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Abstract   32 

Many aquatic habitats in coastal Oregon have been impacted by historic land use practices that 33 

led to losses of in-stream wood and associated degraded fish habitats. Many of these streams are 34 

now bordered by stands of dense second growth forests (30 – 80 years) that are incorporated into 35 

riparian buffer zones with low wood recruitment and storage. Thinning in riparian zones is one 36 

management option to increase the rate of large tree growth and eventually larger in-stream 37 

wood, however, it raises concern about impacts on current wood recruitment, among other 38 

issues. Using a forest growth simulation model coupled to a model of in-stream wood 39 

recruitment, we explore riparian management alternatives in a Douglas-fir plantation in coastal 40 

Oregon. Alternatives included: (1) no treatment, (2) single and double entry thinning, without 41 

and with a 10-m buffer, and (3) thinning combined with mechanical introduction of some portion 42 

of the thinned trees into the stream (tree tipping). Compared to no treatment, single and double 43 

entry thinning on one side of a channel, without a 10-m buffer, reduce cumulative in-stream 44 

wood volume 33% and 42% respectively, after 100 years (includes decay). Maintaining a 10-m 45 

buffer reduces the in-stream wood loss to 7% (single entry thin) and 11% (double entry). To 46 

completely offset the losses of in-stream wood in a single entry thin (on one or both sides of the 47 

stream), in the absence or presence of a 10-m buffer, requires a 12 to 14% rate of tree tipping.  48 

Relative to the no-treatment alternative, cumulative in-stream wood storage can be increased up 49 

to 24% in a double-entry thin with no buffer by tipping 15 to 20% of the thinned trees (increased 50 

to 48% if thinning and tipping simultaneously on both sides of the stream). The predicted 51 

increases in in-stream wood that can occur during a thin with tree tipping may be effective for 52 

restoring fish habitat, particularly in aquatic systems that have poor habitat conditions and low 53 

levels of in-stream wood due to historic land use activities.  54 
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1.0 Introduction 57 

Riparian environments strongly influence the condition of adjacent aquatic ecosystems (Naiman 58 

et al. 1998). In particular, large in-stream wood is considered critical for healthy aquatic habitats 59 

(Bisson et al. 1987).  However, many aquatic ecosystems are still recovering from past impacts, 60 

including loss of in-stream wood associated with riparian forest harvest and splash dams (log 61 

drives) in rivers (Sedell and Froggatt 1984). In addition, dense, single-species stands of relatively 62 

young trees (30 – 80 years) dominate in riparian areas, because logging was allowed adjacent to 63 

channel banks prior to establishment of streamside protection strategies starting in the 1980s.  64 

During the past 25 years, streamside protection in the form of uniform-width buffers, with 65 

minimal to no activity allowed within them, has been the dominant paradigm in riparian 66 

management on federal (FEMAT 1993) and on state and private lands (Ice 2005). The 67 

dominance of young, small trees in riparian zones results in low recruitment of large wood to 68 

channels and perpetuates impacted conditions of streams and rivers. Full recovery of riparian 69 

forests to mixed-species stands of large-diameter trees, with recruitment of large wood to 70 

streams, could take another one to two centuries. 71 

Debate continues on the ecological effectiveness of creating fixed-width streamside buffers to 72 

protect riparian areas and associated stream environments, particularly in second growth forests 73 

(Reeves and Everest 2007, OSAF 2009, Dodson et al. 2012, Richardson et al. 2012, Spies et al. 74 

2013, Pollack and Beechie 2014). Alternative approaches are being proposed that focus on the 75 

spatially variable nature of watershed environments and on how riparian-stream protection and 76 

management practices can be tailored to achieve the best ecological outcomes (Pickard 2013, 77 
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Benda and Bigelow 2014, Reeves et al. in press). One approach is thinning in riparian second-78 

growth forests to encourage more rapid growth of larger trees (Spies et al. 2013). Fewer, larger 79 

trees may benefit certain types of riparian terrestrial habitats and increase the recruitment rate of 80 

large in-stream wood, thereby benefiting aquatic habitats (Reeves et al. in press).  Thinning 81 

within riparian zones, however, raises concerns about impacts to aquatic systems, including 82 

short-term reduction in recruitment of wood to streams, heightened erosion leading to increased 83 

sedimentation in channels, and reduced shade, thereby increasing stream temperatures (Beechie 84 

et al. 2000, Groom et al. 2011, Pollack and Beechie 2014). 85 

Wood is recruited to streams by a variety of processes including tree mortality (e.g., blowdown), 86 

bank erosion, landsliding and post-wildfire toppling (Murphy and Koski 1989, King et al 2013). 87 

Bank erosion that undercuts tree roots can be an important in-stream wood recruitment agent and 88 

can dominate wood loading where channels are laterally dynamic (Murphy and Koski 1989, 89 

Martin and Benda 2001, Benda and Bigelow 2014). Wildfire related tree death can be a large 90 

source of woody material to channels over the long term, particularly in semi-arid environments 91 

where post-fire toppling can account for up to 50% of the long term in-stream wood supply 92 

(Benda and Sias 2003).  93 

Considerable progress has been made in modeling wood recruitment to streams, primarily 94 

motivated by forest management. Van Sickle and Gregory (1990) pioneered modeling of tree 95 

mortality and the effect of random fall on rates of wood recruitment to streams. Welty et al. 96 

(2002) examined the effect of varying riparian buffer dimensions on both wood recruitment rates 97 

and shade,  again focusing on tree mortality. Meleason et al. (2003, 2007) developed a model to 98 

simulate riparian forest growth, tree entry into streams, and in-channel processes, including 99 

breakage, movement, and decomposition. In addition to mortality recruitment, Benda and Sias 100 
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(2003) evaluated the effects of bank erosion, landsliding, and wildfire in their theoretical 101 

treatment of the wood budget over century time scales, including effects of piece breakage, 102 

decomposition, and fluvial transport.  103 

Here we develop a model to examine in-stream wood recruitment in the context of thinning in 104 

second-growth forests, including only forest mortality and streamside no-harvest buffers as an 105 

option. In addition, we add the mechanical introduction of trees into streams during thinning as a 106 

form of mitigation and restoration. Our goal is to build a user-friendly model to explore thinning 107 

and mitigation options that can be applied by forest managers and others. 108 

3.0 Methods 109 

3.1 Study Site 110 

Our study site is located within the Alsea watershed in central coastal Oregon, a mountainous 111 

terrain that includes steep uplands that have a high landslide and debris flow risk, low gradient 112 

channels that form the habitats of threatened and endangered coho salmon (Oncorhynchus 113 

kisutch), and wider floodplain channels in the lowlands (Figure 1). The mild humid climate is 114 

characterized by wet winters and a summer drought with annual precipitation ranging between 115 

1500 and 2000 mm (PRISM Climate Group 2015). Dominant lithology is sandstone and siltstone 116 

of the Tyee Formation. 117 

Forest vegetation in central coastal Oregon is dominated by conifers comprised of Douglas fir 118 

(Pseudotsuga menziesii) and western Hemlock (Tsuga heterophylla). Deciduous species include 119 

Big Leaf Maple (Acer macrophyllum) and alder (Alnus rubra), particularly in streamside areas. 120 

Conifers trees are intermixed with deciduous trees near stream margins. Extensive timber harvest 121 

that began in the 1940s through 1950s has left a patchwork of young second growth forests 122 
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intermixed with older conifer forests. Mature conifer forests on both sides of the 10 m wide 123 

study reach were clear cut logged before 1975 with no stream protection (e.g., no buffers).   124 

 125 

Figure 1. Study location in the Alsea watershed in the Oregon Coast Range. 126 

 127 

3.2 Reach Scale Wood Recruitment Model 128 

We developed a reach scale wood model (RSWM) for project scale silvicultural applications 129 

(e.g., for relatively small segments of riparian forests and associated channels) to address how 130 

thinning in riparian zones can impact the recruitment of wood into streams and how no harvest 131 

buffers and manual introduction of trees into streams by directional felling can offset those 132 

impacts. The RSWM requires: 1) forest growth predictions (stand tables), 2) forest stand 133 

dimensions, and 3) channel width and hillslope gradient. RSWM divides the riparian forest area 134 

to be modeled (on one or both sides of the channel) into parallel zones, each of which can have 135 

unique stand characteristics (Figure 2). 136 
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 137 

Figure 2. The Reach Scale Wood Model creates three distinct forest stands on either side of the stream. 138 

The geometry of tree fall with respect to the channel is shown in the lower panel: W equals bankfull 139 

channel width; H is tree height; L is length of the tree that intersects the channel; h is the distance of the 140 

tree to the channel edge; a is the tree fall angle referenced to the orthogonal (d) of the nearest 141 

channel edge; 𝜃 is the angle between the tree fall orthogonal to the channel and all other fall 142 

trajectories. 143 

 144 

The RSWM follows a wood budget approach (sensu Benda and Sias 2003) where the quantity of 145 

in-stream wood in a unit length of channel is the result of differences in input, output and decay: 146 

∆𝑆 = (𝐿𝑖 − 𝐿𝑜 + 𝑄𝑖 − 𝑄𝑜 − 𝐷)∆𝑥 ∆𝑡      Eq. (1) 147 
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Where ∆𝑆 is the change in wood quantity within a reach of length ∆𝑥 over time ∆𝑡, specified in 148 

terms of number of pieces or total volume, and may also be grouped by piece size, e.g., number 149 

or volume of pieces of different diameter classes.  Change in in-stream wood quantity is a 150 

consequence of terrestrial sources of wood (tree mortality, bank erosion, landsliding) (Li), loss of 151 

wood due to overbank deposition in flood events and abandonment of jams (Lo), fluvial transport 152 

of wood into (Qi) and out of (Qo) the reach, and in-situ decay (D) (Benda and Sias 2003). Fluvial 153 

transport and overbank deposition are not considered in the RSWM because our focus is on 154 

recruitment only and thus Eq. 1 is reduced to: 155 

∆𝑆 = (𝐿𝑖 − 𝐷)∆𝑥∆𝑡         Eq. (2) 156 

.  157 

Li in the RSWM encompasses only the recruitment process of tree mortality and hence tree fall 158 

following death (Lim) and excludes bank erosion and landsliding: 159 

Lim = 𝑓 (BL, M, P, N)         Eq. (3) 160 

where BL is the amount or density of trees adjacent to the stream of specific diameters and 161 

heights, M is the mortality rate (tree death per year), P is the probability that trees that fall will 162 

intersect the stream, and N is the number of banks (1-2).  163 

The probability that a tree located at any point in a riparian forest will intersect the channel 164 

segment, given that the distance to the stream is less than H, is calculated as: 165 

P  =∫ 𝑓(𝑎)
𝑎2−𝑎1

𝑎1
𝑑𝑎          Eq. (4) 166 
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where a is the fall angle referenced to the orthogonal of the nearest channel edge (Figure 2), f(a) 167 

is the probability density of all fall angles, and a1 and a2 are the fall angles of a tree to the 168 

endpoints of the channel segment.  169 

Estimating P in the RSWM follows the approach of Sobota et al. (2006) in which fall-angle data 170 

were well characterized using a normal distribution having zero mean (directly towards the 171 

stream) and slope-dependent standard deviation σ, for which P is calculated as:  172 

𝑃 = erf (
𝜃/2

𝜎√2
)           Eq. (5) 173 

and where  174 

𝜃/2 = cos−1(𝑑/ℎ),                   Eq. (6) 175 

where erf is the error function, 𝜃 is the angle between the tree fall orthogonal to the channel (e.g., 176 

nearest to the channel edge) and all other tree fall orientations, d is the distance to the reach, h is 177 

the height of the tree as it intersects the reach, and σ is the empirically derived standard deviation 178 

of the fall direction in degrees for the valley side slope gradient (Figure 2). When the valley side 179 

slope is less than or equal to 40°, σ = 76; when the valley side slope is greater than 40°, σ = 41 180 

(Sobota et al. 2006).  181 

The RSWM divides the forest stands to be simulated (e.g., Figure 2) into one meter increments 182 

from the stream. In each distance increment, the probability of a tree intersecting the stream is 183 

calculated for each angular arc (1o) increment (e.g., a1 to a2, Eq 4); the angle of the full arc and 184 

the number of angular increments is determined by tree height and distance away from the 185 

stream. The calculation is applied to a density of trees within specific heights, diameters and 186 

species classes. All angular increment probabilities, across all diameter, height and species 187 
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classes, are summed across all one meter increments from the stream until the tree height (H) 188 

exceeds distance to the stream (h), orthogonal to the channel. This yields the number of in-189 

stream pieces of wood of varying diameters per 100 m channel segment. 190 

Piece breakage is not included in the RSWM and in-stream wood is only that portion of a tree 191 

that is contained within the bankfull channel width (L in Figure 2); piece breakage and wood 192 

extending outside of channel banks are details that could be incorporated in the future. 193 

In addition to predicting pieces of in-stream wood per length of channel, the RSWM predicts 194 

wood volume in streams. This requires, in addition to the length of trees that intersect a channel 195 

(L in Figure 2), the diameter of intersecting pieces. Tree taper equations are used to predict the 196 

diameters of trees that intersect streams for both conifers (Waddell 1987 and Kozak 1988) and 197 

hardwoods (Hibbs et al. 2007).  198 

Volume of wood pieces intersecting streams is calculated using: 199 

𝑉𝑝 = 𝐿 ∗ 𝜋 ∗
(𝑑12+ 𝑑22)

4
        Eq. (7) 200 

where Vp is the piece volume, L is piece length and d1 and d2 are diameters at each end of the 201 

piece intersecting the channel. A volume is assigned to each piece of wood and all volumes are 202 

summed along the 100 m modeled reach for each time step. 203 

RSWM can be run for multiple decades or centuries depending on the output from forest growth 204 

models, and hence decay of wood is included to calculate the cumulative change in in-stream 205 

wood over time. Decay limits the volume of wood that accumulates in streams and is influenced 206 

by temperature, humidity, precipitation, piece size, and wood species (Means et al. 1985).  207 

In the RSWM, wood decay is calculated using an exponential decay function (Harmon et al. 208 

1986): 209 
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St = Soe
-kt          Eq. (8) 210 

where St is the volume at time t, So is initial wood volume (year 1) and k is the decay coefficient.  211 

Rates of decay (k) range from 1 to 6% (Murphy and Koski 1989) with conifers decaying more 212 

slowly than hardwoods (Bilby et al. 1999). In the RSWM, wood decay and accumulation are 213 

calculated for hardwoods and conifers separately and we use a decay coefficient of 1.5% for 214 

conifers (Murphy and Koski 1989) and 3% for hardwoods (Bilby et al. 1999).  The volume of 215 

decayed wood is subtracted from the predicted wood recruitment at each time step and from 216 

accumulated wood from previous years. 217 

Thinning trees in second-growth forests reduces suppression mortality and thus the recruitment 218 

of in-stream wood.  To mitigate the predicted loss of in-stream wood from thinning, either a no 219 

harvest buffer is applied or some portion of the thinned trees is mechanically introduced into the 220 

stream, referred to as “tree tipping”, an innovation we added to the RSWM. A percentage of 221 

thinned trees is chosen to be “tipped” for each stand, each year, and each diameter class (tree 222 

tipping rate). Introduction of tipped trees (from the thinned tree population), with a probability of 223 

one for intersecting the stream (e.g., felled orthogonal to the stream edge), begins with those 224 

closest to the stream edge. If a buffer exists, tree tipping begins in the stand adjacent to the 225 

buffer. Tree tipping modifies Eq. (2) to: 226 

∆𝑆 = (𝐿𝑖𝑚 +  𝐿𝑖𝑡𝑡) − 𝐷)∆𝑥∆𝑡        Eq. (9) 227 

Where Litt is the wood recruitment associated with tree tipping. 228 

3.3 Forest Growth Modeling 229 

The size and quantity of wood pieces recruited to streams are primarily dependent on the size 230 

and quantity of trees available to fall into the channel. Hence, wood recruitment rates depend on 231 
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forest stand characteristics. The RSWM requires inputs of predicted forest growth and death over 232 

time from a simulation model. In this study we used ORGANON (Northwest Oregon version 233 

9.13, 2013), because it was developed using data from even age, second growth stands in 234 

northwest Oregon (Hann 2006). Thus, it is well-suited to modeling second-growth, mixed 235 

species forests in our study site.  ORGANON simulates individual tree growth, density-236 

dependent mortality, and other density-independent mortality agents (e.g., windthrow, 237 

pathogens, insects) that can kill trees across a stand’s diameter distribution (although it does not 238 

simulate tree regeneration). Density-dependent mortality generally targets the smaller end of a 239 

stand’s diameter distribution.  In addition, trees that die in ORGANON are assumed to die 240 

standing as snags and they are made to topple the year following death in the RSWM.   241 

ORGANON produces output in the form of stand tables or tree lists, e.g., the density of live and 242 

dead trees per unit time and unit area across a range of species and diameter classes (e.g., 10-30 243 

cm, 30-50 cm etc.). ORGANON’s predicted density of dead trees (with uniform spacing) 244 

represents the BL and M components (Eq. 3) of Lim (Eq. 2). ORGANON requires initial stand 245 

conditions (species, density, diameter and heights of all trees) and the modeled time series 246 

generally encompass a century or less. We do not describe forest growth modeling and the reader 247 

is encouraged to research the details of individual models. 248 

ORGANON was applied to a second growth forest adjacent to our 100-m stream reach (10 m 249 

wide) in the Alsea watershed (Figure 1) located in the Siuslaw National Forest in coastal Oregon. 250 

ORGANON was initialized with data from the Forest Inventory Analysis (FIA) Program via the 251 

Gradient Nearest Neighbor (GNN) database (Ohmann and Gregory 2002).  Three inventory plots 252 

(FCID’s 21335, 25245, 25466, http://lemma.forestry.oregonstate.edu/) were used to represent the 253 

plantation. Each tree list was dominated by Douglas-fir with small numbers of maple and alder. 254 

http://lemma.forestry.oregonstate.edu/
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3.4 Silvicultural Treatments 255 

The RSWM was run for 100 years (5 year time steps) using three different silvicultural 256 

treatments that reflect current management approaches in second growth forest plantations in the 257 

Siuslaw National Forest: 1) no treatment on both sides of the channel which is used as the 258 

reference, 2) a single-entry thin from below (thinning from below removes the smallest trees to 259 

simulate suppression mortality), and 3) a double-entry thin from below with the second one 260 

occurring 25 years after the first. Both single and double entry thins were simulated with and 261 

without a 10 m buffer. Thinning was applied to one and both sides of the channel (e.g., 262 

encompassing two scenarios). Tree tipping was applied to single and double entry thins and 263 

encompassed a range between 5% and 20% of the thinned trees, in 5% increments, and also 264 

applied to one and both sides of the stream. The 10 m buffer encompassed the forest closest to 265 

the channel with the thinning occurring beyond.  σ is 76 (e.g., side slope less than 40o, Eq. 5) and 266 

the in-stream wood volume is zero at the beginning of the simulation. 267 

4.0 Simulation Results 268 

4.1 Change in Forest Stand Density and Diameter 269 

In the no treatment alternative, the density of live trees declines from 687 trees-per-hectare (tph) 270 

in 2015 to 266 tph in 2110 due to natural suppression mortality (-61% from initial conditions); 271 

live trees in 2110 include 100 thp in 0 – 50 cm and 166 tph in 51 – 100 cm diameter-breast-272 

height (dbh) classes (Figure 3). The single-entry thin reduces stand density to 225 tph in 2015 (-273 

67%) and declines further to 160 tph by 2110 (-77%); at 2110 it includes 6 tph in 0 – 50 cm and 274 

154 tph in 51 – 100 cm dbh classes (Figure 3). A double-entry thin begins as the single entry thin 275 

but the second thin (25 years later) leads to a further reduction in tree density to 123 tph in 2040 276 
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(-82%) and remains approximately constant thereafter (Figure 3).  From 2050 onward all live 277 

trees in the double-entry thin are in the 51-100 cm dbh class (Figure 3). 278 

 279 

Figure 3. Model output using ORGANON forest growth simulation for live and dead trees using three 280 

scenarios: no treatment, single entry thin and double entry thin. 281 

 282 
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The dbh of live trees are predicted to vary with thinning. In the no treatment alternative, 24% of 283 

trees are in the larger 50 – 100 cm diameter class. That percentage in the single and double entry 284 

thins increases to 57% and 62%, respectively (Figure 3). 285 

Thinning also results in a substantial reduction in the number of dead trees over time (the trees 286 

that contribute to in-stream wood).  In the no treatment alternative there are 32 dead tph (0 – 50 287 

cm) in 2015; by 2110 there are eight dead (0 - 50 cm) and three dead tph (51 – 100 cm) (Figure 288 

3). In the single-entry thin in 2015 there are two dead tph (0 – 50 cm) and by 2110 there is one 289 

dead (0 – 50 cm) and 3 dead tph (51 – 100 cm). In the double-entry thin in 2015 there is the same 290 

dead tph as in the single-entry thin, but by 2110 there is one dead tph in the 51 – 100 cm 291 

diameter class (Figure 3).  292 

4.2 Changes in Wood Recruitment in Single and Double Entry Thinning 293 

RSWM simulations reveal reductions in in-stream wood due to the heavy, single entry thinning 294 

(corresponding to a reduction from 687 TPH in to 225 TPH in 2015) with no buffer or tree 295 

tipping. All reported decreases and increases in in-stream wood storage represents wood volume 296 

integrated over a century, including the effect of decay. There is a cumulative loss of the 297 

predicted volume in-stream wood of 33% integrated over a century with thinning on one stream 298 

side (Table 1, Figure 4). The reduction is 66% if thinning treatment occurs simultaneously on 299 

both sides of the stream. Adding a 10 m wide no treatment buffer reduces the cumulative loss of 300 

wood storage to 7% (or 14% if stands on both sides of the channel were thinned simultaneously). 301 

Mechanical tipping of 5%, 10%, 15%, and 20% of the volume of thinned trees into the stream on 302 

one side of the channel in the absence of a buffer, yielded changes to in-stream wood storage, 303 

compared to the no treatment alternative, of -15%, -6%, +1% and +6%, respectively (Figure 4, 304 
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Table 1); negative values refer to less in-stream wood compared to no treatment and positive 305 

values refer to wood volume that is greater than no treatment. Mechanical tipping  the same 306 

percent of the volume of thinned trees on one side of the channel, with a 10 m wide buffer, 307 

lowered the predicted reductions and the increases (Table 1, Figure 4). To completely offset the 308 

predicted losses of in-stream wood due to thinning on one side of the stream requires tipping of 309 

14% and 12% of the thinned trees into the stream, without and with a 10 m buffer, respectively 310 

(Figure 5). Thinning and tipping on both sides of the channel double the predicted decreases and 311 

increases (Figure 6); e.g., thinning leads to a 66% reduction in in-stream wood and a 20% rate of 312 

tree tipping leads to a 12% increase in in-stream wood. A no treatment buffer dampens the effect 313 

of tree tipping as indicated in the slope of the 10 m buffer lines in Figure 5. 314 

Table 1. Predicted cumulative wood volume (m3/100 m) over the simulated century. Negative 315 

values refer to less in-stream wood compared to no treatment and positive values refer to wood 316 

volume that is greater than the no treatment alternative. Thinning, buffer, and tree tipping occur 317 

only on one side of the channel with no treatment on the other side; the no treatment alternative 318 

occurs on both sides of the channel.  For thinning and tipping simultaneously on both sides of the 319 

channel, the losses and gains reported in the table are doubled.  320 

 321 

Scenario Single Entry 

Thin (m3/100 m) 

Percent Change 

from No 

Treatment 

Double Entry 

Thin (m3/100 m) 

Percent Change 

from No 

Treatment 

No treatment 

(reference) 

279 0 279 0 

Thin 187 -33 163 -42 

Thin, buffer 258 -7 249 -11 

Thin, tip 5% 236 -15 237 -15 

Thin, tip 10% 261 -6 283 +1 

Thin, tip 15% 282 +1 323 +16 

Thin, tip 20% 295 +6 347 +24 
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Thin, buffer, tip 

5% 

270 -3 274 -2 

Thin, buffer, tip 

10% 

277 -1 292 +5 

Thin, buffer, tip 

15%  

280 +0.28 303 +9 

Thin, buffer, tip 

20% 

280 +0.30 310 +11 

 322 

 323 

 324 

Figure 4. Predictions from the Reach Scale Wood Model showing cumulative wood volume over time 325 

(included decay) for a single entry thinning, without and with a 10 m no harvest buffer, only on one side 326 
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of the channel (with no treatment on the opposite side of the channel). Also shown are the results from 327 

tree tipping from 5% to 20% of the thinned trees into the stream. 328 

 329 

 330 

 331 

Figure 5. Negative values refer to wood volume that is less than the no treatment and positive values 332 

refer to wood volumes greater than the no treatment. To completely offset the loss of in-stream wood 333 

due to thinning (single entry) would require a 14% rate of tree tipping; adding a buffer reduces the 334 

effectiveness of tree tipping. In the double entry thin, a 6% and 10% rate of tree tipping would be 335 

necessary to completely offset the loss of in-stream wood due to thinning with and without a buffer 336 

respectively. 337 

 338 
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 339 

Figure 6. Predictions from the Reach Scale Wood Model showing cumulative wood volume over time 340 

(included decay) for a single and double entry thinning, without a 10 m buffer, simultaneously on both 341 

sides of the channel. Also shown are results from tree tipping from 5% to 20% of the thinned trees into 342 

the stream. 343 

 344 

 345 

Effects of a double entry thin on in-stream wood recruitment are more pronounced both in 346 

reductions and in gains across the different management alternatives. With treatment on one side 347 



20 
 

of the channel, the double entry thin is predicted to result in a cumulative 42% decrease of in-348 

stream wood, over the simulated century (Figure 7, Table 1). If forest stands on both sides of the 349 

stream were thinned simultaneously in the absence of a buffer, in-stream wood reductions would 350 

equal 84%. Tree tipping of 5% 10%, 15% and 20% of the thinned volume, without a 10 m 351 

buffer, yields changes to in-stream wood volume, compared to the no treatment alternative, of -352 

15%, +1%, +16% and + 24%, respectively when thinning on one side of the channel (Figure 7, 353 

Table 1).  Tree tipping across the range of 5% to 20%, in the presence of a 10 m buffer, dampens 354 

both the reductions and increases (Figure 7, Table 1). Double entry thinning and tipping on both 355 

sides of the stream of 5% to 20%, without a buffer, would double the predicted changes in 356 

cumulative in-stream wood (e.g., -30%, +2%, +32%, +48%). To completely offset predicted 357 

reductions of in-stream wood due to double entry thinning on one side of the stream 358 

(cumulatively over a century) would require tipping of 10% and 7% of the volume of thinned 359 

trees into the stream, without and with a 10 m no treatment buffer, respectively (Figure 5). 360 

 361 
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 362 

Figure 7. Predictions from the Reach Scale Wood Model showing cumulative wood volume over time 363 

(included decay) for a double entry thinning, without and with a 10 m buffer, only on one side of the 364 

channel (with no treatment on the opposite side of the channel). Also shown are results from tree 365 

tipping from 5% to 20% of the thinned trees into the stream. 366 

 367 

The single entry thin – tipping treatment on one side of the channel results in a marked increase 368 

in in-stream wood volume over the non-treatment alternative that extends between 25 and 50 369 

years following tipping (in 2015), depending on the proportion tipped (Figure 4). Wood volumes 370 
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then decline below that of the no-treatment alternative (after year 2040 to 2055), with volume at 371 

any time following equivalent to the no treatment amount but at an earlier time. Thus, wood 372 

storage in the latter half of the simulated century associated with tree tipping (single entry) lags 373 

behind the no treatment storage on average about 10 to 30 years and becomes less than the no 374 

treatment approximately mid-century (Figure 4). Thinning and tipping simultaneously on both 375 

sides of the stream results in in-stream wood volume that is always above the no treatment 376 

alternative over the simulated century (Figure 6).  377 

The double entry thin – tipping treatment on one side of the channel results in a large increase in 378 

in-stream wood storage (above the no treatment) that extends between 35 and 60 years following 379 

tipping (Figure 7). Similar to the single entry thin, the in-stream wood volume corresponds to the 380 

no treatment wood volume, but at an earlier time. However, the thinning with tipping instream 381 

wood volume falls below the no treatment for approximately the last 40% of the century. A 382 

double entry thinning and tipping simultaneously on both sides of the channel results in larger 383 

gains in in-stream wood volume that extends beyond the no treatment for the entire century 384 

(Figure 6). 385 

 386 

4.3 Variable Buffer Widths, Tree Diameters, Heights and In-stream Piece Sizes 387 

The analysis of thinning applied a 10 m buffer (approximately one third of a tree height in year 388 

2015). However, source distance curves can be used to estimate how varying the width of buffers 389 

changes the amount of in-stream wood that is protected. For example, with a single entry thin 390 

restricted to one side of the stream at the beginning of the simulation, a 10 m buffer maintains 391 

93% of in-stream wood and 89% in a double entry thin (Table 1, Figure 8); this includes the no 392 

treatment condition on the other channel bank that is also contributing wood to the stream. Single 393 
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and double entry thinning on both sides of the stream with a 10 m buffer would maintain 86% 394 

and 78% of in-stream wood volume, respectively (Figure 8).  Varying buffer width produces 395 

varying levels of protection of in-stream wood. For example, increasing buffer width to 20 m 396 

(approximately 2/3 of an average tree height in 2015) would protect more than 95% of the no 397 

treatment in-stream wood in single and double entry thins on one or both sides of the stream 398 

(Figure 8). A full tree height is required to ensure no losses of wood due to thinning, although the 399 

last one third of tree height will only yield 5 to 15% of additional in-stream wood volume 400 

(Figure 8).   401 

In the first 30 years of the simulation there is little difference in wood storage between the no 402 

treatment and the thinning with a 10 m buffer (Figure 8). Following 2040, however, there is an 403 

increasing disparity in in-stream wood among the two scenarios. This partly results from 404 

increasing tree heights over time that reduces the proportion of in-stream wood that is protected 405 

with the fixed 10 m wide buffer; e.g., tree heights increase over time from 28 to 36 m at 2015 to 406 

between 55 m and 65 m at 2110 (Figure 8).  407 

In the no treatment and thinning without buffer alternatives, the majority of in-stream wood 408 

originates from within the first 6 m of the stream but at a much lower volume compared to 409 

thinning and tipping alternatives (Figure 9). The distance to sources of wood in the single entry 410 

thin with tipping across the range of 5% to 20% (in 5% increments) of the thinned volume 411 

without a buffer is 4 m, 7 m, 11 m, and 14 m respectively (Figure 9). Thus, the most efficient 412 

tree tipping, in terms of contributing volume of wood in streams, is the 5% and 10% rates 413 

because tipping begins at the stream margin (in the absence of a buffer) and progresses away 414 

from the stream at higher tipping rates, where the portion of the tree reaching the stream is 415 

smaller in diameter (and thus of smaller volume) than for trees nearer to the stream.  416 
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 417 

Figure 8. (Upper) Source distance curves showing varying cumulative proportion of in-stream wood 418 

volume with distance from stream for single and double entry thinning, on one and both sides of the 419 

stream. (Middle) Predicted tree heights varying over time for different diameter classes of trees. 420 

(Bottom) Increasing disparity of accumulated wood volume over time for single and double entry 421 

thinning (with 10 m buffer) compared to no treatment, in part due to the effects of increasing tree 422 

height over time and the incremental reduction in buffer effectiveness. 423 

 424 
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 425 

Figure 9.  (Upper) Thinning reduces the wood volume entering the stream at distances less than about 426 

16 m from the channel edge. (Middle) The large effects of thinning and tipping on in-stream wood 427 

recruitment, compared to the no treatment, are most pronounced nearest the channel edge. Note the 428 

change in the y axis wood volume values between the upper and middle graphs. (Bottom) Adding a 10 m 429 

buffer greatly reduces the effectiveness of tipping mitigation. 430 

 431 
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Piece sizes of in-stream wood across all management alternatives are dominated by the 10 to 35 432 

cm diameter class, as measured at the midpoint of wood pieces in channels.  There is a 6% 433 

increase in in-stream volume in the 35 to 60 cm size class in the single and double entry thins 434 

without the 10 m buffer, aggregated over all years (Table 2). This is due to the larger trees that 435 

remain following the first thinning and increased growth rates that result as predicted by 436 

ORGANON (Figure 3). Using a 10 m buffer eliminates that increase. There is minor (2%) 437 

increase  in wood volume in the larger piece sizes (35 – 60 cm) in the single entry thin with 438 

tipping (10% tip rate) because the tipped trees are part of the thinned tree population, which have 439 

smaller diameters (e.g., thinning from below) and because tree taper limits the diameter of the 440 

tree intersecting the stream. There is no change in the proportion of wood volume in the larger 441 

piece diameters in the double entry thin because even though there was a second tipping (year 442 

2040), the tipped trees were comprised of the smallest diameters at that time period (Table 2). 443 

Table 2. Percentage (cumulative) of in-stream wood piece volumes in three size categories. 444 

Piece 

Size 

(diameter, 

cm) 

No 

treatment 

Single 

entry, 

no 

buffer 

Single 

entry, 

with 

buffer 

Double 

entry, 

no 

buffer 

Double 

entry, 

with 

buffer 

Single 

entry, 

no 

buffer, 

tip 10% 

Single 

entry, 

with 

buffer, 

tip 10% 

Double 

entry, 

no 

buffer, 

tip 10% 

Double 

entry, 

with 

buffer, 

tip 10% 

10 - 35 91 85 91 86 90 89 91 92 91 

35 - 60 9 15 9 14 10 11 9 8 9 

> 60 0 0 0 0 0 0 0 0 0 

 445 

Thinning also effects the number and size of dead trees. Concurrently with a reduction in dead 446 

tree density, there is a marked increase in the diameter of those trees. For example, only 4% of 447 

dead trees in the no treatment are in the 50-100 cm diameter class. In contrast, there are 39% and 448 

43% of dead trees is that class in the single and double entry thins (Table 3). However, this does 449 

not translate into notably larger diameter in-stream wood because of the large reduction in dead 450 
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tree density and the selection of the tipping trees from the smaller trees in a thin (thinning from 451 

below). One option to increase the diameter of in-stream wood is to select the trees to be tipped 452 

from the larger tree diameters. 453 

Table 3. The cumulative proportion, over the century simulation, of live and dead trees per 454 

treatment in different diameter (dbh) classes. 455 

Tree diameter at 

breast height (cm) 

   

Live Trees No Treatment Single Entry Thin Double Entry Thin 

0 - 50 76% 43% 38% 

50 - 100 23% 56% 61% 

100 - 150 1% 1% 1% 

Dead Trees    

0 - 50 95% 60% 56% 

50 - 100 4% 39% 43% 

100 - 150 1% 1% 1% 

 456 

5.0 Discussion  457 

5.1 Thinning in Riparian Areas, Buffers and Tree Tipping as Mitigation  458 

ORGANON in our study site in coastal Oregon predicts that thinning results in large changes to 459 

forest structure over the 100 year simulation. There are large reductions in the densities of live 460 

trees and a corresponding increase in diameters, a prediction similar to others (Dodson et al. 461 

2012, Spies et al. 2013). The ecological effects of such changes will vary among organisms, with 462 

some responding positively to the increase in size of trees while other may be affected negatively 463 

by the reduction in the number of trees live and dead (Pollack and Beechie 2014). Predicted live 464 

and dead tree density is sensitive to the forest growth model that is applied; Zelig (Urban 1990) 465 

and Vegetation Simulator (FVS, Crookston and Dixon 2005) are models that may produce 466 

different results (e.g., Pabst et al. 2008, Spies et al. 2013) but they are not included here.  467 
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Our analysis explored two different mitigation strategies to offset losses of in-stream wood due 468 

to thinning: (1) a 10 m no harvest buffer and (2) mechanical introduction of some portion of the 469 

thinned trees. The width of the buffer controls the proportion of in-stream wood that is 470 

maintained during the thinning alternatives. A 10 m buffer maintains 93% of in-stream wood in a 471 

single entry thin and 89% in a double entry thin (thinning on one side of the stream with no 472 

treatment on the opposite bank), a width approximately equivalent to one third of a tree height in 473 

2015 (Figure 8). Doubling the buffer width to 20 m, or approximately two thirds of a tree height, 474 

increases the maintenance of in-stream wood beyond 95% in single and double entry thinning on 475 

one or both sides of the channel.   476 

The mechanical introduction of some portion of the thinned trees into streams (tree tipping rate) 477 

is another effective form of mitigation and can be used to either completely offset any losses of 478 

in-stream wood due to thinning or to increase in-stream wood compared to the no treatment or 479 

thinning with buffers. The extent of the change varied with the proportion of the trees placed in 480 

the channel, whether this contribution was from one bank or both, and the presence of 10 m no 481 

harvest zone (Figure 5).  The double entry thin with tipping, particularly without a buffer, is the 482 

most effective at increasing wood storage in magnitude and duration over the no treatment 483 

alternative. Moreover, thinning and tipping on both sides of the stream simultaneously leads to 484 

the largest increases in in-stream wood (2% to 12% in a single entry thin without a buffer and 485 

2% to 48% in a double entry thin without a buffer) (e.g., doubling the values in Table 1, Figure 486 

6).  487 

5.2 Thinning and Tipping in the Context of Fish Habitat Restoration 488 

Pools and cover, which are often directly related to the abundance of wood, are important for 489 

certain species of fish, such as coho salmon (Oncorhynchus kisutch) in coastal Oregon (Roni and 490 
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Quinn 2001, Anluaf-Dunn et al. 2011). Thus, predicted reductions in in-stream wood in the 491 

simulation due to thinning without and with buffers (no tree tipping) could lead to reductions in 492 

fish habitats, throughout the century period. However, thinning with tipping can produce more 493 

in-stream wood, cumulatively over a century, compared to the no treatment. Tree tipping could 494 

be considered an in-stream restoration activity (Jones et al. 2014, Carah et al. 2014). However, 495 

with thinning and tipping only on one side of the stream most of the increases occur in the first 496 

half of the simulated century, which is then followed by a period during which wood volumes 497 

drop below the no treatment alternative. However, with thinning and tipping simultaneously on 498 

both sides of the stream, the increase above the no treatment continues for the entire century. 499 

 500 

The predicted increases in the volume of in-stream wood due to tipping could offset concerns 501 

about reductions of in-stream wood and loss of fish habitat (Beechie et al. 2000).  Additionally, 502 

in tipping, the amount of wood increases immediately rather than being delayed for 25 to 50 503 

years in the no treatment, unmanaged stand.  This could be particularly important for improving 504 

habitat conditions for U. S. Endangered Species Act-listed species, such as the coho salmon in 505 

the near term, rather than waiting an additional half century or more for higher levels of wood 506 

recruitment and storage.  The increase in the size of the trees in the riparian zone over time that 507 

results from thinning is also important ecologically because they will be more effective in 508 

forming pools than smaller sized pieces, although the in-stream piece size effect might not occur 509 

until after the first century. To increase the size (diameter) component of in-stream wood earlier 510 

in the century, the tipped trees could be selected from the larger diameter classes within the 511 

riparian forest. 512 

 513 
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The presence of a no harvest buffer reduces the effectiveness of tipping, a consideration in the 514 

context of aquatic restoration. For example, with a buffer very little increase in in-stream wood 515 

volume occur with tree tipping because tree recruitment occurs away from the channel (e.g., 516 

greater than 10 m) and only the thinner, upper sections of trees are recruited, providing very little 517 

in-stream wood because of tree taper.  518 

5.3 Thinning and Tipping in Conjunction with In-Stream Structures 519 

Thinning operations could be integrated with other in-stream restoration efforts. For example, the 520 

magnitude and duration of predicted in-stream wood storage in any management scenario in the 521 

RSWM does not account for fluvial transport in and out of channel reaches and thus wood 522 

redistribution (e.g., Qi and Qo in Eq. 1). Wood recruitment, including by tree tipping, does not 523 

include the roots of trees, thus leading to less stable, in-stream pieces. In addition, the diameter 524 

of many pieces are predicted to be of smaller diameters (Table 2), another factor leading to lower 525 

stability and higher wood transport (unless the tipped trees are selected from the larger diameter 526 

classes). Hence, fluvial export of wood could lead to reductions in in-stream wood in any 527 

particular stream reach, below the amounts predicted. One approach to maintaining increased 528 

storage of in-stream wood due to tipping is to interrupt or reduce fluvial wood transport by the 529 

placement of in-stream structures, such as engineered log jams and or boulder deposits. Such 530 

structures could be strategically placed in the context of thinning and tipping to ensure that 531 

increases in wood storage are maintained over time. 532 

Another approach to offset losses of in-stream wood due to fluvial transport is to conduct 533 

thinning and tipping activities along long and contiguous reaches of stream, so that Qi and Qo 534 

remain approximately balanced over long sections of streams. Estimates of in-stream wood 535 

transport, using a combination of modeling and field data in northern California, suggest that 536 
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wood transport (over the lifetime of wood pieces) in small headwater streams can range from 50 537 

m to 250 m while transport distances in larger third through fifth order streams might attain 538 

multi-kilometers (Benda and Bigelow 2014). Transport distances may even exceed those, 539 

considering that transport impeding jams may be breached by large floods (Lassettre and 540 

Kondolf 2003).  541 

 542 

5.4 Thinning and its Design Conditioned by Different Environmental Conditions 543 

The alternatives considered in this paper could be applied in different areas and to different 544 

extents, depending on varying physical and ecological conditions. Environmental conditions 545 

could encompass: (1) riparian forest condition (e.g., ages, heights, diameters, densities etc.), (2) 546 

condition of terrestrial and avian habitats, particularly those dependent on riparian environments 547 

for some part of their life cycles, (3) current fish habitat conditions for different species (such as 548 

coho salmon), including in-stream wood recruitment, (4) shade, thermal loading and stream 549 

temperature concerns, (5) headwater and upslope (debris flow) supply of wood and (6) erosion 550 

potential and sediment delivery to streams (Reeves et al. in press). Watershed scale analyses that 551 

provide information on these, and other physical and biological settings, would be important 552 

components in developing watershed to landscape scale strategies for implementing thinning and 553 

other forest and stream management and restoration plans. 554 

For example, in second growth forests (occurring on both sides of the stream) where both 555 

terrestrial and aquatic habitats are of poor quality, and where sensitivity to increases in thermal 556 

energy is low, thinning and tipping, in the absence of a buffer, could be applied to both channel 557 

sides as a form of fish habitat restoration. In areas where a decrease in shade can lead to large 558 

increases in thermal loading due to thinning, a buffer can be applied, with a width and vegetation 559 
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density designed to eliminate or reduce predicted increases in thermal loading; tree tipping may 560 

or may not be applied, depending on objectives for stream restoration. Along non-fish bearing 561 

headwater streams where large in-stream wood is lacking and where vegetation controls on 562 

thermal loading are considered low, aggressive thinning without tipping could occur, with the 563 

objective of creating larger pieces of in-stream wood over century time scales. This tactic might 564 

be particularly relevant in small headwater streams that are predicted to be important upslope 565 

sources of large wood to downstream habitats, via the process of debris flows (Reeves et al. 566 

2003, Burnett and Miller 2007, Bigelow et al. 2007). 567 

The potential for surface erosion and mass wasting in and near riparian areas is an important 568 

concern that should be addressed when designing watershed scale thinning treatments (Litschert 569 

and MacDonald 2009). Models, coupled with field observations and measurements, could be 570 

used to estimate the potential for erosion. Thinning could be replaced with a no treatment 571 

alternative or the use of buffers in areas where erosion risk and potential for sediment delivery to 572 

streams is high.  573 

5.5 Model Limitations, Field Validation and Adaptive Management 574 

Forest growth models contain approximations that influence the predicted wood storage in 575 

streams. In our analysis, use of FIA data spatially extrapolated by the GNN method, provides 576 

only an approximation of actual riparian forest conditions in any location; the majority of FIA 577 

plots lie outside of riparian areas. It is recommended that forest stand inventories occur in the 578 

riparian second growth forests targeted for thinning, at least in a subset of proposed project areas. 579 

Assessing effects of thinning on wood recruitment and tree growth is partially dependent on the 580 

forest growth model (Pabst et al. 2008, Spies et al. 2013).  ORGANON has lower growth rates 581 

and low competition mortality rates compared to the other models such as FVS (Crookston and 582 
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Dixon 2005) and ZELIG (Garman et al. 1992).   Resource managers could examine results from 583 

more than one model especially for projections that extend out 50 to 100 years. Sources of 584 

variability can include mortality from non-density dependent factors (e.g. wind throw, bank 585 

erosion) that become more important over time. 586 

The RSWM contains several approximations in its predictions of century-scale in-stream wood 587 

budgets. Tree spacing is assumed to be uniform, although trees in actual forest stands might be 588 

clumped. There may be higher concentration of deciduous species nearest to the stream although 589 

this could be incorporated into stand divisions in the RSWM. Tree taper equations are 590 

approximations of actual tree shape. The amount of in-stream wood is limited to what is 591 

circumscribed by both stream banks (e.g., modeled pieces of wood do not extend beyond the 592 

channel banks in the RSWM). However, piece breakage and pieces extending outside of channel 593 

banks can be added in the future. In the no treatment scenario, high density stands of smaller 594 

trees may inhibit the probability of tree fall (in any direction). Thus recruitment from dense 595 

untreated stands could be over-predicted in the RSWM. This issue may also complicate tree 596 

tipping effectiveness. 597 

6.0 Conclusions 598 

We found that single and double entry thinning, with no mitigation (buffers or mechanical 599 

tipping of trees into the stream) can lead to large losses of in-stream wood over a century time 600 

scale; single and double entry thins on one side of the stream leads to reductions of 33% to 42% 601 

of instream wood with simultaneous thinning on both sides of the stream doubling those losses. 602 

No cut buffers are effective at protecting in-stream wood recruitment. However, tree tipping can 603 

lead to large increases in in-stream wood that could be considered a form of fish habitat 604 

restoration.  605 
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The need for thinning, including its design, will vary spatially depending on variable site 606 

conditions including existing terrestrial and aquatic habitat needs (Pollock and Beechie 2014), 607 

in-stream wood recruitment potential, thermal sensitivity, floodplains and erosion potential. 608 

Applications of thinning without and width buffers or without and with tree tipping offers a 609 

framework to consider the design and implementation of thinning, including as a form of channel 610 

restoration. 611 
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