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Abstract
Promoting patchy recruitment of shade tolerant tree species into the midstory is an important step in developing structural diversity in second-growth stands. Variable-density thinning (VDT) has been proposed as a strategy for accelerating structural diversity, as its
combination of within-stand treatments (harvest gaps, thinning, and non-harvested skips)
should create variable overstory and understory conditions. Here we report on western
hemlock (Tsuga heterophylla (Raf.) Sarg.) seedling and sapling densities in five mixedconifer stands and Sitka spruce (Picea sitchensis (Bong.) Carr.) seedling and sapling densities in two stands in western Washington at 3,7, 10, and 16–17 years after VDT. Additionally, we report on western hemlock advance regeneration growth and survival in two stands
over 14 years. Western hemlock seedling density was highest in the thinned treatment but
only significantly so in Year 10. In contrast, the gaps contained significantly more western hemlock saplings in Years 7 and 10 and significantly greater growth of western hemlock advance regeneration through Year 10. Skips embedded within the VDT did not differ
significantly from unharvested reserves in terms of seedling or sapling densities of either
species. Sitka spruce seedling density was highest in the gap and thinned treatments, but
saplings were uncommon in all treatments. Collectively, these results indicate that our variant of VDT promoted patchy, midstory recruitment of western hemlock but failed to recruit
Sitka spruce saplings in either stand where it established. Consequently, more intensive
variants of VDT may be required to promote midstory recruitment of species less tolerant
of shade than western hemlock.
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Introduction
Restoring structural complexity to second-growth stands has become increasingly important in the mixed-conifer forests of the Pacific Northwest (PNW) (Donato et al. 2012;
Franklin and Johnson 2012). Interest in restoring structural diversity increased in response
to the Northwest Forest Plan, which prioritized creating habitat for biodiversity conservation over timber production on federal lands (Thomas et al. 2006). Compared to old
growth, second-growth stands are deficient in many of the structural characteristics that
contribute to late-successional habitat (Carey and Johnson 1995; Carey 2003) including:
coarse woody debris (CWD) (Spies et al. 1988; Tyrrell and Crow 1994), cavity trees and
snags (Goodburn and Lorimer 1998; McGee et al. 1999), large diameter trees (Spies and
Franklin 1991), and spatial heterogeneity (Spies 2004; Donato et al. 2012). Second-growth
stands also feature greater canopy continuity and less microclimate diversity than old
growth (Franklin and Van Pelt 2004), raising concerns over the loss of understory biodiversity and tree regeneration. Restoring structural attributes such as large diameter trees and
CWD is a long-term process that could take several decades in second-growth stands (Harmon et al. 1986; Stone et al. 1998). In contrast, obtaining herbaceous species diversity and
stimulating the recruitment of shade tolerant conifers to increase vertical and horizontal
heterogeneity can be achieved more rapidly with silvicultural intervention (Puettmann et al.
2016). However, studies examining the effectiveness of silvicultural treatments beyond the
first decade are needed to determine whether structural development is continuing at an
accelerated pace.
Variable-density thinning (VDT) is one approach that has been applied to enhance
structural diversity in even-aged stands (Ashton and Kelty 2018). VDT differs from traditional thinning in that its primary goal is to increase structural diversity through varying overstory density within a stand (Carey 2003; Comfort et al. 2010). Many variants
of VDT utilize a combination of within-stand treatments including retaining unharvested
small patches (hereafter referred to as skips), thinning at varying intensities, and creating
canopy gaps to promote heterogenous conditions (Dodson et al. 2014; Berrill et al. 2018;
Dagley et al. 2018). The varying microclimates produced across the VDT treatments have
been shown to promote a range of responses in diameter and height growth (Davis et al.
2007; Roberts and Harrington 2008; Comfort et al. 2010; Sullivan and Sullivan 2016; Willis et al. 2018), crown length (Sullivan and Sullivan 2016; Seidel et al. 2016; Willis et al.
2018), and understory cover and richness (Bailey and Tappeiner 1998; Ares et al. 2009,
2010; Sullivan and Sullivan 2016; Cole et al. 2017; Curtis et al. 2017), thereby setting the
stand on a trajectory towards greater structural complexity and species diversity.
Promoting the recruitment of shade tolerant conifers into the midstory is an important
step in accelerating the development of late-successional habitat in second-growth stands
(Spies and Franklin 1991; Carey 2003). Unlike variable-retention harvesting, which seeks
to regenerate new seed sources in older stands while retaining biological legacies (i.e., is
a variant of final or regeneration harvesting) (Nyland 2016), VDT seeks to create spatial
heterogeneity and multi-layered canopies but retain much of the previous overstory for a
deferred harvest (Franklin et al. 2018). Given the presence of advance regeneration, VDT
may be capable of quickly achieving structural restoration objectives (Comfort et al. 2010).
However, in stands lacking advance regeneration, developing structural diversity will
require the recruitment of a new cohort.
Patchy regeneration may be promoted by VDT as increasing spatial variation in overstory density alters resources available to the midstory and understory. Canopy gaps
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offer several potential advantages for conifer regeneration and have been shown to benefit conifer recruitment (Gray and Spies 1996; Coates 2002). For example, canopy gaps
have been shown to provide favorable environments for seedling germination and early
survival (Wright et al. 1998; Coates 2002). Canopy gaps may also improve early seedling
survival by reducing the risk of leaf smothering, which can be problematic for species such
as western hemlock (Tsuga heterophylla (Raf.) Sarg.) and Sitka spruce (Picea sitchensis
(Bong.) Carr.), which have small seeds and short germinants (Thornburgh 1969; Minore
1979; Packee 1990). Due to their higher understory light and moisture availability (Gray
et al. 2002), canopy gaps also promote seedling growth (Gray and Spies 1996; Nabel et al.
2013; DeMontigny and Smith 2017) and may release advance regeneration into larger size
classes (Dodson et al. 2014; Puettmann et al. 2016).
Nevertheless, several factors can limit midstory development within gaps. Although initially promoted in gaps, seedling and sapling growth and survival may decline once root
and crown expansion from bordering trees limits resource availability (Pacala et al. 1994;
Gray et al. 2002; Walters et al. 2006). Growth and survival may also be stunted by the presence of a dense shrub layer, which can limit sapling development through resource competition (Roberts et al. 2005; Harrington 2006; Maguire et al. 2009). Declining resources
within gaps may also alter species composition by providing a competitive advantage to
species such as western hemlock, which is adept at surviving in extreme shade (Minore
1979; Packee 1990). Finally, advance regeneration may be damaged during the harvesting
operation (Harrington et al. 2005), potentially causing high rates of mortality (Tesch et al.
1986) or reducing future growth (Youngblood 2000; Newton and Cole 2006).
Fewer resources are available to conifer regeneration in the thinned and skip treatments
compared to the gaps. Previous studies have found abundant seedling establishment following thinning (Bailey and Tappeiner 1998); however, sapling recruitment has been limited
in all but the most intensive thinning treatments (Nabel et al. 2013; Dodson et al. 2014).
Similarly, the low resource environments of unthinned areas have been shown to inhibit
seedling establishment and survival (Gray and Spies 1996; Coates 2002). In a VDT, skips
(unthinned areas) and gaps can be nested within a matrix of thinned areas, creating the
potential for edge effects. Previous studies have shown that trees established near a gap
edge or skid trail respond with increased diameter growth (Roberts and Harrington 2008;
Gray et al. 2012). Thus, skips nested within VDT could provide a different environment for
seedling establishment and growth than the larger unharvested areas reported in previous
studies (Gray and Spies 1996; Coates 2002).
This study examined the establishment of western hemlock and Sitka spruce seedlings
(5–130 cm in height) and recruitment of western hemlock saplings (> 130 cm height,
0–4.9 cm dbh) at intervals of 4, 7, 10, and 16–17 years after implementing VDT in five
second-growth mixed-conifer stands in western Washington. In addition, we report on
the 14-year growth and survival of western hemlock large advance regeneration (sapling
size class: > 130 cm height, 0–4.9 cm dbh prior to project initiation) after implementation
of VDT in two second-growth mixed conifer stands. Specifically we were interested in
whether: (1) seedling and sapling densities of shade tolerant conifers in the skip treatment
approximated that in unharvested reserves; (2) gaps promoted greater seedling and sapling densities of shade tolerant conifers than the skips or thinned treatments; (3) increasing
shrub cover was associated with reduced seedling and sapling densities of shade tolerant
conifers; (4) the effects of individual VDT treatments on seedling and sapling densities
of shade tolerant conifers were sustained over time; (5) western hemlock and Sitka spruce
responded differently to individual VDT treatments; and (6) gap creation hindered or promoted the survival and growth of large advance regeneration of shade tolerant conifers.
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The findings from this study will provide an extended evaluation of the effectiveness of
VDT at promoting the recruitment of shades tolerant conifers into the midstory in second-growth stands and increase our general understanding of regeneration dynamics in the
PNW.

Methods
Site description
Data were collected from five stands within the Olympic Habitat Development Study
(OHDS) on the Olympic Peninsula in western Washington, USA (Fig. 1). Sites ranged in
elevation from 150 m to nearly 600 m. Annual precipitation at our sites ranged from 1460
to 3362 mm and occurred primarily as winter rain. Temperature in Forks, WA ranged from
an average high of 24.0 °C in August to an average low of 0.7 °C in December (Willis
et al. 2018). The soil types at all sites were characterized as deep, well drained loams.
Conditions at the sites were typical of second-growth mixed-conifer stands in the region
(Table 1).

Treatments
Each stand was managed under a VDT approach consisting of three overstory treatments:
thinning, small gaps, and uncut skips. VDT was implemented over 6–10 ha in each stand.
In addition, a similarly sized area was left unharvested to serve as a control (hereafter
referred to as the reserve) within each stand. Our VDT prescription designated 75% of
the area to receive a general thinning, 10% to be in gaps and 15% in skips (Fig. 2). The

Fig. 1  Area map illustrating the location of the five study stands on the Olympic National Forest in western
Washington where measurements were collected
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Flat
< 5% slope
0–35% slope
10–25%

Fresca
Clavicle
Bait
Snow White

37 m
35 m
40 m
35 m

38 m

Site indexa

Western hemlock/Sitka spruce
Western hemlock/Sitka spruce
Douglas-fir/western hemlock
Douglas-fir/western hemlock/
western red cedar

Douglas-fir/western hemlock

Dominant tree species

Naturally regenerated in the 1930s
Naturally regenerated in the 1930s
Artificially regenerated in the 1950s
Artificially regenerated in the 1930s

Naturally regenerated in the 1930s

Stand origin

No known history
No known history
Pre-commercially thinned at 17
Pre-commercially thinned at
approximately 50

Salvage thinning removing 15%
of the basal area at age 56

Management history

1997
1999
1999
1999

1997

Treatment year

Site index at Snow White was calculated from overstory Douglas-fir (King 1966), site index at other stands was calculated from overstory western hemlock (Wiley 1978)

Flat

Rail

a

Topography

Stand

Table 1  Stand characteristics, origin, management history for each of the OHDS stands
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Fig. 2  An example arrangement of overstory treatments within a VDT. Yellow squares represent areas
where harvest gaps (0.04–0.05 ha) were created, green squares depict the location of unharvested skips
(0.1–0.3 ha), while white squares (each 10 m × 10 m) were thinned from below with 25% of the basal area
removed. Gray squares represent natural clearings. Red circles represent circular plots, while the dashed
black lines denote the boundary of the stem-mapped plot

13

New Forests

thinning treatment was implemented as a thinning from below with 25% of the basal area
removed from the lower crown classes. Gaps, or expanded existing openings, were approximately 0.04–0.05 ha in size and were created by cutting all stems of the dominant species.
This range of gap sizes was selected to reduce potential windthrow risk. Retention preference in the thinned and gap treatments was given to hardwoods and less common conifer
tree species, such as western redcedar, Pacific yew (Taxus brevifolia Nutt.), or Pacific silver
fir (Abies amabilis Dougl. Ex Forbes), with the goal of increasing tree species diversity at
the stand-level. Favoring hardwoods and less common conifer species resulted in a limited
number of gaps retaining 1–3 small trees. Gaps were non-randomly located to avoid being
in proximity to a skip (Fig. 2). The skips ranged in size from 0.1 to 0.3 ha and were nonrandomly located with the intention of preserving existing late successional structures such
as large-diameter snags or CWD. No harvesting or mechanized traffic occurred within the
skips. The purpose of the reserve was to examine whether the skips were functioning like
larger, unharvested areas in terms of their effects on seedling and sapling densities.

Field measurements
We recorded seedling (5–130 cm height) and sapling (> 130 cm height, 0–4.9 cm dbh)
densities at 3, 7, 10, and 16–17 years after VDT. Seedlings and saplings were recorded
within 2-m fixed-radius circular plots (hereafter referred to as circular plots) located within
the VDT and reserve at each stand. Stratified sampling included 24–30 circular plots in
the VDT and in 10–12 circular plots in the reserve (Fig. 2). The higher sampling intensity
within the VDT was needed to account for the increased spatial variability introduced by
the gap and skip treatments. Percent cover of all shrubs was recorded on concentric 5.64-m
radius fixed-area plots centered on the circular plots each measurement year. Total shrub
cover was estimated to the nearest 5% [or nearest 1% for circular plots where shrubs were
uncommon (0–5%) or dominant (95–100%)].
We also tracked tagged western hemlock large advance regeneration (sapling size
class: > 130 cm height, 0–4.9 cm dbh prior to project initiation) in a stem-mapped plot
(approximately 1.5 ha) established within the VDT (Fig. 2). The goal of this monitoring
was to have a more precise measure of advance regeneration survival and recruitment into
larger size classes than could be obtained from the count data collected in the circular plots.
All western hemlock large advance regeneration were tagged and measured immediately
prior to harvesting and remeasured for diameter growth and at ages 5, 10, and 14. Survival
was assessed on all tagged western hemlock large advance regeneration at age 14. Large
advance regeneration was not tagged in the reserve. Sitka spruce large advance regeneration was assessed but not analyzed due to low representation across treatments and stands.

Data analysis
Seedling and sapling densities
Preliminary analysis for seedling density indicated a strong species effect, prompting us to
analyze western hemlock and Sitka spruce separately following the same protocol. Circular
plots located within each stand (Rail, Snow White, Fresca, Clavicle, Bait) were included in
the analysis for western hemlock, but low seedling density across all overstory treatments
limited our analysis of Sitka spruce to data from Clavicle and Fresca.
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We used a repeated-measures, mixed-effects analysis of variance (ANOVA) to model
changes in seedling and sapling densities in the circular plots located within the VDT and
reserve at each stand across years. In the analyses of western hemlock seedling and sapling
densities, overstory treatment (gap, thin, skip, reserve), time (3, 7, 10, 16–17 years), and
shrub cover were considered fixed-effects. Stand was considered a random-effect for both
western hemlock analyses. The analysis of Sitka spruce seedling density modeled the same
factors but considered stand a fixed effect due to Sitka spruce only occurring at two stands
(Fox et al. 2015). Circular plots were considered random sub-samples in both species’
models. A spatial Gaussian structure was chosen to model serial correlation after comparing multiple models with Akaike’s Information Criterion (AIC). A log (x + 1) transformation was needed to satisfy the assumptions of normality and equal variance in all analyses.
Factors influencing seedling and sapling densities were identified through backwards
selection. For both analyses, the full model contained the main effects of overstory treatment, time, shrub cover, and stand. Additionally, we examined two-way interactions
between overstory treatment x time, overstory treatment x shrub cover, and a three-way
interaction between overstory treatment, time, and shrub cover. Initial model runs producing an interaction-term exceeding the recommended threshold for pooling (P > 0.25)
resulted in the elimination of the highest-order interaction with the highest P value (Bancroft 1964). We repeated this procedure iteratively until all interaction terms fell below the
pooling threshold. Significant effects of stand, overstory treatment, time, or overstory treatment x time were further investigated with a Tukey’s adjusted multiple comparison test. A
critical value of α = 0.05 was used to determine significance for main effects and interactions for all tests. All analyses were conducted in SAS (Version 9.4, Cary NC).

Advance regeneration dynamics
Survival of 1472 western hemlock large advance regeneration was modeled with logistic
regression. Insufficient large advance regeneration (n < 20) at Bait, Clavicle, and Fresca
limited our analysis to Rail and Snow White. Survival was assessed at 14 years post-treatment, and tested for stand, overstory treatment, and initial size effects. Factors influencing
large advance regeneration survival were investigated through backwards selection following the protocol described for our analysis of seedling and sapling densities. The full model
contained the main effects of overstory treatment (gap, thin, skip), stand (Rail and Snow
White), initial diameter, and the interaction between overstory treatment and initial diameter. The full model was weighted to adjust for the higher density of western hemlock large
advance regeneration in the thinned overstory treatment.
Mean annual diameter growth between Years 1–5, 6–10, and 11–14 of all surviving
large advance regeneration was modeled with a repeated-measures, mixed-effects analysis
of variance. Backwards selection was used to identify factors influencing diameter growth.
The full model contained the fixed-effects of overstory treatment, stand, initial sapling size,
time (5, 10, 14 years), and the two-way interactions between overstory treatment × time and
overstory treatment × initial sapling size. A spatial Gaussian structure was chosen to model
serial correlation after comparing multiple models with Akaike’s Information Criterion
(AIC). Significant effects of stand, overstory treatment, time, and overstory treatment x
time were further investigated with a Tukey’s adjusted multiple comparison test. A critical
value of α = 0.05 was used to determine significance for main effects and interactions for
all tests. In addition to our growth analysis, we examined the development of large advance
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regeneration by diameter size class within overstory treatments at Rail and Snow White
using a Sankey diagram (https://bl.ocks.org/d3noob/5028304).

Results
Seedling and sapling densities
Overall seedling density averaged 159,900 seedlings per ha with western hemlock
(142,550 seedlings per ha) as the dominant seedling species in all stands (Table 1). Overstory treatment effects on western hemlock seedling density varied significantly over time
(P < 0.0001) (Table 2). After Year 3, in which no significant differences were detected,
trends emerged among overstory treatments (Fig. 3). The thinned treatment consistently
had the highest seedling density and significantly exceeded the other treatments in Year 10.
Although generally higher across measurement years, seedling density in the skip treatment
did not differ significantly from that in the reserve. Lastly, seedling density in the thinned
treatment only significantly exceeded the gap treatment in Year 10. Shrub cover was highest in the gap treatment (29% ± 3) and lowest in the skip treatment (11% ± 3) but was not
significantly correlated with western hemlock seedling density (P = 0.4582) (Table 2). No
other investigated interactions significantly influenced western hemlock seedling density.
Sitka spruce seedling density across Clavicle and Fresca averaged 44,500 seedlings per
ha. Seedling density did not significantly vary between Clavicle (49,750 ± 14,200) and
Fresca (41,500 ± 14,600) (P = 0.6469) (Table 2). Like western hemlock, overstory treatment effects varied significantly over time (P = 0.0003) (Table 2). After Year 3, Sitka
spruce seedling density was generally higher in the gap and thinned treatments compared
to the skips or reserve (Fig. 3). In Year 7, Sitka spruce seedling density in the gap treatment
significantly exceeded that in the other treatments. Finally, seedling density in the skip
treatment did not differ significantly from the reserve in any measurement year. Neither the
main effects of shrub density (P = 0.1250) (Table 2) nor any other investigated interactions
significantly influenced Sitka spruce seedling density.
Overall, western hemlock sapling density averaged 17,550 saplings per ha. The effect of
overstory treatment on western hemlock sapling density also varied significantly with time
(P = 0.0002) (Table 2). Western hemlock sapling density was significantly higher in the gap
treatment than in the other overstory treatments in Years 7 and 10 (Fig. 3). However, the
gap and thinned treatments did not differ in sapling density in Year 17. No significant differences in sapling density were detected in any measurement year between the skip treatment and the reserve. Neither the main effects of shrub cover (P = 0.6308) (Table 2) nor
any other investigated interactions significantly affected western hemlock sapling density.
Sitka spruce saplings were only present at Clavicle; where they averaged 1750 saplings per
ha and were present on only 20% of the circular plots.

Advance regeneration
After 14 years, survival of western hemlock large advance regeneration averaged 90%.
Initial sapling size had a significant positive association with survival (P = 0.0002), but
this relationship was extremely weak (R2 < 0.01) (Table 3). Survival of western hemlock
advance large regeneration was high in both stands but survival at Rail (95% ± 2) significantly exceeded that at Snow White (88% ± 1) (P < 0.0001) (Table 3). Among overstory
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Degrees of
freedom
1
3
3
9
1
3
3
9
1
3
3
1
9

Effect

Shrub cover

Year
Overstory treatment
Year x overstory treatment
Shrub cover
Year
Overstory treatment
Year x overstory treatment
Shrub cover
Year
Overstory treatment
Stand
Year x overstory treatment

375.0
12.2
420.0
562.0
375.0
12.2
420.0
118.0
144.0
3.0
2.9
160.0

562.0

Denominator degrees
of freedom

− 0.003

− 0.0004

− 0.0287

Regression coefficient

0.0019

0.0008

0.1165

Standard error

55.4
1.6
6.7
0.2
28.5
1
3.6
2.4
24.3
13.6
0.3
3.7

0.5

F ratio

< 0.0001
0.2498
< 0.0001
0.6308
< 0.0001
0.4116
0.0002
0.1250
< 0.0001
0.0307
0.6469
0.0003

0.4582

P value

Stand was considered a random-effect in the models examining western hemlock seedling and sapling density. Stand was considered a fixed effect in the model examining
Sitka spruce seedling density due to a lack of replicate stands

a

All interaction terms in the original model with P > 0.25 were pooled with the error term and the models rerun. Main effects and interactions were considered significant at
α = 0.05

SS seedlings

WH saplings

WH seedlings

Response variable

Table 2  Results of a repeated measures, mixed-effects analysis of variance (ANOVA) for the effects of percent shrub cover, time since treatment (3, 7, 10, 16–17), overstory
treatment (gap, thin, skip, reserve), standa (Fresca and Clavicle), and the interactions of time × overstory treatment, overstory treatment × time, and time x overstory treatment × shrub cover, on western hemlock (WH) seedling and sapling densities, and Sitka spruce (SS) seedling density over 17 years in western Washington
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treatments, survival of western hemlock large advance regeneration was generally high and
did not statistically differ (P = 0.0812) (Table 3). In addition, the effect of overstory treatment on western hemlock large advance regeneration survival was not significantly influenced by initial size (P = 0.1995) (Table 3).
Annual diameter growth of western hemlock large advance regeneration averaged
0.23 cm year−1. Growth was significantly affected by stand (P < 0.0001), initial diameter (P < 0.0001), time (P < 0.0001) overstory treatment (P < 0.0001), and the interaction between overstory treatment and time (P < 0.0001) (Table 3). The annual growth
rate at Rail (0.31 cm year−1 ± < 0.01) significantly exceeded growth at Snow White
(0.19 cm year−1 ± < 0.01). Like survival, diameter growth was positively associated with
initial size of the advance regeneration, but this relationship was also extremely weak
(R2 = 0.01). The gap treatment supported higher diameter growth over the first decade but
did not significantly exceed growth in the thinned treatment after Year 10 (Fig. 4). Diameter growth of western hemlock large advance regeneration declined in all treatments
between Years 11 and 14.
Variable-density thinning had a similar effect on size class development of western hemlock large advance regeneration at Snow White and Rail. At both stands, the gap treatment
promoted the highest annual progression of western hemlock large advance regeneration
into the largest size class (> 8.1 cm) (0.9% at Snow White and 2.4% at Rail), while the skip
treatment supported the lowest (0.1% at Snow White and 0.2% at Rail) (Fig. 5). Although
Snow White initially supported a higher density of western hemlock large advance regeneration in the 2.6–5.0 size class at Year 0, Rail supported a higher total percentage in the
largest size class by Year 14. The percentage of western hemlock large advance regeneration growing into the next diameter class was similar at both stands between Years 0–5, but
a greater percentage advanced at Rail during the two subsequent measurement periods.

Discussion
Seedling density
Promoting patchy recruitment of shade tolerant conifers into the midstory in secondgrowth stands is an important step in restoring late successional habitat (Spies and Franklin
1991; Bauhus et al. 2009). Stands with existing advance regeneration will likely require
less time to achieve structural restoration objectives if treated with VDT than stands where
saplings must be developed from a new cohort (Comfort et al. 2010). However, as evident
by a sub-set of stands included in this study, advance regeneration may not be available for
recruitment in all stands.
Achieving patchy seedling establishment is not a late successional habitat restoration
objective (Spies and Franklin 1991; Bauhus et al. 2009). Nevertheless, patterns in seedling
establishment may indicate if VDT is having its desired effect on stand dynamics. Our variant of VDT created variation in seedling density among overstory treatments for western
hemlock and Sitka spruce within the first decade following treatment. However, western
hemlock and Sitka spruce differed in their response to VDT over time. Consistent with
previous studies of natural regeneration, Sitka spruce seedling density was highest within
the gap treatment in Year 7, while western hemlock seedling density was generally highest after Year 3 in the thinned treatment (Gray and Spies 1996; LePage et al. 2000; Quine
2001; Kuehne and Puettmann 2008; Nabel et al. 2013). Differences in seedling density
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Fig. 3  Average seedling and sapling density per hectare for western hemlock and seedling density per hec- ▸
tare for Sitka spruce within each overstory treatment (gap, thin, skip, reserve) at each measurement year (3,
7, 10, 16–17). At each year, overstory treatments with differing letters were found to be significantly different (Tukey’s HSD post hoc comparisons, α = 0.05). Error bars represent 1 SE

among overstory treatments also developed more rapidly with Sitka spruce than western
hemlock. Although seed rain was not measured directly, it is unlikely that differences in
seed availability strongly influenced our results, as both species were well distributed
within stands, and the distance from edge trees to gap center was well within the seed dispersal capabilities of both species (LePage et al. 2000; Beach and Halpern 2001). Western
hemlock and Sitka spruce also preferentially establish on coarse woody debris and mineral soil compared to other substrates (Harmon and Franklin 1989; Gray and Spies 1996;
LePage et al. 2000), suggesting potential differences in substrate availability among overstory treatments would not strongly affect either species. One plausible explanation for
our results lies in the varying tolerance of western hemlock and Sitka spruce seedlings to
resource availability within the overstory treatments. Due to its sensitivity to drought, shallow root system, and ability to germinate in shade, western hemlock seedling establishment
has been shown to benefit from partial shade (Minore 1979; Gray and Spies 1996; Bennett
et al. 2002; Gavin and Hu 2006). Given the greater shade tolerance of western hemlock
(Minore 1979; Packee 1990; Bianchi et al. 2018), its seedlings are also more likely to persist in deep and partial shade than Sitka spruce (Mason et al. 2004). Thus, even though
both species maintained large seedling banks in the gap and thinned treatments, the differing patterns in average seedling density are consistent with the silvics of each species (Harris 1990; Packee 1990). We acknowledge, however, that our analyses of seedling density
were based on count data, which did not differentiate between changes in density caused by
mortality or advancement to the sapling size class.

Sapling density and development of advance regeneration
Establishing seedlings of shade tolerant species has not been historically challenging in
temperate ecosystems (Neuendorff et al. 2007; Kuehne and Puettmann 2008; Kern et al.
2017). More problematic has been creating conditions that allow for development beyond
the seedling stage and out of range of many of the factors that threaten seedling survival
on the forest floor (Webster et al. 2018). The lack of recorded saplings across all stands,
treatments, and years indicates that none of the overstory treatments promoted Sitka spruce
sapling development. It is likely that the thinning intensity used in this study was too low
to stimulate Sitka spruce development, as previous studies have found that Sitka spruce
regeneration increases with harvesting intensity (Deal and Tappeiner 2002). Moreover,
this result corresponds with previous research suggesting that Sitka spruce requires gaps
larger than 400 m2 to persist (Taylor 1990; Quine 2001), but contrasts with the findings
of Page and Cameron (2006) who reported Sitka spruce persisting within gaps approximately 400 m2 in size. Although resource availability was not measured within the gaps,
intense asymmetric competition for resources from edge trees may have constrained Sitka
spruce sapling density (Gray et al. 2002; Walters et al. 2006), as the average height of
residual trees in our stands (43–49 m at Fresca and Clavicle) far exceeded those reported
by Page and Cameron (2006). The effect of larger edge trees on light availability in the
gaps may also have been magnified by the low sun angle at the northerly latitude (approximately 47 °N) of our stands (Canham et al. 1990). Consequently, larger harvest gaps may
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Table 3  Results of a logistic regression on survival and a repeated measures, mixed-effects analysis of variance (ANOVA) on growth for western hemlock large advance regeneration (sapling size class: > 130 cm
height, 0–4.9 cm dbh prior to project initiation) over 14 years in two stands in western Washington
Response variable
Survival

Effect

Degrees
of freedom

Regression Standard error Chi Square Prob > ChiSquare
coefficient

Initial diameter

1

0.1584

0.1155

Overstory treat- 2
ment
Stand
1
Overstory treat- 2
ment × initial
diameter
Response
variable
Growth

11.91

0.0002

7.88

0.0812

25.35
1.38

< 0.0001
0.1995

Denominator
degrees of
freedom

Regression Standard
coefficient error

F-ratio P value

Initial diameter 1

1311

0.1897

1138.4 < 0.0001

Overstory
treatment
Year
Stand
Year*overstory
treatment

2

1311

55.4 < 0.0001

2
1
4

2630
1311
2630

1638.9 < 0.0001
223.5 < 0.0001
78.2 < 0.0001

Effect

Degrees
of freedom

0.0513

The final model for survival included the effects of initial diameter, stand (Rail and Snow White), overstory
treatment (gap, thin, skip) and the interaction between initial diameter and overstory treatment. The final
model for growth included the effects of initial diameter, overstory treatment, year, stand, and the interaction between year and overstory treatment. All interaction terms in the original model with P > 0.25 were
pooled with the error term and the models rerun. Main effects and interactions were considered significant
at α = 0.05

Fig. 4  The effect of overstory
treatments (gap, thin, skip) on
mean annual diameter growth
(cm) of western hemlock large
advance regeneration (sapling
size class: > 130 cm height,
0–4.9 cm dbh prior to project
initiation) over 14 years. At each
year, overstory treatments with
differing letters were found to be
significantly different (Tukey’s
HSD post hoc comparisons,
α = 0.05). Error bars represent
1 SE
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Fig. 5  Development of western hemlock large advance regeneration (sapling size class: > 130 cm height,
0–4.9 cm dbh prior to project initiation) within overstory treatments (gap, thin, skip) at Snow White and
Rail over 14 years. Each color represents a different diameter size class (or mortality). The numbers within
the bars represent the number of seedlings in each size class

be needed to recruit Sitka spruce saplings into the midstory in 60-to-90-year-old secondgrowth stands in the PNW.
In contrast to Sitka spruce, sapling density of western hemlock was consistently highest
in the gaps. Given its ability to respond to increases in light availability (Coates and Burton
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1999), it is not surprising that western hemlock sapling density was maximized within the
gap treatment. This finding supports previous reports documenting successful recruitment
of western hemlock within canopy gaps (Coates 2002; Nabel et al. 2013).
Limiting sapling recruitment in the skip treatment contributes to the overall development of patchy midstory structure within a VDT. Due to their relatively small size
(0.1–0.3 ha) and nested location within the thinned matrix, edge effects from bordering
overstory treatments could alter the function of VDT skips (Roberts and Harrington 2008;
Willis et al. 2018); however, to our knowledge no previous study has compared sapling
recruitment in VDT skip to an unharvested control to see if this occurs. Our results indicate
that VDT skips functioned similarly to unharvested controls, as western hemlock sapling
density in the skip treatment never exceeded that in the reserve. It should be recognized,
however, that sapling density was highly variable in the skip and reserve treatments, and
that sapling density of western hemlock in the skip treatment was never statistically lower
than that in the thinned treatment. Thus, factors beyond harvesting intensity and skip size
are contributing to sapling density, which may lead to differing responses to our variant of
VDT if it is applied in other locations.
Advance regeneration is often stimulated by overstory harvesting and can contribute
to midstory diversity (Shatford et al. 2009; Comfort et al. 2010). Compared to the other
overstory treatments, western hemlock large advance regeneration in the gaps survived at
a relatively high rate (86%) and grew at the fastest rate through the first decade. This finding is somewhat surprising considering that the odds of damage were likely highest in the
gap treatment, where harvesting traffic was most intense. Moreover, harvesting damage has
been shown to reduce survival and growth of advance regeneration of several shade tolerant conifer species (Newton and Cole 2006). The rapid initial growth response observed
within the gaps suggests that damage to western hemlock large advance regeneration was
minimal. Thus, our results are consistent with the suggestion of Puettmann et al. (2016)
that the positive benefits of entering a stand to increase resource availability outweigh the
potential risk of damage caused by stand entry.

Shrub competition
Competition from shrubs represents another potential challenge in developing midstory
structural diversity (Royo and Carson 2006). Previous studies in the PNW have reported
negative impacts of shrubs on growth of western hemlock seedlings in clear-cut stands
(Mitchell et al. 2004; Harrington 2006). Consistent with other studies from thinned stands
(Devine and Harrington 2008; Dodson et al. 2014), increasing shrub cover was not associated with declining seedling density of either species or sapling density of western hemlock
in our study. Moreover, our results generally support the notion that shade tolerant conifers
are relatively insensitive to understory competition (Beach and Halpern 2001). Thus, the
lack of shrub competition observed in this study may have resulted from the combination
of shrub suppression by the residual overstory and the shade tolerance of western hemlock and Sitka spruce (Minore 1979). Previous studies examining understory competition
in thinned stands or small canopy gaps have also reported limited interference by shrubs
(Gray and Spies 1997; Miller and Emmingham 2001; Kuehne and Puettmann 2008).
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Conclusions
The primary objective of the Olympic Habitat Development Study was to determine
whether VDT could accelerate the development of forest structure associated with late
successional stands in much younger stands. We observed that sapling density of western hemlock was high in all overstory treatments, suggesting that some recruitment of
western hemlock saplings into the midstory will occur regardless of silvicultural treatment. However, in terms of accelerating structural development, the gap treatment generally supported the highest western hemlock sapling density, large advance regeneration
growth, and recruitment into larger size classes (> 8.1 cm), demonstrating that our variant
of VDT at least partially succeeded in developing additional structural diversity in the midstory within the first decade after treatment. Our results also confirm that embedded skips
(0.1–0.3 ha) did not differ from unharvested controls in seedling density of either species
or sapling density for western hemlock; thus, the skips were effective in retaining some of
the characteristics associated with untreated stands and contributed to the spatial diversity
created by this version of VDT. In contrast to our results with western hemlock, our variant
of VDT failed to recruit Sitka spruce saplings. Although our results for Sitka spruce are
limited to the two stands in which it occurred, the overall dearth of saplings suggests that
larger harvest gaps or a more intensive thinning prescription may be needed to promote
midstory recruitment for species less tolerant of shade than western hemlock.
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