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With a growing desire to generate structural characteristics of late-successional
conifer forests, managers are commonly seeking an approach to increase structural
heterogeneity in otherwise simple second-growth stands. This study examined understory
response to experimental thinning on the Olympic Peninsula of Western Washington.
Variable-density thinning within the Olympic Habitat Development Study was found to
have significant effects on both the density of seedling recruitment as well as early
growth of western hemlock (Tsuga heterophylla (Raf.) Sarg.). In additional analysis, precommercial understory thinning, implemented by the Olympic National Forest, produced
no observable acceleration in basal area growth. Results suggest that understory
development is sensitive to previous management history as well as post-treatment stand
structure. Better understanding the sources of variability in understory tree response to
non-uniform thinning and understory density management will be principle in evaluating
the efficacy of these treatments relative to traditional methods.
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INTRODUCTION
Forest management perspectives in the Pacific Northwest have shifted
dramatically over the past century. Loss of old-growth forests to industrial logging in the
early twentieth century quickly facilitated landscape level conversion to second-growth
forests, typically monoculture plantations of commercially desirable species.
Traditionally, these second growth forest stands have been maintained at high stocking
throughout a rotation, whereas contemporary methods typically adopt mid-rotation
thinning to reduce stocking before a final harvest (Aubrey et al. 2004, Worthington and
Staebler 1961, Curtis 1995).
Density reductions can significantly alter growing conditions in all forest strata.
Within the understory, partial canopy removal commonly favors prolific colonization of
shade-tolerant western hemlock (Tsuga Heterophylla (Raf.) Sarg.) (Kuehne and
Puettmann 2008, Maguire et al. 2006, Burns 1983, Deal and Farr 1994). Within a
production setting, dense understories of trees and shrubs can significantly reduce the
growth of crop trees (Newton and Cole 2008). In an ecological context, dense hemlock
cohorts are potentially antagonistic to future species diversity and a possible retardant of
natural succession (Thysell and Carey 2001).
In the presence of dense hemlock monocultures, managers of second growth
forests face a similar suite of challenges whether objectives are focused on industrial
1

forestry or ecosystem management. Informed decisions in future management will
require an improved understanding of understory hemlock population dynamics in
relation to overstory density management.
Review of Literature
Western hemlock is a coniferous species native to North America (McMinn and
Maino 1963). The species is generally abundant at low elevations of the moist Pacific
coast, ranging from northern California to southeast Alaska; inland populations also exist
within parts of Montana and Idaho (Bonner and Karrfalt 2008). Known for exceptional
shade tolerance (Minore 1979, Ishii et al. 2009) this species typically persists in the
understory and midstory stratums until it is released by disturbance, where over time it
may fulfill its role as a late successional canopy dominant (Oliver and Larson 1996). This
review briefly summarizes general aspects of seed dispersal and seedling establishment,
soil and light requirements, as well as early response to competition.
Dispersal and Germination
Western hemlock is known for prolific seed production, capable of exceeding
19.8 million seeds per hectare (Lawson 1990). While cones are typically produced every
year, heavy seed crops occur every 2 to 8 years (Lawson 1990). Seeds are light and
winged to permit dissemination by wind, where dispersal is largely dependent on wind
patterns specific to a local area. Potential dispersal distances may reach 1,150 meters;
however, typical dispersal is generally concentrated within 600 meters (Owens et al.
1984). Provided suitable conditions, this dissemination ability paired with high rates of
seed production, can result in significant regeneration within stands that contain few or
2

have no parent trees in the overstory. Vigorous regeneration can be a significant
challenge even where traditional forest management has favored conversion of natural
stands to monocultures of more economically desirable species such as Douglas-fir
(Pseudotsuga menziesii (Mirb.)).
Following dispersal, western hemlock can successfully germinate on a wide array
of natural seedbeds (Williamson 1976). Decaying logs and stumps, moss, organic litter,
and mineral soil are all suitable substrates for germination. Because seedling emergence
is strongly related to available moisture, a substrate’s suitability for producing germinates
is linked to its moisture holding capacity (Wright et al. 1998). Minore (1972) observed
abundant regeneration on decayed logs in shaded conditions, but as exposure to light
increased the potential of this substrate was reduced; woody debris in clearcuts, exposed
to full sun, is considered an exceptionally poor seedbed.
Forest management operations commonly alter microsite conditions necessary for
germination. Several silvicultural methods have been evaluated as to their effect on the
establishment of hemlock regeneration. While thinning itself is generally not regarded as
a regenerative practice, the resultant conditions following overstory reductions commonly
favor seedling establishment. Thinning intensity is shown to be positively correlated with
hemlock recruitment density (Bailey and Tappeneir 1998). In addition to thinning, the use
of prescribed burning has been shown to encourage regeneration by as much as 58%
(Hetherington, 1965). Thinning and burning generally disturb/remove organic material
accumulated on the surface thereby exposing mineral soil. Increased moisture and lower
temperatures of mineral soil generally create a more favorable growing environment for
emerging seedlings (Lawson 1990).
3

Bengston et al. (2007) indicated that within the Pacific Northwest, variation in
mineral soil properties is often significant on a spatial scale as fine as meters. With
dispersal distances reaching up to several hundred meters, varied soil conditions could
have the ability to affect regeneration success. Western hemlock is known to establish
upon a large variety of acidic soils derived from nearly all bedrock types within its range
(Lawson 1990). Reduced soil aeration, often due to heavy clay content or elevated water
tables, is one of the few soil characteristics documented to significantly inhibit growth
(Lawson 1990). The ability of hemlock to occupy a variety of soils can be attributed in
part to having among the lowest nutrient requirements of northwestern conifers (Minore
1979). In a study comparing available nitrogen as a factor influencing the occurrence of
Sitka spruce (Picea sitchensis (Bong.) Carr.) and western hemlock, hemlock was
observed to exploit this advantage by occurring at higher frequencies on sites where less
active nitrification would be expected (Taylor 1935).
With many species, the requirements for successful germination differ from those
necessary for continued survival (Schupp 1995). Conflicting requirements between
developmental stages of western hemlock and five other northwestern species were
evident to Wright et al. (1998); many locations having the best emergence from seed
were later met with the poorest survival. Shaded microenvironments commonly maintain
optimal moisture for emergence but lack available light necessary to continue
development. Similarly, high light levels negatively affect western hemlock seedling
emergence (Wright et al. 1998), but yield a positive effect on the height growth of
established seedlings (Khan et al. 1999).
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Experiments in both nurseries (Khan et al. 1999) and natural settings (Chan et al.
2006) have attempted to quantify the effect of light availability on growth of established
hemlock saplings. Research suggests that optimal growth of hemlock saplings occurs in
40-60% full sun (Chan et al. 2006). Available light is hypothesized by some to be the
most limiting factor to the growth of hemlock regeneration after establishment (Chan et
al. 2006, Drever and Lertzman 2001). In contrast, others suggest that below-ground
competition from overstory trees is likely equally or possibly more inhibitive than the
shade their canopies produce (Christy 1986, Harrington 2006).
Competition
Whether a limiting factor is available light or below-ground competition, survival
and growth of several northwestern conifers are inversely related to competition from
both overstory trees and understory trees and shrubs (Brandeis et al. 2001). Unthinned,
young, even-aged stands of most species typically persist in a prolonged period of stem
exclusion, during which the understory receives inadequate resources for continued
seedling recruitment, and growth of established seedlings is suppressed (Oliver 1981).
Western hemlock can persist is this environment for many decades, and commonly
maintains the ability to release following disturbance for 50-60 years or more (Lawson
1990, Comfort 2010).
Bailey and Tappeneir (1998), observed height growth of hemlock suppressed by
an unthinned canopy to be as little as 10 centimeters/year. Saplings grown in less
competitive environments, such as those benefiting from overstory thinning, generally
exhibit greater height gains (Bailey and Tappeneir 1998, Shatford et al. 2007, Chan et al.
5

2006). Open grown hemlock, released following total canopy removal, can exhibit height
growth rates in excess of 0.5 meters/year (Omule and Krumlik 1987).
Conclusion
While the silvical characteristics of western hemlock are well documented
through many years of study, there is renewed interest in understanding how modern
silvicultural practices may affect the initiation and development of young hemlock
cohorts, and how they may interact with the larger plant and animal community (Bailey
and Tappeiner 1998). A closer examination of understory response to canopy disturbance
may allow managers to better anticipate consequent regeneration and future growth. Such
an analysis may influence decisions regarding the use of various thinning techniques
within conifer forests of the Pacific Northwest.
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FACTORS AFFECTING UNDERSTORY SEEDLING RECRUITMENT AND
SAPLING GROWTH FOLLOWING VARIABLE-DENSITY THINNING
IN SECOND-GROWTH CONIFER FORESTS WITHIN
WESTERN WASHINGTON
Introduction
Following ever changing societal values and cultural attitudes, federal forest
management within the Pacific Northwest has largely transitioned from intensive
management of forests focused solely on maximizing timber production. An
overwhelming emphasis is now placed on the sustainable use of forests and ecosystem
management (Aubrey et al. 2004). Introducing structural complexity to young even-aged
conifer plantations has become a particular interest within the forest management
community. In doing so, managers attempt to actively restore late-successional
characteristics, accelerating a process that naturally occurred over hundreds of years.
A distinguishing feature of native old-growth forests which managers seek to
emulate is a deep multi-layered canopy. The rich species diversity of the region is
thought to be highly dependent on the vertical variability in strand structure (Maguire et
al. 2007). The process of actively converting simple stands to a more complex structure is
largely dependent on the ability to establish and maintain sub-canopy strata. With the
understanding that understory recruitment and early growth is in most cases inversely
7

correlated to canopy cover (Brandeis et al. 2001), managers may use partial canopy
removal to develop an understory. While traditional uniform thinning has the potential to
initiate a second age class, it typically has a side effect of homogenizing stand structure
(Larson and Churchill 2012). Silvicultural treatments aimed at emulating natural
disturbance regimes are hypothesized to be more successful in generating the
heterogeneity associated with late-successional forests.
In recent years, large-scale experiments have been implemented to showcase the
use of novel silvicultural regimes. Initiated in 1991, the Forest Ecosystem Study (FES)
has sought to accelerate structural development in second-growth forests to address the
loss of late-successional habitat required by some of the region’s threatened fauna (Carey
et al. 1999). A year later, The Demonstration of Ecosystem Management Options
(DEMO) began evaluating the response of several organisms and ecological processes
following variable retention harvesting (VRH), where varying numbers and patterns of
live trees were maintained following the completion of harvesting (Aubrey et al. 2004).
On a large scale, it is believed that widespread use of variable retention harvesting could
sustain both the demand for wood products as well as functional ecosystems.
Similar to VRH, Variable-density thinning (VDT) is another contemporary
method which attempts to redistribute resources in a heterogeneous manner across single
stands. This method involves purposefully thinning in a non-uniform manner to create
variable stand density. The proportional area, size, and residual stocking of these areas of
differing densities are generally tailored to individual sites and management objectives.
One anticipated result of this treatment is variable recruitment and early growth within
the sub-canopy, contributing to greater structural diversity (Aukema and Carey 2008).
8

Because of the newness of VDT and other alternative silvicultural practices,
treatment responses are not yet well understood. Commonly utilized growth models have
been found to be largely ineffective in estimating long-term survival and growth of
understory trees following contemporary management (Gould and Harrington 2013).
Therefore, a closer look at factors which influence the establishment and growth of
understory conifers in multi-cohort management is necessary. While this topic has gained
interest, most research is limited to only a few years following establishment or planting.
This study utilizes data from the Olympic Habitat Development Study (OHDS)
on the Olympic Peninsula of western Washington. As a collaborative effort between the
U.S. Forest Service Pacific Northwest Research Station and the Olympic National Forest,
the OHDS aims to assess the use of variable density thinning (VDT) within young evenaged conifer stands (50-80 years), to accelerate the development of both stand structure
and plant and animal communities associated with late-successional forests. In this
analysis, individual tree growth of advance regeneration western hemlock, as well as the
recruitment of new hemlock seedlings following VDT, were examined. Objectives were
to:
1.

Compare the growth of advance regeneration hemlock among variable
growing conditions created by VDT.

2.

Identify measures of local competition that are significantly correlated
with the growth of advance western hemlock regeneration (trees which
had established prior to VDT treatment).

3.

Assess the significance of time and overstory density with respect to
western hemlock recruitment established following VDT.

9

Methods
Site Description
The OHDS is comprised of eight forest sites, 50 to 70 hectares in size, located
within the Olympic National Forest. Five sites used in this analysis include: Bait,
Clavicle, Fresca, Rail, and Snow White (Figure 2.1). These sites were selected based on
the availability of multiple post treatment measurements. The chosen sites are also
representative of variable climate and forest stand histories found within the larger
OHDS.

Figure 2.1

Map of Olympic Habitat Development Study sites located on the Olympic
Peninsula of Western Washington

Study sites range from 150-575 meters in elevation, with flat to steep terrain.
Precipitation among the sites is varied, being heavily dependent on both geographical
10

location and elevation. Located east of, and within the rain shadow of the Olympic
Mountains, Snow White receives significantly less precipitation than the sites located
west of the range (Table 2.2).
Table 2.2
Block

Characteristics of Olympic Habitat Development Study sites
Age Primary Species

Bait
Clavicle
Fresca
Rail
Snow White

51
67
61
61
79

Elevation (m) Annual Precipitation (mm)

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

250
475
150
275
575

3180
2100
2650
2390
1950

Annual precipitation estimates based on the parameter-elevation regression on
independent slopes model (PRISM) (U.S. Department of Agriculture Natural Resources
Conservation Service et al., 1999)
The mix of stand histories among the study sites is largely representative of the
greater Olympic National Forest. Most of the sites were burned and naturally regenerated
following the harvest of the old-growth stands between the 1930’s and 1950’s. Bait and
Snow White were artificially regenerated with Douglas-fir, but also had significant
natural regeneration. Over time these sites formed fully-stocked canopies, all containing
some overstory western hemlock (Table 2.2). Bait and Snow White were thinned in the
1970’s. In 1986, Rail underwent light volume removal during salvage operations.
Clavicle and Fresca lacked stand treatments prior to the OHDS.
Treatment
Within the OHDS a novel variant of VDT was implemented. Termed “thinning
with skips and gaps”, the treatment entailed low thinning while also designating smaller
11

areas for total canopy removal (Gaps) as well as retaining untreated areas (Skips). A
uniform thinning from below removed approximately 25% of basal area from 75% of the
stand area (Thinned Matrix). Total canopy removal was prescribed for 15% of stand area
in the form small 0.04 to 0.05 hectare gaps. Canopy gap size was intended to replicate
conditions of natural disturbance from individual tree fall events. Unthinned patches were
of 0.1-0.3 hectare in size, accounting for the remaining 10% stand area. During
operations, skips remained free from machine traffic to minimize disturbance. These
areas were often strategically placed to maintain the ecological benefits of standing snags
and downed woody debris.
Each study site consisted of one untreated control unit and three to four treated
units. Units were approximately 10 hectares in size. A smaller 1.44 hectare rectangular
plot was created within a single treated unit from each site. Complete stem mapping of
the plot spatially identified trees greater than 1.3 meters in height. Sub-treatments (Skip,
Matrix, and Gap) and established skid trails were also mapped. Stocking within the stem
mapped areas varied by study site and sub-treatments (Table 2.3).

12

Table 2.3

Summary of study site stand conditions prior to and immediately following
variable-density thinning

Site

Density (tph)

BA (m2ha-1)

826
496
63
767
433

69.1
49.7
7.4
69.2
46.0

678
388
25
687
351

85.6
64.2
2.3
86.1
64.1

459
317
25
526
296

67.4
53.7
0.7
77.8
52.6

401
303
20
450
281

50.0
42.7
0.3
57.2
42.1

493
347
125
444
333

69.1
49.7
6.5
58.0
42.9

Bait
Pre-harvest
Post-harvest
Skip
Gap
Matrix
Clavicle
Pre-harvest
Post-harvest
Skip
Gap
Matrix
Fresca
Pre-harvest
Post-harvest
Skip
Gap
Matrix
Rail
Pre-harvest
Post-harvest
Skip
Gap
Matrix
Snow White
Pre-harvest
Post-harvest
Skip
Gap
Matrix

Due to logistical constraints, the VDT treatments at each study site could not be
completed simultaneously. Rail and Fresca were treated in 1997 and Bait, Clavicle and
Snow White were treated following the 1999 growing season.
13

Field Measurements
Prior to and immediately following VDT treatment, detailed measurements were
taken within the stem-mapped plots to characterize stand conditions. All trees taller than
breast height (1.3 m) were measured for diameter at breast height (DBH). Species, crown
class and damage were also recorded. Measurements were taken 5, 10, and 14 years posttreatment for each study site. Rail and Fresca were measured in 2002, 2007, and 2011.
Measurements at Bait, Clavicle, and Snow White were taken in 2004, 2009, and 2013.
Growth of Advance Hemlock Saplings
Only three study blocks contained significant levels of hemlock to analyze the
growth of advance regeneration. At Rail and Snow White, a stratified random sample of
the understory hemlock was taken to proportionally represent VDT sub-treatments. At
Fresca, limited advance hemlock regeneration permitted all suitable trees (36) to be
examined. Sampled trees were greater than 1.3m in total height but less than 12 cm in
diameter at the time of treatment. Trees were excluded if they displayed visual signs of
prolonged suppression indicating that they were not a part of a recently established
cohort. Additionally, no trees located within 10 meters of the stem-mapped boundary
were sampled, as the competitive environment of the local overstory could not be
accounted for in analysis. A total of 334 western hemlocks were sampled within the study
sites.
DBH, total height, and crown length were measured for each sample tree. To
assess local competition from the understory, a 3.5 meter radius plot was centered on
each subject tree (at Rail plot radius was reduced to 2 meters and proportionally scaled
due to excessive understory density). Within each plot, the numbers of shrubs as well as
14

competing understory trees were sampled, in 2 cm size classes up to 12cm. Tallies of
shrubs were extrapolated to a per hectare density (SCOMP), intra-strata tree tallies were
converted to basal area where DBH was assumed to be the mid-point of the size class.
Basal area of these competitors was summed and converted to a per hectare basis (BAU).
Using coordinate data from the stem-mapped plots, a spatial database of all trees
greater than breast height was created for each site (Environmental Systems Research
Institute, ArcMap, version 10.1, Redlands, CA). The database was used to assess local
competition from the overstory (>12cm dbh) on sampled advance regeneration. Because
a distance of 8-12m was previously found to be sufficient in capturing competitive effects
on western hemlock (Comfort et al. 2007, Canham et al. 2004), a 10 meter radius
centered on sampled hemlock was used to identify competitors greater than 12
centimeters DBH.
Indices of local overstory competition were calculated for each sample tree. Two
measures were distance independent, where the distance between subject and competitor
was unaccounted for. Distance independent indices included: basal area of nearest
competitor (BAN) and the summed basal area of all overstory competitors within 10m of
the subject tree (BAC). Three inverse distance-dependent indices were used to weight the
competition of neighboring trees, based on the ratio of individual competitor and sample
tree diameter as well as the distance between the two. Distance-dependent indices
included:
𝑑

𝐶𝐼1 = ∑(𝐷)/𝐷𝐼𝑆𝑇

(2.1)

𝑑

(2.2)

𝐶𝐼2 = ∑(𝐷)/𝐷𝐼𝑆𝑇 2
15

𝑑

𝐶𝐼3 = ∑( )2 /𝐷𝐼𝑆𝑇
𝐷

(2.3)

where D = DBH of subject tree, d = DBH of competing trees within 10 meters of subject
tree, and DIST = distance between subject and competing tree.
Recruitment of Hemlock Seedlings
Following the fifth growing season post-treatment, a minimum of fifty 1.5 meter
radius circular seedling recruitment plots were established within each stem mapped plot
in order to assess post-treatment seedling recruitment. The randomly located sample plots
were stratified to proportionally sample sub-treatments. Seedling recruitment was
documented by tallying all seedlings greater than 25 centimeters but less than 1.3 meters
in total height. This minimum limit was set to prevent the data capture of very short lived
germinates which were unlikely to have significant or lasting impacts on the local
environment before perishing.
Measurements were taken 5, 10, and 14 years following treatment. At Bait,
Clavicle, and Snow White measured occurred following 2004, 2009, and 2013 growing
seasons. At Fresca and Rail measurements were made post-growing season in 2002,
2007, and 2011. Seedling recruitment following VDT was analyzed on 267 regeneration
plots within the five OHDS sites. Of these, 75 were located in unthinned Skips, 139 were
within the thinned Matrix, and 53 were within Gaps.
Analysis
Growth of Advance Hemlock Saplings
The response variable used to quantify growth of advance hemlock regeneration
was average annual basal area increment (BAI) from 5 to 14 years post treatment.
16

Exploratory analysis found the distribution of BAI to be non-normal. Data transformation
was implemented utilizing the Box-Cox procedure, where BAI was raised to the .505
power.
Using linear models, analysis of covariance was used to test for factors which
significantly impacted BAI of individual trees. A critical value of alpha = 0.10 was used
for all analyses. With study site, initial tree size, and crown length in a model, VDT subtreatment was included as an additional covariate to test for treatment effects on BAI.
Post-hoc comparisons were used to compare the growth of advance regeneration among
VDT sub-treatments.
Measures of local competition were tested individually to assess correlation with
BAI. Log transformation was used on competition index CI1 to lessen variable skewness.
Emulating a statistical technique used by Roberts and Harrington (2008), individual
indices were added to the base model containing: site, initial size and crown length.
Relative importance of each index was compared using the percent reduction in mean
squared error (MSE) relative to the base model. To test if competition indices could
account for significant treatment effects, this process of single variable enhancement was
repeated, using a modified base model containing: site, initial size, crown length and
VDT sub-treatment.
Recruitment of Hemlock Seedlings
Exploratory analysis of seedlings observed in regeneration plots found species
richness in the OHDS to be poor; in total 9 species were observed. In no cases, were there
more than three species observed within a single recruitment plot. Non-hemlock species
comprised less than 7% of total recorded seedlings. Because of the overwhelming
17

dominance of the species, remaining analysis of seedling recruitment focused solely on
western hemlock. Tallies of western hemlock seedlings observed within individual
recruitment plots were converted to seedling densities. The extrapolated number of
seedlings per hectare became the response variable used to quantify recruitment.
Examination of scatterplots indicated that recruitment followed a negative
binomial distribution. Zero inflated regression was used to characterize trends in
recruitment density with respect to time and VDT sub-treatment. As a two part
regression, the logistic model component gauged the influence of sub-treatment type and
time since treatment on the binomial probability of recruitment failure (0 recruited
hemlock seedlings) and success (≥ 1 recruited seedling) within subplots. The second
model component evaluated the significant impacts of these variables on the magnitude
of seedling recruitment (only where recruitment was successful). Post-hoc comparisons
were used to identify significant differences (critical alpha = .10) in seedling recruitment
between observational periods and sub-treatments.
Results
Growth of Advance Hemlock Saplings
Basal area growth was assessed on 334 western hemlock saplings from pre-VDT
cohorts. Average initial basal area of trees included in the analysis was 7.02 cm2 (2.48 cm
DBH). Fourteen growing seasons post-treatment, trees had grown to an average 23.45
cm2 (4.91 cm DBH), and 5.36m in height. BAI during this time averaged 1.82 cm2/year
(+/-0.10 SE).
Site, initial tree size and crown length were all significantly correlated with
annual growth (Table 2.2). Together these variables accounted for 79% of the observed
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variation in BAI with an MSE of 0.024 cm2. When added as an additional predictor to
this model, VDT sub-treatment was also significant, and increased the amount of
variation in BAI explained to 80% while reducing MSE by 5%.
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Figure 2.2

Correlation between mean annual basal area growth of individual advance
western hemlock saplings and study site (A), initial size (B), and crown
length (C)
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Analysis of the correlation between BAI and individual tree competition indices
found that BAN, BAC and CI1 were significantly related to BAI (Table 2.4). With site,
initial size and crown length forming a base model, indices of local competition were
added individually to enhance the model. All indices were significantly correlated to
BAI, except the measures of local understory competition (SCOMP and BAU) and CI3
(Table 2.5). Reduction in MSE for the significant indices ranged from 1% to 35%, with
the distant dependent overstory competition variant CI1 providing the greatest
enhancement to the base model.
Table 2.4

Summary of factors relating to the mean annual basal area growth of
individual advance western hemlock saplings following variable-density
thinning

Factor P-value

r2

Site
Initial BA
Crown length
SCOMP
BAU
BAN
BAC
CI1

0.0001

0.054

<0.0001
<0.0001

0.213

0.1436 *

0.007

0.8704 *

0.000

Factor

0.721

0.0037

0.026

0.0003

0.040

<0.0001

0.556

CI2

0.5719 *

0.001

CI3

0.3152 *

0.003

* Indicates variable is not significant at α = .10
Log transformation used on CI1
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Table 2.5

Comparison of models explaining mean annual basal area growth of
advance western hemlock saplings following variable-density thinning
r2

MSE

0.786

0.024

0.787

0.024

0.787

0.024

0.788

0.024

0.803

0.023

0.861

0.016

0.5
0.6
1.1
7.9
35.3

BAI = site, ba, cl, CI 2

0.788

0.024

1.2

BAI = site, ba, cl, CI 3*

0.786

0.024

0.3

0.796

0.023

0.796

0.023

0.797

0.023

0.796

0.023

0.802

0.023

0.803

0.023

0.870

0.015

0.3
0.9
0.1
3.2
3.0
36.3

BAI = site, cl, vdt sub-treatment, CI 1

0.870

0.015

36.3

BAI = site, ba, cl, vdt sub-treatment, CI 2*

0.796

0.023

0.4

BAI = site, ba, cl, vdt sub-treatment, CI 3*

0.795

0.023

0.0

Model and Associated Variables
(a)Base model I
BAI = site, ba, cl
Enhanced Model
BAI = site, ba, cl, SCOMP*
BAI = site, ba, cl, BAU*
BAI = site, ba, cl, BAN
BAI = site, ba, cl, BAC
BAI = site, ba, cl, CI 1

(b)Base model II
BAI = site, ba, cl, vdt sub-treatment
Enhanced Model
BAI = site, ba, cl, vdt sub-treatment, SCOMP*
BAI = site, ba, cl, vdt sub-treatment, BAU
BAI = site, ba, cl, vdt sub-treatment, BAN*
BAI = site, ba, cl, vdt sub-treatment*, BAC
BAI = site, ba, cl, BAC
BAI = site, ba*, cl, vdt sub-treatment, CI 1

% MSE reduction

(a) base model containing study site, initial basal area (ba), and crown length (cl)
(b) modified base model containing site, ba, cl, and VDT sub-treatment
* Indicates variable added to model is not significant at the α = .10
Log transformation used on CI1
When the process of adding individual indices was repeated using a modified base
model containing: site, initial size, crown length and VDT sub-treatment, changes to the
significance of several variables was observed (Table 2.5). Significant indices of
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competition included: TU, BAN, BAC and CI1. Of these, only BAC appeared to fully
account for the effect of sub-treatment on growth; sub-treatment was no longer
significant with the addition of the sum basal area of local overstory competitors to the
model. Interestingly, CI1 was again the best performing index of competition, although it
did not fully account for sub-treatment effect. Adding CI1 to the modified base model
excluded initial size as a significant predictor of BAI (P = .63). An enhanced model
containing: site, crown length, sub-treatment and CI1 accounted for 87% of variation in
BAI and a 39.5% reduction in MSE.
Combining the best fitting indices of understory and overstory competition, a
reduced growth model was generated containing: site, sub-treatment, crown length, BAU
and CI1. This model accounted for 87% of the variation in tree growth with a MSE of
.014 cm2/year.
Applied at the individual level, the reduced model fit data from Snow White well,
but required further refinement to fit that of Rail and Fresca (Table 2.6). At Rail, subtreatment was not significant; a model containing crown length, BAU and CI explained
88% of variation in early growth. At Fresca, only two variables: crown length and CI1,
explained 68% of variation in basal area growth.

23

Table 2.6

Comparison of site-level models predicting mean basal area growth of
individual advance western hemlock saplings following variable-density
thinning

Site

Reduced Model

r2

MSE

Fresca

CL, CI1

0.703

0.018

Rail

CL, BAU, CI1

0.879

0.011

0.899

0.014

Snow White Sub-treatment, CL, BAU, CI1

Differences in annual growth among sub-treatments were evident. Annual growth
within skips, which averaged 1.3 cm2/year, was significantly less than that of the Matrix
(P = .099) and the Gaps (P = .001); however, due to high variance observed within the
Gap sub-treatment (CV = .945, Figure 2.3) these two sub-treatments (Matrix and Gap)
were not significantly different from one another (P = .138). Matrix and Gap subtreatments averaged a growth of 1.79 and 2.39 cm2/year respectively (Table 2.7). When
examined at the site level, sub-treatment was significant at Snow White (P = .0043) and
Rail (P < .0001), but not at Fresca (P = .4322). Differences in growth among subtreatments at Snow White were similar to the combined analysis. At Rail however,
growth in gaps averaged 4.28 cm2/year, far exceeding both that of the matrix and skip,
which were not significantly different from one another (P = .9992), (Figure 2.4).
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Figure 2.3

Annual basal area growth of advance western hemlock saplings following
variable-density thinning
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Table 2.7

Annual basal area growth of individual advance western hemlock saplings
following variable-density thinning

Block

VDT Sub-Treatment

N

Initial Basal Area

Basal Area 14 Years Post-Treament Basal Area Increment

ALL

SKIP
MATRIX
GAP

96
145
93

7.12
6.65
7.49

18.85
22.75
28.76

1.30
1.79
2.36

FRESCA

SKIP
MATRIX
GAP

14
22

1.71
0.13

10.76
11.50

1.01
1.26

RAIL

SKIP
MATRIX
GAP

38
73
16

3.45
3.89
8.96

20.12
20.97
47.51

1.85
1.90
4.28

SNOW WHITE

SKIP
MATRIX
GAP

58
58
55

9.53
11.32
10.01

18.01
27.87
30.21

0.94
1.84
2.24

*Initial basal area measurements: Fresca and Rail 2002; Bait, Clavicle and Snow White
2004.
*Period 3 basal area measurements: Fresca and Rail 2011; Bait, Clavicle and Snow White
2013
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Figure 2.4

Mean annual basal area growth of individual advance western hemlock
saplings with respect to study site and variable-density thinning subtreatment

Recruitment of Hemlock Seedlings
Recruitment plots lacking recruited seedlings were common in this analysis.
Seventy-three of 267 plots among the study sites lacked regeneration in the first
observation period. The probability of a plot containing no recruited seedlings following
treatment was significantly reduced by the second observation period (P = .004). Ten
years post-treatment, the total number of plots which lacked regeneration had been
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reduced by 37%. Fourteen years post-treatment, only 39 subplots had failed to recruit any
hemlock seedlings. The probability of a subplot in the Matrix failing to recruit seedlings
was significantly less than in the Gaps or Skips (P = .0383).
Despite the failure of many individual subplots to recruit hemlock seedlings,
when averaged, recruitment was abundant. Five years following treatment, seedling
density across all recruitment plots averaged 21,627 seedlings per hectare (+/- 3,009 SE).
Fourteen years post-treatment, average seedling density increased 43%, reaching 31,731
seedlings per hectare (+/- 2,900 SE), (Table 2.8). Although variable in magnitude, this
trend of increasing seedling density was observed at four of the five study sites. By the
third measurement period, average seedling density ranged from 5,846 seedlings per
hectare at Snow White to 51,460 at Clavicle (Table 2.8). Great disparity existed in the
trend of seedling recruitment at Rail (Figure 2.5), where recruitment declined by 54%
between five and fourteen years post-treatment.
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Table 2.8

Summary of mean western hemlock seedling recruitment following
variable-density thinning

Site

VDT Sub-Treatment

N

ALL

ALL
SKIP
MATRIX
GAP

267
75
139
53

ALL
SKIP
MATRIX
GAP

56
16
30
10

ALL
SKIP
MATRIX
GAP

BAIT

CLAVICLE

FRESCA

RAIL

SNOW WHITE

Post-Treatment Density
5 Years
10 Years 14 Years
21627

26999

32051

31312

29652

27389

17715

28107

40746

17740

20004

13723

7326

13111

16699

884

1592

6101

10375

21645

26125

8488

5942

5376

56
17
28
11

5179

29633

51460

3246

10985

25382

6417

40420

79224

5016

30995

21092

ALL
SKIP
MATRIX
GAP

50
15
25
10

6900

19662

43481

9337

22730

40744

ALL
SKIP
MATRIX
GAP

52
14
26
12

ALL
SKIP
MATRIX
GAP

53
13
30
10

1768

17566

54054

15562

20089

22211

93883

74498

43073

148848

115501

61338

73211

62247

41970

63505

43384

17605

3657

3550

5846

4244

4135

4244

3961

4197

7828

1981

849

1981

*Density unit equal to the number of hemlock seedlings per hectare
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Figure 2.5

Average western hemlock seedling recruitment following variable-density
thinning stratified by site

Mean recruitment among Skip, Matrix, and Gap areas were not statistically
different in five or ten years post-treatment; despite a change in rank order where
increasing recruitment within the Matrix contrasted that within Skips and Gaps (Figure
2.6). By the 14th year post-treatment, however, continued recruitment within the matrix
yielded another change in the rank order of sub-treatments. Mean seedling recruitment of
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the Matrix at year 14 (40609 seedlings/ha) was significantly higher than that of Gaps
(16202 seedlings/ha, P = .00652). The rank order of sub-treatment recruitment densities
in the final period (Matrix > Skip > Gap) is also observed at the site level (Figure 2.7),
excluding Rail.

Figure 2.6

Average western hemlock recruitment following variable-density thinning
stratified by VDT sub-treatment
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Figure 2.7

Average western hemlock seedling recruitment following variable-density
thinning stratified by site and VDT sub-treatment
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Discussion
Growth of Advance Hemlock Saplings
This analysis was successful in explaining much of the variability observed in
individual tree growth following VDT. A model containing: study site, crown length,
VDT sub-treatment, local intra-cohort competition and overstory competition explained
87% of variation in annual basal area growth with a MSE of .01 cm2.
Attributes of individual understory trees, notably diameter and some measure of
crown size, are known to be excellent predictors of growth (Hann et al. 2006, Shatford et
al. 2009). Crown length explained the greatest amount of variation in basal area growth
within this analysis. Trees with longer crowns are likely better able to utilize resources
reallocated by treatment. However, because crown measurements were taken only at the
end of the study period, it could also be possible that trees exhibiting greater growth also
exhibited significant crown growth over the entire observational period.
In addition to characteristics of individual trees, stand structure at various canopy
levels has been observed to strongly correlate with growth (Harrington 2006, Chan et al.
2006, Cole and Newton 2009, Shatford et al. 2009, Bailey and Tappeneir 1998). The
response to varying levels/patterns of canopy removal can vary by species and may be
linear, non-linear, or contain threshold values (Maguire et al. 2007). Because of the
strong correlation and possible interaction between overstory and understory density
(Brandeis et al. 2001) the relationship may be further complicated. Within the OHDS,
modifications were made to the overstory in the form of three VDT sub-treatments:
unthinned skips, the thinned matrix, and canopy gaps. Previous investigation within the
OHDS found VDT to yield positive growth in the overstory (Roberts and Harrington
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2008) as well as midstory stratum (Comfort et al. 2010), where trees within the thinned
Matrix generally out grew counterparts within unthinned Skips. Findings from this
analysis were largely consistent with these previous studies; differential growth was
observed between thinned treatments and unthinned Skips. Differences between growth
in Gaps and the Matrix were not significant however.
While overstory competition was a major factor negatively affecting sapling
growth, local understory competition explained little variation and was only significant
when combined with other variables in the multiple regression analysis. The direct
influence of competition from understory vegetation was observed to be minimal, but
competition from neighboring trees may in time negatively affect crown retention, with
which the model was most sensitive. In this study, experimental treatments were made to
the overstory only; however, studies manipulating both canopy and understory
competition have produced additive effects (Harrington 2006, Mitchell et al. 2004).
While no significant interaction was observed between residual overstory competition
(i.e. VDT sub-treatment) and the basal area of understory competition, the use of
herbicides and/or mechanical treatments to reduce density could potentially increase
growth of residual understory trees.
When analyzed at the site level, differences were apparent. While variation in a
combined analysis of multiple locations can often be attributed to differences in physical
and environmental condition, Gould and Harrington (2013) observed site productivity
and climate variables to have little effect on the growth of understory western hemlock,
western redcedar (Thuja Plicata Donn ex D. Don) and Douglas-fir. Additionally, two
sites (Rail and Fresca) were in such close proximity that they share similar physical
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attributes. Differences observed in the reduced growth model of Rail and Fresca are
instead assumed to be the result of different management histories among the sites.
At Rail, VDT sub-treatment was not a significant factor affecting basal area
growth. Having been salvage logged in 1986, the understory of Rail was likely still
benefiting from this operation, thereby precluding differences in potential growth
between the Skip and Matrix sub-treatments, such as those observed at Snow White
(Figure 7). At Fresca, the reduced growth model contained only crown length and local
overstory competition. Lacking a history of thinning, Fresca maintained a much higher
overstory basal area prior to the VDT treatment relative to Rail and Snow White. As a
result, the site contained little advance regeneration. Only 36 trees were found to be
suitable for analysis; unsurprisingly, the low density of understory trees made intra-strata
competition insignificant in the model. Additionally, not all sub-treatments were
represented, as sample trees were not evenly distributed (22 of the 36 sample trees were
located within canopy gaps, with the remaining 14 within the thinned matrix), (Table 5)).
Nonsignificant differences in growth between trees in Gaps and the Matrix also
eliminated sub-treatment from the model.
Recruitment of Hemlock Seedlings
From this study we were able to conclude that VDT had positive and seemingly
long term effects on seedling recruitment. Similar to other studies investigating natural
regeneration in Douglas-fir dominated stands (Kuehne and Puettmann 2008, Buermeyer
and Harrington 2002, Gray and Spies 1996), seedling density following thinning was
found to be both abundant, and highly variable. Although high variance often eliminated
statistical significance, somewhat predictable spatial patterns were observed.
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Canopy gaps and the thinned matrix were created with the purpose of generating a
deep multilayered canopy. Volume removal was intended to reallocate resources,
facilitating the establishment of an understory stratum. Given that all sites contained a
hemlock component within the overstory, it was expected that following VDT, seedlings
would quickly colonize newly available growing space within the understory of Gap and
Matrix sub-treatments and that ultimately seedling density would begin to decline.
In general, the thinned matrix within the OHDS produced the greatest density of
seedlings, followed by unthinned skips and lastly canopy gaps (Matrix > Skip > Gap).
Although the magnitude of seedling density varied considerably among individual sites
and differences among sub-treatments were not always significant, this rank order was
observed at all sites but Rail. The change in rank order of sub-treatments (Skip > Matrix
> Gap) at Rail is likely explained by differences in post VDT overstory basal area
between sites. Due to previous commercial thinning, the basal area of unthinned Skips at
Rail is most comparable to that of the thinned Matrix at other sites (Table 2).
Because sub-treatments were designed to redistribute resources along a resource
gradient, it is reasonable that sub-treatments differed in potential understory stocking.
Kuehne and Puettman (2008) witnessed regeneration of shade-tolerant species (including
western hemlock) to be maximized under an intermediate overstory density. As
previously mentioned, environmental requirements for successful germination differ from
those necessary for continued survival and growth (Schupp 1995, Wright et al. 1998).
Assuming that such a shift occurs at an early age, it is likely that intermediate growing
conditions in the thinned Matrix best facilitated both developmental stages.
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With respect to time, seedling recruitment was hypothesized to be a relatively
short-term event followed by a slow continual decline. Interestingly, this study observed
overall seedling density increasing significantly throughout the 14 years observed
following treatment. Low resource demands likely permitted seedling density to reach
such high levels over an extended timeline. Just as local understory competition was
found to be of little relative importance to the growth of advance regeneration, it is
apparent that these forces also do little to regulate the density of newly established
seedlings. This trend of increasing recruitment through time was also observed at the
individual site level, with the exception of Snow White and Rail.
Recruitment densities at Snow White exhibited little change over time and were
significantly less than at the other sites. Limited regeneration could be the consequence of
Snow White’s location on the eastern side of the Olympic mountain chain. There the site
is exposed to somewhat different conditions, notably a higher elevation and less
precipitation relative to the other sites. In addition to location, this site received a
commercial thinning in the 1970’s, which initiated a cohort of western hemlock and
western redcedar prior to the VDT. By the time of data collection, most if not all of these
trees had advanced into the mid-canopy stratum. Reduced moisture availability and a
competitive midstory may have negatively impacted recruitment potential at this site.
Similar to Snow White, Rail had been previously salvaged, initiating prolific
regeneration of western hemlock. In this case however, the period between previous entry
and VDT was much shorter (11 years). As a result, it is possible that given the age and
excessive densities, much of the regeneration had not yet outgrown the sampling criteria
for seedlings recruited following VDT. Significantly greater initial seedling densities,
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compared to other sites, suggests that samples may have been a combination of trees
established prior to as well as those recruited following VDT. The downward trajectory
of seedling density over time may be evidence that the understory had met or exceeded
potential understory stocking and that the process of self-thinning had begun. It could
also be that some regeneration had outgrown the upper limit of the sampling protocol
(1.3m total height).
While previous management at Rail may have confounded its usefulness for
characterizing recruitment induced by VDT, it is perhaps the most valuable in illustrating
differences in growing conditions between VDT sub-treatments and consequent
limitations on stocking. Exclusively at Rail, average seedling density declined over time
and variation within individual sub-treatments recruitment was reduced. At the final
observation, this site displayed the greatest stratification observed between subtreatments.
Conclusion
Results suggest that VDT had a significant effect on the growth of advance
regeneration. On average, trees within canopy gaps and the thinned matrix exhibited
greater growth than counterparts within unthinned skips. Annual basal area growth of
advance regeneration was found to be most related to crown size and overstory
competition, but the complexity of the relationship between these variables and
competition from a local understory may be important to consider.
With respect to recruitment of western hemlock seedlings, VDT had both positive
and long-term effects. Response to treatment was evident by the first measurement (5
years following treatment) and recruitment of seedlings continued over 14 years,
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excluding an outlying trend at Rail. While VDT generated significant regeneration
amongst all sub-treatments, recruitment was commonly maximized within the
intermediate growing conditions of the thinned Matrix. Although significant differences
were not observed among all sub-treatments, increasing dispersion through time suggests
that significant stratification may develop over a longer timeline.
While all sites appeared to respond to treatment, considerable variation was
observed at the individual site level. Physical environment and residual canopy
density/structure are presumed to have significantly affected both seedling recruitment
and growth. Species composition, size, and spatial arrangement of residual overstory
trees directly influence many variables relating to understory initiation and development
(i.e. substrate availability, available moisture, and light), (Stewart 1998, Deal 1999).
Because previous thinning influences many of these factors, past management history is
an important consideration. It was evident that past thinning initiated understory
recruitment at several OHDS study sites prior VDT treatment. Proper timing of
operations, especially in relation to previous thinning operations, is likely key to
preventing over abundant hemlock recruitment and maximizing treatment efficacy.
In future iterations of this technique, managers may consider more intensive
thinning in the thinned matrix and/or increasing the size and number of canopy gap. In
analysis of 18 stands which had been partially cut, Deal (2001) observed significantly
different understory plant communities and structure where partial cutting removed more
than 50% of the former basal area. Increased light exposure, from more intense thinning,
may reduce the probability of overabundant hemlock recruitment and potentially increase
species diversity (Deal and Farr 1994). With less competition from the overstory and
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more diverse resource use within the understory, greater differences between VDT subtreatments would be expected.
In general, positive response to treatment is a promising sign that VDT will meet
management objectives regarding the development of late-successional attributes.
Seemingly long-term treatment effects do, however, challenge the ability to predict the
fate of abundant post-treatment hemlock regeneration and future growth. A longer
observational timeline will be needed to fully evaluate understory response to variabledensity thinning. Additionally, future iterations of this technique may offer greater insight
into the effects of initial stand conditions, as well as specific variables that affect
treatment response.
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EVALUATION OF PRE-COMMERCIAL THINNING IMPLEMENTED ON A
WESTERN HEMLOCK UNDERSTORY WITHIN
WESTERN WASHINGTON
Introduction
As previously emphasized, today’s forest managers increasingly often tasked with
the challenge of actively converting young even-aged second growth into latesuccessional forests. Recognizing the lack of knowledge regarding the development of
regeneration following new approaches, Maguire et al. (2006) emphasized that
management dynamically adapt as we learn how changes to the prescriptions (i.e. spatial
arrangement of aggregates, cut patches, and dispersed trees, as well as species and
characteristics of residual trees) affect future cohorts. They went further to suggest that
density management of regenerating cohorts may be of future importance. It is believed
that repeated entry to stands manipulating both overstory and understory strata may be
necessary to manage species composition and structural development (Harrington in
Mazza 2009, Ares 2010).
While many studies have been quick to address the influence of overstory density
management on understory initiation, few have addressed competition control or density
management within young cohorts of understory trees. In 2001, the Olympic National
Forest initiated an administrative study to examine the use of pre-commercial thinning
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within the understory as a tool to remediate dense western hemlock dominated
understories. Thinning the understory from below was hypothesized to promote live
crown retention and sustain or increase diameter growth of residual understory trees.
Objectives were to: open the understory, prevent further exclusion of herbaceous plants
and shrubs, and accelerate the growth of residual trees into the midstory stratum.
In this study we wished to analyze the growth of subcanopy western hemlock
prior to and following implementation of understory pre-commercial thinning. Specific
objectives included:
1.

Determine if pre-commercial thinning effectively increased the growth
rate of residual subcanopy trees

2.

Identify tree and local environmental factors related to subcanopy growth
response
Methods

Site Description
The Rail Siding treatment area is in close proximity to the Rail site of the OHDS.
This stand naturally regenerated around 1930, and was commercially thinned in 1972.
Following thinning, a large understory component of western hemlock developed with
density ranging from 5,000-20,000 stems per hectare. In 1998, the overstory was
commercially thinned for a second time, reducing the residual overstory density to
approximately 6.77 square meters per hectare and stem density to 163 trees per hectare.
Species composition of the overstory at this time was primarily made up of Douglas-fir
(89%), with a smaller western hemlock component (11%).
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Treatment
Thinning the understory from below was hypothesized to promote live crown
retention and sustain or increase diameter growth of residual understory trees. Objectives
were to open the understory, preventing further exclusion of herbaceous plants and
shrubs, while accelerating the growth of residual trees into the midstory stratum.
Understory pre-commercial thinning was conducted using small crews operating
hand-held chainsaws. Non-crop trees were felled and left on site. In 2001, half of the
stand area received the pre-commercial thinning, leaving a residual understory spacing of
approximately 6.1 x 6.1 meters. The remaining stand area was thinned at a less intensive
4.9 x 4.9 meter spacing in 2004. The prescription treated the total stand area, leaving no
experimental controls.
Field Measurements
In summer 2013, 50 residual trees (25 from each spacing) were sampled to
quantify possible effects of pre-commercial thinning on individual western hemlock tree
growth. Sampling was not random, but rather trees were selected to encompass the range
of diameters present. For each tree; DBH, height, and height to live crown was measured.
Additionally, several metrics of competition were recorded, including distance to and
diameter of the nearest overstory competitor, as well as an index of local overstory
competition by means of a twenty factor wedge prism tally centered on the sample tree.
A core was removed at breast height from each sample tree. Tree cores were
placed in plastic straws and preserved with refrigeration. Cores were later: dried,
mounted in trays, sanded with 400 grit paper. Growth ring analysis was done under a
microscope paired with digital measurement software (Leica Microsystems, version 4.1,
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Heerbrugg, Switzerland). For each tree core, radial growth increment in millimeters was
measured from the 1991 to 2012. Radial increment was then converted to basal area
increment.
Analysis
Descriptive statistics were used to characterize annual basal area growth
increment (BAI) of individual understory hemlock from 1991 to 2012. Periods of interest
during this time included: years prior to commercial overstory thinning (1991-1997), the
period between commercial thinning and pre-commercial understory thinning (1999-2001
for the 6.1 x 6.1 meter spacing and 1999-2004 for the 4.9 x 4.9 meter spacing), and the
years following understory thinning (2001-2009 for the 6.1x6.1 meter spacing, 20042012 for the 4.9 x 4.9 meter spacing). For these periods, linear regression was used to
estimate the slope of BAI with respect to time.
Exploratory analysis demonstrated that BAI was not normally distributed. Using
the Box-Cox procedure, BAI was raised to the 0.2626 power to satisfy normality
assumptions. Analysis of variance was used to test for significant impacts on BAI of
individual trees. A critical value of alpha = 0.10 was used in all analyses. Individual tree
characteristics and measures of local competition were tested individually to assess
correlation with BAI. Importance of variables with respect to BAI was rated by MSE. All
analyses were performed in R.
Results
Basal area growth was assessed on 50 western hemlock trees within the
understory of Rail Siding. Immediately following pre-commercial thinning, the average
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diameter of residual tree was 11.5 cm (range, 3.0-23.2 cm). By 2012, trees grew to an
average 14.6 cm DBH (range, 4.7 – 25.5 cm), and 13.2 m in height (range, 5.2 – 25.2 m)
(Table 3.1). Radial growth of trees over this period averaged 1.24 cm/year, representing
an annual basal area increment (BAI) of 4.8 cm2/year.
Table 3.1

Summary of average western hemlock diameter growth following precommercial understory thinning
1990

All
6.1x6.1m Spacing
4.9x4.9m Spacing

Average End of Growing Season DBH (cm)
1998
2001
2004

2012

9.09

10.63

11.21

11.99

14.64

12.87

14.44

14.98

15.68

17.17

6.57

8.09

8.70

9.53

12.11

Pre-commercial understory thinning conducted at 6.1x6.1m spacing in 2001, and at
4.9x4.9m spacing in 2004
Basal area growth from 1991-2012 was highly variable, seemingly affected by
both the commercial thinning in 1998 as well as the pre-commercial thinning in 2001 and
2004 (Figure 3.1). Changes in annual basal area growth were observed by comparing the
coefficients of slope from linear regressions of annual basal area increment with the
segmented timeline. In the eight years prior to commercial thinning, basal area growth of
hemlock declined by -0.14 cm2 annually. Following commercial thinning, annual growth
increased 0.92 cm2 per year for the 6.1x6.1 meter spacing and 0.51 cm2 per year for the
4.9x4.9 meter spacing. Following pre-commercial thinning, annual growth rate averaged
0.69 cm2 at the 6.1x6.1 meter and 0.29 cm2 at the 4.9x4.9 meter spacing. A brief period
of reduced growth immediately following pre-commercial thinning was observed. When
this event is excluded the change in annual basal area growth was marginally improved,
averaging 0.79 cm2 and 0.46 cm2, respectively.
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Figure 3.1

Average basal area growth of western hemlock before and after precommercial understory thinning

Commercial overstory thinning occurred in 1998

Analysis demonstrated that initial tree basal area, crown length, residual spacing,
and metrics of local competition were all significantly correlated with annual basal area
growth (Table 3.2). Of these variables, initial basal area had the highest correlation, but
explained only 29% of the variation in BAI with an MSE of 0.05 cm2. In multiple
regression, no other variable remained significantly correlated to growth in a model
already containing initial size.
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Table 3.2

Summary of factors relating to western hemlock basal area growth
following pre-commercial understory thinning

Model Variable

Factor P-value

r2

MSE

<0.0001

0.2931

0.054

0.0140

0.1011

0.068

0.0597

0.0526

0.072

0.0466

0.0608

0.071

0.0596

0.0527

0.072

0.0030

0.1520

0.064

Initial Size
Crown Length
Treatment
BA of Nearest Overstory Neighbor
Distance to Nearest Overstory Neighbor
Local Overstory BA

Discussion
Despite a limited sample, trends in the growth of understory hemlock were
observed over an extended timeline. Analysis at Rail Siding indicated that the average
annual basal area growth of understory hemlock, which had been in previous decline, was
positively accelerated following commercial thinning of the overstory. Positive rate of
change in annual growth continued until pre-commercial understory thinning, where soon
after most saplings underwent a brief period of reduced growth suggesting shock from
treatment. This reduction in growth may correspond with a temporary reallocation of
resources to below ground biomass (Kneeshaw et al. 2002). Following this period,
variability in growth was observed. For some trees, understory treatment appeared to
marginally improve growth, but when averaged growth resumed a similar trajectory as to
that before the operation.
Results from this analysis may best serve to reinforce findings made in the growth
analysis of advance hemlock regeneration within the OHDS following VDT. It was
apparent that prior commercial thinning largely drove changes in the basal area growth of
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understory hemlock both before and after pre-commercial understory thinning. The
dissimilarity in growth observed between understory thinning intensities at Rail Siding is
believed to be attributed to a greater initial size and lower average overstory competition
surrounding trees sampled within the 6.1x6.1 meter spacing.
In addition to reducing overstory competition, it is likely that commercial thinning
reduced the density of understory hemlock during logging operations (Newton and Cole
2006). While disturbance caused by harvesting is generally thought to be antagonistic,
residual understory trees may have benefited from the reduced competition, yielding an
additive effect. In studies monitoring the growth of younger hemlock regeneration,
Harrington (2006) and Mitchell et al. (2004) observed additive growth following a
combination of overstory and understory density management. While additive growth
was not observed in this analysis, as overstory stocking increases and canopy closure
resumes, reduced intra-cohort competition may benefit understory tree growth in the
future.
The decision to conduct pre-commercial thinning and when to do so is likely a
complex matter that is unique to individual stands, their previous management history
and management objectives. With proper timing and intensity of overstory thinning(s), it
is possible that density management of the sub-canopy may be forgone until trees reach a
merchantable size, thereby paying for the operation or even generating revenue.
Conclusion
Results from the analysis of understory pre-commercial thinning at Rail Siding
should be interpreted with some caution. Lack of experimental controls severely limit the
ability to draw conclusions regarding treatment effects. Furthermore, because sample
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sizes were neither random nor large, factors relating to treatment response and
differences observed between thinning intensities are not easily interpreted.
While definitive results as to the efficacy of pre-commercial understory thinning
cannot be made from this study, it was apparent that previous overstory thinning was
primarily responsible for the changes in understory tree growth over time. The trajectory
of mean annual basal area growth rates did not significantly change following understory
pre-commercial thinning. The influence of the commercial thinning was likely relatively
constant throughout the observation period and any additive effects of the precommercial thinning was likely minimal.
In general the results of this analysis support earlier conclusions made within the
growth analysis of advance regeneration western hemlock. While a multitude of
environmental factors are likely correlated with the growth of trees in the understory,
relative importance of each factor is a critical aspect to consider. Although significantly
correlated, intra-cohort competition likely has a relatively poor effect on understory
growth, especially beneath an overstory canopy which is not fully stocked.
In planning, one should think long into the future and carefully plan the timing of
successive treatments. However, anticipating the result of successive partial harvests is
difficult due to many complex relationships. By promoting crown retention and
maintaining basal area growth, pre-commercial thinning may be best implemented as a
tool to pre-condition select trees of dense hemlock cohorts to take full advantage of future
canopy removal. For stands with a previous history of overstory thinning, it may be best
to forgo understory density management until a merchantable size is reached.
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