Forest Ecology and Management 410 (2018) 114–125

Contents lists available at ScienceDirect

Forest Ecology and Management
journal homepage: www.elsevier.com/locate/foreco

Variable density thinning promotes variable structural responses 14 years
after treatment in the Paciﬁc Northwest

T

⁎

John L. Willisa, , Scott D. Robertsa, Constance A. Harringtonb
a
b

Mississippi State University, Department of Forestry, 361 Thompson Hall, 775 Stone Blvd., Mississippi State, MS 39762, USA
USDA Forest Service, Paciﬁc Northwest Research Station, Olympia Forestry Laboratory, 3625 93rd Avenue SW, Olympia, WA 98512-9193, USA

A R T I C L E I N F O

A B S T R A C T

Keywords:
Thinning
Growth
Crown
Restoration
Late-successional

Young stands are commonly assumed to require centuries to develop into late-successional forest habitat. This
viewpoint reﬂects the fact that young stands often lack many of the structural features that deﬁne late-successional habitat, and that these features derive from complex stand dynamics that are diﬃcult to mimic with forest
management. Variable density thinning (VDT) is a silvicultural strategy designed to accelerate development of
late-successional habitat by applying a variety of harvest intensities within a stand. Previous reports indicate that
VDT has had initial success increasing growth and regeneration. However, few studies have examined the eﬀects
of VDT at longer time scales. Here, we report 14-year growth response of residual trees in the thinned and
unthinned VDT sub-treatments in ﬁve young mixed-conifer stands located on the Olympic Peninsula in western
Washington. Our objectives were to investigate whether thinning has accelerated the recruitment of large trees
(> 80 cm dbh), recruitment of shade-tolerant species into the mid-story (40–65 cm), or development of longer
crowns relative to the unthinned sub-treatment. In addition, we investigated whether the basal area distribution
in the combined VDT sub-treatments has become more diverse compared to the unthinned sub-treatment. The
response to thinning varied consistently across the diameter size class gradient. Thinning was ineﬀective at
stimulating growth of upper canopy trees (65–80 cm). In this size class neither diameter growth nor crown
length increased signiﬁcantly compared to trees in unthinned patches. Further, only one stand has reached the
restoration benchmark for large tree density. In contrast, thinning signiﬁcantly increased diameter growth and
crown length among trees in the mid-story (40–65 cm) and shade-tolerant species in the future mid-story
(20–40 cm). Higher rates of recruitment into the mid-story were also observed from shade tolerant species
growing in the thinned (34%) compared to unthinned (19%) patches, with two stands reaching the restoration
benchmark for shade-tolerant mid-story density. Clear trends in basal area diversity and evenness have yet to
develop in either the combined or unthinned sub-treatments. Collectively, our results demonstrate that VDT has
partially accomplished its objectives. Although thinning has not yet accelerated recruitment of large trees, it has
accelerated the advancement of shade-tolerant species into the mid-story and the development of deeper crowns
among trees in smaller size classes. In addition, diﬀering rates of diameter growth among smaller diameter trees
in the various VDT sub-treatments suggest that increases in structural diversity may be developing more quickly
than in untreated stands.

1. Introduction
Forest restoration has become an increasingly common forest
management objective, particularly on public lands. Throughout much
of western North America, restoration eﬀorts have focused on reversing
forest succession to oﬀset decades of ﬁre suppression (Covington, 2000;
Allen et al., 2002; Baker and Shinneman, 2004). One notable exception
to this regional trend can be found in the Paciﬁc Northwest (PNW),
where accelerating the formation of late-successional structural

⁎

attributes is a restoration priority (Bolsinger and Waddell, 1993;
Franklin and Norman Johnson, 2012).
Interest in restoring late-successional structure on federal land is
largely driven by concerns over declining late-successional wildlife
habitat and biodiversity (Carey and Harrington, 2001; Spies et al.,
2010). Of particular concern is the relative structural simplicity of
forests managed for wood production. Late-successional structural attributes often lacking in stands managed for timber production include:
large canopy trees (> 80 cm in diameter), diversity of tree size-classes,
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Fig. 1. Area map of the Olympic Peninsula in northwestern Washington showing locations of the ﬁve
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.

coarse woody debris (CWD – down wood and snags), variation in crown
structure, and the development of a shade-tolerant mid-story (Franklin
and Spies, 1991; Spies, 2004; Zenner, 2004; Bauhus et al., 2009). While
all of these attributes typically develop naturally over time, considerable interest has been given to testing management practices which
may accelerate the successional process (Curtis and Carey, 1998;
Franklin et al., 2002; Reutebuch et al., 2004; Carey, 2006; Curtis et al.,
2017).
Thinning has been shown to accelerate tree growth (Mitchell, 2000;
Marshall and Curtis, 2002), suggesting that it may be applied to hasten
both stand and individual tree growth. Traditional forms of low thinning, however, have been focused on stand growth rather than structural diversity (Nyland, 1996). Natural restoration processes may even
be delayed by traditional forms of thinning, particularly low thinning,
as these treatments tend to homogenize stand structure, limit CWD
input, and remove snags (Nyland, 2003; Larson and Churchill, 2008).
Variable density thinning (VDT), on the other hand, is a silvicultural
strategy designed to stimulate forest growth while promoting late-successional forest structure (Carey, 2003, 2006). Unlike thinning for
wood production, VDT distributes resources unevenly within a stand by
creating canopy gaps and gradients of stand density (Carey, 2003;
Comfort et al., 2010). The goal of these treatments is to encourage
horizontal and vertical heterogeneity within the stand. For example,
high resource environments such as thinned areas or canopy gaps are
created to encourage rapid tree growth, crown retention and expansion,
regeneration, and a more diverse herbaceous vegetation layer
(Puettmann et al., 2016). Conversely, unthinned patches are retained
resulting in slower individual tree growth, crown contraction, and
higher mortality, thus encouraging the creation of snags and greater
inputs of CWD to the forest ﬂoor. The intended eﬀect of these varying

treatments is to produce a more structurally complex stand, consistent
with the deﬁning characteristics of late-successional forests in the region (Franklin and Spies, 1991).
Initial reports on the eﬀectiveness of VDT have varied among
structural attributes and ecological processes. Diameter growth has
been shown to positively respond to VDT at the stand level (Davis et al.,
2007; Dodson, 2012), in the mid-story (Comfort et al., 2010), and
among individual trees located in proximity to harvest gaps or skid
trails (Roberts and Harrington, 2008; O’Hara et al., 2010; Dodson,
2012). Natural regeneration, crown length expansion, and herbaceous
layer species richness and diversity have also been shown to increase
following gap creation or VDT (Thysell and Carey, 2001; Ares et al.,
2010; Dodson, 2012; Curtis et al., 2017). In contrast, growth rates
amongst the largest trees have been largely unresponsive to thinning
(Dodson, 2012), at least initially, raising questions over whether these
trees are experiencing a delayed response or whether more intensive
thinning is required to stimulate growth (Maguire et al., 2006; Davis
et al., 2007). Similar questions exist surrounding the impact of VDT on
forest structure. Dodson (2012) report higher BA variation in plots
treated with VDT. However, in a longer-term study, Kuehne et al.
(2015) found no signiﬁcant improvement in structural heterogeneity
following VDT. Finally, long-term questions regarding growth dynamics, tree size class diversity, and crown response to VDT remain
unanswered, as few studies have reported results beyond the ﬁrst
decade following treatment (Kuehne et al., 2015).
In this report, we examine late-successional structural development
in ﬁve relatively young second-growth mixed-conifer stands on the
Olympic Peninsula in western Washington 14 years following VDT. We
focus on the development of main- and mid-canopy structural diversity,
and therefore limit our analysis to trees in those canopy strata at the
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Table 1
Selected site and stand variables for ﬁve stem-mapped plots in the Olympic Habitat Development Study.
Stand

BH agea (yrs)

Elevation (m)

Annual precip.b (mm)

Avg. temp.b (°C)

Primary tree species

Rail
Fresca
Clavicle
Bait
Snow White

43
50
48
38
63

275
150
475
245
580

2376
2709
2540
3362
1460

9.6, 22.6, 1.5
10.1, 23.3, 1.9
9.0, 22.7, 0.7
10.1, 24.0, 1.6
8.9, 23.2, 0.9

Douglas-ﬁr, western hemlock
Western hemlock, Sitka spruce
Western hemlock, Sitka spruce
Western hemlock, Douglas-ﬁr
Douglas-ﬁr, western hemlock, western redcedar

a

Breast height age is age at beginning of the treatment, based on 6–10 dominant trees.
Average precipitation and temperatures values are 30-year averages over the period from 1981 to 2010. Temperature values provided as mean annual, mean August maximum, and
mean January minimum based on PRISM model values (PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu, retrieved 27 April 2017. Model description in Daly
et al., 1994).
b

39 m.
Bait was clearcut in the early 1950s, and likely burned prior to being
planted with Douglas-ﬁr. Substantial amounts of western hemlock has
established naturally. Slopes range from 0% (hilltops) to 35%. The
dominant plant associations are Tsuga heterophylla/Polystichum munitum-Oxalis oregana and Tsuga heterophylla/Gaultheria shallon-Oxalis
oregana. At time of treatment, Douglas-ﬁr and western hemlock were
the major tree species. Site index at 50 years for both species is ca. 40 m.
Bait received a light pre-commercial thinning in the late 1960s and
early 1970s. There are no records of the stand receiving any other
cultural treatments.
Snow White is the only site 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. Slopes at Snow White generally vary
from 10 to 25%. Common plant associations include Tsuga heterophylla/
Mahonia repens/Oxalis oregana, Tsuga heterophylla/Gaultheria shallon/
Polystichum munitum, and Tsuga heterophylla/Gaultheria shallon. At time
of treatment, Douglas-ﬁr was the dominant tree species, but western
hemlock and western redcedar (Thuja plicata Donn ex D. Don) were also
well-represented. Site index at 50 years for Douglas-ﬁr is ca. 35 m. The
site was commercially thinned in the early 1970s.

onset of the study. Our objectives were to evaluate whether VDT has
accelerated: (1) growth of upper canopy trees (65–80 cm) and recruitment of large trees (> 80 cm); (2) growth of shade-tolerant trees likely
to constitute the future mid-story (20–40 cm) and recruitment of these
shade-tolerant trees into the deﬁned mid-story size class (40–65 cm);
(3) live-crown expansion across diameter size classes, as well as with
location within the stand; and (4) basal area diversity and evenness
among tree size classes.
2. Methods
2.1. Site description
We utilized data from ﬁve stands located on the Olympic National
Forest on the Olympic Peninsula in western Washington (Fig. 1). Elevations range from approximately 150 m to nearly 600 m ASL. Soils at
all sites are deep loams with good drainage. Average annual precipitation ranges from 1955 mm to 3175 mm and falls mostly as winter
rain, with comparatively dry summers. Winters are cool and summers
warm, with mean annual temperatures of approximately 8–10 °C
(Table 1).
Diﬀerences in stand management history, local topography, site
quality, and ﬂoral composition exist among sites. The Fresca and Rail
sites regenerated naturally following clearcutting and broadcast
burning around 1930. Both still appear as recently cutover in 1939
aerial photography suggesting an extended stand initiation phase (Peter
and Harrington, 2010). Fresca and Rail are situated on terraces of the
Solduc River with generally ﬂat topography. The dominant plant association at Fresca is Picea sitchensis/Oxalis oregana (Henderson et al.,
1989). At time of treatment, Sitka spruce (Picea sitchensis (Bong.) Carr.)
and western hemlock (Tsuga heterophylla (Raf.) Sarg.) were the dominant tree species. Site index for both western hemlock and Sitka spruce
is ca. 37 m at 50 years (Wiley, 1978; Farr, 1984). Fresca had received no
known silvicultural treatments prior to this study. The dominant plant
association at Rail is Tsuga heterophylla/Gaultheria shallon-Polystichum
munitum (Henderson et al., 1989). At time of treatment, western hemlock and Douglas-ﬁr (Pseudotsuga menziesii (Mirb.) Franco) were the
dominant tree species. Site indices at 50 years for western hemlock and
Douglas-ﬁr are ca. 41 m and 38 m, respectively (Wiley, 1978; King,
1966). A light thinning to salvage trees killed by bark beetles was
conducted at Rail in 1986, removing less than 15% of the stocking.
Clavicle is shown on forest inventories as recently cutover in the
early 1930s. Management records from that time are not known to
exist; however, typical post logging management in that area was to
burn the slash and let the stand regenerate naturally. Breast-height age
in 1994 was only 48 years, which suggests the area endured an extended or delayed period of stand establishment. The area of the stand
examined in this study sits on a ﬂat ridge with slopes generally less than
5%. The dominant plant association at Clavicle is Picea sitchensis/
Polystichum munitum/Oxalis oregana. At time of treatment, western
hemlock and Sitka spruce were the dominant tree species. Site index at
50 years for western hemlock is ca. 35 m, and for Sitka spruce is ca.

2.2. Treatments
A variable-density thinning was implemented at Fresca and Rail in
1997 and at Bait, Snow White, and Clavicle in 1999. The prescription
called for a series of gaps and untreated patches to be embedded within
a thinned matrix. Creation of 0.04–0.05 ha gaps on 15% of the treatment area involved removal of all merchantable stems (ca. > 20 cm
dbh) with the exception of species of low local abundance (e.g., hardwoods, western redcedar). Unthinned patches were 0.1–0.3 ha in size
and covered 10% of the treatment area. No harvest or entry of equipment was allowed in the unthinned areas. The thinned matrix, covering
the remaining 75% of the treatment area, called for 25% basal area
removal, primarily from the lower crown classes. All trees were hand
felled. Ground-based yarding equipment was used to remove trees at all
sites except Bait, which used a skyline yarding system.
Treatment areas at each site were approximately 6–10 ha in size,
and replicated three or four times. Within one of the treatment areas at
each site, a single plot of 1.44 ha (1.53 ha at Fresca) was established
prior to treatment for complete stem mapping (Fig. 2). Each stemmapped plot contained two complete gaps, one complete unthinned
patch, and a portion of a third gap and second unthinned patch. Within
the plot, all trees with heights greater than 1.3 m were tagged and their
locations mapped and coordinates stored in a GIS database. A summary
of stand conditions prior to, immediately following, and 14-years after
variable-density thinning is provided in Table 2.
The analysis presented here utilizes data from the stem mapped
plots. One caveat of our design is that the stem-mapped plots did not
have a true control. Therefore, for the purposes of this analysis, we
assumed that the characteristics of the unthinned patches approximated
how the stand would have developed had the VDT treatment not been
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Fig. 2. An example of a stem-mapped plot (Rail) at the
OHDS, showing the sub-treatments associated with the
variable-density thinning.

Diameter growth was taken as the diﬀerence between dbh measured
immediately following thinning and dbh at the 14-year re-measurement. Basal area (BA) of each tagged tree was calculated from the
diameter measurements and a 14-year BA increment was calculated for
each tree as the diﬀerence between the two post-treatment measurements.
The main goal of the OHDS is to test whether VDT accelerates latesuccessional habitat development. The analysis presented here focuses
primarily on whether the VDT sub-treatments were successful in accomplishing objectives related to canopy structure. The few trees retained within gaps were excluded from analyses due to low representation. We also did not address regeneration dynamics in this

implemented.
2.3. Field measurements and data analysis
Detailed measurements were taken within each stem-mapped plot
prior to and immediately following the VDT, and 14 years following
treatment. For all tagged trees, dbh was measured, and species and
crown class were recorded. Total height and height to base of the live
crown were taken on a sub-sample of between 75 and 143 trees per
stem-mapped plot representing the range of tree species and sizes found
on the plot. Crown length was calculated as the diﬀerence between total
height and height to the base of the live crown.

Table 2
Stand conditions for all trees ≥20 cm dbh prior to, immediately following, and 14-years following application of the variable-density thinning treatment at ﬁve sites (blocks) in the
Olympic Habitat Development Study. Data do not include understory trees. Post-harvest data include trees that grew into the ≥20 cm dbh class since the previous measurement.
Stand

Rail
Total
Unthinned
Thinned
Fresca
Total
Unthinned
Thinned
Clavicle
Total
Unthinned
Thinned
Bait
Total
Unthinned
Thinned
Snow White
Total
Unthinned
Thinned
a
b

Immediately Post-harvesta

Pre-harvest

Dq (cm)

BA (m2 ha−1)

45.6
56.6
41.8

293
397
258

50.7
47.5
52.3

59.3
70.4
55.5

48.7
45.4
49.9

55.5
76.9
51.2

263
412
233

57.2
53.1
58.6

67.5
91.1
62.8

401
648
350

46.6
40.9
48.6

68.4
85.0
64.9

373
565
333

53.5
46.4
55.7

83.8
95.7
81.3

50.0

458
678
379

37.7
35.6
38.9

51.1
67.4
45.2

449
625
386

43.2
40.4
44.7

65.8
80.0
60.6

50.0

264
364
242

46.1
44.5
46.6

44.2
56.6
41.5

282
360
265

50.2
48.9
50.5

55.7
67.5
53.2

Density (tph)

Dq (cm)

BA (m ha

288

42.5

314

−1

14-year Post-harvest
Densityb (tph)

2

)

b

2

Density (tph)

Dq (cm)

BA (m ha

41.0

308
426
268

43.4
41.1
44.6

47.6

55.8

298
475
262

409

45.2

65.6

467

36.9

269

44.9

Post-harvest stand measurements taken 1–2 growing seasons following pre-harvest measurements.
Density measurements include ingrowth into the ≥20 cm dbh class.
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Snow White contained the desired density of trees in the deﬁned midstory size class (> 30 trees ha−1 > 40 cm) (Franklin et al., 1986).
However, given the relatively young age of our stands at the time of
treatment (38–63 years), some of these trees are currently occupying
positions within the main canopy and will not function as the future
mid-story in these stands, making this size class designation somewhat
arbitrary. Consequently, we examined the growth of shade-tolerant
species whose initial diameter was between 20 and 40 cm. Douglas-ﬁr
was excluded from this analysis, due to its intermediate shade tolerance
(Burns and Honkala, 1990). Trees which died during the 14-year period
were also removed from consideration, leaving a population of 625
trees in this size class located across all ﬁve sites.
Potential factors aﬀecting 14-year diameter growth of the future
mid-story trees were examined following the same protocol described
under Objective One. The initial model contained the main eﬀects of
treatment, initial tree size, species, stand (all ﬁve sites), and two-way
interactions between stand, species, and treatment. Two-way interactions involving initial size were not included in the full model because
these relationships oﬀer little applicable information. Low replication
compelled us to exclude the species x site interaction. Models involving
treatment were weighted to adjust for the higher number of trees in the
thinned treatment. A square root transformation was once again required to meet the assumptions of normality. All other steps in the
growth and survival analyses remained consistent with the above-described procedures. Restoration progress was assessed through post hoc
comparisons of shade-tolerant species recruitment into the deﬁned midstory size class relative to the previously stated restoration target
(> 30 trees ha−1 > 40 cm) (Franklin et al., 1986).
Objective Three – The development of deep canopies characteristic
of late successional forests involves not only the development of a midstory of shade-tolerant species, but also the enlargement of crowns on
upper canopy, midstory and future mid-story trees. We, therefore, examined the change in live crown length over the 14-year post-VDT
period within the diameter size classes. Similar to the previously described objectives, a general linear modeling approach was used to
examine treatment eﬀects on crown length while including stand,
species, crown class, and initial crown length in the model as covariates. The analysis included all trees greater than 20 cm dbh at the time
of treatment that had heights and crown measurements taken at both
the initial post-treatment measurement and the 14-year re-measurement. Since we were looking at the development of diﬀerent components of the canopy, we separately examined existing upper canopy and
large trees (≥65 cm), trees in the deﬁned mid-story category
(40–65 cm), and future mid-story trees (20–40 cm).
An anticipated beneﬁt of the VDT treatment was the spatially
variable developmental processes acting on trees due to the incorporation of the gaps and unthinned patches. Thus, we examined the
eﬀect of proximity to internal stand edges on crown development of
trees within both the thinned matrix and the unthinned patches. Trees
were classiﬁed into ﬁve diﬀerent locations representing a gradient in
competitive environments. The locations were: GE – trees in the thinned
matrix and within 10 m of a gap edge, MAT – trees in the thinned
matrix and not within 10 m of any internal edge, MUE – trees in the
thinned matrix and within 10 m of the ‘soft’ edge between the thinned
matrix and an unthinned patch, UE – trees in an unthinned patch and
within 10 m of the thinned matrix, and UT – trees in an unthinned patch
and not within 10 m of the thinned matrix. We tested whether the
proximity of trees to these internal edges resulted in diﬀerential
changes in crown length over the 14-year post-VDT period.
Objective Four – To assess changes in structural diversity we
compared the distribution of tree sizes, as measured by individual tree
basal area, for the entire stem-mapped plot (thinned matrix and unthinned patches) to the distribution of tree sizes in the unthinned patches only. This was examined both immediately following the VDT
treatment and again 14-years post-VDT. BA data for all live trees
greater than 20 cm dbh immediate post-treatment and 14-year post-

analysis as that is the subject of a future report. We were also interested
in how individual species, stand conditions, and initial tree size inﬂuenced progress towards our four objectives. Analyses were performed
using JMP 9.0 and SAS 9.4 (SAS Institute, Cary, NC). A description of
the analyses used for each objective is provided below.
Objective One – A shortage of existing large trees (> 80 cm)
(n = 13) limited the analysis of growth in this size class to descriptive
statistics. Consequently, our analysis of the recruitment of large trees
focused primarily on the 14-year growth and survival of trees initially
in the upper canopy (65–80 cm) size class. These trees were targeted
because their initial size made them the most likely candidates to become large trees (Franklin and Spies, 1991). Due to small existing populations, upper canopy trees at Bait and Rail were excluded from the
analysis. Trees that died over the time period examined were also excluded from the growth analysis. This resulted in a sample population
of 105 upper canopy trees distributed across Clavicle, Snow White, and
Fresca.
In addition to the existing upper canopy trees, we examined the
diameter growth of all trees initially in the deﬁned mid-story size class
(dbh 40–65 cm) (Franklin et al., 1986). Although the growth response
of these mid-story trees were unlikely to contribute to large tree recruitment within the time frame of this study, we were interested in
whether their growth diﬀered from that of trees in the upper canopy
size class. Trees from all ﬁve stands were included in this growth
analysis, resulting in a sample size of 1148 trees. Due to the younger
stand age of Bait, trees whose initial size fell within the designated midstory diameter range occupied upper canopy as well as mid-story canopy positions; while at the other sites, designated mid-story trees were
primarily found in mid-story canopy positions.
To identify factors aﬀecting the diameter growth of residual trees,
we constructed general linear, least squares models assuming a normal
error distribution. Limitations associated with uneven replication
among factors prevented us from analyzing a full model of main eﬀects
and higher-order interactions. Instead, our analysis included the main
eﬀects of treatment (thinned matrix vs. unthinned patches), species,
initial tree size (dbh), stand, and the interaction between treatment and
stand. The treatment x stand interaction was included in the model
because we considered the response of stands to VDT to be the most
meaningful interaction for applied restoration, and because it had the
most robust sample population among the two-way interactions.
Preliminary analysis indicated that growth responses among species
diﬀered signiﬁcantly. Thus, a separate analysis was conducted for each
species’ response to treatment, initial size, stand, and the interaction of
treatment and stand. Prior to analysis, residuals of each model were
explored to conﬁrm the assumptions of linear modeling, and a square
root transformation of diameter growth was required to meet the assumption of equal variance. To account for the fact that all species were
more abundant in the thinned compared to unthinned treatments, a
weighted ANOVA was used to quantify average growth by the total
number of trees of each species in each treatment (Quinn and Keough,
2002). Model selection was accomplished through backwards elimination. Preliminary model runs indicating an interaction exceeding the
suggested threshold for pooling (P > .25) resulted in the removal of
the highest-order interaction term with the highest P-value (Bancroft,
1964). Pooling at the suggested threshold was done to avoid distorting
the power of the ﬁnal model. This procedure was repeated iteratively
until the P-value of all interactions fell below the suggested pooling
threshold. A critical threshold value of α = 0.05, used to determine
signiﬁcance in the ﬁnal model. Signiﬁcant main eﬀects of stand and
species were further examined for diﬀerences with Tukey’s multiple
comparison tests (α = 0.05). Average survival rates and large canopy
tree recruitment were calculated, but not compared statistically. Restoration progress was assessed through post hoc comparisons of large
tree density (new recruits + existing canopy trees) in each of the three
stands.
Objective Two – At the beginning of the study, every stand but
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treatment were sorted by BA, and placed into 5 cm2 classes.
Trees < 20 cm dbh at the beginning of the experiment were omitted
from the baseline diversity calculations, as we wanted to isolate the
eﬀects of VDT on previously established future mid-story trees.
However, trees that grew into the future mid-story size class were accounted for in the ﬁnal diversity calculations. A Shannon-Wiener diversity index was calculated to track changes in size class diversity,
while a Gini coeﬃcient was utilized to quantify changes in basal area
evenness. These indices were selected for their discriminant ability and
relatively low sensitivity to sample size (Lexerød and Eid, 2006). Size
class richness was calculated by summing the number of size classes
present in the population.

Table 4
Results of a general linear model for the main eﬀects of treatment (thinned vs. unthinned), species, initial diameter, stand, and two-way interactions treatment x species
and treatment x stand on diameter growth over 14 years for shade-tolerant future midstory trees (20–40 cm diameter). Interactions with P > .25 were pooled into the error
term (Bancroft, 1964). Factors were considered signiﬁcant at α = 0.05) (N = 625 trees).

3. Results

3.2. Future mid-story growth and mid-story recruitment

3.1. Large tree recruitment (> 80 cm) and growth of smaller diameter size
classes

Shade-tolerant species in the future mid-story size class (dbh
20–40 cm) (i.e., excluding Douglas-ﬁr) averaged 4.5 cm of total diameter growth. Thinning signiﬁcantly accelerated total diameter growth
of future mid-story trees (Table 4). Accordingly, recruitment into the
deﬁned mid-story size range mirrored the growth response and was
higher in the thinned matrix (34%) than in unthinned patches (19%).
Signiﬁcant diﬀerences in diameter growth were also detected between
stands (Table 4). On average, future shade-tolerant mid-story trees
exhibited the greatest increase in total diameter growth at Bait
(6.6 cm), while trees at Clavicle (3.1 cm) and Fresca (3.0 cm) grew the
least (Fig. 3). Bait (48 trees ha−1) and Clavicle (49 trees ha−1) were also
the only stands that reached the restoration target density for recruitment into the deﬁned mid-story size class. Initial tree size also signiﬁcantly inﬂuenced future mid-story development (Table 4), as larger
diameter trees had higher average growth rates. Overall, mortality
averaged 11% over the 14-year period, being only slightly lower in the
thinned matrix (10%) than in the unthinned patches (12%).

The existing large tree (dbh > 80 cm) population consisted entirely
of Sitka spruce, and was found only at Clavicle and Fresca. For these
trees, total diameter growth (14-year interval) averaged 12.3 cm, and
survival was 100%. Total diameter growth for existing upper canopy
trees (dbh 65–80 cm) averaged 10.5 cm. Over the 14-year period, 59%
(n = 62) of the upper canopy trees advanced into the large tree size
class. Upper canopy trees in the thinned matrix (10.9 cm) did not grow
signiﬁcantly faster than upper canopy trees in unthinned patches
(10.1 cm) (Table 3), and a slightly lower percentage of trees from the
thinned treatment (58%) advanced into the large canopy tree size class
relative to the unthinned patches (65%). Neither stand nor initial tree
size had a signiﬁcant inﬂuence on upper canopy tree diameter growth
(Table 3). Signiﬁcant species diﬀerences were observed in the growth of
trees in the upper canopy size class, as Sitka spruce grew more in diameter (11.3 cm) than Douglas ﬁr (6.5 cm) (Table 3). This trend, however, was not signiﬁcantly related to any examined factor. Mortality of
existing upper canopy trees was low, with 98% survival through the
ﬁnal measurement. At 14 years post-VDT, only Clavicle with
24 trees ha−1 had reached the restoration target for large canopy tree
density.
Diameter growth among trees in the existing mid-story size class
(dbh 40–65 cm) followed a diﬀerent trend. In contrast to the uppercanopy trees, diameter growth in existing mid-story was signiﬁcantly
increased by the thinning (P < .0001) (Data not shown). On average,
trees in the thinned matrix (n = 874) added 7.4 cm of total diameter
growth, while trees in the unthinned patches (n = 274) gained 5.9 cm
over the 14-year interval. Overall, 16% of existing mid-story trees in the
thinned matrix grew into the upper canopy size class compared to 13%
of the trees in the unthinned patches. No mid-story trees (40–65 cm
dbh) grew into the large tree size class (> 80 cm dbh) regardless of
treatment. Mortality equaled 3% in both the thinned and unthinned
sub-treatments over the 14-year period.

Sum of squares

F ratio

Prob > F

Treatment
Species
Initial size
Stand
Treatment × Stand
Adj. R2 = 0.19
Prob > F = 0.0004

0.32
4.94
0.35
0.14
0.98

1.33
10.15
1.42
0.28
2.01

0.2516
< 0.0001
0.2356
0.7571
0.14

Sum of squares

F ratio

Prob > F

Treatment
Species
Initial size
Stand
Adj. R2 = 0.52
Prob > F < 0.0001

44.57
0.31
30.22
128.57

160.17
0.56
108.60
115.51

< 0.0001
0.5742
< 0.0001
< 0.0001

3.3. Crown development
A total of 276 trees located in the thinned matrix (n = 183) and
unthinned patches (n = 93) had crown measurements taken immediately post-treatment and again after 14 years, and were therefore
included in the analysis of crown development. Across all 276 trees, the
average increase in crown length over the 14-year post-treatment
period was 1.1 m. Western hemlock showed the greatest increase at
1.7 m, Sitka spruce increased 1.3 m, and Douglas-ﬁr crowns remained

Diameter Growth (cm)

10

Table 3
Results of a general linear model for the main eﬀects of treatment (thinned vs. unthinned), species, initial diameter, stand (Clavicle, Fresca, Snow White), and the interaction between treatment and stand on diameter growth over 14 years for existing upper
canopy trees (dbh 65–80 cm). Factors were considered signiﬁcant at α = 0.05 (N = 105
trees).
Factor

Factor

8

A
B

6

4

C

AB

C

2

0
BA

CL

FR

RA

SN

Stands
Fig. 3. Average diameter growth (cm) of shade tolerant future mid-story trees
(20 < 40 cm dbh) over 14 years at Bait (BA), Clavicle (CL), Fresca, (FR), Rail (RA), and
Snow White (SN). Stands with diﬀering letters were found to be signiﬁcantly diﬀerent
(Tukey’s HSD post hoc comparisons, α = 0.05). Error bars represent 1 SE.

119

Forest Ecology and Management 410 (2018) 114–125

J.L. Willis et al.

Change in Crown Length (m)

3

nearly unchanged, increasing on average by only 0.2 m. Larger diameter trees generally showed greater increases in crown length. For
trees greater than 40 cm dbh, the average crown length increased 1.8 m,
with hemlock (2.5 m) again showing greater increases than Sitka spruce
(1.9 m) or Douglas-ﬁr (1.1 m). Trees less than 40 cm dbh on average
had no change in crown length. Smaller hemlock (< 40 cm dbh)
showed only a slight increase in crown length (1.0 m) while smaller
Sitka spruce (−1.9 m) and Douglas-ﬁr (−1.1 m) exhibited reductions
in crown length. In almost all cases, changes in crown length for species
diﬀered signiﬁcantly by treatment, with greater increases (or smaller
decreases) occurring in the thinned matrix than in the unthinned patches.
When all trees were examined together, treatment had a signiﬁcant
eﬀect on the change in crown length (P < .0001, Fig. 4A). Crown
lengths of trees in the unthinned patches remained, on average, unchanged over the 14-year post-treatment period, while trees in the
thinned matrix increased by an average of 1.6 m. The change in crown
length did not diﬀer signiﬁcantly between treatments when only trees
greater than 65 cm dbh were examined (P = .268, n = 30, Fig. 4B).
When trees in the deﬁned mid-story size class (dbh 40–65 cm) were
examined (n = 129), treatment had a signiﬁcant eﬀect on change in
crown length (P = .006, Fig. 4C). Trees in the unthinned patches increased an average of 0.5 m in crown length, while trees in the thinned
matrix increased on average by 2.3 m. Treatment was also signiﬁcant
(P = .025) among future mid-story trees (dbh 20–40 cm, n = 117,
Fig. 4D). Future mid-story trees in the unthinned patches decreased in
average crown length by 0.5 m while trees in the thinned matrix increased in crown length by 0.4 m.
When location of trees relative to internal edges was inserted in the
model in place of treatment, location was a signiﬁcant predictor of
change in crown length. This was true when all trees were examined
together (n = 276, P < .001), and where size classes were examined
separately, e.g., upper canopy (n = 30, P = .019), mid-story (n = 129,
P = .024), and future mid-story (n = 117, P = .047). While change in
crown length was quite variable due in part to diﬀerences in stand,
species, crown class, and initial crown length, a consistent trend
emerged across all tree size classes. Increases in crown lengths were, on
average, greater for trees in the thinned matrix that were closest to
canopy gaps (Fig. 5A–D). Average change in crown length decreased in
the thinned matrix for trees located closer to the unthinned patches.
With a few exceptions, average crown length changes were smallest
within the unthinned patches.
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3.4. Forest structure

Treatment

Although thinning had an overall positive impact on diameter
growth, evidence demonstrating accelerated structural development by
VDT (whole stem-mapped plot) was less conclusive. Higher basal area
diversity was observed following VDT at Rail and Bait (Table 5). Basal
area evenness was also higher following VDT in every stand except
Fresca (Table 6). In contrast, VDT resulted in lower basal area diversity
at Snow White, Clavicle, and Fresca, and lower size class richness at
Rail, Snow White, and Clavicle compared to the unthinned patches
(Table 7). The contrasting responses observed across stands were not
clearly related to tree species composition, as stands with similar species assemblages (e.g. Rail and Snow White or Clavicle and Fresca)
responded diﬀerently to VDT.

Change In Crown Length (m)

3

D
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*

1

0

-1
Unthinned
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4. Discussion

Treatment

4.1. Large tree recruitment (> 80 cm) and growth of smaller diameter size
classes

Fig. 4. Changes in the average length of the live crowns in the thinned matrix and in
unthinned patches. Individual panels show A – All trees ≥20 cm dbh, B – trees > 65 cm
dbh, C – trees 40–65 cm dbh, and D – trees 20–40 cm dbh. Asterisks represent a signiﬁcant
diﬀerence between treatments (paired t-test, α = 0.05). Error bars represent 1 SE.

Large trees are renowned for their biological and aesthetic contributions to late successional forests (Franklin and Spies, 1991; Lutz
et al., 2012). As such, accelerating their recruitment is an important
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Change in Crown Length (m)

Change in Crown Length (m)

A. All Trees

Table 5
Changes in basal area diversity from the initial measurement through the 14th growing
season in sections treated with variable density thinning (VDT) (thinned matrix + unthinned patches) compared to unthinned patches in each experimental stand. Basal area
diversity was quantiﬁed with a Shannon-Wiener diversity index using 5 cm size classes as
surrogates for individual “species.” Increases in index values represent an increase in
basal area diversity, while a decreases indicate a less diverse distribution.
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2.49
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Table 6
Changes in basal area evenness from the initial measurement through the 14th growing
season in sections treated with variable density thinning (VDT) (thinned matrix + unthinned patches) compared to unthinned patches in each experimental stand. Basal area
evenness was assessed with a Gini coeﬃcient using 5-cm size classes as surrogates for
individual “species.” Negative changes in coeﬃcient values represent a more even distribution of basal area, while positive changes indicate a more imbalanced distribution.
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Table 7
Changes in size class richness from the initial measurement through the 14th growing
season in sections treated with variable density thinning (VDT) (thinned matrix + unthinned patches) compared to unthinned patches in each experimental stand. Richness
was quantiﬁed as the number of 5-cm size classes containing at least one tree.
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C
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Location
consideration in accelerating the development of late-successional
structures in younger stands (Bauhus et al., 2009). Fourteen years following treatment, only Clavicle has reached the suggested standard for
density of large (> 80 cm dbh) canopy trees (20 ha−1) (Franklin and
Spies, 1991). This outcome was driven primarily by the baseline diameter distributions of our stands. Only Clavicle and Fresca began the
study with any existing canopy trees in the 65–80 cm size class, and in
all stands the initial mean diameter fell well below the designated large
canopy tree range (Roberts and Harrington, 2008). Thus, reaching the
large canopy tree restoration benchmark was going to be a long-term
process in the majority of our stands regardless of the growth response.
Further evidence emphasizing the importance of baseline conditions
comes from the fact that Clavicle reached the established restoration
benchmark without demonstrating signiﬁcantly higher diameter
growth among upper canopy trees (dbh 65–80 cm) in response to the
thinning. Consequently, our results demonstrate that baseline conditions may impact the restoration timeframe as much as, if not more
than, any manipulative treatment. This is perhaps especially germane to
physiological processes like stem diameter growth, which naturally
slow in larger and older trees, and sometimes demonstrate a delayed
response to manipulation (Latham and Tappeiner, 2002).
Species composition also aided the recruitment of large canopy trees

Change in Crown Length (m)

D. DBH 20 - <40 cm
6
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Fig. 5. Changes in the average length of the live crowns as a function of a tree’s location
within the stand. Dark colored bars represent trees within the thinned matrix. Light colored bars represent trees within the unthinned patches. Location GE includes trees in the
thinned matrix within 10 m of a gap edge. Location MAT includes trees in the thinned
matrix further than 10 m from any internal edge. Location MUE includes trees in the
thinned matrix within 10 m of an unthinned patch. Location UE includes trees in unthinned patches within 10 m of the thinned matrix. Location UT includes trees in an
unthinned patch further than 10 m from any internal edge.
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at Clavicle, and to a lesser extent at Fresca. Consistent with the ﬁndings
of Deal et al. (2013), existing upper canopy Sitka spruce signiﬁcantly
outgrew other species of similar size. At Clavicle, the existing population of large trees was nearly pure Sitka spruce. Thus, stand growth at
Clavicle beneﬁted more from spruce’s growth advantage than the
stands at Fresca (87% Sitka spruce) or Snow White (0% spruce).
Therefore, not only did the existing upper canopy trees at Clavicle require less growth to reach the target size class (80 cm dbh), but Clavicle
also had a population of trees that demonstrated the greatest growth
response.
Thinning did produce a modest, though statistically insigniﬁcant,
increase in canopy tree growth. Changing resource allocation patterns
are sometimes thought to constrain growth potential in older, larger
trees (Weiner and Thomas, 2001). However, for the existing upper
canopy tree population (dbh 65–80 cm) in this study, age-related physiological shifts were most likely negligible, as conifers have been found
to grow vigorously well-beyond the average age (75 years) of our existing stands (Tappeiner et al., 1997; Poage and Tappeiner, 2002). Instead, we attribute the modest growth response, at least in part, to the
conservative nature of the thinning treatment. Due to concerns over
potential wind damage, stands were thinned lightly from below (25%
basal area removal) (Roberts and Harrington, 2008), resulting in a residual stem density (303–496 trees ha−1) roughly triple the density
reported by Tappeiner et al. (1997) for old growth forests
(100–120 trees ha−1). The relatively modest reduction of sub-dominant
trees likely had little eﬀect on resource availability for the existing
upper canopy trees, as most were already in dominant or co-dominant
canopy positions and likely not under strong competitive stress from
trees in the sub-canopy (Weldon and Slauson, 1986; D’Amato and
Puettmann, 2004). Moreover, with the exception of locations adjacent
to harvest gaps, the relatively low levels of canopy disturbance associated with the low-intensity thinning likely had little eﬀect on belowground resource availability (Gray et al., 2002; Jerabkova et al., 2011).
While our experimental design prevented us from isolating the impact
of thinning intensity, other studies examining this aspect reported similarly modest responses of larger trees to low-intensity thinnings
(Marqus and Ernst, 1991; Walter and Maguire, 2004; Davis et al., 2007;
O’Hara et al., 2010; Dodson, 2012).
Alternatively, pre-existing structural conditions may account for the
modest upper canopy (65–80 cm dbh) response to thinning. Given the
relatively young age of the stands and high pre-harvest stem densities,
many of the residual upper canopy trees may have had relatively small
crowns and root systems at the time of thinning compared to upper
canopy trees formed under initially lower density conditions. Thus,
even though resource availability may have increased following the
thinning treatment, the upper canopy trees in this study may have been
constrained in their ability to capture suﬃcient resources to result in
higher growth rates. (Niinemets, 2010). Residual trees with relatively
small crowns might also be expected to allocate a larger proportion of
their ﬁxed carbon towards structures, such as leaves and branches that
would enhance their ability to intercept available light (Thornley,
1972; Bloom et al., 1985). Thus, at least some of our residual upper
canopy trees may have responded to thinning by expanding their
crowns and root systems rather than immediately adding stem growth.
Another potential explanation for the lack of large tree response
may come from our experimental design. Due the proximity of the subtreatments, and the relatively small size of the stem-mapped plots, we
cannot rule out the possibility that trees in proximity to neighboring
sub-treatments may have experienced modestly diﬀerent growth environments compared to trees in the interior of any individual subtreatment. In order to minimize this potential source of variability, and
still maintain an adequate sample size, future studies should strive to
sample from larger plots or from greater number of stands than were
available for sampling in this study.

4.2. Future mid-story growth and mid-story recruitment
The presence of a shade-tolerant mid-story is a deﬁning structural
feature of late-successional habitat and is a preferred structural attribute for spotted owl nesting in the PNW (Solis and Gutiérrez, 1990;
Thomas et al., 1990). Unlike the existing upper canopy tree response,
thinning signiﬁcantly increased diameter growth among the future midstory trees. This result supports the ﬁndings of Comfort et al. (2010),
who also reported accelerated basal area development from residual
mid-canopy trees at our sites, and other investigators examining VDT in
the PNW (Davis et al., 2007; Dodson, 2012). Many of the theories
presented as explanation of the modest response to thinning of existing
upper canopy trees, can also be used to explain the signiﬁcant growth
response of trees in the existing and future mid-story size classes (dbh
40–65 cm and 20–40 cm, respectively). Perhaps the most logical argument that can be applied is the impact of thinning on resource availability. However, thinning likely had a much larger impact on resource
competition among trees in the existing and future mid-story, as the
residual trees were likely released from some of their strongest competition. This, in turn, would have allowed many of the residual midstory and future mid-story trees to expand their crowns and capture a
larger percentage of incoming light; likely contributing to the prolonged growth response and lower mortality rates observed in the
thinned matrix.
Diameter growth of future mid-story trees (dbh 20–40 cm) varied
among stands, with trees at Bait showing the greatest increase.
Favorable environmental conditions combined with a slightly younger
stand may explain part of this pattern, as Bait, on average, receives the
highest amount of annual precipitation and moderate annual temperatures (Roberts and Harrington, 2008). Future mid-story growth at
Bait may also have been enhanced by a combination of previous disturbances. Following planting of Douglas ﬁr in the 1950s, Bait was precommercially thinned in the late 1960s, opening up growing space for a
large cohort of shade-tolerant western hemlock that had become established at the time of stand initiation. This cohort likely experienced
additional partial release from windstorms that struck several of the
stands in the OHDS study in the late 1990s (Roberts et al., 2007). Thus,
at the start of the study, many of the shade-tolerant species whose
diameters fell within our arbitrary future mid-story diameter range,
were actually in co-dominant growing positions in this stand. Therefore, the enhanced growth response recorded at Bait may have been
facilitated not only by the favorable environmental conditions, but also
by greater access to light, resulting from a more favorable initial canopy
position. Nevertheless, it should be pointed out that Bait also had the
highest post-thinning density; potentially indicating that competition
with larger trees may have been more important than overall stand
density.
4.3. Crown development
A structural feature characteristic of late-successional forests is the
development of a deep canopy (Franklin and Spies, 1991). Canopy
depth is enhanced not only by the development of a shade-tolerant midstory, but also by the development of longer tree crowns in the main
canopy. Foresters have long been aware of the relationship between
stand density and crown size, whereby greater self-pruning limits crown
length in higher density stands. In fact, foresters have often used the
reduction in live crown ratio (i.e., the shortening of crowns) as an indicator of the need for thinning a stand (Daniel et al., 1979; Smith et al.,
1997). Our results showing that VDT increased crown lengths within
the thinned matrix was therefore consistent with our expectations.
Variable-density thinning approaches are designed to create a range
of conditions throughout the stand that diﬀerentially inﬂuence stand
development. Internal edges created by this approach resulted in differences in light environments and local tree competitive environments,
which in turn aﬀected crown development. Consistent with our
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silvicultural manipulation.
We also acknowledge that our assessment of structural diversity is
somewhat limited that it did not consider spatial components of diversity, nor did we consider trees less than 20 cm in diameter at the
beginning of the experiment (Zenner and Hibbs, 2000). As such, we did
not consider changes in structural diversity that are occurring as a result of regeneration within harvest gaps that were nested within our
sampling blocks. Without question, the gaps are increasing the spatial
structural variability within our stands. However, we chose not to incorporate new recruits into our calculation of diversity, as our original
sampling protocols were not designed to measure these components of
diversity, and because we were primarily interested in the response of
existing canopy and sub-canopy trees to the VDT treatment.
Perhaps the biggest factor hindering structural development was the
lack of growth diﬀerentiation amongst existing upper canopy trees (dbh
65–80 cm). Within all stands, size class richness and, to some extent
diversity, depended on adding size classes at the upper-end of the
diameter range. The thinning sub-treatment was intended to accelerate
growth amongst the largest trees, thereby increasing size class richness
and diversity. While growth of the upper canopy trees in the thinned
matrix did appear to be increased slightly, the growth rates remained
relatively similar to those of upper canopy trees in the unthinned patches, and thus, tree size classes were being added at essentially the
same rate. Therefore, our approach to quantifying changes in size class
diversity was generally unable to detect any signiﬁcant changes in this
size class over the 14-year observation period.
Ironically, the ineﬀectiveness of thinning to stimulate growth of
existing upper canopy trees appears to have contributed to the increase
in basal area evenness in the majority of our stands. This occurred
because basal area was allowed to accumulate in the larger size classes,
which were previously underrepresented compared to the rest of the
distribution. Had new size classes been added at the upper end of the
diameter distribution, they would have been severely underrepresented, leading to a decrease in basal area evenness. An example
of this measurement eﬀect can be found in the structural characteristics
of Fresca, which increased in size class richness while decreasing in
evenness. Another factor that contributed to increased evenness was the
signiﬁcant thinning response of trees in the existing mid-story (dbh
40–65 cm) and future mid-story (dbh 20–40 cm) size classes.
Stimulating growth of these trees shifted more basal area into larger
size classes which, with the exception of Fresca and Clavicle, had previously been underrepresented.
Thinning more intensively might have accelerated the development
of structural diversity (Davis et al., 2007; Dodson, 2012). Presumably, a
more intense thinning would have accelerated upper canopy tree
growth, which, in turn, would have increased size class richness and
possibly diversity. The resulting shift in basal area distribution among
the various size classes may have led to a temporary reduction in basal
area evenness among size classes. However, to our knowledge, there is
no restoration value put on size class evenness. If size class diversity is
to be a goal of late succession habitat restoration, then quantitative
expressions that represent this goal should be developed, as the
Shannon-Weiner Index “rewards” evenness as contributing to greater
diversity.

understanding of photosynthate allocation patterns and crown length
(Muhairwe, 1994), and the relationship between crown size and stand
density (Pape, 1999; Gort, 2010) trees in close proximity to gaps took
advantage of the increased growing space and displayed greater crown
elongation, while trees close to the unthinned patches showed reduced
elongation. Trees within the unthinned patches exhibited little crown
elongation, and in many cases crown length was reduced on average as
the competitive environment for these trees continued to intensify.
Collectively, these results conﬁrm the ﬁndings of other investigators
examining the inﬂuence of VDT on crown growth dynamics (Davis
et al., 2007; Puettmann et al., 2016). Species composition also aﬀected
crown growth responses to the VDT treatment. As might be expected
due to its greater shade-tolerance (Burns and Honkala, 1990), western
hemlock was able to increase in crown length signiﬁcantly more than
either Sitka spruce or Douglas-ﬁr. Worth noting, however, is that for
trees in the mid-story size classes and above (dbh > 40 cm), Douglasﬁr did demonstrate substantial crown elongation in the thinned matrix,
suggesting that over time larger overstory Douglas-ﬁr can continue to
enlarge their crowns and contribute to enhanced canopy depth.
Overall, the changes in crown lengths observed in our study were
relatively modest. Density reductions in the thinned matrix resulted in
average crown lengths increasing by roughly 1.5–2 m over that of
crowns in the unthinned patches. The low intensity thinning employed
in the OHDS likely contributed to the modest response, as thinning
intensity has been shown to positively inﬂuence crown length (Mӓkinen
and Isomӓki, 2004). Consequently, we believe that a more intensive
thinning, or perhaps a thinning strategy that targeted larger trees for
removal, may have stimulated a greater crown response.
4.4. Forest structure
Size class variation is another old-growth structural attribute often
lacking in forests managed for production (Franklin and Spies, 1991;
Spies, 2004). Like all late-successional attributes, size class variation
will develop naturally (Oliver and Larson, 1996). However, in evenaged stands in the PNW, given the long-lived nature of many of the tree
species, stands can often take centuries to develop substantial size
variation. Variable-density thinning is designed to hasten this process
by creating diﬀerential growing environments within a stand. In our
study, VDT generally reduced the dominance of the most prominent
size class. In the majority of our stands, however, size class diversity
and richness have not been promoted by VDT, supporting the previous
ﬁndings of Kuehne et al. (2015). While many of these ﬁndings can be
explained by the diﬀering growth patterns observed within the diﬀerent
size classes, this result may partially be related to the way in which we
quantiﬁed changes in stand structure.
Part of the mixed structural response likely reﬂects the fact that we
adapted traditional diversity indices (e.g., Shannon-Weiner diversity
index) to measure structural changes among mature trees. Although
diversity indices have been used previously to quantify changes in
structural diversity (Lexerød and Eid, 2006), this methodology requires
the investigator to treat tree size classes as surrogates for individual
species. One issue with this approach is the question of how large a size
class should be. This relatively arbitrary interpretation of what deﬁnes a
“species” directly inﬂuences the calculation of the diversity metric.
Thus, we urge caution when interpreting the results presented here and
in future reports where diversity indices are applied in a non-traditional
manner.
A second issue that complicates the use of traditional indices is that
tree diameter growth is a relatively slow process. Unlike relatively
short-lived plants or animals, forests do not rapidly ‘create’ new size
classes through migration or increased reproductive output. New size
classes can only be obtained through growth into previously unoccupied size classes. Even with the relatively narrow range of our size
class groups (5 cm), developing signiﬁcant numbers of new size classes
through growth was going to require many years regardless of

5. Conclusion
The main goal of the OHDS has been to examine whether VDT can
accelerate the development of late-successional habitat characteristics.
Our results demonstrate that the sub treatments of this VDT approach
have succeeded in producing diﬀering rates of diameter growth among
residual trees beneath the upper canopy 14 years following implementation. This response is encouraging, as it indicates that VDT is
hastening the recruitment of shade-tolerant species into mid-story. This
was especially evident at Bait and Clavicle, which have exceeded the
restoration benchmark for shade-tolerant species in the mid-story size
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class. The VDT sub-treatments are also resulting in diﬀering rates of
crown expansion/contraction, suggesting that the main canopy layer is
becoming deeper and more heterogeneous at the stand level. Our attempts at quantifying structural diversity using techniques typically
employed to assess species diversity were unable to detect stand-level
structural changes. However, structural diversity ‘targets’ have not been
well-articulated for late successional stands, and therefore attempts at
quantifying attainment of structural objectives can be challenging.
Fourteen years following VDT, the majority of stands in the OHDS
study have not developed the desired number of large trees needed to
meet the restoration benchmark for large tree density on western
hemlock sites. In our view, rather than being an indication of VDT ineﬀectiveness, these results largely reﬂect the existing structural conditions of the OHDS stands prior to the experiment and the relatively
short timeframe since the treatments were initiated. Expecting relatively young, even-aged stands to develop structural diversity and/or
sizeable populations of large trees within 14 years of treatment is unrealistic (Peter and Harrington, 2010). Only at Clavicle, which had a
sizeable population of existing large Sitka spruce prior to the initiation
of this study, was the restoration target achieved. Despite this shortcoming, we contend that VDT has largely been successful in accelerating these stands towards providing late-successional habitat conditions given the limitations of what could realistically be attained over
a 14-year period. Of future interest will be seeing whether a single VDT
treatment will adequately improve structural diversity and large tree
recruitment in those stands that started the experiment furthest from
the late successional target structure, or whether a second VDT treatment will be needed to accelerate stand development.

Covington, William Wallace, 2000. Helping western forests heal. Nature 408 (6809),
135–136.
Curtis, Robert O., Carey, Andrew B., 1996. Timber supply in the Paciﬁc Northwest:
managing for economic and ecological values in Douglas-ﬁr forest. J. For. 94 (9), 4–7
35-37.
Curtis, Robert O., Harrington, Constance A., Brodie, Leslie C., 2017. Stand Development
18 years after Gap Creation in a Uniform Douglas-ﬁr Plantation. Res. Pap. PNW-610.
Paciﬁc Northwest Research Station, Portland, OR (United States).
Daly, Christopher, Neilson, Ronald P., Phillips, Donald L., 1994. A statistical-topographic
model for mapping climatological precipitation over mountainous terrain. J. Appl.
Meteorol. 33 (2), 140–158.
D’Amato, Anthony W., Puettmann, Klaus J., 2004. The relative dominance hypothesis
explains interaction dynamics in mixed species Alnus rubra/Pseudotsuga menziesii
stands. J. Ecol. 92 (3), 450–463.
Daniel, Theodore W., Helms, John A., Baker, Frederick Storrs, 1979. Principles of
Silviculture, second ed. McGraw-Hill Book Company.
Davis, Liane R., Puettmann, Klaus J., Tucker, Gabriel F., 2007. Overstory response to
alternative thinning treatments in young Douglas-ﬁr forests of western Oregon.
Northwest Sci. 81 (1), 1–14.
Deal, Robert L., Hennon, Paul, O'Hanlon, Richard, D'Amore, David, 2013. Lessons from
native spruce forests in Alaska: managing Sitka spruce plantations worldwide to
beneﬁt biodiversity and ecosystem services. Forestry cpt055.
Dodson, Erich Kyle, Ares, Adrian, Puettmann, Klaus J., 2012. Early responses to thinning
treatments designed to accelerate late successional forest structure in young coniferous stands of western Oregon, USA. Can. J. For. Res. 42 (2), 345–355.
Farr, W.A., 1984. Site Index and Height Growth Curves for Unmanaged Even-aged Stands
of Western Hemlock and Sitka Spruce in Southeast Alaska. Research Paper No. PNW326. USDA Forest Service, Portland, OR 26 pp.
Franklin, Jerry F., Norman Johnson, K., 2012. A restoration framework for federal forests
in the Paciﬁc Northwest. J. For. 110 (8), 429–439.
Franklin, Jerry F., Spies, Thomas A., Van Pelt, Robert, Carey, Andrew B., Thornburgh,
Dale A., Berg, Dean Rae, Lindenmayer, David B., et al., 2002. Disturbances and
structural development of natural forest ecosystems with silvicultural implications,
using Douglas-ﬁr forests as an example. For. Ecol. Manage. 155 (1), 399–423.
Franklin, Jerry F., Spies, Thomas A., 1991. Ecological deﬁnitions of old-growth Douglasﬁr forests. General Technical Report PNW-GTR-285. US Department of Agriculture
Forest Service, Paciﬁc Northwest Research Station, Portland, Oregon, pp. 61–69.
Franklin, Jerry F., Hall, F., Laudenslayer, W., Maser, Chris, Nunan, J., Poppino, J., John
Ralph, C., Spies, Thomas, 1986. Interim deﬁnitions for old growth Douglas-ﬁr and
mixed-conifer forests in the Paciﬁc Northwest and California. General Technical
Report PNW Research Note PNW-RN-447. US Department of Agriculture Forest
Service, Paciﬁc Northwest Research Station, Portland, Oregon, pp. 1–7.
Gort, Jaume, Zubizarreta-Gerendiain, Ane, Peltola, Heli, Kilpeläinen, Antti, Pulkkinen,
Pertti, Jaatinen, Raimo, Kellomäki, Seppo, 2010. Diﬀerences in branch characteristics
of Scots pine (Pinus sylvestris L.) genetic entries grown at diﬀerent spacing. Ann. For.
Sci. 67 (7), 705.
Gray, Andrew N., Spies, Thomas A., Easter, Mark J., 2002. Microclimatic and soil
moisture responses to gap formation in coastal Douglas-ﬁr forests. Can. J. For. Res. 32
(2), 332–343.
Henderson, Jan A., Peter, David H., Lesher, Robin D., Shaw, David C., 1989. Forested
plant associations of the Olympic National Forest. Technical Paper R6 ECOL 001-88.
US Department of Agriculture Forest Service, Paciﬁc Northwest Research Station,
Portland Oregon, pp. 1–502.
Jerabkova, Lucie, Prescott, Cindy E., Titus, Brian D., Hope, Graeme D., Walters, Michael
B., 2011. A meta-analysis of the eﬀects of clearcut and variable-retention harvesting
on soil nitrogen ﬂuxes in boreal and temperate forests. Can. J. For. Res. 41 (9),
1852–1870.
King, James E., 1966. Site index curves for Douglas-ﬁr in the Paciﬁc Northwest.
Weyerhaeuser Forestry Paper 8. Forestry Research Center, Weyerhaeuser Company,
Centralia, Washington, pp. 1–49.
Kuehne, Christian, Weiskittel, Aaron R., Fraver, Shawn, Puettmann, Klaus J., 2015.
Eﬀects of thinning-induced changes in structural heterogeneity on growth, ingrowth,
and mortality in secondary coastal Douglas-ﬁr forests. Can. J. For. Res. 45 (11),
1448–1461.
Larson, Andrew J., Churchill, Derek, 2008. Spatial patterns of overstory trees in latesuccessional conifer forests. Can. J. For. Res. 38 (11), 2814–2825.
Latham, P., Tappeiner, J., 2002. Response of old-growth conifers to reduction in stand
density in western Oregon forests. Tree Physiol. 22 (2-3), 137–146.
Lexerød, Nils L., Eid, Tron, 2006. An evaluation of diﬀerent diameter diversity indices
based on criteria related to forest management planning. For. Ecol. Manage. 222 (1),
17–28.
Lutz, James A., Larson, Andrew J., Swanson, Mark E., Freund, James A., 2012. Ecological
importance of large-diameter trees in a temperate mixed-conifer forest. PloS One 7
(5), 1–15.
Maguire, D.A., Mainwaring, D.B., Halpern, C.B., 2006. Stand dynamics after variableretention harvesting in mature Douglas-ﬁr forests of Western North America.
Allgemeine Forst Jagdzeitung. 177 (special issue), 120–131.
Mäkinen, Harri, Isomäki, Antti, 2004. Thinning intensity and long-term changes in increment and stem form of Norway spruce trees. For. Ecol. Manage. 201 (2), 295–309.
Marqus, David A., Ernst, Richard L., 1991. The eﬀects of stand structure after thinning on
the growth of an Allegheny hardwood stand. For. Sci. 37 (4), 1182–1200.
Marshall, David D., Curtis, Robert O., 2002. Levels-of-growing-stock cooperative study in
Douglas-ﬁr: Report No. 15 – Hoskins: 1963-1998. Research Paper PNW-RP-537. US
Department of Agriculture Forest Service, Paciﬁc Northwest Research Station,
Portland Oregon, pp. 1–80.
Mitchell, Stephen J., 2000. Stem growth responses in Douglas-ﬁr and Sitka spruce

Acknowledgements
We thank the Olympic National Forest for implementing the treatments, and the Paciﬁc Northwest Research Station Wood Compatibility
Initiative for supporting the establishment and initial measurement of
the stem-mapped plots. We also thank our coworkers, especially
Andrew Carey (study design), Leslie Brodie (tree measurements), David
Thornton (data management), and Allen Schaﬀer (plot installation).
This manuscript was approved for publication as Journal Article FO 471
of the Forest and Wildlife Research Center, Mississippi State University.
References
Allen, Craig D., Savage, Melissa, Falk, Donald A., Suckling, Kieran F., Swetnam, Thomas
W., Schulke, Todd, Stacey, Peter B., Morgan, Penelope, Hoﬀman, Martos, Klingel, Jon
T., 2002. Ecological restoration of southwestern ponderosa pine ecosystems: a broad
perspective. Ecol. Appl. 12 (5), 1418–1433.
Ares, Adrian, Neill, Andrew R., Puettmann, Klaus J., 2010. Understory abundance, species
diversity and functional attribute response to thinning in coniferous stands. For. Ecol.
Manage. 260 (7), 1104–1113.
Baker, William L., Shinneman, Douglas J., 2004. Fire and restoration of pinon–juniper
woodlands in the western United States: a review. For. Ecol. Manage. 189 (1), 1–21.
Bancroft, T.A., 1964. Analysis and inference for incompletely speciﬁed models involving
the use of preliminary test (s) of signiﬁcance. Biometrics 20 (3), 427–442.
Bauhus, Jürgen, Puettmann, Klaus, Messier, Christian, 2009. Silviculture for old-growth
attributes. For. Ecol. Manage. 258 (4), 525–537.
Bloom, Arnold J., Stuart Chapin III, F., Mooney, Harold A., 1985. Resource limitation in
plants-an economic analogy. Annu. Rev. Ecol. Syst. 16 (1), 363–392.
Bolsinger, C.L., Waddell, K.L., 1993. Area of Old-growth Forests in California, Oregon,
and Washington. Forest Service research Bulletin No. PB-94-149952/XAB; FSRBPNW-197. Paciﬁc Northwest Research Station, Forest Service, Portland, OR (United
States), pp. 1–26.
Burns, Russell M., Honkala, Barbara H., 1990. Silvics of North America. Volume 1.
Conifers. Agriculture Handbook (Washington) 654, 227–237.
Carey, Andrew B., 2006. Active and passive forest management for multiple values.
Northwest. Nat. 87 (1), 18–30.
Carey, A.B., 2003. Biocomplexity and restoration of biodiversity in temperate coniferous
forest: inducing spatial heterogeneity with variable-density thinning. Forestry 76 (2),
127–136.
Carey, Andrew B., Harrington, Constance A., 2001. Small mammals in young forests:
implications for management for sustainability. For. Ecol. Manage. 154 (1), 289–309.
Comfort, Emily J., Roberts, Scott D., Harrington, Constance A., 2010. Midcanopy growth
following thinning in young-growth conifer forests on the Olympic Peninsula western
Washington. For. Ecol. Manage. 259 (8), 1606–1614.

124

Forest Ecology and Management 410 (2018) 114–125

J.L. Willis et al.

West. J. Appl. For. 22 (4), 285–296.
Smith, David Martyn, Larson, Bruce C., Kelty, Matthew J., Mark, P., Ashton, S., 1997. The
Practice of Silviculture: Applied Forest Ecology, No. Ed. 9. John Wiley and Sons Inc.
Solis Jr, David M., Gutiérrez, R.J., 1990. Summer habitat ecology of northern spotted
owls in northwestern California. Condor 92 (3), 739–748.
Spies, Thomas A., 2004. Ecological concepts and diversity of old-growth forests. J. For.
102 (3), 14–20.
Spies, T.A., Giesen, T.W., Swanson, F.J., Franklin, J.F., Lach, D., Johnson, K.N., 2010.
Climate change adaptation strategies for federal forests of the Paciﬁc Northwest,
USA: ecological, policy, and socio-economic perspectives. Landsc. Ecol. 25 (8),
1185–1199.
Tappeiner, John C., Huﬀman, D.W., Marshall, David, Spies, Thomas A., Bailey, John D.,
1997. Density, ages, and growth rates in old-growth and young-growth forests in
coastal Oregon. Can. J. For. Res. 27 (5), 638–648.
Thomas, Jack Ward, Forsman, Eric D., Lint, Joseph B., Charles Meslow, E., Noon, Barry
R., Verner, Jared, 1990. A Conservation Strategy for the Northern Spotted Owl:
Report of the Interagency Scientiﬁc Committee to Address the Conservation of the
Northern Spotted Owl. United States Government Printing Oﬃce, Washington, DC,
USA, pp. 1–427.
Thornley, J.H.M., 1972. A balanced quantitative model for root: shoot ratios in vegetative
plants. Ann. Bot. 36 (2), 431–441.
Thysell, David R., Carey, Andrew B., 2001. Manipulation of density of Pseudotsuga menziesii canopies: preliminary eﬀects on understory vegetation. Can. J. For. Res. 31 (9),
1513–1525.
Walter, Scott T., Maguire, Chris C., 2004. Conifer response to three silvicultural treatments in the Oregon Coast Range foothills. Can. J. For. Res. 34 (9), 1967–1978.
Weiner, Jacob, Thomas, Sean C., 2001. The nature of tree growth and the age-related
decline in forest productivity. Oikos 94 (2), 374–376.
Welden, Charles W., Slauson, William L., 1986. The intensity of competition versus its
importance: an overlooked distinction and some implications. Quart. Rev. Biol. 61
(1), 23–44.
Wiley, Kenneth N., 1978. Site index tables for western hemlock in the Paciﬁc Northwest.
Weyerhaeuser Forestry Paper 17. Weyerhaeuser Research Center, Centralia
Washington, pp. 1–28.
Zenner, Eric K., 2004. Does old-growth condition imply high live-tree structural complexity? For. Ecol. Manage. 195 (1), 243–258.
Zenner, Eric K., Hibbs, David E., 2000. A new method for modeling the heterogeneity of
forest structure. For. Ecol. Manage. 129 (1), 75–87.

following thinning: implications for assessing wind-ﬁrmness. For. Ecol. Manage. 135
(1), 105–114.
Muhairwe, Charles K., 1994. Tree form and taper variation over time for interior lodgepole pine. Can. J. For. Res. 24 (9), 1904–1913.
Niinemets, Ülo, 2010. A review of light interception in plant stands from leaf to canopy in
diﬀerent plant functional types and in species with varying shade tolerance. Ecol.
Res. 25 (4), 693–714.
Nyland, Ralph D., 2003. Even-to uneven-aged: the challenges of conversion. For. Ecol.
Manage. 172 (2), 291–300.
Nyland, R., 1996. Silviculture: Concepts and Applications. McGraw-HiU Companies Inc.,
New York, pp. 349–372.
O'Hara, Kevin L., Nesmith, Jonathan C.B., Leonard, Lathrop, Porter, Daniel J., 2010.
Restoration of old forest features in coast redwood forests using early-stage variabledensity thinning. Restor. Ecol. 18 (s1), 125–135.
Oliver, C.D., Larson, B.C., 1996. Forest Stand Dynamics: Updated Edition. John Wiley and
Sons, pp. 145–167.
Pape, R., 1999. Inﬂuence of thinning and tree diameter class on the development of basic
density and annual ring width in Picea abies. Scand. J. For. Res. 14 (1), 27–37.
Peter, David H., Harrington, Constance A., 2010. Reconstructed old-growth forest stand
structure and composition of two stands on the Olympic Peninsula, Washington state.
Res. Pap. PNW-583. Paciﬁc Northwest Research Station, Portland, OR (United
States).
Poage, Nathan J., Tappeiner II, John C., 2002. Long-term patterns of diameter and basal
area growth of old-growth Douglas-ﬁr trees in western Oregon. Can. J. For. Res. 32
(7), 1232–1243.
Puettmann, Klaus J., Ares, Adrian, Burton, Julia I., Dodson, Erich Kyle, 2016. Forest restoration using variable density thinning: lessons from Douglas-ﬁr stands in Western
Oregon. Forests 7 (12), 310.
Quinn, Gerry P., Keough, Michael J., 2002. Experimental Design and Data Analysis for
Biologists. Cambridge University Press, pp. 208–261.
Reutebuch, Stephen E., Harrington, Constance A., Marshall, David D., Brodie, Leslie C.,
2004. Use of large-scale silvicultural studies to evaluate management options in
Paciﬁc Northwest forests of the United States. For. Snow Landsc. Res. 78 (1-2),
191–208.
Roberts, Scott D., Harrington, Constance A., 2008. Individual tree growth response to
variable-density thinning in coastal Paciﬁc Northwest forests. For. Ecol. Manage. 255
(7), 2771–2781.
Roberts, Scott D., Harrington, Constance A., Buermeyer, Karl R., 2007. Does variabledensity thinning increase wind damage in conifer stands on the Olympic Peninsula?

125

