w N

N

O 00 N O U

10

12
13
14
15

16
17
18

19

20

21

22

23

24

25

26

27

28

29

30

31

Title Page

Thinning and In-Stream Wood Recruitment in Riparian Second Growth Forests in Coastal
Oregon and the Use of Buffers and Tree Tipping as Mitigation

Lee E. Benda! (Corresponding author), S. E. Litschert?, Gordon Reeves®, Robert Pabst*

'Earth Systems Institute
Mt. Shasta, CA 96067

leebenda@terrainworks.com

2 BLM National Operations Center
Denver, CO 80225-0047
slitschert@blm.gov

3U.S. Forest Service, Pacific Northwest Research Station
Corvallis, OR 97331

greeves@fs.fed.us

*Oregon State University
Corvallis, OR 97331
rob.pabst(@oregonstate.edu


mailto:leebenda@terrainworks.com
mailto:greeves@fs.fed.us

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Abstract

Many aquatic habitats in coastal Oregon have been impacted by historic land use practices that
led to losses of in-stream wood and associated degraded fish habitats. Many of these streams are
now bordered by stands of dense second growth forests (30 — 80 years) that are incorporated into
riparian buffer zones with low wood recruitment and storage. Thinning in riparian zones is one
management option to increase the rate of large tree growth and eventually larger in-stream
wood, however, it raises concern about impacts on current wood recruitment, among other
issues. Using a forest growth simulation model coupled to a model of in-stream wood
recruitment, we explore riparian management alternatives in a Douglas-fir plantation in coastal
Oregon. Alternatives included: (1) no treatment, (2) single and double entry thinning, without
and with a 10-m buffer, and (3) thinning combined with mechanical introduction of some portion
of the thinned trees into the stream (tree tipping). Compared to no treatment, single and double
entry thinning on one side of a channel, without a 10-m buffer, reduce cumulative in-stream
wood volume 33% and 42% respectively, after 100 years (includes decay). Maintaining a 10-m
buffer reduces the in-stream wood loss to 7% (single entry thin) and 11% (double entry). To
completely offset the losses of in-stream wood in a single entry thin (on one or both sides of the
stream), in the absence or presence of a 10-m buffer, requires a 12 to 14% rate of tree tipping.
Relative to the no-treatment alternative, cumulative in-stream wood storage can be increased up
to 24% in a double-entry thin with no buffer by tipping 15 to 20% of the thinned trees (increased
to 48% if thinning and tipping simultaneously on both sides of the stream). The predicted
increases in in-stream wood that can occur during a thin with tree tipping may be effective for
restoring fish habitat, particularly in aquatic systems that have poor habitat conditions and low

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

Riparian environments strongly influence the condition of adjacent aquatic ecosystems (Naiman
et al. 1998). In particular, large in-stream wood is considered critical for healthy aquatic habitats
(Bisson et al. 1987). However, many aquatic ecosystems are still recovering from past impacts,
including loss of in-stream wood associated with riparian forest harvest and splash dams (log
drives) in rivers (Sedell and Froggatt 1984). In addition, dense, single-species stands of relatively
young trees (30 — 80 years) dominate in riparian areas, because logging was allowed adjacent to

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

During the past 25 years, streamside protection in the form of uniform-width buffers, with
minimal to no activity allowed within them, has been the dominant paradigm in riparian
management on federal (FEMAT 1993) and on state and private lands (Ice 2005). The
dominance of young, small trees in riparian zones results in low recruitment of large wood to
channels and perpetuates impacted conditions of streams and rivers. Full recovery of riparian
forests to mixed-species stands of large-diameter trees, with recruitment of large wood to

streams, could take another one to two centuries.

Debate continues on the ecological effectiveness of creating fixed-width streamside buffers to
protect riparian areas and associated stream environments, particularly in second growth forests
(Reeves and Everest 2007, OSAF 2009, Dodson et al. 2012, Richardson et al. 2012, Spies et al.
2013, Pollack and Beechie 2014). Alternative approaches are being proposed that focus on the
spatially variable nature of watershed environments and on how riparian-stream protection and

management practices can be tailored to achieve the best ecological outcomes (Pickard 2013,
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Benda and Bigelow 2014, Reeves et al. in press). One approach is thinning in riparian second-
growth forests to encourage more rapid growth of larger trees (Spies et al. 2013). Fewer, larger
trees may benefit certain types of riparian terrestrial habitats and increase the recruitment rate of
large in-stream wood, thereby benefiting aquatic habitats (Reeves et al. in press). Thinning
within riparian zones, however, raises concerns about impacts to aquatic systems, including
short-term reduction in recruitment of wood to streams, heightened erosion leading to increased
sedimentation in channels, and reduced shade, thereby increasing stream temperatures (Beechie

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

Wood is recruited to streams by a variety of processes including tree mortality (e.g., blowdown),
bank erosion, landsliding and post-wildfire toppling (Murphy and Koski 1989, King et al 2013).
Bank erosion that undercuts tree roots can be an important in-stream wood recruitment agent and
can dominate wood loading where channels are laterally dynamic (Murphy and Koski 1989,
Martin and Benda 2001, Benda and Bigelow 2014). Wildfire related tree death can be a large
source of woody material to channels over the long term, particularly in semi-arid environments
where post-fire toppling can account for up to 50% of the long term in-stream wood supply

(Benda and Sias 2003).

Considerable progress has been made in modeling wood recruitment to streams, primarily
motivated by forest management. Van Sickle and Gregory (1990) pioneered modeling of tree
mortality and the effect of random fall on rates of wood recruitment to streams. Welty et al.
(2002) examined the effect of varying riparian buffer dimensions on both wood recruitment rates
and shade, again focusing on tree mortality. Meleason et al. (2003, 2007) developed a model to
simulate riparian forest growth, tree entry into streams, and in-channel processes, including

breakage, movement, and decomposition. In addition to mortality recruitment, Benda and Sias
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(2003) evaluated the effects of bank erosion, landsliding, and wildfire in their theoretical
treatment of the wood budget over century time scales, including effects of piece breakage,

decomposition, and fluvial transport.

Here we develop a model to examine in-stream wood recruitment in the context of thinning in
second-growth forests, including only forest mortality and streamside no-harvest buffers as an
option. In addition, we add the mechanical introduction of trees into streams during thinning as a
form of mitigation and restoration. Our goal is to build a user-friendly model to explore thinning

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

3.0 Methods

3.1 Study Site

Our study site is located within the Alsea watershed in central coastal Oregon, a mountainous
terrain that includes steep uplands that have a high landslide and debris flow risk, low gradient
channels that form the habitats of threatened and endangered coho salmon (Oncorhynchus
kisutch), and wider floodplain channels in the lowlands (Figure 1). The mild humid climate is
characterized by wet winters and a summer drought with annual precipitation ranging between
1500 and 2000 mm (PRISM Climate Group 2015). Dominant lithology is sandstone and siltstone

of the Tyee Formation.

Forest vegetation in central coastal Oregon is dominated by conifers comprised of Douglas fir
(Pseudotsuga menziesii) and western Hemlock (Tsuga heterophylla). Deciduous species include
Big Leaf Maple (Acer macrophyllum) and alder (Alnus rubra), particularly in streamside areas.
Conifers trees are intermixed with deciduous trees near stream margins. Extensive timber harvest

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

study reach were clear cut logged before 1975 with no stream protection (e.g., no buffers).
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Figure 1. Study location in the Alsea watershed in the Oregon Coast Range.

3.2 Reach Scale Wood Recruitment Model

We developed a reach scale wood model (RSWM) for project scale silvicultural applications
(e.g., for relatively small segments of riparian forests and associated channels) to address how
thinning in riparian zones can impact the recruitment of wood into streams and how no harvest
buffers and manual introduction of trees into streams by directional felling can offset those
impacts. The RSWM requires: 1) forest growth predictions (stand tables), 2) forest stand
dimensions, and 3) channel width and hillslope gradient. RSWM divides the riparian forest area
to be modeled (on one or both sides of the channel) into parallel zones, each of which can have

unique stand characteristics (Figure 2).
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137

138  Figure 2. The Reach Scale Wood Model creates three distinct forest stands on either side of the stream.
139  The geometry of tree fall with respect to the channel is shown in the lower panel: W equals bankfull

140 channel width; H is tree height; L is length of the tree that intersects the channel; h is the distance of the
141  tree to the channel edge; a is the tree fall angle referenced to the orthogonal (d) of the nearest

142 channel edge; 6 is the angle between the tree fall orthogonal to the channel and all other fall

143 trajectories.

144

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

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

147 AS = (Li — Lo + Qi — Qo — D)Ax At Eq. (1)
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Where AS is the change in wood quantity within a reach of length Ax over time At, specified in
terms of number of pieces or total volume, and may also be grouped by piece size, e.g., number
or volume of pieces of different diameter classes. Change in in-stream wood quantity is a
consequence of terrestrial sources of wood (tree mortality, bank erosion, landsliding) (Li), loss of
wood due to overbank deposition in flood events and abandonment of jams (Lo), fluvial transport
of wood into (Qi) and out of (Qo) the reach, and in-situ decay (D) (Benda and Sias 2003). Fluvial
transport and overbank deposition are not considered in the RSWM because our focus is on

recruitment only and thus Eq. 1 is reduced to:

AS = (Li — D)AxAt Eq. 2)

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

following death (Li») and excludes bank erosion and landsliding:
Lim=f (B, M, P, N) Eq. 3)

where B; is the amount or density of trees adjacent to the stream of specific diameters and
heights, M is the mortality rate (tree death per year), P is the probability that trees that fall will

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

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

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

P =[*"" f(a)da Eq. (4)

“Ja1
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where a is the fall angle referenced to the orthogonal of the nearest channel edge (Figure 2), f(a)
is the probability density of all fall angles, and a; and a> are the fall angles of a tree to the

endpoints of the channel segment.

Estimating P in the RSWM follows the approach of Sobota et al. (2006) in which fall-angle data
were well characterized using a normal distribution having zero mean (directly towards the

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

6
pP= erf(a—\/é) Eq. (3)
and where
6/2 = cos~*(d/h), Eq. (6)

where erf is the error function, 8 is the angle between the tree fall orthogonal to the channel (e.g.,
nearest to the channel edge) and all other tree fall orientations, d is the distance to the reach, /4 is
the height of the tree as it intersects the reach, and o is the empirically derived standard deviation
of the fall direction in degrees for the valley side slope gradient (Figure 2). When the valley side
slope is less than or equal to 40°, 6 = 76; when the valley side slope is greater than 40°, ¢ = 41

(Sobota et al. 2006).

The RSWM divides the forest stands to be simulated (e.g., Figure 2) into one meter increments
from the stream. In each distance increment, the probability of a tree intersecting the stream is
calculated for each angular arc (1°) increment (e.g., a; to a2, Eq 4); the angle of the full arc and
the number of angular increments is determined by tree height and distance away from the
stream. The calculation is applied to a density of trees within specific heights, diameters and

species classes. All angular increment probabilities, across all diameter, height and species
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classes, are summed across all one meter increments from the stream until the tree height (H)
exceeds distance to the stream (%), orthogonal to the channel. This yields the number of in-

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

Piece breakage is not included in the RSWM and in-stream wood is only that portion of a tree
that is contained within the bankfull channel width (L in Figure 2); piece breakage and wood

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

In addition to predicting pieces of in-stream wood per length of channel, the RSWM predicts
wood volume in streams. This requires, in addition to the length of trees that intersect a channel
(L in Figure 2), the diameter of intersecting pieces. Tree taper equations are used to predict the
diameters of trees that intersect streams for both conifers (Waddell 1987 and Kozak 1988) and

hardwoods (Hibbs et al. 2007).
Volume of wood pieces intersecting streams is calculated using:

. (d1?+ d2?)

Vp=Lx*m Eq. (7)

where Vp is the piece volume, L is piece length and d; and d: are diameters at each end of the
piece intersecting the channel. A volume is assigned to each piece of wood and all volumes are

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

RSWM can be run for multiple decades or centuries depending on the output from forest growth
models, and hence decay of wood is included to calculate the cumulative change in in-stream
wood over time. Decay limits the volume of wood that accumulates in streams and is influenced

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

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

1986):
10
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St = Soe™ Eq. (8)

where S; is the volume at time ¢, S, is initial wood volume (year 1) and £ is the decay coefficient.
Rates of decay (k) range from 1 to 6% (Murphy and Koski 1989) with conifers decaying more
slowly than hardwoods (Bilby et al. 1999). In the RSWM, wood decay and accumulation are
calculated for hardwoods and conifers separately and we use a decay coefficient of 1.5% for
conifers (Murphy and Koski 1989) and 3% for hardwoods (Bilby et al. 1999). The volume of
decayed wood is subtracted from the predicted wood recruitment at each time step and from

accumulated wood from previous years.

Thinning trees in second-growth forests reduces suppression mortality and thus the recruitment
of in-stream wood. To mitigate the predicted loss of in-stream wood from thinning, either a no
harvest buffer is applied or some portion of the thinned trees is mechanically introduced into the
stream, referred to as “tree tipping”, an innovation we added to the RSWM. A percentage of
thinned trees is chosen to be “tipped” for each stand, each year, and each diameter class (tree
tipping rate). Introduction of tipped trees (from the thinned tree population), with a probability of
one for intersecting the stream (e.g., felled orthogonal to the stream edge), begins with those
closest to the stream edge. If a buffer exists, tree tipping begins in the stand adjacent to the

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

AS = (Li,, + Liy) — D)AxAt Eq. (9)
Where Li, is the wood recruitment associated with tree tipping.

3.3 Forest Growth Modeling

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

and quantity of trees available to fall into the channel. Hence, wood recruitment rates depend on

11
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forest stand characteristics. The RSWM requires inputs of predicted forest growth and death over
time from a simulation model. In this study we used ORGANON (Northwest Oregon version
9.13, 2013), because it was developed using data from even age, second growth stands in
northwest Oregon (Hann 2006). Thus, it is well-suited to modeling second-growth, mixed
species forests in our study site. ORGANON simulates individual tree growth, density-
dependent mortality, and other density-independent mortality agents (e.g., windthrow,
pathogens, insects) that can kill trees across a stand’s diameter distribution (although it does not
simulate tree regeneration). Density-dependent mortality generally targets the smaller end of a
stand’s diameter distribution. In addition, trees that die in ORGANON are assumed to die

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

ORGANON produces output in the form of stand tables or tree lists, e.g., the density of live and
dead trees per unit time and unit area across a range of species and diameter classes (e.g., 10-30
cm, 30-50 cm etc.). ORGANON’s predicted density of dead trees (with uniform spacing)
represents the B, and M components (Eq. 3) of Li, (Eq. 2). ORGANON requires initial stand
conditions (species, density, diameter and heights of all trees) and the modeled time series
generally encompass a century or less. We do not describe forest growth modeling and the reader

is encouraged to research the details of individual models.

ORGANON was applied to a second growth forest adjacent to our 100-m stream reach (10 m
wide) in the Alsea watershed (Figure 1) located in the Siuslaw National Forest in coastal Oregon.
ORGANON was initialized with data from the Forest Inventory Analysis (FIA) Program via the

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

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

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

12


http://lemma.forestry.oregonstate.edu/

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

3.4 Silvicultural Treatments

The RSWM was run for 100 years (5 year time steps) using three different silvicultural
treatments that reflect current management approaches in second growth forest plantations in the
Siuslaw National Forest: 1) no treatment on both sides of the channel which is used as the
reference, 2) a single-entry thin from below (thinning from below removes the smallest trees to
simulate suppression mortality), and 3) a double-entry thin from below with the second one
occurring 25 years after the first. Both single and double entry thins were simulated with and
without a 10 m buffer. Thinning was applied to one and both sides of the channel (e.g.,
encompassing two scenarios). Tree tipping was applied to single and double entry thins and
encompassed a range between 5% and 20% of the thinned trees, in 5% increments, and also
applied to one and both sides of the stream. The 10 m buffer encompassed the forest closest to
the channel with the thinning occurring beyond. & is 76 (e.g., side slope less than 40°, Eq. 5) and

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

4.0 Simulation Results

4.1 Change in Forest Stand Density and Diameter

In the no treatment alternative, the density of live trees declines from 687 trees-per-hectare (tph)
in 2015 to 266 tph in 2110 due to natural suppression mortality (-61% from initial conditions);
live trees in 2110 include 100 thp in 0 — 50 cm and 166 tph in 51 — 100 cm diameter-breast-
height (dbh) classes (Figure 3). The single-entry thin reduces stand density to 225 tph in 2015 (-
67%) and declines further to 160 tph by 2110 (-77%); at 2110 it includes 6 tph in 0 — 50 cm and
154 tph in 51 — 100 cm dbh classes (Figure 3). A double-entry thin begins as the single entry thin

but the second thin (25 years later) leads to a further reduction in tree density to 123 tph in 2040

13



277  (-82%) and remains approximately constant thereafter (Figure 3). From 2050 onward all live

278  trees in the double-entry thin are in the 51-100 cm dbh class (Figure 3).
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280  Figure 3. Model output using ORGANON forest growth simulation for live and dead trees using three
281  scenarios: no treatment, single entry thin and double entry thin.
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The dbh of live trees are predicted to vary with thinning. In the no treatment alternative, 24% of
trees are in the larger 50 — 100 cm diameter class. That percentage in the single and double entry

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

Thinning also results in a substantial reduction in the number of dead trees over time (the trees
that contribute to in-stream wood). In the no treatment alternative there are 32 dead tph (0 — 50
cm) in 2015; by 2110 there are eight dead (0 - 50 cm) and three dead tph (51 — 100 cm) (Figure
3). In the single-entry thin in 2015 there are two dead tph (0 — 50 cm) and by 2110 there is one
dead (0 — 50 cm) and 3 dead tph (51 — 100 cm). In the double-entry thin in 2015 there is the same
dead tph as in the single-entry thin, but by 2110 there is one dead tph in the 51 — 100 cm

diameter class (Figure 3).

4.2 Changes in Wood Recruitment in Single and Double Entry Thinning

RSWM simulations reveal reductions in in-stream wood due to the heavy, single entry thinning
(corresponding to a reduction from 687 TPH in to 225 TPH in 2015) with no buffer or tree
tipping. All reported decreases and increases in in-stream wood storage represents wood volume
integrated over a century, including the effect of decay. There is a cumulative loss of the
predicted volume in-stream wood of 33% integrated over a century with thinning on one stream
side (Table 1, Figure 4). The reduction is 66% if thinning treatment occurs simultaneously on
both sides of the stream. Adding a 10 m wide no treatment buffer reduces the cumulative loss of

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

Mechanical tipping of 5%, 10%, 15%, and 20% of the volume of thinned trees into the stream on
one side of the channel in the absence of a buffer, yielded changes to in-stream wood storage,

compared to the no treatment alternative, of -15%, -6%, +1% and +6%, respectively (Figure 4,

15
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Table 1); negative values refer to less in-stream wood compared to no treatment and positive
values refer to wood volume that is greater than no treatment. Mechanical tipping the same
percent of the volume of thinned trees on one side of the channel, with a 10 m wide buffer,
lowered the predicted reductions and the increases (Table 1, Figure 4). To completely offset the
predicted losses of in-stream wood due to thinning on one side of the stream requires tipping of
14% and 12% of the thinned trees into the stream, without and with a 10 m buffer, respectively
(Figure 5). Thinning and tipping on both sides of the channel double the predicted decreases and
increases (Figure 6); e.g., thinning leads to a 66% reduction in in-stream wood and a 20% rate of
tree tipping leads to a 12% increase in in-stream wood. A no treatment buffer dampens the effect

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

Table 1. Predicted cumulative wood volume (m3/100 m) over the simulated century. Negative
values refer to less in-stream wood compared to no treatment and positive values refer to wood
volume that is greater than the no treatment alternative. Thinning, buffer, and tree tipping occur
only on one side of the channel with no treatment on the other side; the no treatment alternative
occurs on both sides of the channel. For thinning and tipping simultaneously on both sides of the

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

Scenario Single Entry Percent Change | Double Entry Percent Change

Thin (m*/100 m) | from No Thin (m*/100 m) | from No
Treatment Treatment

No treatment 279 0 279 0

(reference)

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

16
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Figure 4. Predictions from the Reach Scale Wood Model showing cumulative wood volume over time

(included decay) for a single entry thinning, without and with a 10 m no harvest buffer, only on one side
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327 of the channel (with no treatment on the opposite side of the channel). Also shown are the results from
328  tree tipping from 5% to 20% of the thinned trees into the stream.

329
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332 Figure 5. Negative values refer to wood volume that is less than the no treatment and positive values
333 refer to wood volumes greater than the no treatment. To completely offset the loss of in-stream wood
334  due to thinning (single entry) would require a 14% rate of tree tipping; adding a buffer reduces the
335  effectiveness of tree tipping. In the double entry thin, a 6% and 10% rate of tree tipping would be

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

338
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Figure 6. Predictions from the Reach Scale Wood Model showing cumulative wood volume over time

(included decay) for a single and double entry thinning, without a 10 m buffer, simultaneously on both
sides of the channel. Also shown are results from tree tipping from 5% to 20% of the thinned trees into
the stream.

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

reductions and in gains across the different management alternatives. With treatment on one side
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of the channel, the double entry thin is predicted to result in a cumulative 42% decrease of in-
stream wood, over the simulated century (Figure 7, Table 1). If forest stands on both sides of the
stream were thinned simultaneously in the absence of a buffer, in-stream wood reductions would
equal 84%. Tree tipping of 5% 10%, 15% and 20% of the thinned volume, without a 10 m
buffer, yields changes to in-stream wood volume, compared to the no treatment alternative, of -
15%, +1%, +16% and + 24%, respectively when thinning on one side of the channel (Figure 7,
Table 1). Tree tipping across the range of 5% to 20%, in the presence of a 10 m buffer, dampens
both the reductions and increases (Figure 7, Table 1). Double entry thinning and tipping on both
sides of the stream of 5% to 20%, without a buffer, would double the predicted changes in
cumulative in-stream wood (e.g., -30%, +2%, +32%, +48%). To completely offset predicted
reductions of in-stream wood due to double entry thinning on one side of the stream
(cumulatively over a century) would require tipping of 10% and 7% of the volume of thinned

trees into the stream, without and with a 10 m no treatment buffer, respectively (Figure 5).
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Figure 7. Predictions from the Reach Scale Wood Model showing cumulative wood volume over time
(included decay) for a double entry thinning, without and with a 10 m buffer, only on one side of the
channel (with no treatment on the opposite side of the channel). Also shown are results from tree

Thin: Double Entry (no buffer)

Thin (2040)

Thin (2015)

No Treatment

Thin, Tip 10%

s mm— e —

Thinned

Thin, Tip 15%

Thin, Tip 5%

Thin, Tip 20%

20 A

L

10 1

2015 2025 2035 2045 2055 2065
Year

Thin: Double Entry 10 m buffer)

Thin (2040)

Thin (2015)

—— No Treatment
= =Thin, Tip 5%
- === Thin, Tip 15%

2075

2085

2095

Thinned

2105

= = Thin, Tip 10%
==+ Thin, Tip 20%

T T T T T

2045 2055 2065
Year

2015 2025 2035

2075

2085

2095

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

2105

T

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

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

years following tipping (in 2015), depending on the proportion tipped (Figure 4). Wood volumes
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then decline below that of the no-treatment alternative (after year 2040 to 2055), with volume at
any time following equivalent to the no treatment amount but at an earlier time. Thus, wood
storage in the latter half of the simulated century associated with tree tipping (single entry) lags
behind the no treatment storage on average about 10 to 30 years and becomes less than the no
treatment approximately mid-century (Figure 4). Thinning and tipping simultaneously on both
sides of the stream results in in-stream wood volume that is always above the no treatment

alternative over the simulated century (Figure 6).

The double entry thin — tipping treatment on one side of the channel results in a large increase in
in-stream wood storage (above the no treatment) that extends between 35 and 60 years following
tipping (Figure 7). Similar to the single entry thin, the in-stream wood volume corresponds to the
no treatment wood volume, but at an earlier time. However, the thinning with tipping instream
wood volume falls below the no treatment for approximately the last 40% of the century. A
double entry thinning and tipping simultaneously on both sides of the channel results in larger

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

(Figure 6).

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

The analysis of thinning applied a 10 m buffer (approximately one third of a tree height in year
2015). However, source distance curves can be used to estimate how varying the width of buffers
changes the amount of in-stream wood that is protected. For example, with a single entry thin
restricted to one side of the stream at the beginning of the simulation, a 10 m buffer maintains
93% of in-stream wood and 89% in a double entry thin (Table 1, Figure 8); this includes the no

treatment condition on the other channel bank that is also contributing wood to the stream. Single
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and double entry thinning on both sides of the stream with a 10 m buffer would maintain 86%
and 78% of in-stream wood volume, respectively (Figure 8). Varying buffer width produces
varying levels of protection of in-stream wood. For example, increasing buffer width to 20 m
(approximately 2/3 of an average tree height in 2015) would protect more than 95% of the no
treatment in-stream wood in single and double entry thins on one or both sides of the stream
(Figure 8). A full tree height is required to ensure no losses of wood due to thinning, although the

last one third of tree height will only yield 5 to 15% of additional in-stream wood volume
(Figure 8).

In the first 30 years of the simulation there is little difference in wood storage between the no
treatment and the thinning with a 10 m buffer (Figure 8). Following 2040, however, there is an
increasing disparity in in-stream wood among the two scenarios. This partly results from
increasing tree heights over time that reduces the proportion of in-stream wood that is protected
with the fixed 10 m wide buffer; e.g., tree heights increase over time from 28 to 36 m at 2015 to

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

In the no treatment and thinning without buffer alternatives, the majority of in-stream wood
originates from within the first 6 m of the stream but at a much lower volume compared to
thinning and tipping alternatives (Figure 9). The distance to sources of wood in the single entry
thin with tipping across the range of 5% to 20% (in 5% increments) of the thinned volume
without a buffer is 4 m, 7 m, 11 m, and 14 m respectively (Figure 9). Thus, the most efficient
tree tipping, in terms of contributing volume of wood in streams, is the 5% and 10% rates
because tipping begins at the stream margin (in the absence of a buffer) and progresses away
from the stream at higher tipping rates, where the portion of the tree reaching the stream is

smaller in diameter (and thus of smaller volume) than for trees nearer to the stream.
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Figure 8. (Upper) Source distance curves showing varying cumulative proportion of in-stream wood
volume with distance from stream for single and double entry thinning, on one and both sides of the
stream. (Middle) Predicted tree heights varying over time for different diameter classes of trees.
(Bottom) Increasing disparity of accumulated wood volume over time for single and double entry
thinning (with 10 m buffer) compared to no treatment, in part due to the effects of increasing tree
height over time and the incremental reduction in buffer effectiveness.
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16 m from the channel edge. (Middle) The large effects of thinning and tipping on in-stream wood
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change in the y axis wood volume values between the upper and middle graphs. (Bottom) Adding a 10 m
buffer greatly reduces the effectiveness of tipping mitigation.
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Piece sizes of in-stream wood across all management alternatives are dominated by the 10 to 35
cm diameter class, as measured at the midpoint of wood pieces in channels. There is a 6%
increase in in-stream volume in the 35 to 60 cm size class in the single and double entry thins
without the 10 m buffer, aggregated over all years (Table 2). This is due to the larger trees that
remain following the first thinning and increased growth rates that result as predicted by
ORGANON (Figure 3). Using a 10 m buffer eliminates that increase. There is minor (2%)
increase in wood volume in the larger piece sizes (35 — 60 cm) in the single entry thin with
tipping (10% tip rate) because the tipped trees are part of the thinned tree population, which have
smaller diameters (e.g., thinning from below) and because tree taper limits the diameter of the
tree intersecting the stream. There is no change in the proportion of wood volume in the larger
piece diameters in the double entry thin because even though there was a second tipping (year

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

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

Piece No Single Single Double | Double | Single Single Double | Double
Size treatment | entry, entry, entry, entry, entry, entry, entry, entry,
(diameter, no with no with no with no with
cm) buffer buffer buffer buffer buffer, buffer, buffer, buffer,
tip 10% | tip 10% | tip 10% | 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

Thinning also effects the number and size of dead trees. Concurrently with a reduction in dead
tree density, there is a marked increase in the diameter of those trees. For example, only 4% of
dead trees in the no treatment are in the 50-100 cm diameter class. In contrast, there are 39% and
43% of dead trees is that class in the single and double entry thins (Table 3). However, this does

not translate into notably larger diameter in-stream wood because of the large reduction in dead
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tree density and the selection of the tipping trees from the smaller trees in a thin (thinning from
below). One option to increase the diameter of in-stream wood is to select the trees to be tipped

from the larger tree diameters.

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

treatment in different diameter (dbh) classes.

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%

5.0 Discussion

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

ORGANON in our study site in coastal Oregon predicts that thinning results in large changes to
forest structure over the 100 year simulation. There are large reductions in the densities of live
trees and a corresponding increase in diameters, a prediction similar to others (Dodson et al.
2012, Spies et al. 2013). The ecological effects of such changes will vary among organisms, with
some responding positively to the increase in size of trees while other may be affected negatively
by the reduction in the number of trees live and dead (Pollack and Beechie 2014). Predicted live
and dead tree density is sensitive to the forest growth model that is applied; Zelig (Urban 1990)
and Vegetation Simulator (FVS, Crookston and Dixon 2005) are models that may produce

different results (e.g., Pabst et al. 2008, Spies et al. 2013) but they are not included here.

27



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

Our analysis explored two different mitigation strategies to offset losses of in-stream wood due
to thinning: (1) a 10 m no harvest buffer and (2) mechanical introduction of some portion of the
thinned trees. The width of the buffer controls the proportion of in-stream wood that is
maintained during the thinning alternatives. A 10 m buffer maintains 93% of in-stream wood in a
single entry thin and 89% in a double entry thin (thinning on one side of the stream with no
treatment on the opposite bank), a width approximately equivalent to one third of a tree height in
2015 (Figure 8). Doubling the buffer width to 20 m, or approximately two thirds of a tree height,
increases the maintenance of in-stream wood beyond 95% in single and double entry thinning on

one or both sides of the channel.

The mechanical introduction of some portion of the thinned trees into streams (tree tipping rate)
is another effective form of mitigation and can be used to either completely offset any losses of
in-stream wood due to thinning or to increase in-stream wood compared to the no treatment or
thinning with buffers. The extent of the change varied with the proportion of the trees placed in
the channel, whether this contribution was from one bank or both, and the presence of 10 m no
harvest zone (Figure 5). The double entry thin with tipping, particularly without a buffer, is the
most effective at increasing wood storage in magnitude and duration over the no treatment
alternative. Moreover, thinning and tipping on both sides of the stream simultaneously leads to
the largest increases in in-stream wood (2% to 12% in a single entry thin without a buffer and
2% to 48% in a double entry thin without a buffer) (e.g., doubling the values in Table 1, Figure
6).

5.2 Thinning and Tipping in the Context of Fish Habitat Restoration

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

certain species of fish, such as coho salmon (Oncorhynchus kisutch) in coastal Oregon (Roni and
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Quinn 2001, Anluaf-Dunn et al. 2011). Thus, predicted reductions in in-stream wood in the
simulation due to thinning without and with buffers (no tree tipping) could lead to reductions in
fish habitats, throughout the century period. However, thinning with tipping can produce more
in-stream wood, cumulatively over a century, compared to the no treatment. Tree tipping could
be considered an in-stream restoration activity (Jones et al. 2014, Carah et al. 2014). However,
with thinning and tipping only on one side of the stream most of the increases occur in the first
half of the simulated century, which is then followed by a period during which wood volumes
drop below the no treatment alternative. However, with thinning and tipping simultaneously on

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

The predicted increases in the volume of in-stream wood due to tipping could offset concerns
about reductions of in-stream wood and loss of fish habitat (Beechie et al. 2000). Additionally,
in tipping, the amount of wood increases immediately rather than being delayed for 25 to 50
years in the no treatment, unmanaged stand. This could be particularly important for improving
habitat conditions for U. S. Endangered Species Act-listed species, such as the coho salmon in
the near term, rather than waiting an additional half century or more for higher levels of wood
recruitment and storage. The increase in the size of the trees in the riparian zone over time that
results from thinning is also important ecologically because they will be more effective in
forming pools than smaller sized pieces, although the in-stream piece size effect might not occur
until after the first century. To increase the size (diameter) component of in-stream wood earlier
in the century, the tipped trees could be selected from the larger diameter classes within the

riparian forest.
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The presence of a no harvest buffer reduces the effectiveness of tipping, a consideration in the
context of aquatic restoration. For example, with a buffer very little increase in in-stream wood
volume occur with tree tipping because tree recruitment occurs away from the channel (e.g.,
greater than 10 m) and only the thinner, upper sections of trees are recruited, providing very little

in-stream wood because of tree taper.

5.3 Thinning and Tipping in Conjunction with In-Stream Structures

Thinning operations could be integrated with other in-stream restoration efforts. For example, the
magnitude and duration of predicted in-stream wood storage in any management scenario in the
RSWM does not account for fluvial transport in and out of channel reaches and thus wood
redistribution (e.g., Qi and Qo in Eq. 1). Wood recruitment, including by tree tipping, does not
include the roots of trees, thus leading to less stable, in-stream pieces. In addition, the diameter
of many pieces are predicted to be of smaller diameters (Table 2), another factor leading to lower
stability and higher wood transport (unless the tipped trees are selected from the larger diameter
classes). Hence, fluvial export of wood could lead to reductions in in-stream wood in any
particular stream reach, below the amounts predicted. One approach to maintaining increased
storage of in-stream wood due to tipping is to interrupt or reduce fluvial wood transport by the
placement of in-stream structures, such as engineered log jams and or boulder deposits. Such
structures could be strategically placed in the context of thinning and tipping to ensure that

increases in wood storage are maintained over time.

Another approach to offset losses of in-stream wood due to fluvial transport is to conduct
thinning and tipping activities along long and contiguous reaches of stream, so that Qi and Qo
remain approximately balanced over long sections of streams. Estimates of in-stream wood

transport, using a combination of modeling and field data in northern California, suggest that
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wood transport (over the lifetime of wood pieces) in small headwater streams can range from 50
m to 250 m while transport distances in larger third through fifth order streams might attain
multi-kilometers (Benda and Bigelow 2014). Transport distances may even exceed those,
considering that transport impeding jams may be breached by large floods (Lassettre and

Kondolf 2003).

5.4 Thinning and its Design Conditioned by Different Environmental Conditions

The alternatives considered in this paper could be applied in different areas and to different
extents, depending on varying physical and ecological conditions. Environmental conditions
could encompass: (1) riparian forest condition (e.g., ages, heights, diameters, densities etc.), (2)
condition of terrestrial and avian habitats, particularly those dependent on riparian environments
for some part of their life cycles, (3) current fish habitat conditions for different species (such as
coho salmon), including in-stream wood recruitment, (4) shade, thermal loading and stream
temperature concerns, (5) headwater and upslope (debris flow) supply of wood and (6) erosion
potential and sediment delivery to streams (Reeves et al. in press). Watershed scale analyses that
provide information on these, and other physical and biological settings, would be important
components in developing watershed to landscape scale strategies for implementing thinning and

other forest and stream management and restoration plans.

For example, in second growth forests (occurring on both sides of the stream) where both
terrestrial and aquatic habitats are of poor quality, and where sensitivity to increases in thermal
energy is low, thinning and tipping, in the absence of a buffer, could be applied to both channel
sides as a form of fish habitat restoration. In areas where a decrease in shade can lead to large

increases in thermal loading due to thinning, a buffer can be applied, with a width and vegetation
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density designed to eliminate or reduce predicted increases in thermal loading; tree tipping may
or may not be applied, depending on objectives for stream restoration. Along non-fish bearing
headwater streams where large in-stream wood is lacking and where vegetation controls on
thermal loading are considered low, aggressive thinning without tipping could occur, with the
objective of creating larger pieces of in-stream wood over century time scales. This tactic might
be particularly relevant in small headwater streams that are predicted to be important upslope
sources of large wood to downstream habitats, via the process of debris flows (Reeves et al.

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

The potential for surface erosion and mass wasting in and near riparian areas is an important
concern that should be addressed when designing watershed scale thinning treatments (Litschert
and MacDonald 2009). Models, coupled with field observations and measurements, could be
used to estimate the potential for erosion. Thinning could be replaced with a no treatment
alternative or the use of buffers in areas where erosion risk and potential for sediment delivery to

streams is high.

5.5 Model Limitations, Field Validation and Adaptive Management

Forest growth models contain approximations that influence the predicted wood storage in
streams. In our analysis, use of FIA data spatially extrapolated by the GNN method, provides
only an approximation of actual riparian forest conditions in any location; the majority of FIA
plots lie outside of riparian areas. It is recommended that forest stand inventories occur in the
riparian second growth forests targeted for thinning, at least in a subset of proposed project areas.
Assessing effects of thinning on wood recruitment and tree growth is partially dependent on the
forest growth model (Pabst et al. 2008, Spies et al. 2013). ORGANON has lower growth rates

and low competition mortality rates compared to the other models such as FVS (Crookston and
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Dixon 2005) and ZELIG (Garman et al. 1992). Resource managers could examine results from
more than one model especially for projections that extend out 50 to 100 years. Sources of
variability can include mortality from non-density dependent factors (e.g. wind throw, bank
erosion) that become more important over time.

The RSWM contains several approximations in its predictions of century-scale in-stream wood
budgets. Tree spacing is assumed to be uniform, although trees in actual forest stands might be
clumped. There may be higher concentration of deciduous species nearest to the stream although
this could be incorporated into stand divisions in the RSWM. Tree taper equations are
approximations of actual tree shape. The amount of in-stream wood is limited to what is
circumscribed by both stream banks (e.g., modeled pieces of wood do not extend beyond the
channel banks in the RSWM). However, piece breakage and pieces extending outside of channel
banks can be added in the future. In the no treatment scenario, high density stands of smaller
trees may inhibit the probability of tree fall (in any direction). Thus recruitment from dense
untreated stands could be over-predicted in the RSWM. This issue may also complicate tree

tipping effectiveness.

6.0 Conclusions

We found that single and double entry thinning, with no mitigation (buffers or mechanical
tipping of trees into the stream) can lead to large losses of in-stream wood over a century time
scale; single and double entry thins on one side of the stream leads to reductions of 33% to 42%
of instream wood with simultaneous thinning on both sides of the stream doubling those losses.
No cut buffers are effective at protecting in-stream wood recruitment. However, tree tipping can
lead to large increases in in-stream wood that could be considered a form of fish habitat

restoration.
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The need for thinning, including its design, will vary spatially depending on variable site
conditions including existing terrestrial and aquatic habitat needs (Pollock and Beechie 2014),
in-stream wood recruitment potential, thermal sensitivity, floodplains and erosion potential.
Applications of thinning without and width buffers or without and with tree tipping offers a
framework to consider the design and implementation of thinning, including as a form of channel

restoration.
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