Does Variable-Density Thinning Increase Wind
Damage in Conifer Stands on the Olympic
Peninsula?

Il Scott D. Roberts, Constance A. Harrington, and Karl R. Buermeyer

Silvicultural treatments designed fo enhance stand structural diversity may result in increased wind damage. The ability fo avoid conditions that might lead to
excessive wind domage would benefit forest managers. We analyzed wind damage following implementation of a variable-density thinning at four sites on the
Olympic National Forest in northwest Washington. The prescription created small canopy gaps and retained unthinned patches within a uniformly thinned matrix,
thus creating substantial amounts of internal edge. Our objective was to determine whether varioble-density thinning resulted in elevated wind domage and
whether the domage wos spafially related to elements of the treatment, i.e., canopy gaps and uncut patches. Wind damage on the thinned plots averaged slightly
more than 8.0 trees/ha. Although precise determinations of residual stem densities were not available, we estimate that total wind damage amounted o 1.3%
of total stems remaining following treatment. Approximately 80% of the wind domage was blowdown, the remaining damage being stem breakage, leaning,
or bowing. Nearly 54% of the damaged stems were less than 20 cm dbh. The maximum amount of damage observed was 51 trees/ha, but only 3 of 13 thinned
plots had wind domage exceeding 7 trees/ha. The overall level of wind domage across all thinned plofs after two growing seasons was not statistically greater
than on unthinned control plofs. Internal edges created by gaps, skid traiks, and unthinned patches did not inherently increase wind damage risk; however,
where gaps were located in topographically vulnerable positions, greater wind damage did occur. Overall wind domage wos not excessive on any of the plots,
and after 2 years, all residual stands remained infact and in @ manageable condition. Our preliminary results suggest that variable-density thinning that includes
creation of small canopy gaps does not necessarily predispose stands to greater risk of wind domage than uniform thinning. However, care must be token in
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locating gaps and skid trails away from topographically vulnerable posifions.
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changes in how forests are being managed. Particularly on

public lands, there is an increasing use of silvicultural pre-
scriptions designed to encourage accelerated development of late-
successional forest characteristics (Kohm and Franklin 1997, Curtis
et al. 1998, Franklin et al. 2002). The desired characteristics com-
monly include greater structural diversity both vertically and hori-
zontally within the stand. This is often accomplished with variable-
density thinning, which varies stem densities across the stand and
encourages rapid production of larger trees (cf. Carey et al. 1999).
One variant of variable-density thinning also includes the creation
of canopy gaps and the retention of untreated patches (Carey and
Harrington 2001). In attempting to achieve these objectives, stands
are often treated at an age or stage of development when, until
recently, they would have been considered for regeneration harvest.
A concern over the creation of these structurally diverse stands is
whether the treatments will result in increased levels of wind dam-
age. Losses due to wind are common in many forest ecosystems,
typically occurring at low endemic levels but occasionally resulting
in substantial mortality. Increased knowledge about stand condi-
tions susceptible to wind damage, and the ability to minimize wind

Evolving public attitudes and expectations are leading to

damage following silvicultural treatments, would greatly benefit for-
est managers.

Susceptibility to wind damage is a function of numerous factors
related to climate, topography, soils, and stand conditions (Mitchell
1995, Ruel 1995, Nowacki and Kramer 1998, Sinton et al. 2000).
Climate influences the frequency and intensity of high wind events.
Topography modifies wind characteristics at the local landscape
level (Kramer et al. 2001). Soils affect the rooting characteristics of
trees and provide the critical anchorage of trees against blowdown.
Stand characteristics influence the development of individual trees,
and thus, their resistance to wind damage (Lohmander and Helles
1987). Although there is typically little or nothing that can be done
silviculturally to affect climate, topography, or soils, managers do
have substantial control over tree and stand characteristics and can
therefore influence a stand’s susceptibility to wind damage.

The effects of silvicultural activities on stand structure are known
to influence the risk of wind damage. The creation of edges, such as
those associated with clearcut boundaries or streamside buffers, has
been shown to increase wind damage, as trees once protected by
neighboring trees are now exposed to greater wind forces (Grat-
kowski 1956, Mitchell et al. 2001, Ruel et al. 2001). Thinning also
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Figure 1.  Area map of the Olympic Peninsula in northwestern Washington showing locations of the four study sites on the Olympic National Forest where
wind damage was assessed following variable-density thinning. Circles indicate locations of major towns on the Olympic Peninsula.

increases the risk of wind damage, at least until the trees become
adapted to the new wind environment. Trees eventually adjust the
allocation of stem and crown growth, resulting in a more stable
configuration, Over time, the risk of wind damage is greatly reduced
following thinning (Cremer et al. 1982).

The Olympic Habitat Development Study was designed to examine
responses of plant and animal communities following variable-density
thinning (VDT) in 30~70-year-old stands on the Olympic Peninsula
in northwest Washington (Carey and Harrington 2001, Reutebuch et
al. 2002). The operational-scale treatments combined thinning from
below with the creation of small canopy gaps and the retention of
untreated patches. In this analysis, we examine wind damage 2-3 years
following treatment on four of the study blocks. Our primary objective
was to assess whether implementation of VDT increased wind damage
relative to untreated stands and whether wind damage within VDT
units was spatially related to canopy gaps or uncut patches. A secondary
objective was to assess factors other than VDT that may have contrib-
uted to wind damage.
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Methods

Study Site Description

Four blocks of the Olympic Habitat Development Study were
included in this analysis. All are within the Olympic National Forest
located on the Olympic Peninsula in northwestern Washington
(Figure 1). Soils are generally deep, with good drainage. Average
annual precipitation ranges from 1,450 mm at the lower elevations
at Snow White, which is situated in the rain shadow of the Olympic
Mountains, to nearly 3,200 mm at Bait (Table 1). Each block con-
tains three or four thinned plots and one randomly assigned control
plot. A total of 17 5.6-ha rectangular plots (13 thinned and 4 con-
trol) were surveyed for wind damage.

Rail (plots 101-104) and Fresca (plots 201-204) were both
clearcut harvested and burned around 1930 and allowed to regen-
erate naturally. Both blocks are situated on terraces of the Solduc
River with generally flat topography, although one of the plots at
Fresca (plot 204) contains a small, flat-topped ridge. Rail received a




Table 1. Description of the blocks located on the Olympic National Forest that were examined for wind damage associated with

implementation of a variable-density thinning.

Block Elevation (m) Annual precipitation (mm)

Soils Primary tree species

Rail 275 2,390

Loam/sandy loam, very deep, well to somewhat

Douglas-fir, Western hemlock

excessively drained, glacial outwash (Bogachiel-
Ishmael complex)

Fresca 150 2,650

Silt loam, very deep, well drained, glacial outwash or

Western hemlock, Sitka spruce

sandy loam, gravelly/very gravelly, very deep,
somewhat excessively drained, glacial outwash
(Nanich—Solduc complex, Emmiott)

Bait 190-335 3,175

Variable: loams to silt loams, with or without gravel/

Western hemlock, Douglas-fir

cobble, moderate deep to very deep, somewhat
poorly to well drained, formed in residuum and
colluvium (Sockeye, Sollecks, Snahopish,
Thimblepeak—Haas complex)

Snow White 430-580 1,450-1,950

Sandy loam, very gravelly, moderate deep, moderate

Douglas-fir

well drained, from glacial till (Nicklund,
Rockybrook)

light thinning in 1986. There are no records of any cultural treat-
ments occurring at Fresca prior to the implementation of the VDT,

Bait (plots 401 and 403-405) was clearcut between 1951 and
1954 and was likely burned prior to planting Douglas-fir [ Pseudos-
suga menziesii (Mirb.) Franco). Substantial amounts of western
hemlock [Tsuga heterophylla (Raf) Sarg] established naturally.
Slopes range from 0% to 35%, with all plots containing both side-
slopes and hilltops. The site was precommercially thinned in the late
1960s and early 1970s. There are no records of any other cultural
treatments occurring,

Snow White (plots 801-805) is the only block located on the
east side of the Olympic Peninsula. The site was clearcut around
1928, burned, and planted with Douglas-fir in the early 1930s. The
area was commercially thinned between 1971 and 1973, Slopes at
Snow White are generally less than 25%.

Treatment Description

A VDT was applied to each of the treatment plots as part of an
operational thinning. The control plots received no manipulation.
The VDT prescription called for a series of small gaps and un-
thinned patches to be embedded within a thinned matrix. Creation
of 0.04-0.05-ha gaps over 15% of the treatment area involved
removal of all merchantable stems (>20 cm dbh), with the excep-
tion of species of low local abundance (e.g., hardwoods, Thuja pli-
cata, and Abies amabilis). Gap width (~20 m) was chosen to be less
than the mean height of upper canopy trees. Where existing gaps
occurred within the treatment plots, they were counted as part of the
15% gap area. Unthinned patches covered 10% of the treatment
area. These patches were 0.09-0.3 ha in size, with approximately
one unthinned patch per every 1.5-2.0 ha. No harvest or entry of
equipment was allowed in the unthinned areas: The prescription for
the thinned matrix, covering the remaining 75% of the treatment
area, called for a uniform thinning removing 25% of the basal area.
Removals were primarily from the lower crown classes, although
species of low local abundance were not removed. The VDT treat-
ment was designed such that all three components of the treatment
(gaps, unthinned areas, and matrix) were in close proximity. This
fine-scale mixing makes it difficult to partition treatment response
into individual stand components, as opposed to evaluating the
entire thinned unit. 4

At Fresca, the VDT was implemented during the summer and
fall of 1997. Rail was thinned during the winter of 1997/1998.
Thinning trearments on Snow White plots 801 and 802 occurred in

the winter 0of 1998/1999, and plots 804 and 805 were thinned in the
fall of 1999. Bait plots 403 and 404 were thinned in the winter of
1998/1999. Thinning of plot 405 was completed in December
1999.

Data and Analysis

A pretreatment inventory involving 68 sample points per plot
provided a description of each plot prior to treatment implementa-
tion (Table 2). The variable-radius sample points, containing an
average of 8—10 trees per point, were established on a regular grid
throughout the plots. Average breast-height age ranged from 33 to
63 years. Stem density ranged from 300 to more than 1,500 trees
ha™! (tph). Basal area stocking ranged from 37 to 75 m® ha™'. An
estimate of the height:diameter (H:D) ratio of each plot was based
on 6-10 dominant trees per plot. These estimates of plot H:D
ratios are considered conservative, as they are based only on domi-
nant trees, which generally have lower ratios than smaller trees
within a stand. As part of the larger Olympic Habitat Development
Study, a single 1.44-ha stem-mapped subplot was established in
one of the thinned plots in each of the four blocks and measured
before and after the thinning operations. These plots, which were
established to examine the effect of the VDT on tree growth, each
contained one unthinned patch and at least two gaps. Because
only one stem-mapped plot per block was installed, and its location
was not random, the plots do not provide a statistically precise
characterization of posttreatment stand conditions. They do pro-
vide a general picture of the stand conditions in each block following
thinning. However, caution must be exercised when interpreting
the severity of wind damage reported throughout our analysis, be-
cause a complete postthinning inventory of undamaged trees was
not taken.

In the summer/fall of 2000, all 17 plots were surveyed for wind
damage. Three of the plots that had not been thinned prior to the
fall/winter of 1999/2000 (plots 405, 804, and 805) were resurveyed
in fall 2001, so that all plots had experienced at least two winters
posttreatment. One additional thinned plot (plot 402 at Bait) was
not included in this analysis, as it was thinned later than the other
plots. A complete survey of the plots recorded wind damage on all
trees greater than 2 m in height over an area 180 m X 280 m. The
treated area extended beyond the survey area by a minimum of
40 m. The survey recorded all blowdown (defined as uprooted
trees), trees leaning more than 30° from vertical, bowed trees, and
trees with stem breakage below the live crown. A determination was
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Table 2.
associated with implementation of a variable-density thinning.

Preharvest stand conditions for 17 plots located on the Olympic National Forest that were examined for wind damage

Site tree characteristics®

Stem density Basal area Height Height:diameter BH age
Block and plot (tph)® Dq (cm)* (m?ha™") (m) ratio (m:m) (years)
Rail
101 300 42 42 34 60 44
103 361 41 48 35 68 43
104 356 41 47 35 60 48
Control (102) 424 38 - 48 35 72 44
Fresca
201 571 30 41 27 57 33
202 509 41 66 37 69 50
204 775 35 73 34 73 49
Control (203) 498 43 73 38 70 51
Bait
403 840 27 49 29 81 34
404 1,574 26 70 31 80 35
405 849 31 65 33 80 38
Control (401) 1,076 30 75 28 65 33
Snow White
801 593 30 42 43 68 63
802 1,077 24 47 43 64 63
804 841 29 55 40 65 63
805 429 36 44 40 67 63
Control (803) 605 28 37 39 70 59

&
¢ Quadratic mean diameter.

made in the field as to whether the observed damage was likely due
to wind rather than direct logging damage or some other cause.
Trees with direct logging damage generally exhibited stem or crown
damage from equipment passage or damaged crowns from harvested
trees being felled into them. The root systems of all uprooted trees
were examined for obvious signs of root disease (primarily Phellinus
weirii). The location of each wind-damaged tree was mapped, and
the direction of stem fall or lean or breakage was noted. This infor-
mation was entered into a GIS database that also included the loca-
tion of gaps, unthinned patches, and skid trails and the topography
of the plot. Stem diameter at 1.3 m from the tree base was recorded
for each wind-damaged tree.

The level of wind damage on each plot was calculated as both
number of trees/ha and basal area/ha. A general linear models ap-
proach (SAS 9.1; SAS Institute, Inc., Cary, NC) was used to exam-
ine whether the variable-density thinning treatment or stand char-
acteristics before, or immediately after, thinning significantly af-
fected the amount of wind damage observed on the plots. Stand
characteristics tested included pretreatment H:D ratio, pre- and
posttreatment basal area, and pre- and posttreatment stem density
(tph). We also tested for differences in the amount of damage among
the four blocks. A critical value of @ = 0.05 was used to determine
significance.

This study did not offer the opportunity to rigorously test the
susceptibility of individual species to windthrow, as the experimen-
tal design did not control for species and we did not have detailed
information on the number of undamaged trees per species on each
plot. We were able to examine whether the number of wind-dam-
aged trees per species was roughly similar to what would have been
expected based on the number of trees per species present in the four
1.44-ha stem-mapped subplots (one in each block). Although these
subplots do not represent a complete sample all of the thinned plots,
they do include nearly 3,700 trees postthinning; thus, the estimated
species compositions are based on a reasonably large sample size.
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“Site tree information is blased on 6-10 dominant trees per plot; depending on stand conditions, site trees may be of one species or represent a mixture of the primary species occurting on the plot.
Data include only trees greater than 10 cm dbh, as large numbers of very small trees on some plots result in misleadi g density

tph, trees per hectare.

The postthinning species composition on the stem-mapped plots
was used to establish a hypothesized estimate of the number of trees
by species (western hemlock, Douglas-fir, and other) and size class
(<20 or =20 cm or combined) across the four study blocks to
compare against the actual count of wind-damaged trees by species
and size class. The expected proportion of wind-damaged trees per
species, based on the hypothesized number of trees of each species
estimated from the stem-mapped plots, and the actual proportion of
wind-damaged trees per species were compared using a chi-square
test to determine whether the observed damage for a species was
greater than or less than would expected due to chance (Freese
1967).

Maps showing the distribution of wind-damaged trees were vi-
sually assessed for spatial patterning of the wind damage. A subjec-
tive determination was made as to whether the wind damage on each
plot appeared to be associated with elements of the variable-density
thinning (gaps, unthinned patches, and skid trails) or with topo-
graphic features. Overall wind damage was quite low with most of
the damage occurring in portions of three thinned plots; thus, the
data did not lend themselves to a rigorous spatial analysis. On the
three plots with the greatest damage, however, we quantified the
wind damage relative to the components of the thinning treatment
by determining the number of trees =20 cm in diameter that were
wind-damaged in 3 categories: within 10 m of a gap, within 10 m of
an unthinned patch, and in the rest of the thinned matrix (excluding
landings). We compared the number of damaged trees with the
number that would be expected based on the relative area in each
category using a chi-square test. A critical value of @ = 0.05 was used
in all chi-square tests to determine significance.

Site-specific information on the timing and intensity of high
wind events was not available for our study areas. In lieu of on-site
observations, information on winds occurring on the Olympic Pen-
insula between 1997 and 2001 was obtained from the National
Climatic Data Center archives (2006). This site reports the date and




Table 3.  Breakdown of wind-damaged frees by size, species, and damage class on 17 plots located on the Olympic National Forest that
were examined for wind damage associated with implementation of a variable-density thinning.

Total damage Blowdown Stem breakage Bowed Lean
Relative Average Average Average Average
damage Stems dbh Stems dbh Stems dbh Stems dbh

Size and Species Stems Trees/ha ratio® (no.) {cm) (no.) (cm) (no.) (cm) (no.) (cm)

Trees >20 cm dbh
Western hemlock 306 3.2 2.63 270 31 28 32 2 31 6 29
Douglas-fir 40 0.4 0.20 34 41 5 43 - = 1 53
Other® 17 <0.1 0.30 13 26 3 28 - 1 20
Toral 363 317 36 2 8

Trees <20 cm dbh
Western hemlock 382 4.0 1.03 285 12 44 15 32 10 21 10
Douglas-fir 6 0.1 0.26 6 13 - - - - - -
Other 33 0.3 1.53 20 11 4 12 1 12 8 11
Total 421 311 48 33 29

All trees
Western hemlock 688 7.2 1.39 555 22 72 21 34 12 27 15
Douglas-fir 46 0.5 0.24 40 37 5 43 - = 1 53
Other® 50 05 0.58 33 17 7 19 1 12 9 12
Total 784 628 84 35 37

“Relative damage ratio is calculated as the petcentage of the blown-down stems occurring in ies/size class divided by the p ge of all stems occurring in that class over the entire study area.

a Ly
Estimates of the total number of stems ate based on one 1.44-ha stem-mapped subplot per block. A

representation of that class. ~ indicates no wind damage.

relative damage ratio of 1.0 indi that blowdown d

ge in that class was equal o the relarive

¢ Other species include Abies amabilis, Alnus rubra, Frangula purshiana, Thuja plicata, and Picea sitchensis.

magnitude of winds associated with high wind events, defined as
winds exceeding 74 km hour™". Clearly, each wind event did not
affect all of the sites equally; however, the information provides a
general picture of the timing and magnitude of wind events in this
part of northwest Washington. Additional information on the tim-
ing of wind damage was obtained from on-site visits following thin-
ning operations.

Data on prevailing wind directions during the months when high
wind events occurred were obtained for the National Oceanic and
Atmospheric Administration weather station at Hoquiam, WA
(National Climatic Data Center 2002). The Hoquiam station pro-
vided the best indication of wind directions and wind speeds asso-
ciated with storms coming from the Pacific Ocean, the direction
from which most winter weather systems occur. We calculated a
mean wind direction (3, corrected for the bias associated with
grouped data). We also calculated a mean angle of windthrow
(blowdown/breakage/lean) for each block and a 95% confidence
interval around the mean based on methods for circular distribu-
tions (Zar 1999). The null hypothesis, tested individually for each
block, was that the mean angle of windthrow was equal to the mean
direction of wind gusts (i.e., the direction of wind gusts measured at
Hogquiam plus 180°). The null hypothesis would not be rejected if
the mean wind direction was within the 95% confidence interval for
the mean angle of windthrow.

Results and Discussion
Individual Tree Factors: Size and Species

Atotal of 784 trees were recorded as having wind damage (Table
3). This amounted to a studywide average of approximately 8 trees
per ha. Based on our limited sampling of undamaged trees, the
amount of wind damage represented approximately 1.3% of all
trees. Eighty percent of wind-damaged trees were blowdown (i.e.,
had been uprooted), 11% experienced stem breakage below the live
crown, and 9% were either leaning or bowed. Just over 46% of the
damaged trees were 20 cm dbh or larger. Very few (<3%) of these
larger trees were bowed or leaning. Of the nearly 54% of the dam-
aged trees less than 20 cm dbh, 15% were either bowed or leaning,

Thus, although the type of damage varied somewhat by stem diam-
eter, tree size did not appear to significantly influence the overall
occurrence of wind damage. This is counter to the contention of
some other studies (Peterson and Pickett 1991, Canham etal. 2001,
Peterson 2004) that suggest that larger trees within a stand tend to
be more vulnerable to direct wind damage. One explanation for this
apparent contradiction could be that much of the damage to smaller
trees was secondary damage caused by larger trees falling and knock-
ing them over.

Root rot is generally considered to be a contributing factor to
wind damage in forests. Less than 2% of uprooted trees in this study
showed obvious signs of root rot, suggesting that root rot incidence
was not high in these stands and thus was not a major contributing
factor to the wind damage that we observed. Given that root rot
fungi can develop or expand on the root systems of harvested trees,
it is possible that root rot levels in these stands could increase
through time.

The proportion of wind-damaged trees varied by species (Table
3) in all size categories (chi-square tests were significant). Differ-
ences among species were especially large in the 20 cm and larger size
class. Based on our posttreatment inventory of one large stem-
mapped plot per block, we estimate that western hemlock made up
only approximately 32% of residual stems 20 cm dbh or larger across
all plots, but it accounted for 85% of wind-damaged trees. Con-
versely, following treatment, we estimated that 54% of stems 20 cm
dbh or greater were Douglas-fir; however, it accounted for only 11%
of the wind-damaged stems. Damage to western hemlock <20 cm
dbh was not much different from what was expected, but Douglas-
fir blowdown damage was only 26% of the expected level for that
size class. Thus, although our study design did not allow for a rig-
orous test, our results appear to support the common belief that
Douglas-fir is more windfirm than western hemlock (Boyce 1929,
Burns and Honkala 1990). Although Sitka spruce [Picea sitchensis
(Bong.) Carr.] is generally considered to be susceptible to blowdown
(Burns and Honkala 1990), only one Sitka spruce tree was blown
down at Fresca, even though the species made up a significant com-
ponent in the block (39%).
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Table 4.  Basal area and number of stems ger hectare suffering wind damage on 17 plots located on the Olympic National Forest that

were examined for wind damage associate

with implementation of a variable-density thinning.

dbh <20 cm dbh =220 cm Total
Block and Plot Stems (tph)* Basal area (m? ha™") Stems (tph) Basal area (m? ha™") Stems (tph) Basal area (m* ha™")
Rail
101 23 0.03 0.7 0.08 3.0 0.11
103 2.0 0.04 3.4 0.31 5.4 0.34
104 2.5 0.03 0.7 0.07 32 0.10
Average of thinned plots 23 0.03 1.6 0.15 3.9 0.18
Control (102) 1.1 0.02 2.1 0.20 3.2 0.22
Fresca
201 29 0.02 0.4 0.02 3.2 0.04
202 0.5 0.01 0.7 0.05 1.3 0.06
204 3.9 0.06 15.7 1.60 19.6 1.66
Average of thinned plots 2.4 0.03 5.6 0.56 8.0 0.59
Control (203) 2.5 0.04 2.7 0.28 5.2 0.33
Bait
403 26.3 0.38 24.8 1.76 51.1 2.14
404 14.3 0.17 8.2 0.51 22.5 0.68
405 4.5 0.07 1.4 0.15 5.9 0.21
Average of thinned plots 11.6 0.16 8.9 0.63 20.5 0.79
Control (401) 1.3 0.01 0.0 0.0 1.3 0.01
Snow White
801 23 0.03 2.3 0.53 4.6 0.56
802 0.4 0.01 - 0.0 0.0 0.4 0.01
804 6.4 0.04 0.5 0.11 7.0 0.15
805 2.1 0.03 1.1 0.11 32 0.15
Average of thinned plots 2.8 0.03 1.0 0.19 3.8 0.21
Control (803) 0.0 0.0 0.0 0.0 0.0 0.0

“ tph, trees per hectare.

Treatment and Site Effects on Wind Damage

There was no statistically significant VDT treatment effect on
the average amount of wind damage, measured as a percentage of
posttreatment basal area (P = 0.27) or percentage of trees (P =
0.25), across all treatment blocks. Based on our posttreatment sam-
ple, we estimate that on average, 1.9% of trees (1.2% of basal area)
on the thinned plots were wind-damaged, compared with 0.5% of
trees (0.2% of basal area) on control plots (Table 4). The amount of
wind damage occurring on the thinned plots varied considerably,
ranging from an average of 3.8 tph [0.2 m? ha™! basal area (BA)] at
Snow White to 20.5 tph (0.8 m® ha™" BA) at Bait (Table 4). Wind
damage on the control plots ranged from no damage at Snow White
to 5.2 tph (0.3 m® ha™! BA) at Fresca. Despite the variation, how-
ever, there was no significant block effect for either percentage basal
area damaged (P = 0.53) or percentage of trees damaged (P = 0.36).

Neither basal area nor number of stems/ha prior to or immedi-
ately following thinning significantly affected the amount of wind
damage on the treatment plots. The H:D ratio of the stands prior to
thinning was the only factor evaluated that significantly affected the
amount of basal area (P = 0.01) or the number of trees (P = 0.006)
suffering wind damage. The importance of H:D ratios on tree sta-
bility and incidence of wind damage has often been noted in other
studies (Cremer et al. 1982, Lohmander and Helles 1987, Wonn
and O’Hara 2001).

The lack of statistically significant treatment or block effects was
due largely to the high variability in wind damage observed on the
thinned plots. Only 4 of the 13 thinned plots, one at Fresca and all
three at Bait, had substantially greater wind damage than the control
plots. The remaining plots received only slightly greater or, in the
case of four plots, slightly less damage than recorded on the control
plots (Table 4).

The higher wind damage at Bait, particularly on plots 403 and
404, was likely due to a variety of factors. Bait had the greatest
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topographic relief among the blocks, thus creating more locations
vulnerable to wind damage. Topographic features potentally fun-
neling winds or causing greater eddying were associated with the
heaviest damage. Bait is also located in the southwest corner of the
Olympic Peninsula in the first major set of hills encountering storm-
damaging winds off the Pacific Ocean and receives higher precipi-
tation than the other blocks, which may facilitate the uprooting of
trees. Wet, pootly drained soils, commonly occurring on small
benches or in shallow depressions, can significantly increase the risk
of wind damage (Gratkowski 1956, Cremer et al. 1982) and may
have been a factor in the greater wind damage observed at Bait.
Finally, for operational reasons, the unthinned patches at Bait were
located on the edges of the treatmént plots rather than dispersed
throughout the unit as they were at the other sites and therefore
could not serve as stabilizing features, as they may have at the other
locations.

Although the above-mentioned site factors probably influenced
the amount of observed wind damage at Bait, we suspect that the
most important reason for greater damage at this site relates to
the condition of the stands prior to treatment. Stem densities
were generally higher at Bait than at the other sites (Table 2). Plots
403 and 404, which sustained the greatest wind damage, had the
highest H:D ratios among all plots in the study. Plot 405 also had a
high H:D ratio but did not suffer as much damage, possibly due
to a higher component of Douglas-fir. Plot 405 was also treated
later than plots 403 and 404 and did not experience the high wind
events of late 1998 and early 1999 (Table 5). Since extremely high
wind events do not occur every year, some thinned areas may not
experience events during the time period when they are most
vulnerable.

Fresca plot 204 suffered the second highest wind damage in
terms of basal area and the third highest in terms of numbers of trees
(Table 4). Although the terrain on the plot is generally flat, a small




Table 5.  Storm events with winds exceeding 74 km hour~" (40
knots) recorded at weather stations near the study plots in north-
western Washington from January 1997 through December 2001,
Blocks or plots are considered affected if the storm event occurred
between the date that the thinning treatment was initiated and the
time of the wind damage assessment in summer/fall 2000,

Wind speed Blocks (plots) affected after
Date (km hour™ ") treatment

Jan. 1, 19974 128

Mar. 30, 1997 131

Oct. 9, 1997 93 Fresca

Dec. 15, 1997 74 Fresca

Jan. 16, 1998 87 Fresca

Nov. 12, 1998 107 Fresca, Rail

Nov. 23, 1998 122 Fresca, Rail

Jan. 15, 1999 96 Fresca, Rail

Jan. 28,1999 120 Fresca, Rail

Feb. 2, 1999 109 Fresca, Rail

Mar. 2, 1999 113 Fresca, Rail, Bait (403, 404),
Snow White (801, 802)

Oct. 23, 1999 89 Fresca, Rail, Bait (403, 404),
Snow White

Nov. 3, 1999 80 Fresca, Rail, Bait (403, 404),
Snow White

Jan. 10, 2000 119 Fresca, Rail, Bait, Snow
White

Jan. 16, 2000 122 Fresca, Rail, Bait, Snow
White

Feb. 4, 2000 85 Fresca, Rail, Bait, Snow
White

Dec. 14, 2000 143 Fresca, Rail, Bait, Snow
White

Dec. 16, 2000 117 Fresca, Rail, Bait, Snow
White

Nov. 19, 20014 96

Nov. 28, 2001 96

Dec. 13, 2001 111

Dec. 15, 2001 96

“ Storms prior to fall 1997 occurred prior to treatments, and storms after fall 2001 occurred
after damage surveys had been completed. They are included here to illustrate the frequency of
winter storm occurrence for the years shown.

ridge is located in the northern third of the plot, which is where the
wind damage was largely concentrated (Figure 2). The Fresca site
sits in an area where funneling of winds up the Solduc River Valley
can occur; this funneling effect, combined with the small ridge on
plot 204, probably resulted in higher local wind velocities and thus
greater wind damage. A high H:D ratio may have also contributed
to the relatively high wind damage observed on plot 204. Although
not as high as the thinned plots at Bait, the H:D ratio on plot 204
was higher than that of the other plots at Fresca or any of the plots at
Rail or Snow White.

Previous thinning on two of the blocks—Rail and Snow
White—appears to have contributed to greater wind resistance.
Thinning promotes diameter growth more than height growth, so
thinned stands develop lower H:D ratios over time. Thinning also
reduces variability in tree sizes. More homogeneous stands tend to
display greater wind resistance (Cucchi and Bert 2003). The num-
ber of trees damaged at Rail and Snow White was less than half that
observed at Fresca, and only approximately 20% of the average
damage occurring at Bait. The apparent influence of previous thin-
ning in reducing subsequent wind damage observed in this study is
consistent with observations from other studies showing that reduc-
ing stand density leads to greater long-term wind-firmness (Cremer
et al. 1982, Wonn and O’Hara 2001).

Spatial Distribution of Wind Damage

Visual analysis of the mapped stem damage suggests that the
small-scale patterns associated with this type of variable-density
thinning (gaps and unthinned patches) may influence wind damage
under some conditions. The wind damage observed in this study
was generally dispersed, but on some plots, the majority of wind
damage did occur in proximity to gap edges or skid trails. Most of
this damage, however, did not appear to have been caused solely by
the presence of these features. Damage adjacent to gaps located on or
near ridges was often greater than damage within the thinned ma-
trix. However, wind damage adjacent to vulnerably positioned gaps
was also greater than damage adjacent to gaps in more protected
locations (e.g., lower slope positions). In fact, wind damage adjacent
to gaps in more protected positions was typically not substantially
greater than the damage observed in the thinned matrix.

Although very little wind damage occurred at either Rail or Snow
White, it appeared that approximately half of the damaged trees on
the thinned plots were in proximity to the edge of a gap or a skid
trail. Fresca was a little more variable, with the damage on one of the
thinned plots not associated with gaps or skid trails, whereas most of
the wind damage on the other two thinned plots occurred close to
gap edges. Most of the wind damage on plot 204, the only plot at
Fresca experiencing more than minor damage, was concentrated
near gap boundaries, with the exception of a small cluster of damage
on the edge of an unthinned patch located at the top of the small
ridge (Figure 2). The chi-square test for plot 204 was significant,
with more damage occurring within 10 m of a gap than expected
based on the area involved.

All three thinned plots at Bait experienced more wind damage
than the control plot. The heaviest damage, located on Bait plot
403, occurred adjacent to a gap located on a hilltop in the southeast
corner of plot and along a low ridge that runs north from the hilltop
(Figure 3). Over the entire plot, however, the chi-square test was not
significant, indicating that the number of wind-damaged trees =20
cm in diameter and within 10 m of a gap was not significantly
different from would be expected. Wind damage on plot 404 was
largely associated with gaps located on top of a ridge or just below a
skid trail where the terrain becomes much steeper and exposed to
winds funneling down a small valley (Figure 3). The remaining
damage on the plot was scattered, and it did not appear to be
strongly associated with gaps or skid trails. However, the chi-square
test was significant for plot 404, indicating that more trees within
10 m of a gap experienced wind-damaged than would be expected
based on area. This was likely confounded, however, by the presence

of the ridge.

Timing and Direction of Winds and Wind Damage

In the western portions of the Pacific Northwest, most high wind
events occur during the fall and winter months (Meteorology Com-
mittee Pacific Northwest River Basins Commission 1968). This
general pattern of high wind events during the fall and winter was
consistent with what was observed at weather stations close to the
study sites from 1997 though 2001. During that time period, 22
separate storm events with wind speeds exceeding 74 km hour ™ (40
knots) were recorded (Table 5). All of these events occurred between
October 1 and March 31. Both the average number of wind events
greater than 74 km hour™! and the average reported magnitude of
the wind events were slightly higher during the 1997-2001 period
than they were in the 2 years before and 3 years after this period. No
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Figure 2. Location of wind-damaged trees in relation to gaps (open squares),

The irregular oval overlapping the northern comner of the pl

unusually powerful wind events occurred during the period of ob-
servation, with the strongest event being recorded at 143 km hour ™!
in December of 2000. '

Winter storms in northwestern Washington are generally out of
the southwest. As indicated in Figure 4A, over 90% of the high wind
events at Hoquiam, Washington, in the southwest corner of the
Olympic Peninsula, blow toward the northeast quadrant (mean
angle of wind direction, 37°). In the absence of any other influences,
we would expect windthrow to be predominantly toward the north-
east. However, the measured azimuth of stem fall/lean/breakage at
each of the sites was much more variable. The percentage of tree fall
or stem breakage occurring to the northeast ranged from approxi-
mately 35% to just over 60% in the four study areas (Figure 4B),
suggesting, as others have reported, that factors other than prevail-
ing wind direction influence the direction of treefall (Hennon and
McClellan 2003). One of these factors is likely the swirling of winds
associated with ridges and hilltops in terrain with topographic relief
(Kramer et al. 2001). The mean angle of windfall differed from 37°
at Bait and Rail (i.c., the confidence interval for the mean angle of
wind-damaged trees did not include 37° for these two sites). Bait is
located just to the west of the first major ridge that winds would
encounter coming from the ocean. This ridge apparently redirects
winds toward the northwest. Rail is located in a portion of the
Solduc River valley where the deep but broad valley is oriented in an
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, unthinned patches {shaded rectangles), and topography at Fresca plot 204,
indicates the position of a small ridge. :

east/west direction, and this apparently causes the major winds to
blow in a more easterly direction during winter storm events.

Recommendations and Conclusions

The variable-density thinning imposed in this study removed a
small percentage of pretreatment basal area, and the gaps created were
relatively small (gap diameter was less than dominant tree height). This
likely contributed to the low amount of overall wind damage observed.
Few of the plots experienced substantial levels of wind damage, and
none of the plots incurred what we considered to be severe damage.
Even on the most heavily affected plots, the damage tended to be
concentrated in relatively small pockets (Figure 5). If silvicultural ob-
jectives include restoration of late-successional stand characteristics, as
is commonly the intent of variable-density thinning prescriptions, then
some level of wind damage may actually help achieve these objectives by
enhancing spatial diversity, increasing coarse woody debris, and creat-
ing snags through stem breakage.

This study represents a short-term view of wind damage following
one approach to variable density thinning, The study was limited to the
Olympic Peninsula; however, the sites were located across a broad range
of topographic and climatic conditions. Although we recognize these
limitations, the results of our study, along with field observations and
results from other studies, allow some general recommendations for
management that may be helpful in minimizing the potential for wind




Figure 3. Location of wind-damaged trees in relation to gaps (open squares), unthinned patches {shaded rectangles), and topography at Bait plots 403

and 404.

damage following thinning, These recommendations are not necessar-
ily new to practicing foresters or even unique to variable-density thin-
ning, but they do deserve mention here as part of this discussion on the
relationships between wind damage and thinning,

Stands with high stem densities should be thinned early to lower
future H:D ratios and increase overall wind firmness. Priority for
thinning should be given to stands, or portions of stands, on exposed
sites, as these locations will be at the highest risk of future wind
damage. If H:D ratios in the stand are already high, indicating a
current risk of wind damage, then the first entry into the stand
should concentrate on enhancing wind firmness by implementing a
light uniform thinning. Ifa nonuniform thinning prescription, such
asa VDT, is desired, then managers might consider girdling trees in
vulnerable locations to minimize the creation of hard edges along
gaps, skid trails, or landings. Finally, to the extent possible, gaps,

skid trails, and landings should be located away from hilltops, ridges,
and other locations susceptible to high wind velocities and thus
greater wind damage.

We found that trees in the thinned matrix but away from the
influence of vulnerable topographic positions or gap edges experi-
enced low levels of wind damage. Unthinned patches within the
variable-density thinning acted much like the unthinned control
plots. Little wind damage occurred inside these patches, and only
occasionally was damage observed that appeared to be related to the
“soft edge” boundary between the unthinned patch and the thinned
matrix. Even edges caused by the creation of gaps did not result in
greatly elevated levels of wind damage unless the gaps were associ-
ated with hilltops or ridges. The fact that the gaps in this study were
small and thinning intensity low was probably important in keeping
damage levels low.
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A) Hoquiam gusts > 74 km hr” (%)
a=37°+8°

B) Bait windthrow (%) Fresca windthrow (%)
a=318"+ 11° a=36°+ 20°

Rail windthrow (%) Snow White windthrow (%)
a=101° £ 31° a=54° + 60°
N
NW NE
w E
aw SE
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Figure 4. Direction of wind and windfall on the Olympic Peninsula. (A}: Frequency of wind gusts >74 km hour™" between Jan. 1, 1997, and Dec. 31,
2001, at the National Oceanographic and Atmospheric administration weather station in Hoquiam, WA, The numbers on the cirdles indicate the percentage
of time the wind gusts blew toward the indicated direction (i.e., standard wind direction plus 1807). (B): Frequely of direction of wind damage at the four
study sites on the Olympic Peninsula. The numbers on the circles indicate the percentage of the fotal number of wind-damaged trees that fell, broke, or
leaned in that direction. The mean angle (&) and the 95% confidence interval are shown for each set of circular data.
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Figure 5. Aerial image of Bui; |;lois 403 and 404, Ohe two experiencing the greatest wind damage, 3'% years ofter being treated with a variable
density thinning. On both plofs, an intact and manageable stummcins. Ploi"l?ound?:ms are approximate; plot sizes appear déegrenl because of parallax

in the photo.

Site visits in 2004 and 2005 revealed that a small amount of addi-
tional wind damage has occurred since the plots were first assessed.
However, the great majority of wind-related damage occurred within
the first 2 years of thinning, which is consistent with the findings of
others (Rowan et al. 2003). Where additional damage has occurred, it
has tended to be concentrated in vulnerable topographic positions,
often close to, or in association with, locations where much of the
original wind damage had occurred. It should be noted, however, that
these results are based on surveys 2—3 years following thinning, and
longer-term surveys or thinning operations performed in different
stand conditions or followed by different wind conditions may yield
different results. Harcombe et al. (2004) documented that forest gaps
created in areas without anthropogenic factors did continue to expand
in topographically susceptible areas, and Ott and Juday (2002), exam-
ining finer-scale features involved in windthrow in southeast Alaska,
documented that approximately half of their naturally formed small
gaps continued to expand over time.

The most important factors related to wind damage in this study
appeared to be topographic position and the condition of the stand
prior to thinning. Although some wind damage was spatially related
to the gaps and skid trails associated with the variable-density thin-
ning, these components of the VDT did not automatically predis-
pose the stands to wind damage as trees around gaps and near skid
trails in flat or protected topographic settings were rarely damaged.
Based on our observations from this study, the following conclu-
sions are offered. However, given the limitations of this study and
the lack of experience with VDT approaches throughout the Pacific
Northwest region, these conclusions should be considered tentative.

*  Extreme weather events that generate high winds are important
in producing wind damage in stands that do not have preexist-
ing problems with root rot or other root damage. Wind events
alone, however, are not necessarily sufficient to cause significant
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wind damage, as evidenced by the low levels of damage experi-
enced in the control plots, as well as some of the thinned plots,
of this study.

* Theinternal edges associated with the gaps and reserve patches
created in the variable-density thinning do not greatly increase
the risk of wind damage. However, care should be taken in
locating gaps and in determining gap size. Locating gaps in
vulnerable topographic positions can exacerbate potential wind
damage problems and should be avoided when possible. Keep-
ing gap sizes small should also help minimize wind damage. The
soft edges occurring between reserve patches and the thinned
matrix do not present an increased risk of wind damage.

*  Trees adjacent to skid trails and landings can be vulnerable to
wind damage. When possible, trails and landings should be
located in topographic positions that are not vulnerable to ex-
cessive wind.

This study provides no short-term evidence that variable-density
thinning per se results in unacceptable losses from wind damage.
Some of our thinned stands did experience elevated levels of wind
damage, and some of this damage appeared to be spatially correlated
with the gaps created as part of the thinning treatment. However,
our results suggest that as long as gaps are positioned to avoid ex-
posed topographic positions, short-term losses from wind damage
will be minimal.
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