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/Abstract

After harvesting the merchantable conifers decades ago, many secondary forests in northern California regenerated
naturally and are now fully stocked with low value hardwoods intermingled with conifers. Partial harvesting to reduce hardwood
densities and release conifers is expected to enhance tree vigor and reduce risk of stand-replacing wildfire. Planting a new
cohort of merchantable conifers in the understory would enhance structural complexity and future value. A flexible new forest
restoration treatment called variable-density retention (VDR) was designed to achieve these objectives. Desirable trees can be
kept regardless of their location while the new cohort of conifers is planted among existing trees or in gaps created by removal
of patches of undesirable trees. At our study site in northern California, 20x20 m (0.04 ha) squares each received one of five
treatments (gap, low-/medium-/high-density retention, and no cut). This created a mosaic of different densities. Planted conifer
seedlings exhibited variable growth rates. Different stand variables were associated with growth of seedlings of the native
coast Douglas-fir (Pseudotsuga menziesii var.menziesii) versus coast redwood (Sequoia sempervirens) planted outside its natural
range. We found no correlation between point counts of overstory basal area and either leaf area index or understory light at
each seedling. The VDR system promoted heterogeneity in the spatial pattern of tree locations, restored conifer dominance, and
enhanced structural complexity by introducing a new cohort of trees growing at different rates. )

~
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Introduction

Fully stocked secondary forests dominated by low-value
hardwoods are common throughout northern California. Many of
these forests were left to regenerate naturally after the merchantable
conifers were removed decades ago [1]. Hardwoods such as tanoak
(Notholithocarpus densiflorus) were sometimes left standing,
or they re-sprouted quickly after broadcast burning or from cut
stumps, giving them a competitive advantage over coast Douglas-
fir (Pseudotsuga menziesii var.menziesii) seedlings [2,3].Therefore
many secondary forests throughout the region have a lower
proportion of commercial conifer stocking and more hardwood

than the typical primary forest where conifers dominated above
a hardwood subcanopy [4]. There is interest in restoring conifer
dominance for socioeconomic reasons [5], and because stands
dominated by large conifers mirror a pre-settlement condition
and are expected to be more resistant to wildfire; an important
disturbance agent in the western US [6,7]. There are several
approaches to restoration of conifer dominance. Thinning is an
intermediate treatment that can preferentially remove hardwoods
to release residual conifers. Clearcutting offers an alternate solution
by efficiently removing the hardwood-dominated stand which is
then replanted with conifers. Enhancing resilience by creating
heterogeneous and structurally complex conifer-dominated
multiaged stands is another popular management objective
among private and public land managers [8,9]. Managers seeking
to transform stands to multiaged management can implement
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selection methods, shelter wood with reserves, or variable retention
silvicultural systems [10].

Variable-density thinning (VDT) is an intermediate
treatment that enhances complexity within stands by varying the
spatial patterns of retention at small scales [11]. One approach is to
treat small patches differently, such that some patches are skipped
(no treatment) while others are thinned to different densities or
completely cut to create gaps throughout the stand. This creates
a mosaic of different densities and gaps throughout the stand,
enhancing variability in tree growth rates [12-14]. Thinning
response can be short-lived in areas of lighter thinning [15]. VDT
on the north coast of California shifted species composition in
favor of redwood (Sequoia sempervirens), however the enhanced
residual tree growth encouraged bears to damage redwood and
Douglas-fir [16-18]. Harrington et al. [ 12] reported an enhancement
in cover and diversity of understory plants after VDT. Kuehne and
Puettmann [19] noted that while understory vegetation cover was
more variable after VDT, it was lower overall than after clearcutting.
Ares et al. [20] reported greater cover of understory plants after
VDT than more uniform thinning treatments. Investigators have
also noted varying densities and patterns of natural tree seedling
regeneration and understory vegetation after VDT [21].

Variable retention (VR) is a silvicultural system with dual
objectives of regenerating a new cohort of trees and retaining
chosen residual trees in either aggregated or dispersed spatial
arrangements [22,23]. In contrast to VDT which creates small-
scale spatial variations in density, stands undergoing VR typically
have large areas with similar levels of retention (i.e, residual
stand density or stocking). Combinations of aggregated and
dispersed VR may be prescribed throughout the same stand. For
example, uncut aggregates retained to protect sensitive areas can
be surrounded by areas of dispersed retention created by partial
harvesting. Similarly, VR can be implemented to mimic a mixed-
severity fire regime by removing smaller trees in some areas and
creating open areas between patches of trees [24]. The pattern
and level of retention affects growth of planted seedlings [25-29].
Higher retention leaves less growing space available for the new
cohort [30,31].

We designed and tested a new silvicultural system, variable-
density retention (VDR), a variant of VR that incorporates
key elements of VDT. The objectives of management were to
enhance productivity by restoring conifer dominance in a mixed
hardwood-conifer stand dominated by tanoak, and enhance
structural complexity in the stand by establishing a new cohort of
commercial conifers. Given the spatial variations in hardwood and
conifer stocking characteristic of this Douglas-fir/tanoak forest
type, we sought to test partial harvesting to varying densities
in small contiguous patches. We deliberately liberated enough
growing space for a new cohort of conifers to become established
in harvested patches, with different levels of retention enhancing

variability and allowing for study of understory responses. This
paper introduces the study design and presents early results of
analyses of planted seedling growth throughout the study area.
We hypothesized that early growth of Douglas-fir and redwood
seedlings would be greater in areas of lower residual stand density
in the vicinity of each seedling, lower canopy cover or leaf area
index, higher understory light, concave microsite topography,
greater soil moisture, and less competition from understory
vegetation and re-sprouting hardwood stumps.

Materials and Methods

Study Area

The L.W. Schatz Demonstration Tree Farm (N 40° 46’
30.306”, W 123° 51° 58.036”) is 14 km southeast of Korbel,
California in Humboldt County, north coastal California. Elevation
is 160 meters above sea level and average annual rainfall is 1450
mm. Precipitation is uncommon during the hot and dry summer
and autumn months in this Mediterranean climate. The property is
located outside the Pacific coast’s fog belt and the natural range of
coast redwood. Soils derived from colluvium and residuum from
sandstone and mudstone make up the Moon creek-Tossup-Noisy
complex. These soils are well-drained gravelly clay loams, very
gravelly loam, or loams that form on mountain slopes, and have an
average depth of 2 m [32].

The study area faces north and was once dominated by
Douglas-fir. After the primary forest was removed around 1960,
a dense second-growth conifer-hardwood forest regenerated and
re-occupied the site. The conifers on site were mostly Douglas-
fir and some grand fir (4bies grandis), and the hardwoods were
mostly tanoak and California bay (Umbellularia californica), with
an occasional Pacific madrone (4rbutus menziesii). The understory
was dominated by western sword fern (Polystichum munitum),
redwood sorrel (Oxalis oregana), and evergreen huckleberry
(Vaccinium ovatum). Poison oak (Toxicodendron diversilobum)
vines encircled and climbed many trees. Other plants present
included salmonberry (Rubus spectabilis), salal (Gaultheria
shallon), western walnut (Corylu scornuta var.californica), blue
blossom (Ceanothus thyrsiflorus), red huckleberry (Vaccinium
parvifolium), gooseberry (Ribes uva-crispa), and California
blackberry (Rubus ursinus).

The 6,000 m? (0.6 ha) study area was divided into three
rectangular blocks oriented east-west: the upslope block, mid-
slope block, and lower-slope block. Each block was further
divided into five contiguous 20x20 m (0.04 ha) square “patches”.
Within each block, one of five treatments was assigned randomly
to each patch: gap, low-/medium-/high-density retention, and no
cut treatment. Gaps were created by cutting 100% of trees in a
patch. Conifers were favored over hardwoods for retention in
partial harvest treatment patches. Target stand density index (SDI)
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for the residual stand in each partially-harvested patch was 225,
450, and 675 metric SDI for the low-, medium-, and high-density
patches, respectively. These levels of retention are equivalent to
15, 30, and 45% of the upper limit for Douglas-fir SDI (metric SDI
1500); [33]. The no-cut “control” patches had inherent variations in
density (1000, 1050, and 1600 SDI) and composition (comprising
58, 67, and 90% conifer in terms of SDI). Therefore, a total of 15
square “patches” created a mosaic of gaps and patches of different
densities across the study site (Figure 1).

X X XXXX X X
X X X X gap no cut
X X XXXX X X
X X XX XX X X
X X no cut gap X X
X X XX XX X X
X X X X XXXX
X X X X no cut gap
X X X X XXXX

Figure 1: Schematic representation of variable-density retention study
area showing five treatments (gap, low-/medium-/high-density retention,
no cut) randomly assigned within each rectangular block, for a total of 15
treatment squares (20%20 m; 0.04 ha).

In autumn 2014, the trees marked for cutting in each patch
were felled, limbed, bucked, and removed for use as firewood.
Hardwood limbs and tops and some of the larger conifer logs (one
or two per block) were left on site as down wood (coarse woody
debris). One-year-old styro-15 containerized Douglas-fir and
redwood seedlings from a local nursery were hand planted in early
spring 2015 with individuals planted approximately 3 m apart. The
goal was to plant 35 seedlings in each of the 12 patches where
harvesting had occurred. Tree planters were allowed to deviate
from the prescribed spacing to choose the best available microsites
and avoid hardwood stumps where possible.

Field Data

Seedlings were mapped and measured for height at the time of
planting, and re-measured two and three years after planting. Basal
stem diameter (caliper) was measured three years after planting,
near ground level above any swelling. Instances of animal browse
damage to the leader were recorded at each measurement.

Three years after planting, at the end of the dry summer
season before any winter rains (October 2017), the relative water
content (RWC) of soil was measured adjacent to each seedling.
Two readings were taken within a 20 cm radius of each seedling
at a depth of approximately 20 cm, and then averaged. RWC was
measured using a Field Scout TDR 300 meter equipped with 20.23
cm probes. The meter was calibrated to measure RWC using the

Field Scout software and a silt loam sample from the study site as
the standard, where field capacity and permanent wilting points
were 35 and 18% volumetric water content, respectively.

Microsite topography in a 1 m radius from each seedling
was categorized on a scale of 0-4 as follows: slope concavity was
assessed across the slope (along the contour) and again downslope,
with each direction scoring zero for convex, one for flat slope, and
two for concave slope. The two concavity scores were summed
for each seedling. For example, terrain that was convex in both
directions scored a zero, while a score of four was assigned to
areas that were concave across and down the slope.

Vicinity basal area (BA) was estimated by tallying all trees
>10 cm dbh within the critical radius of a 9.18 m?ha'! basal area
factor variable radius plot centered on the seedling being measured
for size and growth. Re-sprouting hardwood competition was
assessed by counting the number of re-sprouting stumps within 2.5
m radius of each planted seedling. Within 1 m? quadrats centered
on each seedling we assessed percent cover of all understory
vegetation (including ferns) and also assessed percent fern cover
separately. Ferns were common and have a different growth habit
(small root system, erect foliage) that we hypothesized may
compete differently with planted seedlings than other types of
understory vegetation.

Hemispherical images were taken immediately above each
seedling on cloudy days. Images were processed using Gap Light
Analyzer 2.0 software [34], assuming cloudiness index of 0.75,
and growing season dates April 1% to September 30", and using
a topo mask developed using clinometer data giving inclination
to the horizon at intervals of 10 degrees azimuth. Hemispherical
image analysis gave an estimate of canopy openness (%), light
transmitted to the understory (percent above canopy light; PACL,
%), and 4-ring leaf area index (LAI) above each planted seedling.

Analysis

Seedlings with inexplicably poor needle retention and growth,
or seedlings that had sustained major damage were excluded from
analyses of growth. We transformed data to reduce skewness in
data distributions. We used PROC REG in SAS software [35] to
obtain coefficients and fit statistics for bivariate regressions among
stand and site variables (density, canopy, light, vegetation, soil
moisture) and multiple linear regressions of seedling growth. We
used PROC GLM to test for influence of categorical variables:
seedling species (Douglas-fir/redwood), presence/absence of ferns
(yes/no) and re-sprouting hardwoods (yes/no). AIC was used for
model selection [36].

Results
Stand Density, Canopy Cover and The Understory

The VDR harvest created heterogeneous canopy and
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understory light conditions. Canopy openness ranged from 20-43% and averaged 30% above planted seedlings (Table 1). Most of these
seedlings were planted in areas of lower density outside the uncut patches. Therefore, our hemispherical image data do not represent
areas where the canopy remained closed. Similarly, the summary data for BA, LAI, and understory light represent conditions experienced
by planted seedlings, not conditions in uncut patches or across the entire site. Ferns made up over half of the understory vegetation
cover surrounding each seedling. Basal area in the vicinity of each planted seedling varied widely (Table 1). At each seedling, there was
almost no correlation between overstory BA and understory light (R>=0.00), canopy cover (R*>=0.00), or LAI (R*=0.01). Soil moisture
was lowest in areas of high LAI with numerous re-sprouting hardwoods in the vicinity (R>=0.11). In bivariate regressions predicting
soil moisture, overstory BA or LAI were better predictors (R*=0.08) than number of re-sprouting hardwoods in the vicinity (R*=0.03).
Understory light was not a useful predictor of soil moisture adjacent to each planted seedling (R?=0.00).

Variable Mean s.d. Min. Max.
Basal area (m*ha™) 22.03 16.47 0 110.16
Canopy openness (%) 30.02 4.1 20.56 43.07
Leaf area index (LAI; 4-ring) 1.28 0.24 0.75 1.9
Percent above canopy light (PACL; %) 40.61 6.73 19.84 54.24
Relative water content of soil (%) 61.01 15.06 16 95
Number of hardwood stumps within 2.5 m 1.49 1.42 0 7
Understory vegetation cover (%) 30.29 27.82 0 100
Fern cover (%) 16.86 23.61 0 100

Table 1: Summary data for stand density, canopy cover, understory light, soil moisture, and vegetation in vicinity of each conifer seedling planted at
variable-density retention site (n=243).

Performance of Planted Seedlings

Three years after planting, the Douglas-fir and redwood seedlings exhibited a wide range of sizes and growth (Table 2). The tallest
seedling of each species had already surpassed breast height (1.37 m) in three years, double the average height for seedlings of each
species. On average, Douglas-fir seedlings were not significantly larger in caliper (p=0.20) but were significantly taller than redwood
(p<0.0001) after three years on site. Conversely, third-year height increment was significantly greater for redwood (p<0.0001). This
indicated that redwood seedlings took longer to become established, but then quickly began catching up to the Douglas-fir seedlings.
Approximately 12% of Douglas-fir and 13% of redwood seedlings exhibited signs of leader damage from browsing.

Variable Species n Mean s.d. Min. Max.
Seedling caliper (mm) Douglas-fir 96 7.36 2.62 3.98 23.26
Redwood 116 7.14 3.1 2.65 19.05
Seedling height (cm) Douglas-fir 90 73.29 21.85 28 150
Redwood 107 61.41 24.92 23 159
Seedling height increment (cm yr') Douglas-fir 93 13.88 10.5 0 50
Redwood 113 232 15.83 0 88

Table 2: Summary data for seedlings planted at the variable-density retention site: stem basal diameter (caliper) and height after three growing seasons,
and height increment over third growing season.

The largest diameter seedlings had basal stem diameter (caliper) of approximately three times the average size (Table 2). Caliper
of planted Douglas-fir seedlings was impacted more by overstory BA than the number of re-sprouting hardwoods or soil moisture.
Redwood seedling caliper was lower in areas of higher LAI, and to a lesser extent lower in the presence of more re-sprouting hardwoods
(Table 3).

After three growing seasons on site, Douglas-fir seedlings (showing no evidence of browsing) were taller in areas with lower
overstory BA. In addition to the impact of overstory BA, re-sprouting hardwoods were having a modest impact on Douglas-fir height
development. Canopy or understory light variables obtained from hemispherical photography did not correlate with Douglas-fir seedling
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heights. Redwood seedlings were taller in areas with more canopy openness and fewer re-sprouting hardwood stumps (Figure 2). Leaf
area index was also a useful predictor of redwood seedling height, alone or in combination with number of re-sprouting hardwoods.
Overstory BA was impacting redwood seedling height development, but was not as influential as LAI, canopy openness, or the number
of re-sprouting hardwood stumps in the vicinity of redwood seedlings (Table 3).

Model R? R?, i AIC AAIC
Douglas-fir (n=96)
LnCal=2.1367-0.06728Ln(BA+1) 0.037 0.027 -227.33 -
LnCal=2.2879-0.07368Ln(BA+1)-0.00200RWC 0.048 0.028 -226.39 0.93
LnCal=2.1675-0.06472Ln(BA+1)-0.05042Ln(HW+1) 0.044 0.023 -225.97 1.35
LnCal=1.9960-0.06897Ln(HW+1) 0.013 0.002 -224.91 241
LnCal=2.0348-0.00132RWC 0.005 -0.006 -224.13 3.19
Redwood (n=116)
LnCal=2.7220-0.9259Ln(LAI+1)-0.1031Ln(HW+1) 0.082 0.065 -218.76 -
LnCal=2.5345-0.7998Ln(LAI+1) 0.065 0.057 -218.7 0.06
LnCal=1.9715-0.1151Ln(HW+1) 0.023 0.015 -213.61 5.15
Douglas-fir (n=90)

H%=10.2917-0.5427Ln(BA+1)-0.3009Ln(HW+1) 0.183 0.165 21.78 -
H**=10.0263-0.5408Ln(BA+1) 0.163 0.154 21.99 0.21
H"°=8.8321-0.4437Ln(HW+1) 0.04 0.029 34.35 12.36

Redwood (n=107)
H"5=5.6028+0.08506CnpyOpen-0.6307Ln(HW+1) 0.107 0.09 82.26 -

H"5=10.8708-3.4105Ln(LAT+1)-0.5487Ln(HW+1) 0.103 0.086 82.71 0.45
H"5=10.9328-3.9589Ln(LAI+1) 0.066 0.057 85.05 2.78

H%=8.9365-0.2764Ln(BA+1)-0.6615Ln(HW+1) 0.098 0.081 86.09 3.83
H*=4.9701+0.09113CnpyOpen 0.057 0.048 86.11 3.85
H*=8.1824-0.6769Ln(HW+1) 0.057 0.048 89 6.74
H=8.4395-0.2691Ln(BA+1) 0.043 0.035 90.57 8.3

Douglas-fir (n=93 )
(AH+1)"5=5.1539-0.3487(BA+1)"* 0.142 0.133 51.23 -
(AH+1)%=5.2244-0.3270(BA+1)*3-0.2105Ln(HW+1) 0.149 0.13 52.51 1.28
(AH+1)"=3.9406-0.4580Ln(HW+1) 0.034 0.024 62.25 11.01
Redwood (n=113)
(AH+1)"5=6.0184-0.2104(BA+1)"5-0.5656 Ln(HW+1) 0.096 0.08 105.97 -
(AH+1)%%=5.5846-0.2090(BA+1)"* 0.063 0.055 108.08 2.11
(AH+1)"=5.1191-0.628 1 Ln(HW+1) 0.042 0.033 110.62 4.65

Table 3: Candidate models for planted seedling caliper (Cal; mm) and height (H; cm) after three years, and height increment (AH; cm yr') over third
growing season, at variable-density retention site as a function of vicinity basal area (BA; m? ha™'), leaf area index (LAI), canopy openness (%), soil
moisture (relative water content; RWC), and number of re-sprouting hardwood stumps (HW) within 2.5 m radius of seedlings. Best model shown in
bold.
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Figure 2: Data and models for third-year stem basal diameter (caliper), height, and height increment of planted Douglas-fir (A, C, E) and redwood (B,
D, F) seedlings in variable-density retention study area, as function of best predictor variables: basal area (BA), leaf area index (LAI), canopy openness
(%), and number of re-sprouting hardwood stumps (HW) within 2.5 m of planted seedlings.
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Analysis of recent height growth (i.e., height increment
over the third growing season) indicated that overstory BA in
the vicinity was having the greatest negative impact on seedling
height growth. Re-sprouting hardwoods were impacting the height
growth of redwood seedlings more than Douglas-fir seedlings
(Table 3; Figure 2). We did not detect any effects of understory
vegetation cover or understory light on seedling performance.

Discussion

By combining the regeneration and retention objectives of
VR with enhancements in spatial heterogeneity associated with
VDT, the new VDR system is well suited to meeting multiple
objectives in a variety of stand structures on all types and sizes of
ownership. The system allows landowners to reserve a multitude of
forest patches or corridors, while benefiting from the flexibility to
cut heavily in other patches followed by planting of desired species
to replace species that are less desirable or over-represented. With
different levels and patterns of retention, many trees can be felled
towards openings. Therefore, the VDR system should have low
residual stand damage and allow for more efficient harvesting
operations concentrated in gaps and areas where lower densities
are retained.

At our study site, conifer dominance was achieved in the
low-, medium-, and high-density retention patches by preferential
removal of hardwoods. The partial harvest liberated growing space
and allowed for seedling growth and development of understory
vegetation, consistent with early results from VDT studies in the
Pacific Northwest [12]. An average of 10 hardwood stumps (range
6-16) re-sprouted vigorously in each 20x20 m square treatment
patch. We expected that proximity to hardwood stumps with
established root systems would correlate with reduced growth of
planted conifer seedlings, as was the case with a similar species
mixture further north [37,38]. However, the analysis revealed that
overstory tree variables, in particular vicinity BA, had a greater
influence on young conifer seedling growth than understory
variables. Our models showed improved seedling performance
below 20 m? ha' BA which is consistent with Lam and Maguire
[28] who reported adequate performance of planted Douglas-fir
over a longer period (13 years) when retention did not exceed 18
m? ha' BA.

The absence of correlation with understory light suggested
that belowground competition as opposed to above-ground
competition was limiting seedling growth at this study site.
Additionally, the absence of correlation between understory light
and stand density in the vicinity (variable radius plot) indicated
that patchiness in forest structure at the scale of 20x20 m (400 m?
patches) had led to spatial decoupling of above- and belowground
competition (i.e., competition for light and water). This could

lead to unexpected differences in performance among understory
trees and plants and unusual spatial patterns of species dominance
depending on whether above- and/or belowground resources were
limiting or plentiful. To improve our understanding of the effects
of VDR on the new cohort, we recommend trenching to isolate
effects of above- and belowground competition [39,40].

Redwood seedlings kept pace with Douglas-fir seedlings
planted at this hot dry location beyond the current eastern inland
extent of coast redwood. Any silvicultural system that supports
the expansion of redwood’s range further inland has value to
landowners and the regional economy. Redwood lumber typically
commands higher prices than Douglas-fir lumber, and has different
markets and uses. Redwood is also known to be relatively free
from forest health problems and its heartwood resists decay [41].
Therefore, planting this mixture of merchantable species represents
a potential value enhancement, product diversification, and risk
mitigation strategy for landowners.

The risk of bear damage to fast-growing conifers throughout
the region is another problem that may be mitigated by VDR.
Bears feed on the inner bark of Douglas-fir and redwood [42,43].
After VDR harvesting, some of the planted seedlings may continue
to grow slowly and be less attractive to bears [18,44], and the
patchy spatial distribution may be a disincentive to bears that
tend to damage more accessible trees [45]. Bear damage impacts
the economics of timber production, but some bear damage may
benefit restoration by creating large basal cavities which have been
noted as reference conditions characteristic of old-growth forests
in the region [46].

Variable-density retention shows promise as a flexible
tool for restoration of hardwood-dominated stands. In our study,
we cut hardwoods and they re-sprouted. Competition from re-
sprouting hardwoods may increase over time as the fast-growing
sprout clumps outsize planted seedlings. In future, we recommend
experimentation with manual and herbicide control of re-sprouting
hardwood stumps with the objective of enhancing planted seedling
development [47]. An economical option for hardwood control is
herbicide stem injection where the cull trees are left standing to
break down gradually while planted seedlings replace them and
residual conifer trees benefit from the reduction in competition
[48] and expand their crowns into openings [49].

The rapid height growth of redwood seedlings in year three
may reflect an inherent difference between Douglas-fir and redwood
establishment patterns, or it could be related to the wetter years
(2016, 2017) that came after a multiyear drought (through 2015).
Establishing additional replicates in different years at the same site
is planned, allowing for future studies of climate-growth relations
and examination of the changes in resilience through density
reductions [50] and enhanced heterogeneity and complexity [8].
We must also replicate the study at different locations, preferably
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in stands of different ages and stands located on different aspects
and soil types where soil moisture may be more or less limiting
[27]. Early results indicated that VDR had already met our goal of
restoring conifer dominance by preferential retention of conifers
over hardwoods while also regenerating a new cohort of conifers.
The VDR system instantly enhanced structural complexity and
spatial heterogeneity of tree locations by creating canopy gaps and
patches of different densities where seedlings were planted. Three
years after harvest, understory vegetation cover was variable,
consistent with other studies [19], and did not have a detectable
effect on planted seedling performance. Re-sprouting hardwoods
impacted growth of redwood seedlings more than Douglas-fir
seedlings. We expect differences in seedling growth and residual
tree growth rates to persist over time [13,15,27] leading to further
enhancement of variation in tree and crown sizes throughout the
restored stand. Therefore, VDR appears to be an effective option
for any owner or manager interested in concomitantly enhancing
forest productivity and structural complexity.

Acknowledgements

Gordon Schatz selected the study site and has provided
valuable advice and guidance. Humboldt State University students
contributing to this project included classes FOR 432 fall 2014
that surveyed blocks and marked timber for harvest, and FOR 431
spring 2015 that cleared logging debris and planted seedlings.
Students felled and bucked trees and gathered firewood, including
Bronson Dillard, Walter Kast, Jeff Paulson, and Jeffrey Ortiz.
Students performing field measurements included Bronson Dillard
and family, and Karl Peterson. Dr. Alison O’Dowd made numerous
helpful suggestions during review of an earlier draft. Funding
was provided by the Humboldt State University L.W. Schatz
Demonstration Tree Farm and the Mclntire-Stennis Cooperative
Forestry Research Program.

References

1.  Tappeiner JC, Maguire DA, Harrington TB (2007) Silviculture and Ecol-
ogy of Western U.S. Forests. Oregon State University Press: Corvallis,
OR, USA. Pg No: 440.

2. Harrington TB, Tappeiner JC, Hughes TF (1991) Predicting average
growth and size distributions of Douglas-fir saplings competing with
sprout clumps of tanoak or Pacific madrone. New For 5: 109-130.

3. Harrington TB, Tappeiner JC (2009) Long-term effects of tanoak com-
petition on Douglas-fir stand development. Can. J For Res 39: 765-776.

4. Berrill JP, Beal CB, La Fever DH, Dagley CM (2013) Modeling young
stand development towards the old-growth reference condition in ev-
ergreen mixed-conifer stands at Headwaters Forest Reserve, Califor-
nia. Forests 4: 455-470.

5. Berrill JP, Han HS (2017) Carbon, harvest yields, and residues from
restoration in a mixed forest on California’s Coast Range. For Sci 63:
128-135.

6. Agee JK (1996) Fire Ecology of Pacific Northwest Forests; Island

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Press: Washington, DC, USA. Pg No: 505.

Sugihara NG (2006) Fire in California’s ecosystems. University of Cali-
fornia Press, Berkeley, CA. Pg No: 596.

O’Hara KL, Ramage BS (2013) Silviculture in an uncertain world: uti-
lizing multi-aged management systems to integrate disturbance. For-
estry 86: 401-410.

O’Hara KL (2016) What is close-to-nature silviculture in a changing
world? Forestry 89: 1-6.

O’Hara KL (2014) Multiaged silviculture: managing for complex forest
stand structures. Oxford University Press, New York, NY. Pg No: 213.

Carey AB (200) Bio complexity and restoration of biodiversity in tem-
perate coniferous forest: inducing spatial heterogeneity with variable-
density thinning. For. 76: 127-136.

Harrington CA, Roberts SD, Brodie LC (2005) Tree and understory
responses to variable density thinning in western Washington In: Pe-
terson SD, Roberts CA, Harrington CE, Maguire DA (Eds.), Balancing
Ecosystem Values: Innovative Experiments for Sustainable Forestry.
General Technical Report No. PNW-635. USDA Forest Service, Port-
land, OR, Pg No: 97-106.

Roberts SD, Harrington CA (2008) Individual tree growth response to
variable-density thinning in coastal Pacific Northwest forests. For Ecol
Manage 255: 2771-2781.

Dodson EK, Ares A, Puettmann KJ (2012) Early responses to thinning
treatments designed to accelerate late successional forest structure
in young coniferous stands of western Oregon, USA. Can. J For Res
42: 345-355.

Davis LR, Puettmann KJ, Tucker GF (2007) Overstory response to
alternative thinning treatments in young Douglas-fir forests of western
Oregon. Northwest Sci 81: 1-14.

O’Hara KL, Nesmith JCB, Leonard L, Porter DJ (2010) Restoration of
old forest features in coast redwood forests using early-stage variable-
density thinning. Rest Ecol 18: 125-135.

Berrill JP, Perry DW, Breshears LW, Gradillas GE (2017) Tree size,
growth, and anatomical factors associated with bear damage in young
coast redwood. Pg No: 326-328.

Dagley CM, Berrill JP, Leonard LP, Kim YG (2018) Restoration thinning
enhances growth and diversity in mixed redwood/Douglas-fir stands in
northern California, USA. Rest. Ecol. (in press).

Kuehne C, Puettmann KJ (2008) Natural regeneration in thinned
Douglas-fir stands in western Oregon. J. Sustain. For 27: 246-274.

Ares A, Neill AR, Puettmann KJ (2010) Understory abundance, spe-
cies diversity and functional attribute response to thinning coniferous
stands. For Ecol Manage 260: 1104-1113.

Puettmann KJ, Ares A, Burton JI, Dodson EK (2016) Forest restora-
tion using variable density thinning: lessons from Douglas-fir stands in
Western Oregon. Forests 7: 310.

Franklin JF, Berg DR, Thornburgh DA, Tappeiner JC (1997) Alternative
silvicultural approaches to timber harvesting: Variable retention har-
vest systems. In Creating a Forestry for the 21st Century: The Science
of Ecosystem Management, 1st; Kohn KA, Franklin JF (ed.). Island
Press: Washington, DC, USA. Pg No: 111-139.

Volume 2018; Issue 01


https://books.google.co.in/books/about/Silviculture_and_Ecology_of_Western_U_S.html?id=A39FAQAAIAAJ&redir_esc=y
https://books.google.co.in/books/about/Silviculture_and_Ecology_of_Western_U_S.html?id=A39FAQAAIAAJ&redir_esc=y
https://books.google.co.in/books/about/Silviculture_and_Ecology_of_Western_U_S.html?id=A39FAQAAIAAJ&redir_esc=y
https://link.springer.com/article/10.1007/BF00029302
https://link.springer.com/article/10.1007/BF00029302
https://link.springer.com/article/10.1007/BF00029302
http://www.nrcresearchpress.com/doi/abs/10.1139/X09-004#.WnKrc66WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/X09-004#.WnKrc66WbIU
http://www.mdpi.com/1999-4907/4/2/455
http://www.mdpi.com/1999-4907/4/2/455
http://www.mdpi.com/1999-4907/4/2/455
http://www.mdpi.com/1999-4907/4/2/455
http://www.ingentaconnect.com/contentone/saf/fs/2017/00000063/00000001/art00014
http://www.ingentaconnect.com/contentone/saf/fs/2017/00000063/00000001/art00014
http://www.ingentaconnect.com/contentone/saf/fs/2017/00000063/00000001/art00014
https://islandpress.org/book/fire-ecology-of-pacific-northwest-forests
https://islandpress.org/book/fire-ecology-of-pacific-northwest-forests
https://books.google.co.in/books/about/Fire_in_California_s_Ecosystems.html?id=Fw2twMZE_-oC&redir_esc=y
https://books.google.co.in/books/about/Fire_in_California_s_Ecosystems.html?id=Fw2twMZE_-oC&redir_esc=y
https://academic.oup.com/forestry/article/86/4/401/522213
https://academic.oup.com/forestry/article/86/4/401/522213
https://academic.oup.com/forestry/article/86/4/401/522213
https://academic.oup.com/forestry/article/89/1/1/2465756
https://academic.oup.com/forestry/article/89/1/1/2465756
http://www.journals.uchicago.edu/doi/abs/10.1086/683754?journalCode=qrb
http://www.journals.uchicago.edu/doi/abs/10.1086/683754?journalCode=qrb
https://www.researchgate.net/publication/228968932_Biocomplexity_and_restoration_of_biodiversity_in_temperate_coniferous_forest_Inducing_spatial_heterogeneity_with_variable-density_thinning
https://www.researchgate.net/publication/228968932_Biocomplexity_and_restoration_of_biodiversity_in_temperate_coniferous_forest_Inducing_spatial_heterogeneity_with_variable-density_thinning
https://www.researchgate.net/publication/228968932_Biocomplexity_and_restoration_of_biodiversity_in_temperate_coniferous_forest_Inducing_spatial_heterogeneity_with_variable-density_thinning
https://www.fs.usda.gov/treesearch/pubs/25201
https://www.fs.usda.gov/treesearch/pubs/25201
https://www.fs.usda.gov/treesearch/pubs/25201
https://www.fs.usda.gov/treesearch/pubs/25201
https://www.fs.usda.gov/treesearch/pubs/25201
https://www.fs.usda.gov/treesearch/pubs/25201
https://www.fs.usda.gov/treesearch/pubs/30441
https://www.fs.usda.gov/treesearch/pubs/30441
https://www.fs.usda.gov/treesearch/pubs/30441
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-188#.WnU9Za6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-188#.WnU9Za6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-188#.WnU9Za6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/x11-188#.WnU9Za6WbIU
https://www.fs.usda.gov/treesearch/pubs/29688
https://www.fs.usda.gov/treesearch/pubs/29688
https://www.fs.usda.gov/treesearch/pubs/29688
http://onlinelibrary.wiley.com/doi/10.1111/j.1526-100X.2010.00655.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1526-100X.2010.00655.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1526-100X.2010.00655.x/abstract
https://www.fs.usda.gov/treesearch/pubs/55449
https://www.fs.usda.gov/treesearch/pubs/55449
https://www.fs.usda.gov/treesearch/pubs/55449
http://www.tandfonline.com/doi/abs/10.1080/10549810802256221
http://www.tandfonline.com/doi/abs/10.1080/10549810802256221
http://www.cof.orst.edu/cof/fs/kpuettmann/FEM 260 2010.pdf
http://www.cof.orst.edu/cof/fs/kpuettmann/FEM 260 2010.pdf
http://www.cof.orst.edu/cof/fs/kpuettmann/FEM 260 2010.pdf
https://digitalcommons.usu.edu/wild_facpub/2452/
https://digitalcommons.usu.edu/wild_facpub/2452/
https://digitalcommons.usu.edu/wild_facpub/2452/
https://pubs.er.usgs.gov/publication/70194151
https://pubs.er.usgs.gov/publication/70194151
https://pubs.er.usgs.gov/publication/70194151
https://pubs.er.usgs.gov/publication/70194151
https://pubs.er.usgs.gov/publication/70194151

Citation: Berrill JP, Dagley CM, Gorman AJ, Obeidy CS, Powell HK, Wright JC (2018) Variable-density Retention Promotes Spatial Heterogeneity and Structural Com-
plexity in a Douglas-fir/Tanoak Stand. Curr Trends Forest Res: CTFR-108. DOI: 10.29011/CTFR-108. 100008

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Helms JA (editor) (1998) The Dictionary of Forestry. Society of Ameri-
can Foresters, Bethesda, MD. Pg No: 210

Keyes CR, Perry TE, Sutherland EK, Wright DK, Egan JM (2014) Vari-
able-retention harvesting as a silvicultural option for lodgepole pine. J
For 112: 440-445.

Maguire DA, Mainwaring DB, Halpern CB (2006) Stand dynamics after
variable-retention harvesting in mature Douglas-fir forests of western
North America. Allg For U J Ztg 177: 120-131.

Temesgen H, Martin PJ, Maguire DA, Tappeiner JC (2006) Effects of
different levels of canopy tree retention on stocking and yield of the
regeneration cohort. For. Ecol. Manage. 235: 44-53.

Cole E, Newton M (2009) Tenth-year survival and size of underplanted
seedlings in the Oregon Coast Range. Can. J. For. Res. 39: 580-595.

Lam TY, Maguire DA (2011) Thirteen-year height and diameter growth
of Douglas-fir seedlings under alternative regeneration cuts in Pacific
Northwest. W J Appl For 26: 57-63.

Smith NJ, Beese WJ (2012) Effects of low levels of dispersed reten-
tion on the growth and survival of young, planted Douglas-fir. Forests
3:230-243.

Berrill JP, O’'Hara KL (2007) Modeling coast redwood variable retention
management regimes. Gen. Tech. Rep. PSW-GTR-194. USDA Forest
Service, Pacific Southwest Research Station, Albany, CA, 261-269.

Berrill JP, O’'Hara KL (2009) Multiaged coast redwood stands: Interac-
tions between regeneration, structure, and productivity. West. J Appl
For 24: 24-32.

Soil Survey Staff, Natural Resources Conservation Service, Unit-
ed States Department of Agriculture. Web Soil Survey. Accessed
[10/23/2017].

Reineke LH (1933) Perfecting a stand-density index for even-aged for-
ests. J Ag Res 46: 627-638.

Frazer GW, Canham CD, Lertzman KP (1999) Gap Light Analyzer
(GLA), Version 2.0: Imaging software to extract canopy structure and
gap light transmission indices from true-colour fisheye photographs,
user’s manual and program documentation. Copyright® 1999: Simon
Fraser University, Burnaby, British Columbia, and the Institute of Eco-
system Studies, Millbrook, New York.

SAS Institute (2011) SAS/STAT 9.3 user’s guide. SAS Institute Inc.
Cary, NC. Pg No: 376.

Burnham KP, Anderson DR (2002) Model Selection and Multimodel In-
ference: A Practical Information-Theoretic Approach. Springer-Verlag,
New York, NY.

Harrington TB, Tappeiner JC, Hughes TF (1991) Predicting average
growth and size distributions of Douglas-fir saplings competing with

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

sprout clumps of tanoak or Pacific madrone. New For 5: 109-130.

Harrington TB, Wagner RG, Radosevich SR, Walstad JD (1995) Inter-
specific competition and herbicide injury influence 10-year responses
of coastal Douglas-fir and associated vegetation and release treat-
ments. For Ecol Manage 76: 55-67.

Harrington TB, Dagley CM, Edwards MB (2003) Above- and below-
ground competition from longleaf pine plantations limits performance
of reintroduced herbaceous species. For Sci 49: 681-695.

Devine WD, Harrington TB (2008) Belowground competition influenc-
es growth of natural regeneration in thinned Douglas-fir stands. Can J
For Res 38: 3085-3097.

Olson DF, Roy DF, Walters GA (1990) Sequoia sempervirens (D. Don)
Endl. P. 541-551 In: Barnes RM, Honkala BH (eds.). Silvics of North
America. Agriculture Handbook 654, Vol. 1, Conifers, USDA Forest
Service, Washington D.C. Pg No: 877.

Fritz E (1951) Bear and squirrel damage to young redwood. J. For.
49: 651-652.

Hosack DA, Fulgham KO (1998) Black bear damage to regenerating
conifers in Northwestern California. J. Wildlife Res. 1: 32-37.

Berrill JP, Han HS (2017) Carbon, harvest yields, and residues from
restoration in a mixed forest on California’s Coast Range. For Sci 63:
128-135.

Perry DW, Breshears LW, Gradillas GE, Berrill JP (2016) Thinning in-
tensity and ease-of-access increase probability of bear damage in a
young coast redwood forest. J Biodiv Manag For 5: 1-7.

Dagley CM, Berrill JP (2012) Stand structure in old-growth redwood
alluvial flat forests of northern California. Pp. 251-263 in Standiford,
RB, Weller TJ, Piirto DD, Stuart JD (tech. coords.). Proc. of Coast
redwood forests in a changing California: a symposium for scientists
and managers. USDA Forest Service Gen. Tech. Rep. PSW-GTR-238.
Albany, CA. Pg No: 675.

Harrington TB (2006) Five-year growth responses of Douglas-fir, west-
ern hemlock, and western redcedar seedlings to manipulated levels of
overstory and understory competition. Can. J For Res 36: 2439-2453.

Howe RA (2014) Coast redwood response to herbicide treatment of
tanoak. M.S. thesis. Humboldt State University, California, USA.

Kirk C, Berrill JP (2016) Second-log branching in multiaged redwood
and Douglas-fir: influence of stand, site, and silviculture. Forests 7:
1-15.

D’Amato AW, Bradford JB, Fraver S, Palik BJ (2013) Effects of thinning
on drought vulnerability and climate response in north temperate for-
est ecosystems. Ecol Applic 23: 1735-1742.

Volume 2018; Issue 01


https://books.google.co.in/books/about/The_Dictionary_of_Forestry.html?id=47QjAAAACAAJ
https://books.google.co.in/books/about/The_Dictionary_of_Forestry.html?id=47QjAAAACAAJ
https://academic.oup.com/jof/article/112/5/440/4599645
https://academic.oup.com/jof/article/112/5/440/4599645
https://academic.oup.com/jof/article/112/5/440/4599645
https://www.fs.usda.gov/treesearch/pubs/27535
https://www.fs.usda.gov/treesearch/pubs/27535
https://www.fs.usda.gov/treesearch/pubs/27535
https://www.researchgate.net/publication/241094910_Quantifying_effects_of_different_levels_of_canopy_tree_retention_on_stocking_and_yield_of_the_regeneration_cohort_in_the_southern_interior_of_British_Columbia
https://www.researchgate.net/publication/241094910_Quantifying_effects_of_different_levels_of_canopy_tree_retention_on_stocking_and_yield_of_the_regeneration_cohort_in_the_southern_interior_of_British_Columbia
https://www.researchgate.net/publication/241094910_Quantifying_effects_of_different_levels_of_canopy_tree_retention_on_stocking_and_yield_of_the_regeneration_cohort_in_the_southern_interior_of_British_Columbia
http://www.nrcresearchpress.com/doi/abs/10.1139/X08-198?journalCode=cjfr#.WnVUJK6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/X08-198?journalCode=cjfr#.WnVUJK6WbIU
https://academic.oup.com/wjaf/article-abstract/26/2/57/4683517?redirectedFrom=fulltext
https://academic.oup.com/wjaf/article-abstract/26/2/57/4683517?redirectedFrom=fulltext
https://academic.oup.com/wjaf/article-abstract/26/2/57/4683517?redirectedFrom=fulltext
file:///C:/Users/B%20Phaneendra%20Reddy/Desktop/../../sys/Downloads/forests-03-00230-v2.pdf
file:///C:/Users/B%20Phaneendra%20Reddy/Desktop/../../sys/Downloads/forests-03-00230-v2.pdf
file:///C:/Users/B%20Phaneendra%20Reddy/Desktop/../../sys/Downloads/forests-03-00230-v2.pdf
https://www.fs.fed.us/psw/publications/documents/psw_gtr194/psw_gtr194_42.pdf
https://www.fs.fed.us/psw/publications/documents/psw_gtr194/psw_gtr194_42.pdf
https://www.fs.fed.us/psw/publications/documents/psw_gtr194/psw_gtr194_42.pdf
http://www.ingentaconnect.com/content/saf/wjaf/2009/00000024/00000001/art00004
http://www.ingentaconnect.com/content/saf/wjaf/2009/00000024/00000001/art00004
http://www.ingentaconnect.com/content/saf/wjaf/2009/00000024/00000001/art00004
https://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm
https://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm
https://websoilsurvey.sc.egov.usda.gov/App/HomePage.htm
http://www.worldcat.org/title/perfecting-a-stand-density-index-for-even-aged-forests/oclc/708718184
http://www.worldcat.org/title/perfecting-a-stand-density-index-for-even-aged-forests/oclc/708718184
http://rem-main.rem.sfu.ca/downloads/Forestry/GLAV2UsersManual.pdf
http://rem-main.rem.sfu.ca/downloads/Forestry/GLAV2UsersManual.pdf
http://rem-main.rem.sfu.ca/downloads/Forestry/GLAV2UsersManual.pdf
http://rem-main.rem.sfu.ca/downloads/Forestry/GLAV2UsersManual.pdf
http://rem-main.rem.sfu.ca/downloads/Forestry/GLAV2UsersManual.pdf
http://rem-main.rem.sfu.ca/downloads/Forestry/GLAV2UsersManual.pdf
https://support.sas.com/documentation/onlinedoc/base/procstat93m1.pdf
https://support.sas.com/documentation/onlinedoc/base/procstat93m1.pdf
http://www.springer.com/in/book/9780387953649
http://www.springer.com/in/book/9780387953649
http://www.springer.com/in/book/9780387953649
https://link.springer.com/article/10.1007/BF00029302
https://link.springer.com/article/10.1007/BF00029302
https://link.springer.com/article/10.1007/BF00029302
https://www.researchgate.net/publication/223250345_Interspecific_competition_and_herbicide_injury_influence_10-year_responses_of_coastal_Douglas-fir_and_associated_vegetation_to_release_treatments
https://www.researchgate.net/publication/223250345_Interspecific_competition_and_herbicide_injury_influence_10-year_responses_of_coastal_Douglas-fir_and_associated_vegetation_to_release_treatments
https://www.researchgate.net/publication/223250345_Interspecific_competition_and_herbicide_injury_influence_10-year_responses_of_coastal_Douglas-fir_and_associated_vegetation_to_release_treatments
https://www.researchgate.net/publication/223250345_Interspecific_competition_and_herbicide_injury_influence_10-year_responses_of_coastal_Douglas-fir_and_associated_vegetation_to_release_treatments
https://www.researchgate.net/publication/233596353_Above-_and_Belowground_Competition_from_Longleaf_Pine_Plantations_Limits_Performance_of_Reintroduced_Herbaceous_Species
https://www.researchgate.net/publication/233596353_Above-_and_Belowground_Competition_from_Longleaf_Pine_Plantations_Limits_Performance_of_Reintroduced_Herbaceous_Species
https://www.researchgate.net/publication/233596353_Above-_and_Belowground_Competition_from_Longleaf_Pine_Plantations_Limits_Performance_of_Reintroduced_Herbaceous_Species
http://www.nrcresearchpress.com/doi/abs/10.1139/X08-150#.WnVe8q6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/X08-150#.WnVe8q6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/X08-150#.WnVe8q6WbIU
http://www.ingentaconnect.com/contentone/saf/fs/2017/00000063/00000001/art00014
http://www.ingentaconnect.com/contentone/saf/fs/2017/00000063/00000001/art00014
http://www.ingentaconnect.com/contentone/saf/fs/2017/00000063/00000001/art00014
https://www.scitechnol.com/peer-review/thinning-intensity-and-easeofaccess-increase-probability-of-bear-damage-in-a-young-coast-redwood-forest-4G20.php?article_id=5172
https://www.scitechnol.com/peer-review/thinning-intensity-and-easeofaccess-increase-probability-of-bear-damage-in-a-young-coast-redwood-forest-4G20.php?article_id=5172
https://www.scitechnol.com/peer-review/thinning-intensity-and-easeofaccess-increase-probability-of-bear-damage-in-a-young-coast-redwood-forest-4G20.php?article_id=5172
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-139#.WnVsgK6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-139#.WnVsgK6WbIU
http://www.nrcresearchpress.com/doi/abs/10.1139/x06-139#.WnVsgK6WbIU
http://www.mdpi.com/1999-4907/7/7/147
http://www.mdpi.com/1999-4907/7/7/147
http://www.mdpi.com/1999-4907/7/7/147
https://www.ncbi.nlm.nih.gov/pubmed/24555305
https://www.ncbi.nlm.nih.gov/pubmed/24555305
https://www.ncbi.nlm.nih.gov/pubmed/24555305

