policy issue that must be informed by 972 
both science and social considerations. Our findings raise several key policy questions for the adaptive 973 
management program.  974 
 975 
Clear-cut harvest: Is the magnitude of disturbance from clear-cut harvest adjacent to the stream (logging debris 976 
input, reduction in and large wood recruitment) consistent with the resource objectives of the FPHCP? Does the 977 
proportion of the Type Np stream network subject to clear-cut harvest (≤50%) an appropriate balance between 978 
protection of aquatic resources and water quality and economic and operational considerations for forest 979 
landowners? Reducing or eliminating the proportion of the Type Np network that is harvested to the edge of the 980 
stream would reduce channel disturbance, and increase canopy shade and wood recruitment potential (McIntyre et 981 
al. 2017), resulting in better effectiveness in meeting FPHCP resource objectives.  982 
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 983 
RMZ and PIP buffers. Are the incremental reductions in wood recruitment potential and shade associated with 984 
harvest of tree outside the RMZ and PIP buffers consistent with the resource objectives of the FPHCP? More 985 
shade and increased wood recruitment potential could be gained by increasing the width of buffers or designing 986 
variable width buffers designed to leave additional trees where benefits to shade and potential wood recruitment 987 
would be greatest (Pollock and Beechie 2014).  988 
 989 
Wind mortality. Is the level of wind damage to RMZ and PIP buffers and the associated wood input and loss of 990 
shade consistent with the resource objectives of the FPHCP? Do small patch buffers that are prone to wind 991 
damage provide the desired protection for sensitive sites (e.g. PIPs)? There are a number of systems for 992 
identifying and managing windthrow-prone sites that could be adapted for western Washington conditions 993 
(Mitchell et al. 2001, Scott and Mitchell 2005).  994 

Limitations and Future Directions 995 

The 10-year post-harvest timeframe of this study is longer than most similar studies; however processes such as 996 
stand development and wood recruitment operate over time frames of decades or longer, creating uncertainty 997 
about long-term effects that can only be addressed by longer monitoring or space-for-time substitution studies. A 998 
challenge for longer-term monitoring is obtaining landowner commitment to maintain unharvested reference sites. 999 
We focused on assessing the site-scale responses to each of the three most common treatments in the Westside 1000 
Type Np Riparian Prescriptions (e.g. the 50-foot RMZ buffers, PIP buffers and clear-cut RMZs) in isolation from 1001 
one another. However, these prescriptions are typically applied together on a basin scale, with interactions and 1002 
downstream responses that were not evaluated in this study but are the subject of other intensive CMER studies 1003 
(see McIntyre et al. 2017). Extensive variability in site conditions across the large study area, combined with 1004 
relatively small sample sizes (particularly for the PIP buffer treatment) limited our ability to determine 1005 
relationships between site conditions and response. However, our results for RMZ and PIP buffers were consistent 1006 
with other studies, increasing our confidence in the results. This study is limited in its ability to describe 1007 
processes, and is best viewed in context of other more intensive studies (Jackson et al. 2007, McIntyre et al. 1008 
2017). The sample size was limited by budget constraints. A larger sample size, stratified or blocked by region or 1009 
physical stream characteristics could help partition and explain variability and improve inference of study results 1010 
based on local site conditions. The results and limitations of this study suggest future research that would be 1011 
useful for FPHCP adaptive management, including research on: the effects of a range of buffer widths and buffer 1012 
thinning regimes on tree mortality and windthrow, wood recruitment, shade and stream temperature; the effects of 1013 
headwater basin harvest on habitat and water quality in downstream fish-bearing waters; and the effectiveness and 1014 
persistence of different cover types resulting from FPHCP treatments (e.g. logging debris, herbs and shrubs, fallen 1015 
trees and tree canopy) in limiting solar radiation input and heat transfer to streams.  1016 
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APPENDIX A: DATA TABLES 
Appendix Table 1. Study site characteristics. 

Site Type 
Length (feet) EPA Level III 

Eco-region 
Precipitation 
(inches) 

Elev. 
(feet) 

Valley 
Aspect (°) 

Channel 
Gradient (%) 

Bankfull 
Width (feet) 

Stand 
Height (ft)1 

Site 
Index 2 Total BUF PIP CC 

13 Reference 300 - - - Cascades 100-120 1460 113 14.8 6.8 81.8 125.6 
13 Treatment 452 452 - - Cascades 90-100 2880 123 19.1 3.6 101.0 115.8 
233 Reference 339 - - - Coast Range 80-90 1475 227 8.1 7.3 120.7 124.8 
23 Treatment 494 494 - - Coast Range 80-90 1080 268 6.1 3.8 127.7 123.9 
243 Reference 800 - - - Coast Range 120-140 565 020 5.1 5.6 60.0 113.1 
24 Treatment 787 200 117 470 Coast Range 120-140 600 060 12.1 5.3 86.7 131.3 
273 Reference 650 - - - Cascades 100-120 1970 179 14.3 11.4   
27 Treatment 985 669 - 316 Cascades 90-100 2540 188 12.6 10.8 128.2 127.7 
29 Reference 500 - - - Coast Range 100-120 2150 343 14.5 5.1 79.9 113.3 
29 Treatment 607 607 - - Coast Range 100-120 1500 001 22.9 5.0 109.8 104.6 
31 Reference 531 - - - Coast Range 100-120 860 180 4.7 5.7   
31 Treatment 848 - 124 724 Coast Range 100-120 860 127 13.5 4.8   
36 Reference 750 - - - Coast Range 120-140 1780 178 9.1 5.9 81.3 111.2 
36 Treatment 1475 1475 - - Coast Range 120-140 1360 328 11.1 9.2 92.9 131 
373 Reference 300  - - Coast Range 80-90 190 328 1.6 3.6   
37 Treatment 600 600 - - Coast Range 70-80 180 279 5.6 3.0 107.0 115.5 
38 Reference 764 - - - Coast Range 120-140 655 070 8.5 6.8 113.7 154.2 
38 Treatment 1034 334 - 700 Coast Range 120-140 680 105 18.4 9.5 121.3 122.2 
40 Reference 380 - - - Puget Lowlands 40-44 700 026 1.1 5.6 61.8 123.9 
40 Treatment 488 488 - - Puget Lowlands 40-44 715 003 1.0 3.1 76.4 124.4 
47 Treatment 1742 950 - 792 Coast Range 100-120 740 276 8.4 4.7   
50 Reference 500 - - - Coast Range 80-90 295 273 5.8 8.5 116.4 100.1 
50 Treatment 853 425 - 428 Coast Range 80-90 215 323 4.5 4.6 113.0 129.6 
564 Reference 441 - - - North Cascades 70-80 930 192 17.1 10.5 75.0 147.0 
564 Treatment 573 200 - 373 North Cascades 70-80 800 192 11.3 3.7 88.4 126.7 
62 Reference 400 - - - Coast Range 120-140 662.5 028 9.4 8.2 80.5 127.3 
62 Treatment 420 - 132 288 Coast Range 120-140 875 047 19.3 3.8 90.0 138.4 
64 Reference 450 - - - Coast Range 52-56 280 042 9.7 8.2 83.8 144.5 
645 Treatment 393 393 - - Coast Range 52-56 410 001 7.8 6.2 73.7 57.2 

1Stand height is the mean height of all recorded co-dominant tree heights, irrespective of species. 
2Site index is the mean site index (breast height base age 50) of all Douglas-fir and western hemlock (converted to Douglas-fir site index values). Site index values are based on 
equations contained in the Canadian BC Ministry of Forests and Range SiteTools software: http://www.for.gov.bc.ca/hre/sitetool/ 
3 Reference site not sampled in 2013 due to harvest; 4 Access not granted for data collection 2006; 5Access not granted for data collection 2013.

http://www.for.gov.bc.ca/hre/sitetool/
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Appendix Table 2. Mean post-harvest stand structure by treatment.  
Survey REF* BUF* PIP* CC* 

Live density (trees/acre) 
IPH 240.8 (77.5) 154.6 (62.8) 200.7 (54.2) 12.5 (27.4) 
YR3 225.9 (68.9) 132.7 (66.4) 124.2 (23.7) 2.6 (4.1) 
YR5 213.8 (75.1) 124.1 (72.6) 87.3 (40.5) 12.0 (27.5) 
YR10 216.9 (67.5) 117.6 (67.7) 86.8 (49.8) 11.5 (27.2) 

Live basal area (ft2/acre) 
IPH 226.6 (39.9) 191.7 (65.8) 263.9 (67.5) 6.6 (14.7) 
YR3 225.7 (36.0) 167.5 (72.7) 187.0 (69.8) 1.2 (2.1) 
YR5 214.2 (42.5) 149.0 (74.4) 133.5 (78.8) 6.1 (14.6) 
YR10 225.7 (53.9) 161.1 (79.9) 153.1 (88.8) 8.2 (19.5) 

Live quadratic mean diameter (inches) 
IPH 13.6 (2.9) 15.6 (3.5) 15.6 (2.2) 9.5 (4.0) 
YR3 14.0 (2.7) 15.9 (3.5) 16.4 (1.9) 8.1 (3.6) 
YR5 14.1 (2.8) 15.6 (3.8) 16.2 (2.2) 8.4 (3.1) 
YR10 14.1 (2.1) 16.6 (3.7) 17.8 (2.3) 11.7 (2.2) 

Live relative density 
IPH 61.5 (1.9) 48.6 (4.2) 66.6 (8.5) 2.8 (2.2) 
YR3 60.6 (1.9) 42.2 (4.8) 45.7 (8.5) 0.9 (0.4) 
YR5 57.4 (2.6) 37.9 (5.0) 32.5 (10.3) 3.9 (3.2) 
YR10 60.2 (4.3) 39.7 (5.3) 35.9 (11.7) 6.5 (5.1) 

Dead density (trees/ac) 
IPH 28.5 (17.4) 22.6 (16.2) 19.0 (18.1) 2.3 (3.6) 
YR3 35.4 (20.7) 26.3 (18.6) 25.2 (17.8) 1.5 (2.7) 
YR5 38.3 (25.2) 24.4 (17.3) 19.0 (9.3) 2.5 (3.9) 
YR10 47.4 (31.0) 22.6 (16.5) 22.7 (13.7) 0.8 (1.6) 

Dead basal area (ft2/ac) 
IPH 26.1 (32.5) 20.2 (16.8) 31.2 (31.7) 2.1 (4.6) 
YR3 30.4 (33.3) 26.0 (19.3) 43.2 (22.2) 2.1 (5.0) 
YR5 28.9 (30.8) 24.5 (18.2) 45.4 (23.6) 1.4 (2.5) 
YR10 25.4 (16.2) 24.1 (21.2) 50.1 (19.5) 0.9 (2.0) 

Dead mean diameter (inches) 
IPH 9.1 (2.8) 10.4 (2.7) 25.1 (30.4) 11.1 (5.9) 
YR3 9.1 (2.3) 11.7 (2.0) 17.7 (8.2) 10.4 (5.1) 
YR5 9.0 (2.5) 11.4 (2.4) 18.7 (4.4) 8.8 (2.2) 
YR10 8.8 (2.9) 11.4 (2.8) 19.6 (7.3) 10.4 (2.0) 

* Standard error in parenthesis.  
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Appendix Table 3. Mean cumulative change and annual rates of 
change in stand structure, mortality, ingrowth and tree regeneration. 

Period/ 
Survey 

REF* BUF* PIP* REF* BUF* PIP* 

 Annual rate of change in % basal area/yr Annual rate of change in basal area (ft2/ac/yr) 
IPH-YR5 -1.2 (0.5) -7.0 (2.8 ) -14.5 (7.6) -2.7 (1.2) -11.6 (3.7) -39.7 (20.6 ) 
YR5-YR10 1.4 (0.3 ) 2.1 (0.8 ) 2.7 (0.9 ) 3.2 (0.7 ) 3.3 (0.8 ) 3.7 (1.8 ) 
 Cumulative change in % basal area Cumulative change in basal area (ft2/ac/yr) 
IPH-YR5 -5.5 (2.3) -24.2 (7.6) -47.7 (18.2) -12.5 (5.5) -42.7 (11.2) -130.5 (51.9) 
IPH-YR10 2.7 (3.9) -14.1 (10.5) -38.9 (22.9) 7.3 (8.4) -25.9 (15.9 ) -110.9 (61.4) 
 Annual rate of change in % density/yr Annual rate of change in density (trees/ac/yr) 
IPH-YR5 -2.6 (0.5) -6.9 (2.9) -15.8 (7.7) -5.8 (1.2) -8.6 (3.2) -36.5 (22.3) 
YR5-YR10 -2.0 (0.4) 0.3 (0.8) -1.1 (2.0) -4.7 (1.0) 0.7 (0.7) -0.2 (1.7) 
 Cumulative change in % live density Cumulative change in density (trees/ac) 
IPH-YR5 -11.9 (2.3) -23.0 (8.4) -51.1 (17.4) -27.0 (5.0) -30.5 (11.7) -113.4 (54.5) 
IPH-YR10 -20.1 (3.8) -20.1 (10.9) -50.4 (20.9) -54.0 (9.9) -27.8 (15.1) -113.9 (59.9) 
 Annual ingrowth rate in basal area (ft2/ac/yr) Annual ingrowth rate in density (trees/ac/yr) 
IPH-YR5 0.2 (0.1) 0.3 (0.1) 0.2 (0.1) 2.2 (0.5) 2.7 (1.0) 1.4 (0.8) 
YR5-YR10 0.1 (0.04) 0.3 (0.1) 0.1 (0.1) 0.9 (0.3) 2.2 (0.8) 1.1 (1.1) 
 Cumulative ingrowth in basal area (ft2/ac/yr) Cumulative ingrowth in density (trees/ac) 
IPH-YR5 1.1 (0.3) 1.4 (0.5) 0.8 (0.4) 11.0 (2.6) 13.7 (5.1) 6.9 (4.1) 
IPH-YR10 1.9 (0.5) 2.8 (0.9) 1.4 (0.8) 18.6 (5.1) 24.8 (8.9) 12.4 (6.7) 

 Annual mortality rate in % basal area/yr Annual mortality rate in basal area (ft2/ac/yr) 
IPH-YR5 2.0 (0.5) 7.8 (2.8) 14.4 (7.2) 4.5 (1.1) 12.9 (3.7) 39.2 (19.6) 

YR5-YR10 1.1 (0.3) 1.2 (0.4) 1.6 (1.3) 2.0 (0.4) 1.2 (0.3) 1.1 (0.6) 
 Cumulative mortality in % basal area Cumulative mortality in basal area (ft2/ac/yr) 

IPH-YR5 9.4 (2.1) 27.2 (7.2 ) 48.1 (17.2) 20.9 (4.8) 47.9 (10.5) 130.8 (49.5) 
IPH-YR10 13.8 (2.9) 31.0 (7.8) 50.0 (18.1) 28.3 (5.6) 54.6 (11.9) 136.5 (52.1) 

 Annual mortality rate in % density/yr Annual morality rate in density (trees/ac/yr) 
IPH-YR5 3.3 (0.6) 8.6 (2.9) 17.0 (7.2) 7.6 (1.3) 11.5 (3.1) 38.7 (21.4) 

YR5-YR10 2.3 (0.4) 1.6 (0.4) 2.0 (1.1) 5.6 (1.2) 1.7 (0.4) 1.3 (0.7) 
 Cumulative mortality in % live density Cumulative morality in density (trees/ac) 

IPH-YR5 14.9 (2.4) 30.1 (7.1) 55.0 (15.9) 34.9 (5.6) 43.0 (9.9) 120.3 (51.6) 
IPH-YR10 23.6 (3.5) 35.2 (7.4) 57.2 (16.6) 64.5 (10.9) 49.4 (11.1) 125.1 (53.5) 

 % plots with seedling/sapling regeneration % plots with conifer regeneration 
IPH 12.5 (9.7) 14.1 (23.2) 27.8 (48.1) 9.7 (8.6) 5.1 (7.2) 27.8 (48.1) 
YR3 10.3 (10.3) 20.1 (12.0) 38.9 (41.9) 7.7 (8.0) 13.9 (10.3) 38.9 (41.9) 
YR5 11.3 (13.7) 37.2 (24.0) 38.9 (41.9) 8.3 (13.9) 26.9 (24.3) 33.3 (33.3) 

YR10 13.9 (15.2) 41.5 (23.1) 55.6 (34.7) 11.6 (13.6) 30.1 (25.4) 55.6 (34.7) 
* Standard error in parentheses. 
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Appendix Table 4. Treatment contrasts of mixed-model estimates. 
Contrast Period/Survey Mean Treatment 

Difference 
Standard 

Error 
DF t-value p-value* 

Change in live basal area 
REF-BUF IPH-YR5 0.17 0.06 7.5 2.76 0.026 
REF-BUF IPH-YR10 0.11 0.11 7.5 1.02 0.340 

Cumulative mortality as a percentage of initial live basal area 
REF-BUF IPH-YR5 -1.29 0.09 11 -14.21 <0.001 
REF-BUF IPH-YR10 -0.70 0.12 5 -5.67 0.002 

Percentage of plots with tree regeneration 
REF−BUF YR3 -0.10 0.07 20.6 -1.50 0.150 
REF−CC YR3 -0.31 0.08 25.1 -3.98 <0.001 
BUF−CC YR3 -0.21 0.08 26.3 -2.67 0.013 
REF−BUF YR5 -0.26 0.08 22.7 -3.26 0.004 
REF−CC YR5 -0.28 0.09 27.1 -3.08 0.005 
BUF−CC YR5 -0.03 0.09 28.2 -0.28 0.783 
REF−BUF YR10 -0.27 0.09 20.7 -3.10 0.006 
REF−CC YR10 -0.25 0.09 20.2 -2.64 0.016 
BUF−CC YR10 0.02 0.09 20.3 0.18 0.855 

All recruited fallen tree pieces 
REF-BUF IPH-YR5 -0.97 0.10 18 -9.52 <0.001 
REF-BUF IPH-YR10 -0.23 0.11 12 -2.11 0.057 
REF-CC IPH-YR5 3.16 0.34 18 9.23 <0.001 
REF-CC IPH-YR10 3.65 0.33 12 11.18 <0.001 
BUF-CC IPH-YR5 4.14 0.35 18 11.98 <0.001 
BUF-CC IPH-YR10 3.89 0.33 12 11.92 <0.001 

Stem with attached rootwad (SWAR) fallen tree pieces 
REF-BUF IPH-YR5 -0.59 0.47 5 -1.26 0.263 
REF-BUF IPH-YR10 -0.08 0.15 12 -0.54.0 0.596 
REF-CC IPH-YR5 3.71 0.74 5 5.02 0.004 
REF-CC IPH-YR10 4.24 0.51 12 8.30 <0.001 
BUF-CC IPH-YR5 4.30 0.60 5 7.20 0.001 
BUF-CC IPH-YR10 4.32 0.51 12 8.45 <0.001 

Percent canopy closure 
REF−BUF YR1 0.13 0.04 21.6 3.06 0.006 
REF−CC YR1 0.75 0.05 25.0 15.12 <0.001 
BUF−CC YR1 0.63 0.05 25.8 12.28 <0.000 
REF−BUF YR3 0.11 0.05 19.2 2.35 0.030 
REF−CC YR3 0.76 0.06 22.1 13.00 <0.001 
BUF−CC YR3 0.65 0.06 22.8 10.79 <0.001 
REF−BUF YR5 0.09 0.06 22.1 1.48 0.152 
REF−CC YR5 0.53 0.07 26.1 7.29 <0.001 
BUF−CC YR5 0.44 0.07 27.2 5.91 <0.001 
REF−BUF YR10 ** ** ** ** ** 
REF−CC YR10 ** ** ** ** ** 
BUF−CC YR3 ** ** ** ** ** 

* Bolded values significant at alpha = 0.10. 
** The ANOVA was not significant so individual comparisons were not done.   
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Appendix Table 5. Mean cumulative change and annual rates of 
change in tree fall and wood recruitment from fallen trees. 

Period REF* BUF* PIP* REF* BUF* PIP* 
 Rate of recruiting fallen trees (trees/100ft/yr) Rate of recruiting fallen trees (trees/acre/yr) 

IPH-YR5 0.6 (0.2) 1.1 (0.3) 1.7 (0.6) 2.6 (0.7) 5.3 (1.6) 8.0 (2.7) 
YR5-YR10 0.4 (0.1) 0.2 (0.05) 0.1 (0.1) 1.8 (0.5) 0.8 (0.2) 0.4 (0.4) 
 Cumulative recruiting fallen trees (trees/100 ft) Cumulative recruiting fallen trees (trees/acre) 
IPH-YR5 2.9 (0.8) 5.3 (1.5) 8.5 (2.8) 12.7 (3.4) 23.2 (6.3) 37.0 (12.1) 
IPH-YR10 5.6 (1.3) 6.2 (1.6) 8.8 (2.5) 24.3 (5.8) 26.9 (6.8) 38.1 (11.0) 

 Cumulative percentage of standing trees that 
fell 

Cumulative percentage of standing trees that 
recruited to stream 

IPH-YR5 8.6 (1.9) 25.9 (7.1) 57.7 (14.7) 5.0 (1.4) 13.7 (4.2) 15.8 (3.8) 
IPH-YR10 15.8 (3.2) 30.6 (7.3) 58.4 (14.1) 8.4 (2.3) 16.2 (4.4) 16.5 (3.1) 
 Percent of fallen trees uprooted/broken Percent of fallen trees in-channel/over-channel 
IPH-YR10 80/20 67/33 69/31 86/14 85/15 69/31 
 Total recruitment rate (pieces/100ft/yr) SWAR** recruitment rate (pieces/100ft/yr) 
IPH-YR5 0.6 (0.2) 1.2 (0.3) 2.1 (0.8) 0.4 (0.1) 0.7 (0.2) 1.1 (0.6) 
YR5-YR10 0.4 (0.1) 0.2 (0.05) 0.1 (0.1) 0.3 (0.1) 0.07 (0.03) 0.0 (-) 
 Total recruitment rate (ft3volume/100ft/yr) SWAR recruitment rate (ft3volume/100ft/yr) 
IPH-YR5 2.0 (0.7) 6.8 (2.2) 15.6 (9.6) 1.8 (0.7) 4.6 (1.6) 12.1 (9.2) 
YR5-YR10 1.1 (0.4) 0.8 (0.3) 0.05 (0.05) 1.0 (0.4) 0.4 (0.2) 0.0 (-) 
 Total cumulative recruitment (pieces/100ft) SWAR cumulative recruitment (pieces/100ft) 
IPH-YR5 3.2 (0.8) 6.0 (1.6) 10.7 (3.9) 2.2 (0.7) 3.5 (1.0) 5.6 (3.0) 
IPH-YR10 6.2 (1.5) 7.0 (1.8) 11.2 (3.4) 4.2 (1.3) 3.9 (1.1) 5.6 (3.0) 
 Total cumulative recruitment (ft3volume/100ft) SWAR cumulative recruitment (ft3volume/100ft) 
IPH-YR5 10.2 (3.6) 34.1 (11.2) 78.2 (48.1) 9.2 (3.4) 23.2 (7.9) 60.7 (45.8) 
IPH-YR10 17.2 (5.9) 39.8 (11.8) 78.4 (47.9) 15.1 (5.6) 27.0 (8.1) 60.7 (45.8) 

* Standard error in parentheses. 
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Appendix Table 6. Mean post-harvest shade and cover from wood and 
understory plants.  

Survey REF* BUF* PIP* CC* 
 % canopy closure 

YR1 89.2 (1.1) 75.9 (4.4) 51.9 (10.2) 12.0 (4.5) 
YR3 93.2 (1.4) 80.8 (5.7) 63.7 (6.3) 14.0 (5.4) 
YR5 90.2 (1.2) 80.6 (4.4) 61.7 (12.4) 36.5 (9.8) 
YR10 90.1 (2.7) 89.9 (2.3) 85.4 (6.7) 71.5 (10.0) 
 % plots >50% understory plant cover 
YR1 4.2 (1.7) 20.6 (5.6) 30.0 (15.3) 9.4 (3.9) 
YR3 5.5 (2.2) 22.7 (7.7) 17.8 (9.7) 35.0 (12.5) 
YR5 9.1 (5.8) 28.1 (7.3) 44.4 (29.4) 32.5 (11.9) 
YR10 17.7 (8.6) 59.8 (9.3) 60.0 (30.6) 45.0 (11.3) 

 % plots >50% wood cover 
YR3 20.3 (4.7) 17.2 (4.4) 8.3 (8.3) 63.3 (7.2) 
YR5 16.2 (4.5) 16.1 (7.3) 19.4 (10.0) 42.9 (10.2) 
YR10 20.4 (7.8) 23.4 (6.9) 19.4 (10.0) 35.8 (11.3) 
 % plots >90% wood cover 
YR3 4.5 (2.0) 2.4 (1.1) 0.0 (0.0) 29.4 (9.9) 
YR5 1.7 (1.2) 2.9 (2.0) 0.0 (0.0) 21.8 (5.4) 
YR10 1.3 (1.3) 4.1 (1.5) 0.0 (0.0) 26.1 (9.3) 

* Standard error in parentheses. 
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